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ABSTRACT

Mesenchymal stem cells (MSCs) possess great potential for use in regenerative medicine. However,
their clinical application may be limited by the ability to expand their cell numbers in vitro while
maintaining their differential potentials and stem cell properties. Thus the aim of this study was to
test the effect of a range ofmedium supplements onMSC self-renewal and differentiation potential.
Cells were cultured until confluent and subcultured continuously until reaching senescence. Me-
dium supplementationwith fibroblast growth factor (FGF)-2, platelet-derived growth factor (PDGF)-
BB, ascorbic acid (AA), and epidermal growth factor (EGF) both increased proliferation rate and
markedly increased number of cell doublings before reaching senescence,with a greater than 1,000-
fold increase in total cell numbers for AA, FGF-2, and PDGF-BB compared with control cultures.
Long-term culture was associated with loss of osteogenic/adipocytic differentiation potential, par-
ticularlywith FGF-2 supplementation but alsowith AA, EGF, and PDGF-BB. In addition FGF-2 resulted
in reduction in expression of CD146 and alkaline phosphatase, but this was partially reversible on
removal of the supplement. Cells expressed surface markers including CD146, CD105, CD44, CD90,
and CD71 by flow cytometry throughout, and expression of these putative stem cell markers per-
sisted even after loss of differentiation potentials. Overall, medium supplementation with FGF-2,
AA, EGF, and PDGF-BB greatly enhanced the total in vitro expansion capacity of MSC cultures,
although differentiation potentials were lost prior to reaching senescence. Loss of differentiation
potential was not reflected by changes in stem cell surface marker expression. STEM CELLS
TRANSLATIONAL MEDICINE 2012;1:771–782

INTRODUCTION

Mesenchymal stem cells (MSCs) aremultipotent,
self-renewing cells with the capacity to differen-
tiate into cells of mesenchymal origin, including
osteoblasts, adipocytes, and chondrocytes, in
vitro and give rise to bone, fat, cartilage, and
muscle tissues in vivo [1]. Their differentiation
potential, together with their ease of isolation
and cultivation, has made them a potentially im-
portant source of stem cells for use in tissue en-
gineering and regenerative medicine. Indeed,
MSCs have been used for treatment of bone dis-
orders such as in children with osteogenesis im-
perfecta, in whom allogeneic MSCs were en-
grafted and shown to enhance growth [2], repair
of large defects in long boneswhen incorporated
with biomaterial scaffolds [3], treatment of an
atrophic tibial diaphyseal nonunion [4], recon-
struction of a major maxillary defect, and recon-
struction of jaw defects prior to dental implant
placement [5, 6]. Other promising clinical appli-
cations for MSCs come from their indirect im-
mune-regulatory and paracrine action in a vari-
ety of clinical situations, such as reducing graft-

versus-host disease after hemopoietic stem cell
(HSC) transplantation [7]; improving engraft-
ment of HSCs [8]; and enhancing cardiac [9, 10],
liver [11], and neural repairs [12]. MSCs have
been also used as vehicles for delivery of thera-
peutic gene products and agents to tumor and
cancer sites [13].

Despite the vast therapeutic potentials for
application of MSCs, these cells are a rare popu-
lation that comprises only approximately
0.001%–0.01% of the total bone marrow mono-
nuclear cells [1]. Therefore, MSCs isolated for
clinical application typically require extensive ex-
pansion in vitro prior to their therapeutic use.
However, MSCs have a finite life span, undergo
senescence on long-term culture in vitro, and
may lose some of their differentiation potentials
with increased time in culture. For successful ex-
pansion in vitro, MSCs need to maintain their
stem cell phenotype and show repeated self-re-
newal; that is, they need to undergo extensive
proliferationwhilemaintaining theirmultipotent
differentiation potentials. Consequently a con-
siderable effort has been made to optimize the
culture conditions for in vitro expansion ofMSCs.
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These include the assessment of culture media, serum content,
cell-plating density, culture surfaces, and the addition of growth
factor supplements [14–16]. Of these variables, the use of
growth factor and cytokine supplements has been most widely
investigated and has been shown to havemarked effects onMSC
proliferation and self-renewal. The use of fibroblast growth fac-
tor (FGF)-2 supplement has been described and used extensively
to increase the expansion of MSCs [15, 17–20]. The use of other
cytokines, including platelet-derived growth factor (PDGF)-BB,
epidermal growth factor (EGF), and interleukin (IL)-6 has also
been described for increasing growth and expansion of MSCs
[21–23]. In general, most of these experiments have only been
short-term studies and have not thoroughly investigated themain-
tenance of stem cell phenotype and differentiation potential of
MSCs following long-term culture with these factors. It is therefore
essential toexaminedirectly theeffect of factors known toenhance
the proliferation of MSCs to determine the most suitable agent to
enhance the in vitro expansion ofMSCswhilemaintaining their dif-
ferentiation potential and stem cell phenotype.

For this reason the aim of the study described here was to
carry out a comprehensive investigation of the effect of growth
factor and other supplements onMSC self-renewal and differen-
tiation potential. Specifically we have investigated the effect of
ascorbic acid (AA), EGF, FGF-2, IL-6, PDGF-BB, transferrin, or
Wnt3a on in vitro expansion of MSCs in long-term continuous
cultures through to cellular senescence.

MATERIALS AND METHODS

Experimental Overview
MSC cultures were grown in culture medium with test supple-
ments to confluence, at which time the increase in cell number
was calculated by cell counting. An aliquot of these cells was
replated into test medium again and grown to confluence as
before. This was repeated until cells reached senescence. At the
end of every second passage, a further aliquot of the cells was
taken for flow cytometric analysis of expression of MSC-related
cell surface markers, together with two aliquots which were
transferred to osteogenic or adipogenic media and cultured for
up 14 days to test for differentiation potentials. Osteogenic and
adipogenic differentiation of MSCs was assessed by quantitative
reverse transcription-polymerase chain reaction (qRT-PCR) for
expression of phenotypic marker genes and for production of
mineralization or lipid-containing adipocytes in cultures.

