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ABSTRACT  Human bone marrow-derived mesenchymal stem cells (hMSCs) are potential cellular

sources of therapeutic stem cells as they have the ability to proliferate and differentiate into a wide

array of mesenchymal cell types such as osteoblasts, chondroblasts and adipocytes. hMSCs have

been used clinically to treat patients with graft vs. host disease, osteogenesis imperfect, or

alveolar cleft, suggesting that transplantation of hMSCs is comparatively safe as a stem cell-based

therapy. However, conventional culture medium for hMSCs contains fetal bovine serum (FBS). In

the present study, we developed a growth factor-defined, serum-free medium for culturing

hMSCs. Under these conditions, TGF-1 promoted proliferation of hMSCs. The expanded hMSC

population expressed the human pluripotency markers SSEA-3, -4, NANOG, OCT3/4 and SOX2.

Furthermore, double positive cells for SSEA-3 and a mesenchymal cell marker, CD105, were

detected in the population. The potential to differentiate into osteoblasts and adipocytes was

confirmed. This work provides a useful tool to understand the basic biological properties of

hMSCs in culture.
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Introduction

Bone marrow-derived cells can differentiate into osteoblasts in
vitro and in vivo (Friedenstein et al., 1966) and thus are consid-
ered a useful source of stem cells for bone regeneration. Re-
cently, many studies have reported that human bone marrow
contains a distinct cell fraction referred to as multipotent mesen-
chymal stem cells (hMSCs) which can give rise to a wide array of
mesenchymal cell types, including bone, fat, and
cartilage”(Pittenger et al., 1999). However, hMSCs can differen-
tiate along some ectodermal and endodermal cell lineages such
as neuronal cells and liver cells (Pittenger et al., 1999; Dezawa et
al., 2004; Dezawa et al., 2005). Further, a recent study reported
that hMSCs have the ability to generate the multiple cell types
derived from the three embryonic germ layers (Kuroda et al.,
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2010). It has been estimated that hMSCs comprise about 0.001
to 0.01% of total bone marrow mononuclear cells (Pittenger et al.,
1999). For use in cell-based therapies, hMSC populations require
extensive in vitro expansion to obtain sufficient numbers. The
conventional culture medium for hMSCs is composed of a basal
nutrient medium supplemented with fetal bovine serum (FBS)
(Haynesworth et al., 1992; Lennon DP, 1996). Although these
traditional culture conditions provide robust undifferentiated hMSC
expansion, the ill-defined components of FBS is undesirable for
clinical applications and also hampers analysis of the cell biologi-
cal mechanisms that control cell behavior.
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We and others previously described serum-free media consist-
ing of minimum essential components suitable to propagate and
accurately analyze the characteristics of differentiated cells
(Hayashi and Sato, 1976; Furue and Saito, 1998; Sato et al.,
2002; Furue et al., 2005; Furue et al., 2008; Hayashi et al., 2010).
One of these media, hESF9, supports the serial cultivation of
undifferentiated human embryonic stem (hES) cells in the ab-
sence of feeder cells and thus provides an experimental system
for elucidating cellular responses to specific environmental stimuli
(Furue et al., 2008; Na et al., 2010). For example, either FGF-2 or
heparin promotes proliferation of hES cells in a concentration-
dependent manner although these effects were not detected
under conventional culture conditions. Thus, a defined serum-
free medium consisting of minimum essential components should
be useful in elucidating hES/iPS cell responses to specific cues
that control self-renewal, differentiation, and lineage selection
(Furue et al., 2010).

Because hMSCs have multipotent properties similar to hES
cells, we speculated that hMSCs should be able to grow in similar
culture conditions as hES cells. In the present study, we demon-
strated that addition of TGF-1 to the defined serum-free medium
for hES cells supports the robust proliferation of hMSCs. The
hMSC population expanded in the absence of serum expressed
the mesenchymal cell markers CD44, CD73, CD90, and CD105.
Further, they expressed human pluripotency surface markers,
SSEA-3, -4, TRA-2-54, and also the transcription factors of
NANOG, OCT3/4, and SOX2. We show that the serum-free
expanded hMSCs can differentiate into osteoblasts and adipocytes.
This work sets the stage for serum-free hMSC cell culture and
thereby provides a useful tool to understand the basic biological
characteristics of hMSCs.

