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Abstract

Understanding the mechanisms that direct mesenchymal stem cell (MSC) self-renewal fate decisions is a key to most tissue regenerative
approaches. The aim of this study here was to investigate the mechanisms of action of platelet-derived growth factor receptor § (PDGFR) sig-
nalling on MSC proliferation and differentiation. MSC were cultured and stimulated with PDGF-BB together with inhibitors of second messenger
pathways. Cell proliferation was assessed using ethynyl-2'-deoxyuridine and phosphorylation status of signalling molecules assessed by Wes-
tern Blots. To assess differentiation potentials, cells were transferred to adipogenic or osteogenic media, and differentiation assessed by expres-
sion of differentiation association genes by qRT-PCR, and by long-term culture assays. Our results showed that distinct pathways with
opposing actions were activated by PDGF. PI3K/Akt signalling was the main contributor to MSC proliferation in response to activation of
PDGFRp. We also demonstrate a negative feedback mechanism between PI3K/Akt and PDGFR-P expression. In addition, PI3K/Akt downstream
signal cascades, mTOR and its associated proteins p70S6K and 4E-BP1 were involved. These pathways induced the expression of cyclin D1, cy-
clin D3 and CDK6 to promote cell cycle progression and MSC proliferation. In contrast, activation of Erk by PDGFRp signalling potently inhibited
the adipocytic differentiation of MSCs by blocking PPARy and CEBPa: expression. The data suggest that PDGFRB-induced Akt and Erk pathways
regulate opposing fate decisions of proliferation and differentiation to promote MSC self-renewal. Thus, activation of multiple intracellular cas-
cades is required for successful and sustainable MSC self-renewal strategies.
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Introduction

Mesenchymal stem cells (MSC) are self-renewing cells with multipo-
tent differentiation potentials. They usually reside in a niche with no
tissue specific characteristics and remain quiescent until activated by
appropriate signals to either self-renew to maintain the stem cell pool
or differentiate to generate specialized cells. A precise regulatory
mechanism should therefore be in place to control fate decisions of
MSCs, in order to maintain the MSC population, prevent excessive
proliferation and to induce specific lineage differentiation when
required. Extensive studies have been carried out on a wide range of
extracellular/intracellular mediators which may regulate commitment
and differentiation of MSCs, including growth factors and hormones,
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such as Bone Morphogenetic Proteins, Wnt proteins, hedgehog pro-
teins and G-protein coupled receptors [1-4]. These factors are
thought to regulate the changes in the expression and activation of
lineage specific transcription factors that act as master switches to
drive the differentiation of uncommitted precursors down a specific
lineage. On the other hand, cytokines and growth factors, such as
fibroblast growth factor (FGF)-2, platelet-derived growth factor
(PDGF)-BB and epidermal growth factor (EGF) have been suggested
as regulators of self-renewal of MSCs and used for their in vitro
expansion [5-9]. Although a number of studies have been conducted
on signal pathways downstream of mitogenic inducers of proliferation
or upstream to transcriptional regulators of differentiation, it is still
unknown exactly how MSCs process similar signals elicited by differ-
ent growth factors to either undergo proliferation or commit to differ-
entiation. Such information could be gained by studying factors with
dual actions on MSC fate decisions of proliferation versus differentia-
tion. This knowledge may have a number of important applications of
practical use in the future by regulating self-renewal capacity, such as
managing diseases associated with insufficient MSC numbers or
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differentiation such as age related osteoporosis [10, 11]. Other poten-
tial uses include prevention of cancer stem cell growth [12] and to
enhance the ability of in vitro expansion of MSCs for use in tissue
engineering and regenerative medicine [13].

Members of the PDGF signalling family have received consider-
able attention in recent years for their roles in MSC homeostasis,
migration and recruitment [9, 14-16]. The PDGF family of growth fac-
tors consists of four ligands (AA, BB, CC and DD) that regulate many
physiological and pathophysiological conditions by interacting with
two PDGF receptors (PDGFRo and PDGFRB) [17]. PDGF binding
leads to the autophosphorylation of the receptors on multiple tyrosine
residues and subsequently activates several downstream cascades,
such as mitogen-activated protein kinase (MAPK), extracellular sig-
nal-regulated kinase (Erk), the phosphatidylinositol 3-kinase (PI3K)/
Akt, Janus-activated kinase (JAK) and signal transducers and activa-
tors of transcription (STAT) pathways [17, 18]. Stimulation of these
pathways by various stimuli has been implicated in various physiolog-
ical functions including cell proliferation [19], differentiation [20-23]
and migration [24], and in pathological conditions such as cancer and
musculoskeletal diseases [25-27]. Although PDGFs have been impli-
cated in the regulation of many aspects of MSC physiology, the
underlying signal transduction pathways are poorly studied and
remain largely unknown.