Cell Culture
Primary human MSCs from young male and female adults were
purchased from Lonza (Slough, U.K., http://www.lonza.com) (a
total of three different cell lines). Cells already at passage 2
when purchased were expanded in culture (this was considered
passage 3) in normal growth medium consisting of �-Minimal
Essential Medium, penicillin (50 U/ml), streptomycin (50 �g/ml)
(all from Sigma-Aldrich, Poole, Dorset, U.K., http://www.
sigmaaldrich.com), Glutamax (2 mM) (Invitrogen, Paisley, U.K.,
http://www.invitrogen.com), and 10% fetal bovine serum (Sigma-
Aldrich) and maintained at 37°C in a humidified atmosphere of
5%CO2 and95%air. Upon reaching confluence cellswere seeded
at a density of 2,000 cells per cm2 in T-75 flasks and grown in
normal medium alone or medium supplemented with 0.2 mM
AA (Sigma-Aldrich), 10 ng/ml EGF (Invitrogen), 10 ng/ml FGF-2

(Peprotech, London, U.K., http://www.peprotech.com), 10
ng/ml IL-6 (Invitrogen and Peprotech), 10 ng/ml PDGF-BB (Pep-
rotech), 10�g/ml transferrin (Sigma-Aldrich), or 50 ng/mlWnt3a
(50 ng/ml) (R&D Systems Inc., Minneapolis, MN, http://www.
rndsystems.com) and kept in continuous culture until cells
reached senescence. Cell number was counted at each passage
using a Z2 Coulter counter (Beckman Coulter, High Wycombe,
U.K., http://www.beckmancoulter.com) and subcultured for fur-
ther expansion at a density of 2,000 cells per cm2. After every
second passage cells were also analyzed for proliferation (Cell-
Titer 96 AQueous One Solution Cell Proliferation assay; Promega,
Southampton, U.K., http://www.promega.com), cell surface
marker and gene expression, and differentiation potential.

Differentiation Potential
MSCs were seeded at a density of 5,000 cells per cm2 in 12-well
plates (Nunc, Fisher Scientific, Loughborough, U.K., http://www.
fisherscientific.com). After 24 hours of incubation osteogenic dif-
ferentiation was induced by replacing the medium with the os-
teogenic medium (growth medium supplemented with 0.1 �M
dexamethasone, 0.05 mMAA, and 10 mM glycerophosphate, all
from Sigma-Aldrich). To assess osteogenic differentiation, RNA
was isolated after 4 and 14 days of incubation, mRNA expression
of markers of differentiation (i.e., Runx-2, alkaline phosphatase
[ALP], collagen 1 [Col-1], and osteocalcin [OSC]) was determined
by qRT-PCR, and accumulation of calciumdepositswas visualized
by staining with alizarin red dye. Briefly, cells were fixed (15min-
utes with 4% formaldehyde in phosphate-buffered saline [PBS]),
stained for 10minutes with alizarin red S (1:100 dilution in H2O),
and washed (five times) in 50% ethanol and air-dried.

To induce adipogenic differentiation cells were seeded at a
density of 40,000 cells per cm2 in 12-well plates (Nunc) and incu-
bated for 24 hours before switching to adipogenic medium
(growth medium supplemented with 1 �M dexamethasone,
0.25 mM isobutylmethylxanthine, 50 �M indomethacin, and 10
�g/ml insulin, all from Sigma-Aldrich). Adipogenesis was as-
sessed by qRT-PCR analysis of markers of differentiation, that is,
peroxisome proliferator-activated receptor (PPAR)-�, Ccaat en-
hancer binding protein-� (CEBP-�), fatty acid binding protein 4
(FAB-4), and lipoprotein lipase (LPL), and visualized by light mi-
croscopy alone or following staining with Oil Red O dye as de-
scribed previously [24]. Briefly, cells were fixed (15 minutes with
4% formaldehyde in PBS), stained for 15 minutes, and washed
with 60% isopropanol and with PBS.

qRT-PCR Analysis
Total RNAwas extracted using TRI reagent (Ambion,Warrington,
U.K., http://www.ambion.com) and Phase Lock Gel Heavy tubes
(five prime; VWR, Lutterworth, U.K., https://us.vwr.com) ac-
cording to themanufacturers’ instructions. RNApurity andquan-
tity were assessed by Nanodrop (Fisher Scientific) (A260/A280
1.8–2was considered suitable for further analysis), possible con-
taminating DNA was removed, and cDNA was prepared from 1
�g of RNA using QuantiTect Reverse Transcription Kit (Qiagen,
Crawley, U.K., http://www.qiagen.com) according to the manu-
facturer’s instructions. qRT-PCR was performed on a Rotor-
Gene 6000 thermal cycler (Qiagen) using Brilliant III Ultra-Fast
SYBR Green qPCRMaster Mix (Stratagene, Agilent Technologies,
Stockport, U.K., http://www.stratagene.com) and primer pairs as
listed in supplemental online Figure1. PCR conditions consistedof 1
cycle of 95°C for 3minutes and 40 cycles of 95°C for 10 seconds and
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60°C for 10 seconds followed by melting analysis of 1 cycle with
gradual increase from65°C to95°C.RPL13awasusedasan invariant
housekeeping gene. The quantitative expression of gene of interest
relative to the housekeeping genewas calculated, and this ratio for
basal or untreated cells was assigned a value of 1. Amplification of
the right product was confirmed by monitoring the dissociation/
melt curve (at the end of the PCR, samples were subjected to step-
wise increase in temperature from 60°C to 95°C, with fluorescence
measurements taken throughout this range). Template and reverse
transcription negative controls were also included in all amplifica-
tion experiments.

Flow Cytometry
MSC surface marker expression was assessed using four-color
flow cytometry analysis, with the FACSCanto II flow cytometer
(BD Biosciences, San Jose, CA, http://www.bdbiosciences.com).
Briefly, 150,000 cells were incubated with Fc block (BioLegend,
Cambridge, U.K., http://www.biolegend.com) in 50�l of fluores-
cence-activated cell sorting (FACS) buffer for 15minutes at room
temperature. Direct staining was performed by adding an anti-
body cocktail of the following: A, CD34-PerCP/Cy5.5 (clone
4H11), CD105-fluorescein isothiocyanate (FITC) (clone 43A3),
CD146-phycoerythrin (PE)/Cy7 (clone SHM-57), and TNAP-PE
(clone W8B2); or B, CD45-PerCP/Cy5.5 (clone HI30), CD44-FITC
(clone BJ18), CD90-allophycocyanin (APC) (clone 5E10), and
CD71 (clone A015). Appropriate isotype controls were also in-
cluded. All antibodies and isotype controlswere obtained fromBio-
LegendU.K. (CambridgeBioscience) andused at the recommended
concentration. Cells were incubated for 15 minutes at room tem-
perature in the dark. After being washed twice, cells were resus-
pended in 300 �l of FACS buffer and immediately analyzed. A total
of 10,000 events were acquired for each sample, and data analysis
was performed using DIVA software (BD Biosciences).

