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ABSTRACT

Mesenchymal stem cells (MSCs) are an active topic of research in regenerative medicine due to their abil-
ity to secrete a variety of growth factors and cytokines that promote healing of damaged tissues and
organs. In addition, these secreted growth factors and cytokines have been shown to exert an autocrine
effect by regulating MSC proliferation and differentiation. We found that expression of EGF, FGF-4 and
HGF were down-regulated during serial passage of bone marrow-derived mesenchymal stem cells
(BMSCs). Proliferation and differentiation potentials of BMSCs treated with these growth factors for
2 months were evaluated and compared to BMSCs treated with FGF-2, which increased proliferation of
BMSCs. FGF-2 and -4 increased proliferation potentials at high levels, about 76- and 26-fold, respectively,
for 2 months, while EGF and HGF increased proliferation of BMSCs by less than 2.8-fold. Interestingly,
differentiation potential, especially adipogenesis, was maintained only by HGF treatment. Treatment
with FGF-2 rapidly induced activation of AKT and later induced ERK activation. The basal level of phos-
phorylated ERK increased during serial passage of BMSCs treated with FGF-2. The expression of LC3-II, an
autophagy marker, was gradually increased and the population of senescent cells was increased dramat-
ically at passage 7 in non-treated controls. But FGF-2 and FGF-4 suppressed LC3-II expression and down-
regulated senescent cells during long-term (i.e. 2 month) cultures. Taken together, depletion of growth
factors during serial passage could induce autophagy, senescence and down-regulation of stemness
(proliferation via FGF-2/-4 and differentiation via HGF) through suppression of AKT and ERK signaling.

© 2014 Published by Elsevier Inc.

1. Introduction

MSCs are a promising source for cell-based tissue engineering
and regenerative medicine. MSC transplantation is considered safe
and has been widely tested in clinical trials of cardiovascular,
neurological, and immunological diseases with encouraging results
[1-6]. MSCs have been used in both preclinical and clinical studies
for cell therapy because MSCs have several positive properties
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including migration to sites of injury [7,8], differentiation into
target cells in microenvironments [9-12], secretion of paracrine
factors that play key roles in regeneration of damaged tissue
(reviewed in [13]), modulation of inflammatory and/or immune
reactions to reduce the risks of rejection after xeno- or allo-trans-
plantation [14]. The ability of MSCs to treat a wide spectrum of dis-
eases is believed to be due to their potentials to trans-differentiate
into damaged cell types. However, trans-differentiation of MSCs
into target cells is not readily observable in animal models and
thus results from these studies are insufficient to demonstrate
the therapeutic properties of MSCs. Recent reports have suggested
that paracrine factors secreted by MSCs play important roles in the
therapeutic benefits of these cells by increasing angiogenesis,
inhibiting apoptosis, protecting damaged cells and inducing prolif-
eration of progenitor or stem cells [13,15,16].
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During ex vivo expansion, various factors secreted by MSCs
were also important in the regulation of proliferation and differen-
tiation potentials in an autocrine manner. Although MSCs can be
expanded ex vivo in a relatively short period of time [17,18], the
“stemness”, which can be defined by their potential to proliferate
and differentiate, gradually decreases during serial passage. There-
fore, regulation of stemness in MSCs is one of the important issues
for achieving a maximum effect in stem cell therapy. MSCs express
multiple paracrine factors including vascular endothelial growth
factor (VEGF), fibroblast growth factor (FGF)-2, FGF-4, FGF-6,
FGF-7, FGF-9, FGF-17, transforming growth factor (TGF)-1, TGF-
B2, hepatocyte growth factor (HGF), keratinocyte growth factor
(KGF), platelet-derived growth factor (PDGF)-AA and insulin-like
growth factor (IGF)-1. These factors affect a plethora of host re-
sponses such as angiogenesis, cellular migration, apoptosis, prolif-
eration and differentiation [16,19-21]. The proliferation of
mesenchymal stem cells is regulated by paracrine factors such as
FGF-2, FGF-4, interleukin (IL)-6 and stromal-derived factor (SDF)-
1, whereas FGF-2, EGF, TGF-B, and other are involved in differenti-
ation [22,23].