Here, we have investigated in detail the mechanisms involving
PDGF-BB/PDGFRp-induced MSC proliferation and differentiation. We
demonstrate that MEK/Erk, PI3K/Akt and JAK/STAT signal pathways
are all partially involved in MSC proliferation induced by serum, but
the PI3K/Akt is the main contributor to MSC proliferation in response
to PDGF-BB. Subsequently we studied the regulatory role of PISK/Akt
downstream signal cascades; mTOR and proteins associated with the
cell cycle. We also investigated possible feedback mechanisms
between protein kinases and PDGF-BB and PDGFR-B expression.
Finally, we demonstrate that PDGF signalling inhibits differentiation of
MSCs into adipocytes through activation of Erk. Based on these find-
ings we propose that PDGFRP signalling promotes self-renewal of
MSCs through two distinct pathways, Akt to induce proliferation and
Erk to maintain the cell in an unspecialized status by preventing differ-
entiation.

Materials and methods

Antibodies and reagents

The antibodies used were as follow: rabbit antibody against phospho-
PDGFRB (Tyr751), phospho-SHP-2 (Tyr542), phospho-Akt (Ser473),
phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204), phospho-mTOR
(Ser2448), phospho-p70 S6 Kinase (Thr389), phospho-p70 S6 Kinase
(Ser371), phospho-4E-BP1 (Thr37/46) elFAE, p15 INK4B, p16 INK4A,
p27 Kip1 (Cell Signalling, New England Biolabs, Hitchin, UK), cyclin B,
cyclin E (BioLegend, Cambridge Bioscience, Cambridge, UK). Mouse
antibody against p21 Waf1/Cip1, cyclin D1, cyclin D3, CDK4, CDK6 (Cell
Signalling), CDK2, cyclin A (BioLegend). Secondary HRP-linked antibody
against mouse and rabbit IgG were from Cell Signalling and Dako (Ely,
UK) respectively. The inhibitors used were as follow: PDGFR inhibitor,
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SU 16f (Tocris Bioscience, Bristol, UK); MAPKK/MEK inhibitor,
PD98059; JAK2, JAK3/STAT inhibitor, AG490; mTOR inhibitor, rapamy-
cin (Cayman chemical, Cambridge Bioscience) and PI3K inhibitor,
LY294002 (Sigma-Aldrich, Poole, Dorset, UK). Recombinant human
PDGF-BB was purchased from R&D Systems (Abingdon, UK).

Cell culture

Human MSCs from healthy adults were obtained from Lonza (Slough,
UK), characterized (Supplementary Figure 1) and used at passages 2-5.
Cell were maintained in normal growth medium consisting of «-Minimal
Essential Medium (MEM), penicillin (50 U/ml), streptomycin (50 pg/ml)
(Sigma-Aldrich), Glutamax (2 mM) (Invitrogen, Paisley, UK) and 10%
foetal bovine serum (FBS) (Sigma-Aldrich) at 37°C in a humidified 5%
$0,:95% air atmosphere.

To induce osteogenesis, MSCs were seeded at a density of 1.2 x 10*
cell/lem? in 12-well plates (Nunc, Fisher Scientific, Loughborough, UK)
and after 24 hrs treated with osteogenic medium consisting of growth
medium supplemented with 0.1 M dexamethasone, 0.05 mM ascorbic
acid (AA) and 10 mM B-glycerophosphate (Sigma-Aldrich). Osteogenic
differentiation was assessed by quantitative (q)RT-PCR analysis of mRNA
expression of markers of differentiation, i.e. Runx-2, alkaline phosphatase
(ALP) and osteocalcin and accumulation of calcium deposits by staining
with alizarin red dye. Briefly, cells were fixed (15 min. with 4% formalde-
hyde in PBS), stained for 10 min. with alizarin red S (1:100 dilution in
H,0) and washed (five times) in 50% ethanol and air-dried. To induce adi-
pogenic differentiation cells were seeded at a density of 4 x 10 cell/cm?
in 12-well plates (Nunc) and incubated for 24 hrs before switching to adi-
pogenic medium (growth medium supplemented with 1 pM dexametha-
sone, 0.25 mM isobutylmethylxanthine, 50 uM indomethacin and 10 pg/
ml insulin (Sigma-Aldrich)). Adipogenesis was assessed by gRT-PCR
analysis of markers of differentiation, i.e. PPARy, CEBPa and LPL and
visualized by light microscopy alone or following staining with Qil-red-0
dye as described previously [28]. Briefly, cells were fixed (15 min. with
4% formaldehyde in PBS), stained for 15 min. and washed with 60% iso-
propanol and with PBS.