Data Analysis
Statistical comparisons between means were made by one-way
analysis of variance (SPSS 17; SPSS, Chicago, IL, http://www.spss.
com) and post hoc analyses using the Tukey test to evaluate the
differences among the mean values between groups. If compar-
isons weremade only between two groups Student’s t test (SPSS
16; SPSS) was used. A p value of less than .05 was considered
statistically significant.

The number of cell doublings at each passage was calculated
using the formula Cell doublings� Log2 (Final cell number/Initial
cell number), and the total number of cell doublings was calcu-
lated by the sum of doublings for each passage.

RESULTS

MSC Expansion
To compare the stimulatory effect of various cytokines on the
total proliferation capacity of MSCs in long-term culture, bone
marrow-derived MSCs were grown in parallel cultures with or
without AA, EGF, FGF-2, IL-6, PDGF-BB, transferrin, and Wnt3a
on three separate occasions. Cells were grown until the fastest
cultures reached confluence, which typically took approximately
13–14 days, and then all cultures were passaged. An increased
proliferation ratewas observed in cells expanded in the presence
of FGF-2, AA, PDGF-BB, EGF, and Wnt3a with population dou-
bling times of 2.5, 2.7, 2.8, 3.05, and 4.2 days, respectively, com-

pared with 8.1, 7.8, and 7.6 days for cells expanded in normal
growth medium, IL-6, or transferrin at the initial passage. Micro-
scopic images of MSCs expanded in the presence of each factor
are shown in supplemental online Figure 2. The proliferationwas
maintained at approximately the same rate for the first four pas-
sages but gradually slowed thereafter and eventually leveled off
at the last passage when cells reached senescence. The rate of
MSC population doubling for each factor is shown in Figure 1.
The total cell doublings prior to senescencewere estimated as up
to 25.5, 21.1, 20.2, 15.6, and 16.4 in presence of FGF-2, PDGF-BB,
AA, EGF, and Wnt3a, respectively, in comparison with 10.0 for
MSCs cultured in normal medium alone. IL-6 or transferrin sup-
plementation had no significant effect on cell doubling time or
the total number of population doublings. Thus, supplementa-
tion with AA, FGF-2, and PDGF-BB resulted overall in a greater
than 1,000-fold increase in total cell numbers compared with
controls (for controls 210.05 � 895 cells; AA, 220.27 � 1,267,893
cells; FGF-2, 225.59 � 50,542,945 cells). Furthermore, an even
greater proliferation rate was observed when a combination of
AA, FGF-2, and PDGF-BB was added to the culture. In particular,
the combination of FGF-2 with either AA or PDGF-BB or the com-
bination of the three factors together resulted in, respectively,
one and twomore cell doublings compared with each factor alone
after a couple of passages (supplemental online Fig. 3). Cells cul-
tured in the presence of FGF-2, AA, and PDGF-BB also showed en-
hanced proliferative capacity even when subcultured in normal
growth medium for 1 week, with up to 1.5-, 1.7-, and 1.4 (p �
.01)-fold increase in comparison with those subcultured from nor-
mal medium (supplemental online Fig. 4).

MSC Surface Phenotype Expression
To determine whether MSC surface marker expression alters
with long-term culture or in the presence of cytokine supple-
ments, we carried out four-color flow cytometry analysis of pan-
els of known negative and positivemarkers ofMSCs. As shown in
Table 1, MSCs were 90%–100% positive for CD105, CD90, CD44,
CD71, and CD146 but lacked the HSC marker (0%–5%) CD34 and

Figure 1. Effect of supplements on mesenchymal stem cell (MSC) cu-
mulative population doubling. Calculated cell doubling number for
MSCs cultured with or without AA, EGF, FGF-2, IL-6, PDGF-BB, transfer-
rin, and Wnt3a from passage 3 to passage 10 (mean of three experi-
ments).Note thaterrorbarshavebeenomitted for clarityof reading the
figure; standard deviations for thesemean values are shown in tabular
form in supplemental online Figure 6. Abbreviations: AA, ascorbic acid;
EGF,epidermal growth factor; FGF, fibroblast growth factor; IL, interleu-
kin; PDGF, platelet-derived growth factor.
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CD45 expression. Among the positive markers CD90 and CD44
expression remained more or less constant (95%–100% posi-
tive), and both negativemarkers stayed negative throughout the
duration of culture and with all culture conditions. Expression of
ALP was elevated from 29.8% at first to 39.3% at the third pas-
sage of culture in normal medium but returned back to approx-
imately 30% thereafter. Long-term culture was associated with
slight reduction in expression of CD105, CD146, and CD71 cells
(from, respectively, 95%, 92%, and 76% in initial culture to 75%,
78%, and 60% at the final passage), although this was not statis-
tically significant. MSCs cultured with FGF-2 showed significant
reduction in cells positive for CD146 at every passage (40.9%,
52%, 65%, and 61% in comparison with 92%, 91%, 91%, and 78%
in control at passages 4, 6, 8, and 10) examined. AA, EGF, and
PDGF-BB cultures also showed a lower level of CD146 positive
cells in comparisonwith control. ALP expressionwas significantly
lower in cells grown in FGF-2 (by less than half in passages 4 and
6), whereas it was enhanced in cells cultured with AA, EGF, and
PDGF-BB (49%, 52%, and 40%, respectively, in comparison with
30% in control at passage 4). The reduction seen in CD146 ex-
pression following FGF-2 treatment was found to be reversible,
and the expression level was restored to control levels following

aweek of incubation in the absence of FGF-2. ALP expressionwas
also partly restored but still remained lower when compared
with cells grown entirely in normal growthmedium (supplemen-
tal online Fig. 5.1).