Autophagy is a catabolic process of self-eating induced by
nutrient limitation and cellular stress, which governs recycling
of unnecessary proteins and organelles for survival [24,25]. The
functions of autophagy include regulation of cell growth, cell
survival, cell death and development. The lack of a specific sur-
vival factor also induces autophagy. In neural precursor cells,
FGF-2 deprivation induced double-membrane vacuoles in the
cytoplasm [26]. Young et al. suggested that autophagy and its
consequent protein turnover mediate the acquisition of senes-
cence [27].

To use MSCs in cell-based tissue engineering and regenera-
tive medicine, cellular expansion through serial passage of the
isolated MSCs is crucial since large numbers of cells are re-
quired. However, serial passaging could alter the phenotype
and genotype of the culture-expanded cells due to the adapta-
tion of the cells to the cell culture environment. Therefore, it
is critical to actively maintain “stemness” for cell-based tissue
engineering and regenerative medicine. Hence, to understand
the importance of the growth factors that regulate stemness in
BMSCs, we examined the changes in expression of growth fac-
tors during serial passage of BMSCs which can induce changes
in cell culture environments and regulate the stemness of
BMSCs. We also evaluated the extent of AKT and ERK activation
by growth factors during serial passage of BMSCs. Finally, we
examined changes in the status of autophagy, senescence and
differentiation potentials in MSCs treated with growth factors
during serial passage.

2. Materials and methods
2.1. Cell culture

Bone marrow (BM) samples from three healthy donors (aged
21-40 years) were obtained with informed consent from Pharmi-
cell Co., Ltd. (Sungnam, Korea). This study was approved by the
Institutional Review Board of Yonsei University Wonju College of
Medicine. BMSCs were isolated and cultured as previously de-
scribed [28]. Briefly, mononuclear cells from BM aspirates were
isolated by density-gradient centrifugation and then plated in 75
cm? flasks (2 x 10° cells/cm?) with low-glucose Dulbecco’s modi-
fied Eagle’s medium (LG-DMEM) containing 10% fetal bovine ser-
um (FBS) and penicillin/streptomycin. The cells were cultured at
37°C in 5% CO, and after 5 days the medium was changed to
remove non-adherent cells. Thereafter, the cell culture medium
was changed twice weekly. When the cells reached 90% confluence
(passage 0) the BMSCs were trypsinized and passaged at a density

of 1 x 10% cells/cm?. At passage 1, expanded cells were stored in
liquid nitrogen. For experiments, cryopreserved cells were thawed,
passaged once and used for this study. Population doubling time
was determined by dividing the total number of hours in culture
by the number of doublings. To evaluate stemness regulation by
growth factors, FGF-2 (1 ng/ml), FGF-4 (10 ng/ml), EGF (10 ng/ml),
and HGF (10 ng/ml) (all from R&D Systems) were added to the cells
during serial passage for 2 months.

2.2. RT-PCR

Total RNA was extracted from 1 x 10° cells using TRIzol Re-
agent. Total RNA (2 pg) was reverse-transcribed with AMV reverse
transcriptase XL for 1 h at 42 °C in the presence of oligo-dT primer.
PCR was performed using Taqg DNA polymerase. Amplified products
were electrophoresed on a 2% agarose gel and photographed using
a FluorChem FC2 system. The sequences of oligonucleotide primers
used for RT-PCR and the expected sizes of the PCR products are
listed in Table 1.

2.3. Immunoblotting

When BMSCs reached 90% confluence, a total of 1 x 10° cells
were lysed in sodium dodecyl sulfate/polyacrylamide gel electro-
phoresis (SDS-PAGE) sample buffer [62.5 mM Tris (pH 6.8), 1%
SDS, 10% glycerol, and 5% B-mercaptoethanol], boiled for 5 min,
subjected to SDS-PAGE and transferred to an Immobilon mem-
brane. The membrane was blocked with 5% skim milk in TBST
(Tris-buffered saline containing 0.1% Tween 20) and then
incubated with primary antibodies against LC3 (1:1000, Medical
& Biological Laboratories, Nagoya, Japan), a-tubulin, ERK, phos-
pho-ERK, AKT and phospho-AKT (1:1000, purchased from Cell
Signaling Technology, Danvers, MA, USA). Bound primary anti-
bodies were detected with HRP-conjugated secondary antibodies
(1:2000, Santa Cruz Biotech, Santa Cruz, CA, USA), treated with
EZ-Western Lumi Pico (DOGEN, Seoul, Korea) and visualized
using FluorChem FC2 system (Alpha Innotech, Santa Clara, CA,
USA).

