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Abstract

Embryonic stem cells are actively explored as a cell source in tissue engineering and regenerative
medicine involving bone repair. Basic fibroblast growth factor (bFGF) has been a valuable growth
factor to support the culture of human stem cells as well as their osteogenic differentiation, but the
influence of bFGF on mouse embryonic stem (mES) cells is not known. Towards this goal, D3 cells were
treated with bFGF during maintenance conditions and during spontaneous and osteogenic
differentiation. In feeder-free monolayers, up to 40ng/ml of exogenous bFGF did not support
self-renewal of mES without LIF during cell expansion. During spontaneous differentiation in high-
density cultures, bFGF stimulated cell proliferation under certain conditions but did not influence
differentiation, as judged by stage-specific embryonic antigen-1 expression. The addition of bFGF
reduced the alkaline phosphatase (ALP) activity associated with osteoblast activity during differentiation
induced by osteogenic supplements, although the extent of mineralization was unaffected by bFGF. The
bFGF increased the mesenchymal stem cell marker Sca-1 in an mES cell population and led to an
enhanced increase in osteocalcin and runx2 expression in combinationwith BMP-2. These results suggest
that bFGF could be utilized to expand the cell population in high-density cultures in addition to enriching
the BMP-2 responsiveness of mES cells. Copyright © 2012 John Wiley & Sons, Ltd.
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1. Background

Embryonic stem (ES) cells are derived from the inner cell
mass of the blastocyst (Evans and Kaufman, 1981). These
cells are identified by their pluripotency and unlimited
self-renewal properties. These characteristics make ES cells
promising as a cell source for tissue engineering and regen-
erative medicine, as adult stem cells are restricted with

respect to lineage commitment and expansion potential.
The pluripotency of ES allows differentiation of the cells
into any tissue in the body under the appropriate culture
conditions. Their self-renewal capabilities make it possible
to attain large cell numbers in culture necessary for clinical
transplantation. The ES cells are being particularly investi-
gated as a source of osteoblasts for bone regeneration, after
being treated with osteogenic supplements in culture
(Jukes et al., 2010). Among the osteogenic supplements,
basic fibroblast growth factor (bFGF) is well known to play
a central role in the culture of adult stem cell populations,
since it facilitates ex vivo bone marrow stromal cell (BMSC)
expansion (Varkey et al., 2006). The BMSCs contain a
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population of mesenchymal stem cells (MSCs; multipo-
tent stem cells), which bridge the transition from
pluripotent ES cells to fully differentiated osteoblasts.
Exposure to bFGF positively selects for mesenchymal
cell progenitors in adult cell populations (Bianchi et al.,
2003;Maegawa et al., 2007) and stimulates bone formation
and repair in vivo when the protein is administered in
animal models (Nagai et al., 1995; Martin et al., 1997).
Therefore, bFGF could be an important supplement for
the cultivation of ES cells as well when they are expanded
for osteogenic tissue repair.

In initial studies, mouse ES (mES) cells were cultured
on a feeder layer to prevent spontaneous differentiation.
Leukemia inhibitory factor (LIF) produced by the feeder
cells was found to be critical for maintaining pluripotency
(Williams et al., 1988; Smith et al., 1988). In mES cells,
the activity of LIF is mediated by activation of the Janus
kinase–signal transducer and activator (JAK/STAT)
pathway via the gp130 receptor. In contrast, treatment
with LIF was not sufficient for human ES (hES) cell
pluripotency or self-renewal. Unlike mES cells, hES cells
did not express the receptor gp130 to allow LIF binding
and STAT3 activation (Thomson et al., 1998; Humphrey
et al., 2004). The mitogen bFGF was then explored in
hES cell culture and this growth factor appeared to
significantly influence the self-renewal of hES cells (Amit
et al., 2000). Elevated bFGF concentrations (~100ng/ml)
were able to maintain cell numbers and surface markers
when undifferentiated hES cells were maintained on
MatrigelTM, with similar efficiency to that of feeder cell-
conditioned medium (Levenstein et al., 2006; Xu et al.,
2005a). Some non-human primate (Furuya et al., 2003)
and rabbit ES cells (Honda et al., 2003) also benefited from
bFGF supplementation during their culture; however, it is
not clear whether the observed bFGF influences are
universal, given the interspecies differences in the signal-
ling pathways responsible for self-renewal and pluripotency
(Martins-Taylor and Xu, 2010). There have been no system-
atic investigations of the effect of bFGF on mES cells,
despite the fact that FGF receptors 1–4 (FGFR1–4) were
shown to be upregulated during osteogenic differentiation
of mES cells and that blocking the signalling activity of
the FGFRs reduced the proliferation of mES cells (Ng
et al., 2007).

This study was conducted to explore the role of
bFGF supplementation during mES cell expansion and
differentiation toward the osteogenic lineage. The
mES cells present fewer technical difficulties during
cultivation than hES cells, and they are an important
model for studying embryonic development, given the
difficulties in employing human tissues for this pur-
pose. The availability of numerous mouse models of
bone diseases makes it possible to utilize mES cells in
animal models of bone repair. Hence, in this study,
we set out to: (a) explore the influence of bFGF on
maintenance cultures of mES cells; and (b) determine
the potential of bFGF in directing mES cells toward
an osteogenic lineage during spontaneous and BMP-
induced differentiation.