We also investigated the effect of differentiation on cell sur-
face marker expression. Neither osteogenesis nor adipogenesis
altered the expression of negative markers (CD34 and CD45) or
positivemarkers CD44, CD71, CD90, and CD146 following aweek
of differentiation (supplemental online Fig. 5.2). Only CD105was
reduced significantly following both osteogenic and adipogenic
differentiation. As expected the expression of ALP was signifi-
cantly increased following osteogenesis, but it also increased
upon adipogenic differentiation (supplemental online Fig. 5.2).

MSC Differentiation Potential
Next, we tested whether the long-term culture or incubation
with cytokine and growth factors was associatedwith changes in
MSC multipotential capacity. MSCs grown in presence of differ-
ent factors or normal growth medium for more than 100 days of
culture (eight passages) were induced to differentiate to osteo-
blasts or adipocytes at every second passage, and changes in

Table 1. Effect of supplements on MSC surface marker expression

Passage no. and
treatment CD34 CD45 CD105 CD146 CD44 CD90 CD71 ALP

P4
C 2.0 � 0.7 1.2 � 1.2 95.6 � 3.8 91.8 � 4.6 95.1 � 4.4 96.7 � 6.4 73.7 � 6.1 29.8 � 2.4
AA 1.4 � 0.6 0.7 � 0.7 73.6 � 6a 74.8 � 10.5 93.9 � 5.3 96.9 � 5.9 77.0 � 10 48.8 � 7.1a

EGF 1.1 � 0.5 0.8 � 0.8 91.0 � 2.7 78.7 � 7.5 96.1 � 3.8 98.0 � 4 85.3 � 7.6 52.4 � 15a

FGF-2 0.9 � 0.3 0.7 � 0.6 87.5 � 7.4 40.9 � 14.4a 98.8 � 1.8 95.2 � 9.4 83.9 � 12 23.9 � 1.8
IL-6 1.7 � 2.2 1.7 � 2.0 96.3 � 1.7 93.8 � 3.6 96.3 � 2.2 97.5 � 4.9 73.3 � 5.5 29.1 � 1
PDGF-BB 1.3 � 0.8 1.5 � 1.8 78.4 � 16 70.0 � 21.2 92.4 � 9.1 95.6 � 8.7 83.2 � 12 41.7 � 9.4
Trans 2.6 � 0.9 2.4 � 2.8 95.6 � 2.1 94.5 � 3.7 96.2 � 1.8 97.7 � 4.4 78.0 � 3.4 30.1 � 1.5
Wnt3a 1.4 � 0.3 0.8 � 1.1 83.0 � 7.6 90.4 � 5.5 96.2 � 6.1 97.0 � 5.9 76.8 � 14 31.6 � 10

P6
C 3.3 � 1.3 0.9 � 0.8 96.9 � 1.4 91.5 � 10.2 96.9 � 1.8 100.0 � 0.05 86.1 � 15 39.3 � 4.1
AA 3.4 � 2.8 0.6 � 0.8 82.4 � 8.9a 80.9 � 19.9 97.4 � 0.7 100.0 � 0 86.7 � 10 40.2 � 8.5
EGF 2.2 � 1.5 0.6 � 0.5 93.8 � 1.5 83.8 � 17 97.7 � 0.4 100.0 � 0.05 92.1 � 7 54.5 � 13
FGF-2 1.1 � 0.7 0.9 � 1.1 88.6 � 3.4a 52.0 � 21.1a 99.6 � 0.6 99.6 � 0.6 97.1 � 2 13.2 � 6.7a

IL-6 2.4 � 1.1 1.0 � 0.8 96.0 � 1.3 92.4 � 9.2 95.2 � 2.8 99.9 � 0.1 81.4 � 22 42.0 � 3.4
PDGF-BB 2.2 � 0.3 0.2 � 0.1 87.0 � 1.7a 85.3 � 3.4 94.7 � 2 100.0 � 0 90.7 � 5 52.2 � 10
Trans 4.8 � 1.9 2.1 � 1.7 95.9 � 1.9 89.2 � 15.2 96.9 � 1.6 100.0 � 0 87.6 � 14 42.7 � 1.1
Wnt3a 3.6 � 2.0 0.6 � 0.5 94.5 � 2.1 82.5 � 17.6 95.5 � 2.2 100.0 � 0 83.2 � 20 39.7 � 4

P8
C 3.9 � 2.7 1.3 � 0.5 87.9 � 2.1 90.9 � 9.5 94.7 � 1.9 100.0 � 0 59.5 � 7.4 28.7 � 7.5
AA 0.7 � 0.2 0.1 � 0.07 70.8 � 14.4a 81.0 � 21.2 98.0 � 1 100.0 � 0 51.0 � 7 41.0 � 7
EGF 2.9 � 1.1 1.0 � 0.3 82.8 � 12.5 92.2 � 10.9 97.3 � 2.8 99.8 � 0.2 79.9 � 8 39.0 � 19
FGF-2 0.8 � 0.2 0.6 � 0.4 85.0 � 13 65.0 � 24.7 99.9 � 0.1 99.7 � 0.5 83.4 � 16 16.1 � 5.4
IL-6 4.5 � 2.1 1.8 � 0.3 84.7 � 13.6 92.5 � 10.8 96.2 � 0.7 100.0 � 0 61.8 � 4.5 31.4 � 9.9
PDGF-BB 0.8 � 0.3 0.6 � 0.6 65.6 � 28.2 77.5 � 28.2 96.0 � 4.2 99.5 � 0.7 81.2 � 1.6 37.7 � 14
Trans 4.2 � 1.6 2.0 � 0 88.3 � 2.8 89.2 � 12.3 93.3 � 3.5 100.0 � 0 62.4 � 1.5 30.7 � 9.5
Wnt3a 3.2 � 1.2 1.2 � 0.2 85.5 � 7.7 85.5 � 10.6 92.0 � 2.8 100.0 � 0 64.8 � 3.16 32.0 � 1.4