EdU incorporation assay

MSCs were seeded at a density of 1.5 x 10 cell/cm? in 6-well plates
and incubated for 24 hrs in normal growth medium. Medium was chan-
ged with reduced (1%) FBS culture medium and cells were incubated
for an additional 12 hrs prior to stimulation with PDGF-BB in the presence
or absence of inhibitors as described in the results. Inhibitors were
given 1 hr prior to stimulation with PDGF-BB. Cell proliferation was
assessed by measuring 5-ethynyl-2’ -deoxyuridine (EdU) DNA incorpo-
ration using the Click-iT EdU Alexa Fluor 647 cell proliferation assay kit
(Invitrogen). Cells were treated with EdU at 10 pg/ml at the start of
stimulation. After 48 hrs of incubation, cells were harvested by trypsini-
zation, washed in PBS/1% BSA and fixed with Click-iT fixative for
15 min. at room temperature. The cells were then permeabilized using
saponin-based permeabilization reagent, treated with Click-iT EdU reac-
tion cocktail for 30 min. at room temperature in the dark and washed
with saponin-based permeabilization reagent. The number of EdU-positive
cells was determined using FACS-Canto Il flow cytometer, and data
analysis was performed using DIVA software (Becton Dickinson Bio-
sciences, San Jose, CA).
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Fig. 1Effect of inhibition of signal transduction pathways on serum or PDGF-BB induced cell proliferation. MSCs were serum deprived (1%) for
12 hrs and subsequently cultured in (A) 10% serum or (B) in 10 ng/ml PDGF-BB in the presence or absence of PD98059, AG490, SU 16f or
LY294002 at concentrations of 40 pM, 10 pM (0.1, 1 and 10 uM) and (5, 10 and 20 pM) respectively. Inhibitors were given 1 hr prior to stimula-
tion with PDGF-BB. The proliferation rate was determined by analysing the proportion of cells that incorporated EdU following 48 hrs of incubation
using flow cytometry. Samples were normalized to the mean fold change in untreated control which is set as 1 and expressed as mean = S.D. [3
experiments; **P < 0.01 and ***P < 0.001 versus untreated control (A) or PDGF-BB treated (B)]. (C) Representative histograms showing EdU-
Alexa Fluor® 647 fluorescence emission in unstimulated cells, PDGF-BB stimulated alone or in presence of 1 uM SU 16f or 10 uM LY294002.

Western blotting analysis

MSCs were seeded at a density of 2 x 10% cell’lcm? in 6-well plates
and incubated for 24 hrs in normal growth medium. The culture was
then incubated with serum free o-MEM for 12 hrs prior to treatment
with inhibitors (1 hr) and/or stimulation with PDGF-BB as indicated in
the results section. Following incubation for the indicated period with
PDGF-BB the reaction was terminated by two quick washes in ice-cold
PBS containing 1 mM sodium orthovanadate and cells were lysed in
ice-cold radioimmunoprecipitation assay buffer [50 mM tris(hydroxy-
methyl)aminomethane (Tris)-hydrochloric acid (HCI), pH 7.5, 150 mM
sodium chloride (NaCl), 1% Nonidet P-40, 0.1% Sodium dodecy! sul-
phate (SDS), 0.5% sodium deoxycholate] containing a protease inhibitor
cocktail (Sigma-Aldrich), 1 mM sodium orthovanadate and 0.1 mg/ml
phenylmethylsulfonyl fluoride. Cell lysates (10-15 ug of protein) and
biotinylated protein ladder (Cell Signalling) were mixed with Laemmli
buffer (Bio-Rad, Hempstead, UK) and subjected to SDS-PAGE. Proteins
were transferred onto PVDF membranes and incubated overnight at 4°C
with primary antibody. Secondary antibodies (1:2000) conjugated to

© 2012 The Authors

horseradish peroxidase were then applied for 1 hr at room temperature,
and proteins visualized and photographed using ECL Plus detection
reagent (GE Healthcare, Bucks, UK) and Molecular Imager Gel Doc XR+
documentation and analysis System with Image Lab Software (Bio-
Rad). Equal sample loading was confirmed by probing with antibody to
the housekeeping protein GAPDH.

qRT-PCR analysis

Total RNA was extracted using TRI reagent (Ambion, Warrington, UK)
and Phase Lock Gel Heavy tubes (5 prime, VWR, Leicestershire, UK)
according to the manufacturer’s instructions. RNA purity and quantity
was assessed by Nano Drop 1000 (Fisher Scientific) (Aogo/Asgo 1.8-2 was
considered suitable for further analysis). Possible contaminating DNA
was removed and cDNA prepared from 1 pg RNA using QuantiTect
Reverse Transcription Kit (Qiagen, West Sussex, UK) according to the
manufacturer’s instructions. qRT-PCR was performed with a Rotor-Gene
6000 thermal cycler (Qiagen) using Brilliant Il Ultra-Fast SYBR Green
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qPCR Master mix (Stratagene, Agilent Technologies, Cheshire, UK) and
primer pairs as listed in Supplementary Table 1. PCR conditions consisted
of 1 cycle of 95°C for 3 min. and 40 cycles of 95°C for 10 sec. and 60°C
for 10 sec. followed by melting analysis of 1 cycle with gradual increase
from 65°C to 95°C. RPL13a was used as an invariant housekeeping gene.

Data analysis

Statistical comparisons between means were made using one-way ANOVA
(SPSS 17, SPSS, Chicago, IL, USA), and post hoc analyses using the Tukey
test to evaluate the differences among the mean values between groups. If
comparisons were made only between two groups Student’s ttest was
used. A P-value of less than 0.05 was considered statistically significant.