Results

In this study we used a human bone marrow-derived hMSC
line designated UE7T-13 (JCRB 1154). The life span of these
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cells was prolonged by infecting them with a retrovirus contain-
ing human papillomavirus E7 and telomerase reverse tran-
scriptase (hTERT) cDNAs (Mori et al., 2005; Shimomura et al.,
2007; Ishii et al., 2008; Takeuchi et al., 2007). We first tested
the ability of hESF9 medium, which we had developed for use
with hES cells, to support the growth of UE7T-13 cells. The cells
were harvested using trypsin/EDTA, from cultures in conven-
tional medium containing 10% FBS (POWERDBY10) and trans-
ferred to 0.1% gelatin-coated dishes in hESF9 medium. How-
ever, UE7T-13 cell growth was quite slow. We then investigated
the effects of various growth factors on proliferation of the cells.
UE7T-13 cells were seeded on 0.1% gelatin in hESF9 in the
absence of FGF-2 and heparin (hESF9(-/-)), containing in-
creasing concentrations of FGF-1, FGF-2, TGF-1, activin A, or
leukemia inhibitory factor (LIF) (Fig. 1). Both FGF-1 and FGF-
2 promoted UE7T-13 proliferation in a dose-dependent man-
ner, and the greatest effect was seen at 10 ng/ml FGF-2.
Neither LIF nor activin A affected on UE7T-13 cell proliferation,
but TGF-1 slightly stimulated UE7T-13 proliferation. Next all
five factors (FGF-1, FGF-2, TGF-1, activin A, and LIF) or four
factors with increasing concentrations of heparin were added to
UE7T-13 cultures (Fig. 2). When either FGF-2 or TGF-1 was
withdrawn from the cultures, the cell numbers decreased sig-
nificantly. Heparin promoted cell proliferation in a dose-depen-
dent manner. This result suggested that addition of FGF-2 and
TGF-1 to hESF9(-/-) medium, is critical for UE7T-13 prolifera-
tion, and heparin also enhanced cell growth. hESF9 medium
supplemented with TGF-1 was designated hESF10.

L-ascorbic acid-2-phosphate (Asc 2-P) in hESF9 medium
supported hES cells. However, it is known to promote hMSC
cell differentiation into osteoblasts. Therefore, we examined
whether the presence of Asc 2-P in hESF10 medium promoted
osteoblastic differentiation of UE7T-13 cells. We analyzed the
expression of bone sialoprotein (IBSP), osteocalcin (BGP),
osteonectin (SPOCK2), and osteopontin (SPP1) in UE7T-13
cell cultured in hESF10 with or without Asc 2-P and in conven-

tional medium (Fig. 2). These os-
teoblast genes were expressed at
significantly lower levels in cells
cultured in the serum-free media
than in those cultured in the con-
ventional medium. These results
suggest that the serum-free me-
dium is suitable for hMSC mainte-
nance. IBSP gene expression was
higher in the cells cultured in the

Fig. 1. Effect of growth factors on

UE7T-13 cell proliferation in defined

serum-free culture conditions. After
the UE7T-13 cell grown in the conven-
tional culture conditions (POWERDBY10)
were cultured in hESF9(-/-) overnight,
the cells were seeded in a 24-well plate
coated 0.1% gelatin in hESF9(-/-) at 1
x104 cells per well and cultured for 6

days. The cell numbers were counted by Coulter Counter. (A) Each growth factor at indicated concentration was
added into each well individually. The values are the mean   SD (n=3). (B) All five factors of FGF-1 (100 ng/ml),
FGF-2 (10 ng/ml), LIF (2000 unit/ml), TGF-1 (5 ng/ml), and activin A (10 ng/ml) or four factors of them with varying
concentration of heparin were added into each well. The values are the mean   SD (n=3).
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Fig. 2 (above). The effect of culture conditions on osteoblastic

marker expression. The gene expression in the cells cultured on gelatin
in hESF10 without (-) or with (+) Asc 2-P for 6 days, in comparison with
the cells grown in POWERDBY10 (P) was analyzed by the quantitative
RT-PCR. The gene expression was normalized by the amount of GAPDH.
The values are the mean   SD (n=3).