P10
C 1.6 � 0.8 6.7 � 8.3 75.2 � 21.2 78.7 � 9.7 95.8 � 5.9 99.5 � 0.5 60.5 � 28 32.5 � 17
AA 1.9 � 2.4 1.6 � 1.4 69.7 � 24.5 40.3 � 7.7a 93.6 � 9.4 99.7 � 0.3 50.0 � 27 49.2 � 30
EGF 1.2 � 1.2 5.3 � 6.1 72.8 � 24.3 87.1 � 17.8 95.8 � 5.6 99.6 � 0.3 61.6 � 29 34.6 � 34
FGF-2 1.6 � 2.1 1.1 � 1.6 74.8 � 21.9 61.8 � 17 97.2 � 3.8 99.2 � 0.9 60.7 � 23 35.5 � 20
IL-6 2.2 � 2.8 7.4 � 8.2 62.9 � 33.2 91.7 � 22 96.2 � 4.8 99.5 � 0.2 55.0 � 34 46.1 � 12
PDGF-BB 2.7 � 2.1 6.3 � 7.0 70.5 � 25.6 78.0 � 14 98.1 � 2 99.9 � 0 60.9 � 29 42.3 � 17
Trans 2.7 � 2.1 6.7 � 9.0 58.4 � 37 75.0 � 13 92.3 � 12 99.5 � 0.2 59.8 � 29 52.0 � 13
Wnt3a 0.9 � 0.4 6.0 � 5.5 66.8 � 28.8 44.4 � 22 98.2 � 0.9 99.9 � 0 51.5 � 31 35.0 � 5.9

MSCs were cultured with or without AA, EGF, FGF-2, IL-6, PDGF-BB, transferrin, and Wnt3a for eight passages (mean � SD of three experimental
groups). Expression of CD34, CD45, CD105, CD44, CD90, CD71, CD146, and ALP was analyzed by flow cytometry (mean � SD of three experimental
groups).
ap � .05 when compared with control at the same passage.
Abbreviations: AA, ascorbic acid; ALP, alkaline phosphatase; C, control; EGF, epidermal growth factor; FGF, fibroblast growth factor; IL, interleukin;
MSC, mesenchymal stem cell; P, passage; PDGF, platelet-derived growth factor; Trans, transferrin.
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markers of osteogenesis or adipogenesis were analyzed by qRT-
PCR and phenotype changes by alizarin red and Oil Red O stain-
ing. MSCs were capable of differentiating to osteoblasts and adi-
pocytes, as exhibited by increase in expression of marker genes
and accumulation of calcium deposits and lipid droplets by the
cells (Figs. 2, 3). The maximal differentiation capacity was ob-
served at initial passage and was significantly reduced at late
passages. MSCs cultured in osteogenic medium showed 5- and
10-fold increases in expression of Runx-2 andALPmRNA at initial

passage, but the level was reduced to as low as 2.5 and 1.5 (p �
.01), respectively, in subsequent passages (Fig. 2A, 2B). We also
observed approximately 60% and 80% (p � .01) reduction in
expression of Col-1 andOSCmRNAwith cultivation time (Fig. 2C,
2D). Furthermore, the deposition of calcium induced by osteo-
genic medium was significantly reduced by increase in culture
time and at the last passage (passage 10 [P10]) was almost ab-
sent (Fig. 3A). The time taken for cells to undergo matrix miner-
alization also gradually increased from approximately 21 days at

Figure 2. Differentiation potential of mesenchymal stem cells in long-term culture. Osteogenic and adipogenic differentiation was induced
for 4 and 14 days after every second passage of cultivation. Expression of osteogenic markers Runx-2, ALP, Col-1, and OSC (A–D) and
adipogenic markers PPAR-�, CEBP-�, FAB-4, and LPL (E–H) mRNA was analyzed by quantitative reverse transcription-polymerase chain
reaction. (Mean � SEM of three experiments of duplicates.) �, p � .05, ��, p � .01, ���, p � .001 compared with P4. Abbreviations: ALP,
alkaline phosphatase; CEBP�, Ccaat enhancer binding protein-�; Col-1, collagen 1; OSC, osteocalcin; FAB-4, fatty acid binding protein 4; LPL,
lipoprotein lipase; P, passage; PPAR, peroxisome proliferator-activated receptor.
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the initial passage to up to 40 days at late passages, and even
complete loss of mineralization capacity was observed for some
cultures (Fig. 3A). Similarly and even more strikingly, the adipo-
genic differentiation potential of MSCs was reduced by time in
culture. As shown in Figure 2E and 2F the expression of PPAR-�
and CEBP-� was induced in presence of adipogenic medium to
approximately 190- and 770-fold at the initial passage, but it
significantly decreased (p � .01) with prolonged cultivation to
30- and 36-fold for PPAR-�, 458- and 50-fold for CEBP-� at sub-
sequent passages. Cultivation was also associated with reduced
expression of FAB-4 and LPL by more than 75% and 85% (p �
.01), respectively (Fig. 2G, 2H). Accordingly, the ability of cells to
accumulate lipid following differentiation was reduced gradually
and eventually completely inhibited at last passage as shown
microscopically after staining with Oil Red O (Fig. 3C).

Parallel analysis was also carried out on the osteogenic and
adipogenic potential of cells cultured with various supplements
that induce proliferation of MSCs. Except with IL-6 and transfer-
rin, which had little or no effect on either osteogenesis or adipo-
genesis (data not shown), the effects were vastly diverse be-
tween other cytokines, although reduced differentiation was
apparent with all factors at the last passage. Cells grown in cul-
tures supplemented with FGF-2 showed an increase in expres-
sion of Runx-2 but a reduction in ALP (Fig. 4A, 4B). These cells
when induced to differentiate to osteoblasts also showed a re-
duction in ALP level, although no significant change was ob-
served with other osteogenic genes. Supplementation of me-
diumwith AA resulted in a significant increase in Runx-2 and ALP

expression under basal conditions, but a reduction in expression
of Runx-2 was observed following osteogenic differentiation
upon long incubation of cells with AA. EGF also induced the ex-
pression of ALP but had no significant effect on osteogenic po-
tential following treatment of cell with differentiation medium.
Supplementation of cultureswithWnt3a reduced theosteogenic
potential of MSCs, with reduction in expression of Runx-2 and
ALP. PDGF-BB had little effect on osteogenic potential at early
passages (Fig. 4A, 4B). Despite the effect onmRNA expression of
osteogenic genes by AA, EGF, FGF-2, PDGF-BB, and Wnt3a, sup-
plementation of these factors over six passages completely in-
hibited the ability of cell to undergo mineralization, as shown by
reduced alizarin staining of calcium deposits (Fig. 3A).