Results

PDGF-BB induces MSC proliferation via PDGFRp
through PI3K signalling

To determine the mechanism involved in MSC proliferation we stud-
ied the effect of inhibitors of major signal pathways on MSC growth
in the presence of normal growth medium containing 10% FBS, using
EdU-DNA incorporation. As shown in Figure 1A, inhibition of MEK/Erk
by PD98059, JAK/STAT by AG490 and PI3K/Akt by LY294002 all
resulted in reduction (P < 0.01) in the number of cells entering cell
cycle. In addition, inhibition of PDGFR-B by a specific inhibitor (SU
16f) reduced the EdU-positive cells by 60% (P < 0.001), suggesting
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SU 16f (1 uM), LY294002 (10 pM),
PD98059 (40 uM), AG490 (10 uM) or (D)
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10 and 20 pM) for 1 hr prior to 15 min.
stimulation with PDGF-BB at 10 ng/ml.
Cells were lysed in RIPA buffer and analy-
sed for expression of phospho-PDGFRp,
phospho-SHP-2, phospho-Akt, phospho-
p44/42 MAPK (Erk1/2) by western blot-
ting. NS — no stimulation. Samples were
also probed for elF4E in the same blot as
a loading control. Representative blots
from three separate experiments are
shown.

PDGF

that PDGF signalling is involved in normal MSC growth, possibly via
MEK/Erk and/or JAK/STAT and/or PI3K/Akt signal mechanisms.

To assess this hypothesis we examined the effect of inhibitors on
PDGF-BB stimulated MSC proliferation in reduced serum (1%)
(Fig. 1B). The number of EdU-positive cells were enhanced by 3-4-
fold (P < 0.001) in the presence of PDGF-BB after 48 hrs of culture.
This stimulatory effect was completely abolished when the PDGFR-B
antagonist, SU 16f, was included in cultures at concentrations
between 0.1 and 10 uM (P < 0.001). LY294002 also blocked the
increased proliferation in a dose-dependent manner by 30, 95 and
100% at 5, 10 and 20 uM (P < 0.001) concentrations, whereas the
JAK/STAT inhibitor (AG490) only partially inhibited the effect by 30%.
In contrast, inhibition of MAPK by PD98059 had a relatively modest
effect on PDGF-BB induced MSC proliferation when compared with
the other inhibitors. Addition of inhibitors (SU 16f, LY294002 or
AG490) had only a slight effect on MSC proliferation in the absence of
PDGF-BB in low serum culture conditions, indicating selectivity of
these compounds on PDGF-BB signal pathways (data not shown).

PDGF-BB activation of PDGFRp causes sustained
Akt and transient Erk phosphorylation

To investigate further the downstream pathways involved in PDGF-
BB stimulation of MSC proliferation, we assessed the alteration in
phosphorylation of PDGFRB, SHP2, Akt and P44/P42 MAPK in
response to stimulation with PDGF-BB. Serum-starved MSCs were
incubated for 5-60 min. with PDGF-BB and protein phosphorylation
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was determined using phospho-specific antibodies against PDGFRp
(Tyr751), SHP-2 (Tyrb42), Akt (Serd73), p44/42 MAPK (Erk1/2)
(Thr202/Tyr204) (Fig. 2). PDGFRB was rapidly and transiently
phosphorylated, peaking at 5 min. and returning to near basal lev-
els after 120 min. A similar transient stimulation was observed for
SHP2 and Erk1/2 phosphorylation. The Akt was also rapidly phos-
phorylated after 5 min., but unlike PDGFRB or Erk the level
remained consistently high for the duration of 2 hrs stimulation
(Fig. 2B). Maximal stimulation was seen with PDGF-BB concentra-
tions of 5 ng/ml or greater (Fig. 2A).

To determine whether the stimulation of PDGFRpP was the sole
activator of downstream pathways, we analysed the effect of simulta-
neous blockage of the receptor. As shown in Figure 2C, PDGF-BB
induced stimulation of PDGFRB, SHP2, Akt and P44/P42 MAPK was
completely abolished by pre-treatment with a selective PDGFR inhib-
itor (SU 16f). We also conducted a similar assay using Erk, PI3K or
JAK/STAT inhibitors. Pre-treatment with PD98059 resulted in com-
plete loss of PDGF-BB-induced Erk1/2 phosphorylation. Pre-treatment
with LY294002 also significantly inhibited Akt phosphorylation
induced by PDGF in a dose-dependent manner (Fig. 2D). The effect of
PD98059 and LY294002 was specific for Erk and Akt, respectively,
and did not disrupt phosphorylation of each other by PDGF-BB.

PDGF-BB/PDGFRp promote expression of cyclin
D1/D3 and CDK6 via PI3K/Akt pathway to initiate
G1 cell cycle progression

To verify the means by which PDGF drives cell cycle progression and
thus MSC proliferation, we assessed the changes in major regulators
of different stages of the cell cycle. As shown in Figure 3, stimulation
of serum-starved MSCs by PDGF-BB for 6, 12 and 24 hrs resulted in
a dramatic increase in the level of protein of activators of G1/S phase;
cyclin D1, cyclin D3 and CDK6. However, the level of cyclin E, CDK4
and CDK2 remained unchanged during the duration of treatment. Cy-
clin A and cyclin B proteins were undetectable even after 48 hrs of
PDGF-BB treatment, although high expression was detected in
human umbilical vein endothelial cells (HUVEC) used as a positive
control (Fig. 3). Treatment with PDGF-BB also had no effect on
expression of cell cycle inhibitors, i.e. P15 INK4B, P16 INK4A, P21
Waf1/Cip1 and p27 Kip1 (Fig. 3).