Fig. 3. Expression of hMSC markers in UE7T-13 cells. (A) Flow cytometric profiles for CDs in UE7T-
13 cells. hMSC marker expression in UE7T-13 cells cultured on gelatin in D-hESF10 for 4 days was
analyzed by flow cytometric analysis. Antigen histogram (black); control histogram (gray); the
horizontal bar indicates the gating used to score the percentage of antigen-positive cells. (B)

Immunocytochemical analysis of SSEA-3 and CD105 expression in UE7T-13 cells cultured on gelatin
in D-hESF10 for 4 days. Scale bars,100 m.

sis (Fig. 5B) in UE7T-13 cells cultured
for 4 passages in D-hESF10 medium.
The expression of hMSC markers,
CD105, THY1, and integrin 1 (ITGB1),
and the hES cell pluripotency markers,
OCT3/4 (POU5F1) and NANOG were
similar in the cells cultured in D-hESF10
compared with those in the cells cul-
tured in conventional culture conditions.
SOX2 expression was significantly
higher in cells cultured in D-hESF10
compared with cells cultured in con-
ventional culture conditions. On the
other hand, the expression levels of
IBSP, BGP, SPOCK2, and SPP1 were
significantly lower in cells cultured in D-
hESF10 compared with those in the
cells cultured in conventional culture
conditions. These results suggest that
serum-free expanded UE7T-13 cells
retain an undifferentiated phenotype.

We determined the differentiation ca-
pacity of the serum-free expanded
UE7T-13 cells. After the UE7T-13 cells
were cultured in D-hESF10 for 7 pas-
sages, the cells were cultured in me-
dium designed to induce differentiation
into osteoblasts or adipocytes (Fig. 6).
Culturing in osteoblastic differentiation
medium induced the formation of nod-
ules that stained positive with Alizarin
red, suggesting that the cells had the
potential to differentiate into osteo-
blasts. When the cells were cultured in

presence of Asc 2-P. These results suggested that Asc 2-P
promoted differentiation of UE7T-13 cells into osteoblasts. We
removed Asc 2-P from hESF10 medium for hMSCs, and desig-
nated the new formulation D-hESF10.

To confirm the characteristics of UE7T-13 cells expanded in
the absence of serum, we performed flow cytometry with
antibodies to markers for hMSCs and pluripotent cells (Fig. 3A).
Cells grown in D-hESF10 medium were positive for CD44,
CD73, CD90, CD105, and TRA-2-54 (tissue non-specific alka-
line phosphatase antibody), but negative for CD45 (a marker of
all hematopoietic cells) and CD56 (a neural cell adhesion
molecule). We further stained the cells with antibodies to
CD105 and SSEA-3 (Fig. 3B). The immunocytochemical analy-
sis showed that SSEA-3+/CD105+ double positive cells were
present in the UE7T-13 population grown in D-hESF10 al-
though cells positive for either CD105 or SSEA-3 were also
detected in the population. The cell growth rate in D-hESF10
was comparable to that in conventional culture conditions (Fig.
4).

We subsequently examined the properties of UE7T-13 cells
serially passaged in D-hESF10 medium. The morphology of
serum-free expanded UE7T-13 cell populations was compara-
bly small, spindle-shaped cells compared with that in conven-
tional medium (Fig. 5A). The expression of hMSC and hES cell
pluripotency markers were determined by real-time PCR analy-

B

A



184    S. Mimura et al.

BA

adipocytic differentiation medium, Oil red O-positive cells
appeared. Taken together these results suggest that the
serum-free expanded UE7T-13 cells have maintained the
capacity to differentiate into osteoblasts or adipocytes.