2.4. Cell Differentiation
Adipogenic differentiation was determined by plating the

BMSCs (2 x 10% cells/cm?) in 6-well plates and culturing for
1 week. The medium was then changed to an adipogenic medium

Table 1
RT-PCR primers for validation of gene expression.
Primer sequence (5'—3’) Length Annealing
(bp) temperature (°C)

EGF GGTCAATGCAACCAACTTCA 383 55
GGCATTGAGTAGGTGATTAG

FGF-2 CTGTACTGCAAAAACGGG 349 53
AAAGTATAGCTTTCTGCC

FGF-4 CGGGGCGTGGTGAGCATCTT 209 64
CGGTTCCCCTTCTTGGTCTTCCC

GAPDH CAAGGCTGAGAACGGGAAGC 194 60
AGGGGGCAGAGATGATGACC

HGF ATGCATCCAAGGTCAAGGAG 349 56
TTCCATGTTCTTGTCCCACA

IGF-2 GACCGCGGCTTCTACTTCAG 203 62
AAGAACTTGCCCACGGGGTAT

IL-6 GTAGCCGCCCCACACAGACAGCC 173 60
GCCATCTTTGGAAGGTTC

TGF-B1  AAGTGGACATCAACGGGTTC 302 60
GTCCAGGCTCCAAATGTAGG

VEGF CCGAGGCACAGAGAGACAG 612 58
TACGGATAAACAGTAGCACCAA
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[10% FBS, 1 M dexamethasone, 0.5 mM 3-isobutyl-1-methylxan-
thine, 10 pg/mL insulin, and 100 pM indomethacin in high glucose
(HG)-DMEM] for an additional 3 weeks. Cells were fixed in 4%
paraformaldehyde for 10 min, stained with fresh Oil Red-O solu-
tion to stain lipid droplets and photographed. Oil Red O was then
eluted with isopropanol and the extracted Oil Red O quantitated
by measuring the optimal absorbance at 540 nm.

For osteogenic differentiation, cells (2 x 10 cells/cm?) were
plated in 6-well plates and cultured in osteogenic medium (LG-
DMEM medium supplemented with 10% FBS, 10 mM B-glycero-
phosphate, 10~7 M dexamethasone, and 0.2 mM ascorbic acid) for
2 weeks. To determine osteogenic differentiation, the release of
p-nitrophenol from p-nitrophenyl phosphate by the ALP enzyme
was observed.

2.5. Senescence-associated f-galactosidase (SA-p-gal) staining

BMSCs were stained for B-gal activity as described by Dimri
et al. [29]. Briefly, 4 x 10% cells were seeded in 12-well plates and
cultured for 2 days. B-Gal activity was assessed with a senescence
B-gal staining kit (Cell Signaling Technology) according to the man-
ufacturer’s instructions. The percentage of senescent cells was rep-
resented by the number of stained cells in the total population.

2.6. Statistical analysis
Data are expressed as mean + standard deviation. Statistical

significance was estimated by the Student’s t-test and a paired
t-test. Significance was defined as p-value of <0.05.
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Fig. 1. Stemness of BMSCs during serial passage. (A) Population doubling (PD) times of MSCs during serial passage for 2 months. (B) Differentiation potential of cells during
serial passage. Adipogenic or osteogenic differentiated MSCs from P3, P5 and P7 were stained with Oil-red O or alizarin red. (C) Western blot analysis of LC3-II during serial
passage. (D) SA-p-gal activity during serial passage. SA-B-gal-positive cells were photographed (100x magnification) with a phase contrast microscope and enumerated. At
least 200 cells were counted from six different fields, and the percentage of positive cells is shown. Results are expressed as mean + SD (n = 6); *P < 0.05, **P < 0.01 versus
passage 3. (E) RT-PCR analysis of mRNA expression for paracrine factors during serial passage.
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Fig. 2. Proliferation potential of BMSCs treated with growth factors. (A) Increase of growth rates by treatment with FGF-2, FGF-4, EGF, or HGF for 3 days. (B) Accumulated cell
number by exogenously added growth factors during serial passage for 2 months. (C) Activation of AKT and ERK by FGF-2. (D) Inhibitory effects of LY294002 and U0126 on
growth of BMSCs. Increases in growth rates caused by FGF-2 treatment were reversed by inhibitors of AKT and ERK in a dose-dependent manner.