To confirm these findings and determine the likely upstream
mechanisms involved, we assessed the effect of inhibitors on the
PDGF-BB-induced cyclin D1, cyclin D3 and CDK6 expression (Fig. 4).
In correlation with our EdU incorporation and our signal transduction
data, pre-treatment with SU 16f completely abolished PDGF-BB-
induced cyclin D1, cyclin D3 and CDK6 expression at every time-point
examined. The effect was also reduced in a dose-dependent manner
in the presence of LY294002 with complete inhibition at concentra-
tions over 10 pM (Fig. 4B). Pre-treatment with PD98059 and AG490
had little or no effect on cyclin D1- and cyclin D3-induced protein
expression. PDGF-BB-induced CDKG6 expression was, however, signif-
icantly reduced in the presence of AG490, a potential route by which
the partial reduction in PDGF-BB-induced MSC proliferation by AG490
(Fig. 1) might be explained.

© 2012 The Authors
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Fig. 3 Regulation of cell cycle proteins by PDGF-BB. MSCs were serum
starved for 12 hrs and then treated with 10 ng/ml PDGF-BB for 6, 12
and 24 hrs. Cells were lysed and analysed by western blotting using
antibodies against p15 INK4B, p16 INK4A, p27 Kip1, p21 Waf1/Cip1,
CDK2, CDK4, CDK®, cyclin A, cyclin B, cyclin E, cyclin D1 and cyclin
D3. Blots were then stripped and re-probed for GAPDH to confirm equal
loading. PC — human umbilical vein endothelial cells used as positive
control. Representative blots from at least two separate experiments are
shown.

mTOR/p70S6K/4E-BP1 is a mediator of PDGFRp/
PI3K/Akt-induced G1 cell cycle progression and
MSC proliferation

mTOR/p70S6K is one of the major signal pathways downstream of
PI3K/Akt that has been implicated in mitogenic responses and in a
number of cancer cell types. Thus, we examined whether the mTOR/
p70S6K pathway was also a mediator of PDGF-BB induced MSC pro-
liferation. Serum-starved MSCs were treated for 15 min. with PDGF-
BB and phosphorylation of mTOR substrates was assessed using
phospho-specific antibodies recognizing the phosphorylated forms of
mTOR (Ser2448), 4E-BP1 (Thr37/46) and p70S6K (Thr389 and
Ser371) (Fig. 5C). Although PDGF-BB elicited an up-regulation of
mTOR phosphorylation, the effect was partly masked by the already
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Fig. 4 Effect of inhibition of signal transduction pathways on PDGF-BB-induced cell cycle protein expression. Serum-starved MSCs were pre-treated
with (A) SU 16f (1 pM), LY294002 (10 pM), PD98059 (40 puM), AG490 (10 pM) for 1 hr and subsequently stimulated with PDGF-BB for 6, 12 and
24 hrs or (B) increasing concentrations of LY294002 (5, 10 and 20 uM) for 1 hr, and stimulated with PDGF-BB for 24 hrs. Cells were then lysed
and analysed by Western blotting for changes in cyclin D1, cyclin D3 and CDK6 protein expression. Blots were then stripped and re-probed for GAP-
DH to confirm equal loading. Representative blots from three experiments are shown.

high background. However, a high level of phosphorylation was
observed for 4E-BP1 at Thr37/46 and for p70S6K at Thr389 but not at
Ser371. The PDGF-BB induced 4E-BP1 and p70S6K phosphorylation
was completely blocked when cells were pre-treated with LY294002
at 5-20 uM or rapamycin (an inhibitor of mTOR signalling) at 1-
50 nM. In line with this, we also observed that pre-treatment with ra-
pamycin led to a significant reduction in the PDGF-BB induced MSC
proliferation (50%, P < 0.001), as assessed by EdU-DNA incorpora-
tion (Fig. 5A). Furthermore, rapamaycin pre-treatment reduced the
expression of cyclin D1 and cyclin D3 induced by 24 hrs of treatment
with PDGF-BB, however, no effect was detected on CDK6 protein level
(Fig. 5D).

Inhibition of PI3K/Akt induces the expression of
PDGFRp

Negative feedback from PI3K/Akt to inhibit upstream signal cascades
through inhibition of the PDGFR expression has been reported previ-
ously [29]. To test whether a similar feedback loop is present in our
setting, we analysed the effect of inhibition of downstream signal
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cascades on expression of PDGF-BB and PDGFRpB. MSCs in normal
medium were treated for 24 hrs and the changes in mRNA expression
were determined. Expression of PDGF-BB was barely detectable in
MSCs and was not affected by inhibition of any of the signal pathways
(data not shown). PDGFRP on the other hand was highly expressed
and significantly further induced in cells treated with LY294002 for
24 hrs (P < 0.001, Fig. 6). Other inhibitors had no significant effect
on PDGFRP expression.