Analysis of adipogenic genes showed that supplementation
of culturewith FGF-2 or PDGF-BB enhanced (p� .01) the expres-
sion of “master switch ” gene PPAR-� but not CEBP-� or FAB-4
expression under basal conditions (Fig. 5A–5D). Surprisingly,
FGF-2-treated and, to a lesser extent, PDGF-BB-treated cells
showed a reduction in adipogenic gene expression during the
differentiation process, and phenotypic reduction in lipid con-
taining cells was more apparent in cells grown with FGF-2 (Fig.
3B). Addition of AA in culture also significantly reduced (p� .01)
the expression of genes involved in adipogenesis both under
basal conditions and during the differentiation, as well as reduc-
ing the number of lipid-filled adipocytes (Figs. 3B, 5). Similar to
the reduction seen with osteogenic genes and mineralization
level, the potential for adipogenesis was reduced at the last pas-
sage for the cells grown in AA, EGF, FGF-2, PDGF-BB, and Wnt3a

Figure 3. Representative photograph of
mesenchymal stem cells (MSCs) differen-
tiated to osteoblasts and adipocytes fol-
lowing long-term culture or cultivation
with various factors. MSCs expanded in
presence or absence of AA, EGF, FGF-2,
IL-6, PDGF-BB, transferrin, and Wnt3a.
The ability for lineage-specific differentia-
tion was assessed for osteogenesis by
stainingwith alizarin red for calciumdepo-
sition at P6–P10 (A), and for adipogenesis
by staining with Oil Red O for lipid accu-
mulation (magnification, �200) (B) and
with Oil Red O staining in cells expanded
with various factors (at P6) and with Oil
Red O staining (C) with long-term cultiva-
tion (P6–P10). Abbreviations: AA, ascor-
bic acid; C, control; EGF, epidermal growth
factor; FGF, fibroblast growth factor; IL,
interleukin; P, passage; PDGF, platelet-de-
rived growth factor; Trans, transferrin.
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as shown by decreased gene expression and lack of lipid accu-
mulation (Fig. 3B).

MSC Stemness, Cell Cycle, Senescence, and DNA Repair
Gene Expression
Time in culture (number of cell doublings) or supplementation
with cytokines was shown to alter the proliferative rate, self-
renewal ability, and differentiation capacity of MSCs. Therefore,
we investigated the expression of genes involved inmaintenance
of stem cell phenotype, cell cycle, senescence, and DNA repair.
Human MSCs expressed “stemness” genes Nanog, Oct-4, and
Klf2, but Sox-2 and TRET genes were barely detectable. Consis-
tent with the alteration in MSC stem cell properties (i.e., differ-
entiation potential) there was a significant reduction in expres-
sion of Nanog, Oct-4, or Klf4 with long cultivation time (Fig. 6A).
Supplementation with FGF-2 and AA, however, resulted in en-
hanced expression (p� .01) ofOct-4 and Klf4 (Fig. 6E) only at the
initial passage. Cells grown in the presence of AA also expressed
more CDK2 mRNA, and CDK4 expression was higher in cultures
treated with FGF-2 and EGF (p � .01). No significant change was
observed in expression of cyclin D or cyclin E in the presence of
growth factors. Long-term culture, however, resulted in reduc-
tion in expression of cell cycle-related genes, that is, CDK2, CDK4,
cyclin D, and cyclin E (Fig. 6B) and increased expression of senes-

cence gene P16 (p � .01) and was even further induced in the
presence of FGF-2, PDGF-BB, and AA only at the last passage.
Expression of other senescence-related genes, such as P21 and
Rb2, remained unchanged during cultivation but was induced in
the presence of AA at the last passage. Similarly, the DNA repair
genes Pold3, Ercc1, and Mre11a were unaffected by culture
time, although higher expression of Pold3 was observed in cells
cultured with AA, EGF, FGF-2, and PDGF-BB, and Ercc1 and
Mre11a expression was higher in cells treated with AA (Fig. 6G).

DISCUSSION

Growth factors and cytokines such as FGF-2, EGF, PDGF-BB, IL-6,
and other supplements such as AA have all previously been
shown to induce proliferation of MSCs. However, these studies
have examined only the short-term effect of these factors on
MSC number and stem cell properties, which represents a differ-
ent set of conditions from those that may occur during continu-
ous culture to achieve maximal in vitro expansion of stem cells.
Here we have demonstrated that a number of different supple-
ments have the capacity to enhance greatly the large-scale ex-
pansion of MSCs in vitro, although with all treatments, as the
cultures approached senescence there was a marked decline in
their differentiation potentials.

Figure 4. OsteogenicmarkermRNAexpression inmesenchymal stemcells expanded in presence or absence of AA, EGF, FGF-2, IL-6, PDGF-BB.
(A, B): Expression of Runx-2 (A) and ALP (B) in undifferentiated cells (day 0) or following 4 and 14 days of osteogenic differentiation. (C, D):
Col-1 (C) and OSC (D) expression after 14 days of osteogenesis. Data (mean � SEM) are from three experiments in duplicate. �, p � .05, ��,
p � .01 compared with control. Abbreviations: AA, ascorbic acid; ALP, alkaline phosphatase; C, control; EGF, epidermal growth factor; FGF,
fibroblast growth factor; IL, interleukin; P, passage; PDGF, platelet-derived growth factor.
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Under control conditions MSCs were able to undergo 10 cell
doublings in approximately 100 days of culture before reaching
senescence, whereas in the presence of FGF-2 the cells under-
went approximately 25 cell doublings in the same time period,
which is a great difference in final cell numbers/initial donor cell
of approximately 900 with controls to approximately 50 million
cells with FGF-2 treatment. Likewise PDGF-BB and AA supple-
ments resulted in total cell doublings of approximately 21 and
20, respectively, in the same period. EGF and Wnt3a supple-
ments were also able to enhance moderately the proliferative
capacity of MSCs, whereas transferrin and IL-6 had little effect
compared with continuous control cultures. The lack of effect of
IL-6 on MSC proliferation and differentiation was rather surpris-
ing as it contrasted with recently reported data by Pricola et al.
showing that IL-6 is both necessary and sufficient for enhanced
MSC proliferation and inhibiting adipogenic differentiation [22].
The disparities between data could not be attributed to the dif-
ferences in IL-6 orMSCs, as we used IL-6 from various companies
and MSCs from different individuals.