Discussion

Developing clinical serum-free media for maintaining
and expanding human stem cells is a major research topic
in regenerative medicine. Our current results indicate that it
is possible to culture hMSCs on gelatin in a defined medium,
designated D-hESF10, in which human recombinant insu-
lin, human transferrin, a low concentration of fatty acid-free
bovine albumin conjugated with oleic acid, FGF-2, and
TGF-1 are the protein components. The basal medium
ESF was developed for mouse ES cells (Furue et al., 2005).
For hES cell culturing, N-2-hydroxyethylpiperazine-N’-2-
ethane-sulfonic acid (HEPES) was removed from ESF but

Fig. 4 (above left). A comparison of the growth of different

UE7T-13 cells in the defined serum-free medium and conven-

tional culture conditions. The cells were seeded in a 24-well
plate coated with gelatin in D-hESF10 (open circle), or in a 24-well
plate in POWERDBY10 (closed square) at a cell density of 1x104

cells per well. Cell numbers were counted every day. The values
are the mean   SD (n=3).

Asc 2-P was added (Furue et al., 2008). For propagating hMSCs,
Asc 2-P was removed from the hES cell culture medium because
we found that Asc 2-P increased osteoblastic marker expression
in hMSCs. These findings indicated that signaling by Asc 2-P in
hMSCs is different from that in hES cells.

FGF-2 is a heparin-binding growth factor which stimulates the
proliferation of a wide variety of cells. The biological activity of
FGF-2 is efficient in the concentration range of 0.1 to 10.0 ng/ml.
Addition of FGF-2 has been shown to increase the growth rate and
life span of hMSCs from different species (Tsutsumi et al., 2001;
Benavente et al., 2003), suggesting that FGF-2 play an important
role in self-renewal of hMSCs. In hES cells, FGF-2 is a crucial to
maintain the undifferentiated state (Amit et al., 2004; Hoffman and
Carpenter, 2005). We previously reported that FGF-2 at 10 ng/ml
together with heparin supported the cell proliferation of hES cells
in serum-free without feeders (Furue et al., 2008). In this study, we
found that FGF-2 at 10 ng/ml together with heparin supported the
cell proliferation of hMSCs in a serum-free medium. These
findings suggest that they share the same signal pathway to

support self-renewal. Heparin at 1 mg/ml promoted hMSC cell
proliferation, and we previously reported that heparin at 1 mg/ml
inhibited hES cell proliferation. Thus the sensitivity to heparin is
different between hMSCs and hES cells.

The TGF-1 pathway has been reported to be important in
hMSC differentiation into the osteogenic and chondrogenic lin-
eages (Li and Xu, 2005; Kulterer et al., 2007). While we have
shown that TGF-1 alone did not promote cell proliferation of
hMSCs, the combination with FGF-2 and heparin enhanced cell
proliferation of hMSCs. Chase et al. reported the combination of
TGF-1, FGF-2, and PDGF-BB in a commercial serum-free
medium for the expansion of hMSCs although the optimal con-
centrations of these factors were not disclosed. The cell growth
rate in D-hESF10 medium was similar with that in the conven-

Fig. 5. The effect of serial passage in UE7T-

13 cell culture in the defined serum-free

medium. UE7T-13 cells were serially cultured
on gelatin in D-hESF10. The cells were seeded
at every 4 days. (A) Phase contrast photomicro-
graph of UE7T-13 cells at passage 3 after trans-
fer to the D-hESF10 culture, in comparison with
the cells grown in POWERDBY10. (Scale bars,
500 m). (B) Quantitative-RT-PCR analysis of
gene expression in UE7T-13 cell cultured on

gelatin in D-hESF10 at passage 4 (D-10), in comparison with the cells
grown in POWERDBY10 (P). The name of each gene is noted in each bar
graph. Gene expression was normalized with respect to GAPDH. The
values are the mean   SD (n=3).