PDGF-BB/PDGFRp regulation of MSC
differentiation is via Erk signalling

Activation or inhibition of Akt/mTOR and Erk signal pathways has pre-
viously been shown to regulate osteogenic and adipogenic differentia-
tion of pre-osteoblast and pre-adipocyte cell lines [20-23]. The role
of PDGF in adipogenesis of MSCs and the mechanisms involved is,
however, not known. Our previous data showed that MSCs grown in
the presence of PDGF-BB in normal growth medium express higher
levels of the adipogenic transcription factor PPARy (Supplementary
Figure 2A). Subsequently, the same cultures showed a lower level of
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Fig. 5Role of mTOR signal pathway in PDGFRB/PI3K/Akt-induced cell cycle progression and MSC proliferation. (A) Effect of mTOR inhibition on
PDGF-BB induced proliferation. Serum-starved MSCs were pre-treated with indicated concentrations of rapamycin (1-100 nM) for 1 hr and then
treated with 10 ng/ml PDGF-BB for 48 hrs. The change in MSC proliferation was determined by analysing the proportion of cells that incorporated
EdU using flow cytometry. Samples were normalized to the mean fold change in untreated control which is set as 1 and expressed as mean + S.D.
(3 experiments; ***P < 0.001 versus untreated control). (B-D) The role of mTOR on signal transduction pathway and cell cycle protein expression.
MSCs were serum starved for 12 hrs and treated for 1 hr with the indicated concentrations of rapamycin before stimulation with PDGF-BB (10 ng/
ml) for 15 min. (B and C) or 24 hrs (D). Cells were then lysed and analysed by Western blotting for changes in (B) PDGF signal pathway proteins,
(C) mTOR signalling proteins or (D) cell cycle proteins. Equal loading was determined by re-probing stripped blots with the housekeeping protein
GAPDH. Representative blots from three experiments are presented.

adipogenesis when compared with cells grown in the absence of
PDGF in prior culture (Supplementary Figure 2B).

Here, we assessed the effect of inhibition of PDGFRB, Erk, Akt,
JAK-STAT and mTOR signal pathways on MSC differentiation in the
absence or presence of PDGF-BB. As shown in Figure 7 A and B,

* %k
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Relative PDGFRp expression

s treatment with SU 16f, PD98059 and AG490 had little effect on adip-
14 ogenesic differentiation of MSCs. However, an increase in expression
05 of CEBP« and LPL was seen in the presence of SU 16f and PD98059
’ respectively. Addition of LY294002 and rapamycin to the differentia-
0- tion medium on the other hand significantly blocked the expression of
Control  SU16f  PD98059  AGA490  LY294002 Rapamycin  PPARy, GEBPo and LPL (P < 0.01) and the number of lipid contain-

ing adipocyte cells in culture. Interestingly, a potent inhibitory effect
was also observed when PDGF-BB was included in adipogenic cul-
ture. PDGF-BB significantly inhibited the expression of adipogenic

Fig. 6 Effect of inhibition of signal transduction pathways on expression
of PDGFRB. Cells were treated with SU 16f (1 uM), LY294002 (10 uM),
PD98059 (40 uM), AG490 (10 uM), LY294002 (10 uM) or rapamycin

(10 nM) in normal growth medium for 24 hrs. PDGFRB mRNA expres-
sion determined by gqRT-PCR and compared with untreated cells after
normalization to RPL13a (3 experiments; total of 6 replicates;
*%P < 0.01 and ***P < 0.001 versus untreated).
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transcription factors PPARy and CEBPa and subsequently blocked
the adipogenesis process. As both inhibition of Akt/mTOR or activa-
tion of PDGF resulted in loss of adipogenic differentiation of MSCs, it
can be concluded that other downstream pathways rather than Akt/
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Fig. 7 Role of signal transduction pathways on adipogenic differentiation of MSCs in absence or presence of PDGF-BB. MSCs were incubated with
adipogenic medium with or without SU 16f (1 uM), LY294002 (10 uM), PD98059 (40 uM), AG490 (10 uM), LY294002 (10 puM) or rapamycin
(10 nM) in presence or absence of 10 ng/ml PDGF-BB for 7 days. (A) Expression of adipogenic markers PPARy, CEBPa and LPL mRNA was analy-
sed by qRT-PCR. (Mean + SEM of 3 experiments of duplicates). *P < 0.05, **P < 0.01 and ***P < 0.001 when compared with cell in differentia-
tion medium alone. (B) To assess phenotypic changes, cells were differentiated for a further 7 days. Lipid accumulation in treated and untreated

populations was visualized by staining with Qil Red O (x200).

mTOR are involved. Pre-treatment of PDGF-treated adipogenic cul-
tures with inhibitors of signal pathways subsequently revealed that
Erk is the mediator of the inhibitory effect of PDGF on adipogenesis.
The effect of PDGF-BB on PPARy and CEBP« was reversed by inhibi-
tion of either PDGFRP or Erk and the level of adipogenesis returned to
that of control. Figure 7A and B shows that SU 16f and PD98059
were both able to block the inhibition of adipogenic differentiation of
MSCs in the presence of PDGF-BB.