3. Results
3.1. Stemness of BMSCs during long-term culture

Stemness of MSCs gradually decreases during long-term culture
for large-scale expansion. To determine changes in stemness,
BMSCs were passaged at 1 x 10®cells/cm? for 2 months.
BMSCs grown till passage 7 (P7) and the population doubling time
examined. We found that the doubling time gradually increased
from 47 £5h at P3 to approximately 150 h at P7 (Fig. 1A). We
next examined the differentiation potential of the passaged cells.
We found that adipogenesis and osteogenesis potential was de-

creased proportionately to the number of passages. In particular,
adipogenic differentiation potential was dramatically decreased
in cells from P7 (Fig. 1B). Interestingly, conversion of LC3-I to
LC3-II, an indication of autophagy, gradually increased gradually
as the passage number increased as well as an increase in the
senescent cell population (Fig. 1C and D). To identify paracrine
factors that may be affecting the stemness of BMSCs, we examined
the expression levels of several paracrine factors by RT-PCR.
While the expression levels of EGF, FGF-4, and HGF tended to
decrease gradually during long-term culture, mRNA expression
levels of IGF-2, TGF-B1, FGF-2, VEGF and IL-6 remained unchanged
(Fig. 1E).
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3.2. Effect of exogenously added growth factors on stemness of BMSCs

To determine whether growth factors that decreased gradually
during long-term culture can regulate the stemness of BMSCs,
BMSCs were cultured for 2 months with FGF-2, FGF-4, EGF or
HGF. EGF, FGF-4, and HGF were the main growth factors that de-
creased gradually during long-term culture of BMSCs in our system
(Fig. 1C). Although we did not observe a decrease in mRNA levels of
FGF-2, we included FGF-2 in the experiment because FGF-2 has
been shown to decrease in other studies [22]. BMSCs treated with
FGF-2, FGF-4, and EGF enhanced cellular proliferation in a dose-
dependent manner for 3 days, with the greatest proliferation po-
tential being observed in FGF-2-treated cells (Fig. 2A). In contrast,
HGF treatment did not enhance cellular proliferation. During
2 months of culture, addition of FGF-2, FGF-4 and EGF increased
the accumulated cell number of BMSCs (FGF-2, 74-fold; FGF-4,
26-fold; EGF, 2.8-fold) whereas HGF had no effect. The number of
passages was 9 or 7 in cells treated with FGF-2 and FGF-4 or EGF
and HGF for 2 months, respectively (Fig. 2C).

Next, to assess the activation of AKT and ERK, which are gener-
ally activated by proliferative stimuli, we treated BMSCs with FGF-
2 and examined for phosphorylated AKT and ERK by Western blot
analysis. Levels of phosphorylated AKT and phosphorylated ERK
were undetected in non-treated cells whereas phosphorylated
ERK was detected throughout the long-term culture of FGF-2 trea-
ted cells (Fig. 3A). FGF-2 treated cells exhibited a transient increase
in AKT activation up to 60 min (Fig. 3B). We found that cells treated

with AKT an ERK inhibitors suppressed BMSC proliferation sug-
gesting that MSC proliferation induced by FGF-2 acts through both
AKT and ERK pathway (Fig. 3C).

We next determined if addition of exogenous growth factors
could maintain differentiation potential. After BMSCs were
cultured with or without growth factors (FGF-2, FGF-4, EGF, and
HGF) for 2 months, cells from each culture condition were differen-
tiated into adipocytes and osteocytes. Although osteogenic differ-
entiation potential of cells treated with growth factors was
similar to that of controls, adipogenic differentiation potential
was maintained in cells treated with HGF (Fig. 4A-C). In particular,
adipogenic differentiation was dramatically inhibited by the c-Met
inhibitor, SU11274 (Fig. 4D).