Defined culture medium for hMSCs   185

tional culture conditions suggesting that addition of TGF-1 and
FGF-2 is sufficient to replace serum in supporting hMSC cell
growth. A culture medium consisting of the minimum components
necessary to support survival and proliferation would be benefi-
cial to understand the characteristics of naïve hMSCs. Therefore,
we think that addition of PDGF-BB is not crucial for an hMSC
culture medium.

Several studies reported that two distinct cell morphologies are
seen in early-passage hMSC cultures: small, spindle-shaped
cells that are rapidly self-renewing and large, flat cells that
replicate slowly and appear more mature (Mets and Verdonk,
1981; Colter et al., 2001; Sekiya et al., 2002). The morphology of
serum-free expanded UE7T-13 cell population contained compa-
rably small, spindle-shaped cells. However, specific undifferenti-
ated markers of hMSCs have not been identified yet (Pochampally
et al., 2004). Further, although the cells are cloned, cells within an
individual colony are heterogeneous in morphology, growth rates,
and efficiency with which they differentiate (Mets and Verdonk,
1981; Bruder et al., 1997; Colter et al., 2001). The International
Society for Cellular Therapy (ISCT) has proposed three criteria to
define hMSCs (Dominici et al., 2006). hMSC population must be
positive at least for several antigens such as CD105, CD73, and
CD90, and negative for CD45. CD105 is usually used to identify
an hMSC population. Many studies reported that hMSCs also
expressed hES cell pluripotency markers, SSEA-3, -4, NANOG,
OCT3/4, and alkaline phosphatase (Pochampally et al., 2004;
Roubelakis et al., 2007; Battula et al., 2008; Conrad et al., 2008;
Pang et al., 2010). We also detected the expression of NANOG,
OCT3/4, and SOX2. These findings suggested that hES cell
pluripotency markers may be universal stem cell markers in
humans. Dezawa’s group recently reported that double positive
CD105 and SSEA-3 cells have the ability to generate multiple cell
types derived from the three embryonic germ layers (Kuroda et
al., 2010). We also confirmed the existence of CD105 and SSEA-
3 double positive cells in the hMSC population expanded in D-
hESF10. In this study, we confirmed the differentiation potential
of hMSCs to generate osteoblasts or adipocytes, but in the future
we will examine the ability of hMSCs to generate cells from all
three germ layers.

To facilitate the transition of human stem cell biology from
basic research to clinical application all the components of main-
tenance and differentiation media should be publicly disclosed so

Fig. 6. The differentiation ability of

UE7T-13 cell grown in the defined

medium. The UE7T-13 cells were
serially cultured in D-hESF10 at pas-
sage 7, and then cultured in the differ-
entiation medium. (A) Osteoblastic
differentiation was induced in osteo-
blastic medium for 20 days. The nod-
ules were stained with Alizarin Red S
(red). (B) Adipocytic differentiation
was induced in adipocytic medium
for 24 days. The cells were stained by
Oil red O staining (red). Scale bars:
500 m.
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they can be evaluated by many researchers. A commercial xeno-
free serum-free medium for hMSCs was reported recently (Chase
et al., 2010). However, the non-disclosure of components is
problematic as the medium formulation cannot be usefully modi-
fied or improved. Because all the components of D-hESF10
medium are disclosed here, the medium can be modified to study
signaling pathways involved in maintaining multipotency and to
develop differentiation protocols.

Materials and Methods

Cell Cultures
An immortalized hMSC line UE7T-13 (Mori et al., 2005) (JCRB 1154,

JCRB Cell Bank, Osaka, Japan) was used in this study. Cells were
maintained on 100 mm dish (BD Falcon, Oxnard, CA) in POWERDBY10
(MED-SHIROTORI, Tokyo, Japan) that was also used in the experiments
as a control medium. The cells were harvested with 0.25% trypsin in 1 mM
EDTA-4Na.