In contrast with adipogenesis, PDGF-BB had no significant
effect on expression of osteogenic genes under normal growth
condition (data not shown). Expression of Runx-2, osteopontin and
osteocalcin (Osc) also remained unchanged in the presence of
PDGF during the differentiation (Fig. 8A). There were, however,
significant reductions in both expression of genes involved in
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osteoblast function, ie. ALP, collagen type | and BMP-2 in the
presence of PDGF, as well as mineralization of cultures that under-
went differentiation (Fig. 8 A and B).

Discussion

MSCs have received considerable attention in recent years for a vari-
ety of applications in regenerative medicine. Understanding the path-
ways that control MSC fate (proliferation versus differentiation) could
be beneficial for directing tissue engineering approaches both in vitro
and in vivo. PDGF has been shown to enhance the expansion of MSCs
in vitro. In long-term culture MSCs lose their proliferative response to
PDGF, and prolonged cultivation with PDGF-BB is associated with

© 2012 The Authors
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Fig. 8 Effect of PDGFRp activation on MSC osteogenic differentiation and function. MSCs were incubated with osteogenic medium with or without
PDGF-BB (10 ng/ml) for 7 days. (A) mRNA expression of the osteogenic markers Runx-2, osteopontin, osteocalcin, alkaline phosphatase (ALP), col-
lagen type | and BMP-2 was analysed by gRT-PCR. (Mean + SEM of 3 experiments of duplicates). *P < 0.05, **P < 0.01 and ***P < 0.001 when
compared with cells in differentiation medium alone. (B) To assess phenotypic changes, cells were differentiated for a further 14 days. The ability of
the cultures to undergo matrix mineralization was assessed by staining with Alizarin red for calcium deposition.

changes in their multipotency (Gharibi and Hughes, submitted for
publication). MSCs from aged animals and individuals have been also
shown to have reduced proliferation and differentiation capacity [30].
In addition, the rate of malignancies is higher in aged stem cells and
the molecular pathways involved in tumorigenesis and in proliferation
of stem cells have been shown to be the same [31-33]. Alterations in
PDGF signalling such as overexpression, autocrine activation or
hyper-stimulation of their receptors and their downstream cascades
have also been implicated in tumour development and progression in
many cancer cells [34-36]. Establishing the PDGF signal pathways
involved in MSC proliferation and differentiation could therefore be
useful for developing novel strategies for in vivo and in vitro MSC
expansion, and differentiation and determining possible association
with tumorigenesis.

In this study, we demonstrated that PDGFRp is crucial for MSC
proliferation in normal culture and that major signal pathways includ-
ing MEK/Erk, PI3K/Akt or JAK/STAT are partly involved in growth
MSCs. Although PDGFRP activation by PDGF-BB was able to elicit a
response from both MEK/Erk and PI3K/Akt pathways, only the inhibi-
tion PI3K/Akt could reverse the stimulatory effects of PDGF signalling
on MSC proliferation. It is interesting to note that only the Akt activity
was sustained during the duration of experiment, while Erk phosphor-
ylation was rapid and transient, peaking at 5 min. and returning back
to near a basal level after 30 min. It is well known that the duration of

© 2012 The Authors

signal by these pathways is a determinant of the subsequent physio-
logical response by the cells. Sustained Erk activation by FGF-2
has been shown to induce proliferation in both MSCs and dermal
fibroblasts [37, 38], whereas transient activation of Erk or Akt has
been associated with cell proliferation, migration and differentiation
[39-42].

The mechanisms by which activation of Akt or Erk leads to cell
cycle progression and cell proliferation also differ depending on the
upstream activator and with different cell types. For instance Erk
regulates c-Fos to sustain cyclin B1 expression in keratinocytes but
not in fibroblasts, and PDGF activates cell cycle G1 progression in
beta pancreatic cells through Erk but not in smooth muscle via Akt
[43-45]. Here, we have demonstrated that PDGFRp exerts its pro-
liferative effect on MSCs by promoting cyclin D1, cyclin D3 and
CDK6 protein expression and G1/S progression. In correlation with
our cell proliferation data, the stimulation of regulators of G1/S by
PDGF was completely blocked by inhibitors of PDGFRB and Akt
pathways. The PI3K/Akt pathway role in proliferation and tumori-
genesis is often coupled with its downstream target, the mTOR sig-
nalling molecules [46]. Our data show that the action of PDGF/Akt
on proliferation of MSCs was at least partly mediated through
mTOR, specifically via phosphorylation of 4E-BP1 at Thr37/46 and
for p70S6K at Thr389. It is interesting to note that inhibition of
mTOR by rapamycin only affected the expression of cyclin D1 and
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Fig. 9 Schematic diagram illustrating signal pathways involved in regula-
tion of MSC self-renewal by PDGFRB signalling. Binding of PDGF-BB to
the PDGFRB stimulates PI3K/Akt/mTOR phosphorylation which subse-
quently induces expression of the cell cycle proteins cyclin D1, cyclin D3
and CDK® to initiate cell cycle progression and MSC proliferation. Phos-
phorylation of MEK/Erk by PDGF-BB/PDGFR{ on the other hand inhibits
expression of PPARy and CEBP« and blocks adipogenesis of MSCs.