A factor that enhances the proliferative capacity of MSCs
such as FGF-2, AA, and PDGF-BB can only be considered a suit-
able candidate for in vitro expansion of MSCs if the expanded
cells maintain their differentiation potential. We show here that
long-term culture of MSCs, even under normal culture condi-
tions, results in a gradual reduction in differentiation capability

of MSCs at both phenotypic and genotypic levels. MSCs were
able to undergo substantial osteogenic and adipogenic differen-
tiation up to passage 6 and to a lesser extent at passage 8. Culti-
vation for 10 passages, however, resulted in considerable reduc-
tion and on some occasions lack of differentiation. The capacity
of MSCs for differentiation was further reduced in cells culti-
vated in the presence of number of growth factors at late pas-
sages, although lineage-specific upregulation or downregulation
was observed with different factors following early cultivation.
However, it should be appreciated that in these supplemented
cultures the actual number of cell doublings was greatly in-
creased at any given passage number. Thus, for example, the
total number of cell doublings seen with control cultures, 10, is
reached in FGF-2-supplemented cultures by passage 5.

Both AA and FGF-2 were inhibitory to adipogenic differenti-
ation and significantly reduced the expression of adipogenic
markers and number of lipid-containing cells throughout the en-
tire cultivation time. In undifferentiated cells, however, FGF-2
and also PDGF-BB significantly induced PPAR-� expression. A
previous study has also described an upregulation of PPAR-�
mRNAexpressionwith FGF-2 treatment, but unlike our data they
showed enhanced adipogenesis following induction of differen-
tiation [25]. FGF-2 supplementation also induced the expression
of the osteogenic master switch gene, Runx-2, but a lower ALP
expression both in undifferentiated and differentiated cells was

Figure 5. Adipogenic marker mRNA expression in mesenchymal stem cells expanded in presence or absence of AA, C, control; EGF, FGF-2,
IL-6, and PDGF-BB. (A, B): Expression of PPAR-� (A) and CEBP-� (B) in undifferentiated cells (day 0) or following 4 and 14 days of adipogenic
differentiation. (C, D): FAB-4 (C) and LPL (D) expressionafter 14daysof adipogenesis.Data (mean�SEM)are fromthreeexperiments induplicate.
�, p� .05, ��, p� .01 compared with control. Abbreviations: AA, ascorbic acid; C, control; EGF, epidermal growth factor; FAB-4, fatty acid binding
protein 4; FGF, fibroblast growth factor; IL, interleukin; LPL, lipoprotein lipase; P, passage; PDGF, platelet-derived growth factor.
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observed, which consequently resulted in a reduction in osteo-
genic mineralization. In contrast, a number of studies have re-
ported a stimulatory role for FGF-2 in osteogenesis [17, 26], al-
though some recently published reports support our findings
[27, 28]. In addition, AA was stimulatory toward the osteogenic
lineage, especially in expression of ALP and the ability of calcium
deposition by cells at early passages (up to P6), butwas inhibitory
upon longer cultivation. Interestingly, when FGF-2 supplementa-
tionwas withdrawn the cells tended to revert at least partially to
their control expression levels, suggesting that these mass ef-
fects of growth factors are reversible.

Use of all the growth factors that extensively enhanced cell
number (i.e., FGF-2, AA, PDGF-BB, and EGF) eventually resulted
in reduction in differentiation potential at a similar time point
during culture (P8) despite the number of cell doublings being
different between them. In the experiments described here we

investigated bipotent differentiation potentials and did not in-
clude investigation of chondrocytic potentials. Consequently,
caution needs to be exercised in generalizing these results for
applications that might involve such chondrocytic differentia-
tion. However, given that loss of both osteogenic and adipocytic
differentiation potentials was seen in late stage cultures, we do
not have any reason to think this would not have also been the
case for cartilage production as well. In considering a suitable
method for therapeutic application it is therefore necessary to
select a supplement thatmaximizes cell doubling prior to the loss
of potential for differentiation. For example, at passage 6, where
full differentiation potentials are largely preserved, FGF-2, AA,
and PDGF-BB result in 13.8, 13, and 12.3 cell doublings respec-
tively, whereas in controls even at passage 8 only eight cell dou-
blings are achieved. In terms of cell numbers this is a difference
of 1:28 (256) cells in controls comparedwith 1:213.8 (14,263) cells

Figure 6. Expression of stemness, cell cy-
cle, senescence, and DNA repair marker
mRNA in mesenchymal stem cells (MSCs)
following long-term culture or cultivation
with various factors. (A–D): Expression of
mRNA for stemness (Nanog, Oct-4, and
Klf4) (A), cell cycle (CDK2, CDK4, cyclin D,
and cyclin E) (B), DNA repair (Plod3, Ercc1,
and Mre11a) (C), and senescence (P16,
P21, and Rb2) (D) genes in MSCs culti-
vated for 10 passages. Data (mean �
SEM) are from three experiments in dupli-
cate. �, p � .05, ��, p � .01 compared
with P4. (E–G): mRNA expression of
Nanog, Oct-4, and Klf4 (E), CDK2, CDK4,
cyclin D, and cyclin E (F), and Plod3, Ercc1,
andMre11a (G) genes in MSCs cultivated
in presence of AA, EGF, FGF-2, and
PDGF-BB at initial passage (P4). (H): Ex-
pression of P16, P21, and Rb2 mRNA in
MSCs cultivated in presence of AA, EGF,
FGF-2, and PDGF-BB at the last passage
(P10). Data (mean � SEM) are from three
experiments in duplicates. �, p � .05, ��,
p � .01 compared with control at the
same time point. Abbreviations: AA, ascor-
bic acid; C, control; EGF, epidermal growth
factor; FGF, fibroblast growth factor; P, pas-
sage; PDGF, platelet-derived growth factor.
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in FGF-2-supplemented cultures. Our data additionally suggest
that although factors such as Wnt3a, AA, EGF, or FGF-2 may all
regulate MSC differentiation fate, as shown previously by vari-
ous groups, long-term supplementation of MSCs with these fac-
tors for enhanced expansion may have slightly distinct effects.
Although these differences do not appear to be significant be-
tween AA, FGF, and PDGF for up to six passages at least, for
longer term expansion an appropriate medium supplement
should be included to the culture based on the downstream clin-
ical application, for example, AA for bone reconstruction. Use of
combination of two or more supplements should be also consid-
ered, as greater expansion achieved when FGF-2, PDGF, and AA
were combined.