Serum-free Cell Culture Media
hESF9 comprises ESF basal medium (Furue et al., 2005) without

HEPES supplemented with nine defined factors: Asc 2-P, 6-factors
(human recombinant insulin, human transferrin, 2-mercaptoethanol, 2-
ethanolamine, sodium selenite, oleic acid conjugated with fatty acid-free
bovine serum albumin (FAF-BSA)), bovine heparan sulfate sodium salt,
and human recombinant FGF-2 (Sigma, St. Louis, MO), as described
previously (Furue et al., 2008) (Supplementary Table 1). ESF basal
medium without HEPES supplemented with Asc 2-P (hESF-GRO), and
ESF basal medium without HEPES and Asc 2-P (hESF-DIF) were
purchased by the Cell Science & Technology Institute (CSTI, Sendai,
Japan). All other reagents were from Invitrogen (Carlsbad, CA) and
Sigma. D-hESF10 medium consists of hESF-DIF medium supplemented
with 6-factors, FGF-2, heparin, and TGF-1 (R&D Systems, Minneapolis,
MN). To harvest cells, 0.25% trypsin in 1 mM EDTA-4Na was used and
the trypsin was inactivated with 0.1% soybean trypsin inhibitor (Sigma).
For differentiation into osteoblasts or adipocytes, the cells were cultured
according to the instruction by the suppliers (Lonza, Basel, Switzerland).
The differentiated cells were stained by Alizarin Red S (Wako Pure
Chemical Industries, Osaka, Japan) or Oil Red O (Wako).

Cell proliferation
Before the serum-free experiments, cells grown in POWERDBY10 were

incubated by in hESF9 medium without heparin and FGF-2 (hESF9(-/-))
overnight to starve the effect of serum. Cells were replaced at the cell
density of 1x104 cells /well on 24-well plate (BD Falcon) coated with 0.1%
porcine gelatin solution (Millipore, Billerica, MA) and cultured in hESF9(-/-)
medium in the presence of varying growth factors. The cell numbers were
counted by Coulter Counter (Beckman Coulter, Hialeah, FL).

Gene expression
A detailed reverse transcription-polymerase chain reaction (RT-PCR)

protocol was described previously (Furue, et al., 2005). Total RNA was
extracted from hMSCs using RNeasy Mini Kit (Qiagen, Hilden, Germany)
and SuperScript VILO cDNA Synthesis Kit (Invitrogen) according to the
provider’s instructions. Q-RT-PCR was carried out using the TaqMan
gene expression Master Mix on in ABI PRISM 7300 Real-Time PCR
system (Applied Biosystems, Foster City, CA) according to the supplier’s
instructions (ABI). Specific primers-probe set were listed in Supplemen-
tary Table 2. Expression levels were all normalized by the expression
level of GAPDH. The relative level of each gene in cDNA of undifferenti-
ated hES cells was defined as ‘‘1.’’ The KhES-3 cell line was used as a
control; the cells were obtained from the Institute for Frontier Medical
Science, Kyoto University, and the Review Board of the National Institute
of Biomedical Innovation approved this research.
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Antigen expression
 For in situ immunocytochemisty, the cells were immunostained with

antibodies, as described previously (Draper et al., 2002; Furue et al.,
2008). In this study, fluorescence images were acquired using by IN Cell
Analyzer 2000 (GE Healthcare, Buckinghamshire, England). Flow
cytometry was performed with BD FACS Canto flow cytometer (Becton
Dickinson, San Jose, CA) as described previously (Draper et al., 2002;
Furue et al., 2008). In this study, the labeled primary antibodies were
used, but the biding of anti-SSEA-3, anti-CD56, and Tra-2-54 antibodies
was visualized with RPE-conjugated goat anti-mouse Ig (Dako, Carpinteria,
CA) or Alexa Fluor 647 goat anti-rat IgM (Invitrogen). The primary
antibodies used are listed in Supplementary Table 3.
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