D3 and had no inhibitory action on CDK6 expression. In contrast,
inhibition of Jak/Stat abolished PDGF-induced CDK6 expression
without affecting cyclins D1 and D3, which could account for the
partial reduction in PDGF-induced MSC proliferation seen in the
presence of both rapamycin and AG490. Our finding is particularly
important as the cyclin D family has been widely implicated in
tumorigenesis as well as being a well-known regulator of G1/S
phase transition. Overexpression of cyclin D1, for example, has
been associated with early cancerogenesis, tumour progression and
metastasis [47]. Changes in levels of regulators of cyclin D1 such
as Akt and mTOR are also a common occurrence in cancer and are
emerging as important therapeutic targets [27, 48]. Therefore, the
use of PDGF for in vitro MSC expansion and in vivo tissue regener-
ation should be carried out with caution and may require further
investigation. It is noteworthy that PDGF-BB expression in MSCs
was barely detectable and was not affected by inhibition of any of
the signal cascades studied, which suggests requirement of para-
crine induction. Pathways other than soluble PDGF-BB for PDGFRp
activation such as direct cell-cell interactions have been reported in
fibroblasts and should also be considered [49]. In contrast, high
levels of PDGFRB were detectable in MSCs and were further
induced in the absence of Akt signalling. Similar feedback mecha-
nisms have been recently reported in mouse embryonic fibroblasts,
wherein activation of Akt by several mechanisms (loss of PTEN,
activation of PI3K or Akt) suppressed the expression of PDGFRs
[29]. A better understanding of the interactions between these
signal pathways could explain their role in cell proliferation and
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tumorigenesis and help in optimum targeting of these pathways for
anticancer therapeutics.

Although the PI3K/Akt/mTOR pathway was the principal media-
tor of PDGF-BB-induced MSC proliferation, it was not involved in
regulation of MSC differentiation by PDGF. Indeed, treatment with
PDGF-BB or inhibition of PI3K and mTOR had the same inhibitory
effect on differentiation of MSCs to adipocytes. This is intriguing
because activation of Akt/mTOR by factors such as insulin has
been shown to have a stimulatory effect on adipogenesis of 3T3-
L1 pre-adipocytes [20]. This effect is supported by our finding that
LY294002 and rapamycin strongly inhibit adipogenesis by MSCs
induced by differentiation medium in the absence or presence of
PDGF. We have also shown that addition of PDGF-BB to normal
medium induces the expression of the adipogenic ‘master switch’
PPARy. Taken together these data suggest a role for PDGF-BB
induced Akt in the proliferation of MSCs but not during their differ-
entiation. Interestingly, Erk, which was also activated by PDGF
signalling in MSCs but had only a negligible involvement in prolif-
eration, was found to be responsible for the action of PDGF on
adipogenic differentiation. The ability of PDGF-BB to inhibit adipo-
genesis through Erk appeared only when cells were induced to dif-
ferentiate. In the undifferentiated state, PDGF-BB either upregulated
or had no effect on genes involved in adipogenesis. Based on our
data and others Akt/mTOR is required and sufficient for adipogene-
sis, suggesting that up-regulation of Akt could lead to differentia-
tion as well as proliferation. However, simultaneous activation of
Erk blocks the adipogenesis and maintains the cell in their unspe-
cialized form. Erk signalling has been previously implicated in adi-
pogenesis and shown to have a negative effect on adipocytes,
although some have reported stimulation depending on the
upstream signal [21, 50, 51]. Together these data imply that self-
renewal of MSCs requires a complex interaction between various
signal pathways. In this case, the Akt pathway promotes MSC pro-
liferation and cell cycle progression, and Erk signalling is required
to keep the cells in their undifferentiated state, countering the pos-
sibility of adipogenic differentiation through activation of Akt. This
may explain why in pre-adipocytic 3T3L1 cells Akt induces adipo-
genic differentiation and even causes spontaneous differentiation
when activated either by overexpression or by factors such as
insulin [20] but not with PDGF in MSCs as we showed here. In the
context of osteogenesis, we found little effect of PDGF-BB on dif-
ferentiation process itself, but there were inhibitory effects on
expression of genes involved in osteoblast function and mineraliza-
tion. Although few studies have been previously carried out on the
involvement of PDGF signalling on osteogenesis the findings are
conflicting. Our results support the studies that report an effect on
osteoblast function but not on MSC osteogenic differentiation. [14,
52, 53].

In summary our data demonstrate how a growth factor main-
tains self-renewal by inducing proliferation and preventing cell
differentiation. In detail we show PDGFRB signalling simulta-
neously activates two major transduction pathways with dual
actions on proliferation versus differentiation. We propose that
PDGFRp activates PI3K/Akt/mTOR as the mediator of cell cycle
progression and proliferation and Erk as the inhibitor of differen-
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tiation in MSCs (Fig 9). These data not only provide the signal
mechanism of self-renewal, it may also explain the premature
loss of differentiation with growth factor MSC cell expansion
(unpublished data). It is clear that with PDGF there is a system
in place to avoid the unwanted differentiation while MSCs
undergo extensive proliferation. These findings contribute to
developing novel strategies for regulation of stem cell prolifera-
tion and differentiation that may be applicable for future clinical
applications.
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