The decreased proliferation ratewith increased cell doubling
and in vitro cultivation has been previously studied and is known
as replicative senescence [29]. In MSCs the replicative senes-
cence is characterized by gradual reduction in proliferation,mor-
phological alterations, and finally loss of functions, that is, differ-
entiation potential, also known as functional senescence [30].
Themechanisms behind replicative senescencemay bemultifac-
torial and associated with telomere shortening and uncapping,
DNA damage accumulation, and/or epigenetic changes. How-
ever, themechanisms behind the functional senescence ofMSCs
are less well understood. Recent reports have suggested a link
betweenDNAdamage, reduction in stemness related genes, and
loss of MSC self-renewal and differentiation potential [31–33].
Alves et al. have demonstrated that MSCs are susceptible to ac-
cumulate DNA damage during in vitro cultivation with an in-
crease in expression of p16 and p21 protein, which they sug-
gested results in the loss of their differentiation potential [31]. In
line with this, we showed here an upregulation of P16 gene with
culture and in the presence of growth factor supplements, al-
though no change was observed in the P21 and RB2 genes with
increased cell doubling. The expression of genes involved in DNA
repair, cell cycle, and stemness was also recently investigated
upon in vitro culture of ratMSCs. Analysis using semiquantitative
PCR showed a significant downregulation of genes involved in
stemness and DNA damage repair only after 15–30 days of cul-
ture of rat MSCs [32]. Our data partly support these results and
show a reduction in expression of stemness genes, although no
distinct change was observed with DNA repair genes even after
100 days of culture. The disparities in data may be related to
species differences. In addition to the increase in expression of
cell senescence genes during culture, we showed here a reduc-
tion in cell cycle genes CDK2, CDK4, cyclin D, and cyclin E that has
not been addressed in previous studies. We suggest that in ad-
dition to upregulation of DNAdamage and genes such asP16, the
loss of cell cycle genes should be taken into consideration in
relation to the reduction in MSC proliferation and differentia-
tion. In addition we showed that a number of factors that in-
duced MSC proliferation also induced cell cycle, stemness, and
DNA repair genes, which may suggest that these genes may be
involved in downstream mechanisms by which these factors ex-
ert their effect.

One of the phenotypic features of MSCs is expression of
number of cell surfacemarkers [34]. In fact, one of the criteria for
defining bone marrow stromal cells proposed by the Interna-
tional Society for Cellular Therapy is the expression of CD105,
CD90, and CD73 and lack of CD45, CD34, or CD14 cell surface
markers [35]. More recently CD146 and CD271 were suggested
as specific MSC markers [36, 37]. Interestingly, our data show

little alteration in the expression of the MSC surface markers
CD44 and CD90 in long-term culture, despite the reduction in
stemness properties of the cells. Only a small reduction was ob-
served with CD146, CD71, and CD105, which was predominantly
apparent at the last passage when cells reached senescence.
These data suggest that the use of cell surface markers as char-
acteristic criteria for MSCs might be misleading and not indica-
tive of MSC stemness. Use of surface markers may therefore be
limited for distinguishing MSCs from HSCs during initial isolation
and sorting. Similarly there was no alteration in CD44 and CD90
with culture conditions, whereas the CD146, CD105, and ALP
expression profile was regulated by supplementation with
FGF-2, EGF, AA, and PDGF-BB. In particular, the reduction in
CD146 and ALP in FGF-2 treated cells was striking. This is partic-
ularly interesting as CD146 (a cell adhesion molecule of the im-
munoglobulin superfamily) has been shown by Sacchetti et al. to
be expressed by a subpopulation of osteoprogenitors within
bone marrow stromal cells that are able to form bone and
stroma and establish a hematopoieticmicroenvironment follow-
ing transplantation [37]. They also showed that only cells with
high levels of CD146 were able to transfer the hematopoietic
microenvironment in vivo, although both low and high CD146-
expressing cells were able to establish differentiated osteoblasts
and bone upon in vivo transplantation. Although we showed
here that the reduction in CD146 expression is reversible, the use
of FGF-2 for expansion of MSCs prior to clinical application
should be further investigated as it may alter the potential of
MSCs as a support for hematopoietic stem cell microenviron-
ment and engraftment.

One of the limitations of the data that are presented here,
particularly in relation to total cell doublings, is the fact that
these experimentswere all conducted on commercially obtained
MSCs rather than primary isolates. Although these cells were all
at passage 2, this does not equate to an exact number of previ-
ous cell doublings. However, at initial culture of these cells, more
than 95% of cells expressed stem cell markers and exhibited ap-
propriate differentiation potentials.

In practical terms, our results suggest that medium supple-
mentedwith FGF-2, PDGF, or ascorbate can all provide a suitable
medium for in vitro expansion of MSCs while maintaining their
differentiation potentials. Combinations of these supplements
may enhance expansion efficiency further, although differences
between any of these treatments are relatively minor compared
with the large improvements seen compared with other media
tested. As MSCs lost their differentiation potentials with re-
peated passages, most importantly without loss of expression of
their cell surface marker profiles, our results show that using
these supplements allows expansion for at least six passages
(approximately 13 cell doublings) without any loss of stem cell
properties, which would take approximately 84 days in culture.

CONCLUSION

SupplementingMSC cultures, particularly with FGF-2, AA, PDGF-
BB, and EGF, is highly beneficial for achieving large-scale produc-
tion of MSCs. At the same time long-term cultivation with these
factorsmaybe associatedwith loss ofMSCdifferentiation poten-
tial. In cultures approaching senescence, FGF-2 in particular,
which has been previously suggested as a suitable factor for ex-
pansion of MSCs and commonly used by many research groups,
was associated with loss of differentiation and phenotypic
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changes in MSCs. Regardless of the changes in differentiation
capacity and proliferation potential of MSCs, the expression of
cell surfacemarkers persisted throughout the cultivation period,
calling into question their ability to be true MSC markers. Taken
together, our data challenge what was previously portrayed
about the role of growth factors such as FGF-B for preclinical
expansion of MSCs and the use of MSC markers such as CD90,
CD44, and CD105 as definitive indicators of their stemness char-
acteristics.
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