3.3. Effects of exogenously added growth factors on autophagy and
senescence of BMSCs

To determine whether decreases in expression of growth factors
during long-term culture can induce autophagy and senescence,
the expression levels of LC3-II, a widely used autophagy marker,
and SA-B-Gal activities were analyzed. In control cells, LC3-II was
gradually increased during passaging. Addition of FGF-2 and
FGF-4 did not induce any increase in LC3-II expression, while
EGF and HGF induced expression of LC3-II gradually during passag-
ing (Fig. 4A). Senescence phenotype was observed to be correlated
with autophagy. B-Gal-positive cells were highly observed in con-
trol cells and those treated with EGF and HGF, but senescent cells
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Fig. 3. Differentiation potential of BMSCs treated with growth factors. (A) Adipogenesis or osteogenesis after serial passage for 2 months and treatment with FGF-2, FGF-4,
EGF, or HGF. Adipogenic differentiation potential was evaluated by elution of Oil-Red O-stained lipid droplets with isopropanol (B) or marker gene expression for
adipogenesis detected by RT-PCR (C). (D) Inhibition of adipogenesis by c-met inhibitor (SU11274) in BMSCs (P5) cultured normally.
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were detected only rarely in FGF-2 and FGF-4-treated groups after
2 months of culture.

4. Discussion

We report that growth factors expressed by MSCs regulate the
maintenance of stemness. FGF-2 and FGF-4 played a key role in
the maintenance of proliferation potential, while HGF was
important to the maintenance of differentiation potential during
long-term culture of about 2 months. Proliferation of BMSCs was
regulated by AKT and ERK activation, while FGF-2 induced acute
AKT phosphorylation and later (2-3 days) ERK activation. The basal
level of phosphorylated ERK in BMSCs treated with FGF-2 was sus-
tained up to the end of passaging for 2 months. After long-term
culture, differentiation potential, especially adipogenic activity,
was maintained at a high level by HGF, whereas FGF-2, FGF-4
and EGF did not help maintain the adipogenic differentiation

potential. Interestingly, c-MET inhibitor SU11274 suppressed adi-
pogenic differentiation of BMSCs. These results suggested that
growth factors expressed by BMSCs can be divided into two
groups, one group that functions in proliferation and includes fac-
tors such as FGF-2 and FGF-4, and another group of factors, such as
HGF, that plays a role in differentiation. Growth factors that played
roles in increasing proliferation (such as FGF-2 and FGF-4) could
suppress the autophagy and senescence phenotype, while HGF
played a key role in maintaining differentiation, but could not
induce suppression of autophagy and senescence.

MSCs express various growth factors that regulate proliferation
and differentiation in an autocrine manner. In our results, growth
factors were divided into two groups, which played roles in
proliferation (FGF-2 and FGF-4) or differentiation (HGF) of BMSCs.
Taken together, during long-term culture, the expression of growth
factors was decreased gradually and, subsequently, decreasing
growth factors induced the retardation of proliferation or differen-
tiation according to the kinds of growth factors. We hypothesized
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that combination treatment of growth factors may be very impor-
tant to maintain stemness of BMSCs for stem cell therapy. So, we
determined whether combination treatments like FGF-2 and HGF
or FGF-4 and HGF could increase both proliferation and differenti-
ation potentials. We found that combined treatment of growth fac-
tors increased proliferation, but not differentiation (data not
shown) of BMSCs. Furthermore, a high dose of FGF-2 induced
growth suppression, autophagy and senescence (data not shown).
These data suggest that the kinds, doses, and combination of
growth factors must be considered to obtain a high quality of
BMSCs maintaining the stemness needed for stem cell therapy. In
conclusion, growth factor deficiencies could induce autophagy,
senescence, and growth retardation of BMSCs. Therefore, to obtain
BMSCs possessing stemness after long-term culture, a combined
treatment of growth factors will be needed to suppress autophagy
and senescence and increase stemness.
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