2. Methods

2.1. Materials

D3 mES cells were obtained from American Type Culture
Collection (Rockville, MD, USA). (ESGRO) was obtained
from Millipore (Temecula, CA, USA), trypan blue solution
from MP Biomedicals (Solon, OH, USA) and CyQuant
DNA kit from Molecular Probes (Eugene, OR, USA).
Mitomycin-C, HCl and sulphuric acid were obtained from
Fisher (Fairlawn, NJ, USA). bFGF was obtained from
R&D Systems (Minneapolis, MN, USA); its bioactivity
is confirmed as we routinely use it for culture and expan-
sion of human adult bone marrow stromal cells.
Fetal bovine serum (FBS), Dulbecco’s modified Eagle’s
medium (DMEM) high-glucose medium with L-glutamine,
penicillin/streptomycin and b-mercaptoethanol were
all from Invitrogen (Grand Island, NY, USA). Gelatin,
p-nitrophenol phosphate (p-NPP), ascorbic acid, b-glycerol
phosphate, calcium standards, o-cresolphthalein, 2-amino-
2-methyl-propan-1-ol and 8-hydroxyquinoline were all
purchased from Sigma (St Louis, MO, USA). Phycoerythrin
(PE)-conjugated mouse anti-human/mouse stage-specific
embryonic antigen-1 (SSEA-1) was purchased from
Stemgent (San Diego, CA, USA). The RNeasy kit was
purchased from Qiagen (Missassauga, ON, USA) and the
RNA 6000 Nano Chip kit was from Agilent (Santa Clara,
CA, USA). M-MLV reverse transcriptase and random
primers were from Invitrogen (Carlsbad, CA, USA). Oligos
(dT18) and real-time PCR primers were purchased from
Fermentas (Burlington, ON, Canada) and IDT (San Diego,
CA, USA), respectively. The Escherichia coli-derived BMP-2
used in this study was kindly provided by Dr W. Sebald
(University of Würzburg).

2.2. Cell culture

The stock cultures of D3 embryonic stem cells were co-
cultured with Mitomycin C-arrested human foreskin fibro-
blasts (HFFs) or mouse embryonic fibroblast (MEF) feeder
cells on gelatin-coated plates to maintain pluripotency and
a normal karyoptype (Meng et al., 2008). Cells were grown
in basal medium with 1000 U/ml ESGRO, which contains
LIF. Basal medium was composed of high-glucose DMEM
with L-glutamine and 15% ES-qualified FBS, 0.1mM non-
essential amino acids, 50 U/ml each of penicillin and
streptomycin and 100mM b-mercaptoethanol. In order to
investigate the effect of growth factors on mES cells, basal
medium was supplemented with exogenous bFGF or BMP-
2 in the specified groups. The medium was changed daily
and the cells were passaged every 2–3days. Feeder cells
were removed just prior to experiments during a 30min
incubation on gelatin to selectively plate feeders.

2.3. Effect of exogenous bFGF on pluripotent
mES cells

Maintenance mES cells were grown on MEF feeders for
one passage prior to experiments. Feeder cells were
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removed from the cultures and mES cells were seeded in
24-well gelatin-coated plates in basal medium with com-
binations of bFGF (0–40ng/ml) and LIF (1000 U/ml).
Medium was changed daily and cultures were subcultured
every 3 days, as dictated by the density of the 0 ng/ml
bFGF with LIF group. At each passage, the remaining cells
were taken for live cell counts and for alkaline phospha-
tase (ALP) activity, as an indicator of pluripotency. Trypan
blue was used as an exclusion agent for live cell counts in
order to identify dead cells. Alkaline phosphatase (ALP)
activity was determined as previously described (Clements
et al., 2009). In brief, cell cultures assessed for ALP activity
werewashedwith HBSS and incubated in ALP buffer (0.5M

2-amino-2-methylpropan-1-ol, 0.1% v/v Triton-X, pH 10.5)
at room temperature for 2 h to lyse cells. Phosphatase
substrate p-NPP was added to the lysate in 96-well plates
to give a concentration of 1mg/ml. Kinetic ALP activity
was attained from the maximum slope of eight absorbance
readings (at 405nm), 90 s apart. ALP activity was
normalized to DNA content in each sample.

2.4. Embryoid body formation and
differentiation

Embryoid body (EB) formation and differentiation was
induced via hanging drop culture, as described previously
(Zur Nieden et al., 2003). After the removal of feeder
cells, mES cells were counted, resuspended in medium
and hanging drops (750 cells/drop) were made on the
inner sides of the lids of tissue culture plates containing
3ml sterile PBS. On day 3, aggregates were transferred
to bacteriological Petri dishes in 10ml medium. On day
5, EBs were transferred to 48-well tissue culture plates
with medium containing 0 or 1000 U/ml LIF and bFGF
concentrations of 0, 2, 10 and 40 ng/ml. The medium
was changed as needed, typically at 2–3 day internals.

2.5. Effect of exogenous bFGF during early
differentiation

To determine the effect of bFGF during EB formation, ES
cells were exposed to bFGF (0–40ng/ml), with and with-
out LIF, in basal medium from day 0 to day 15. At days 5,
10 and 15, EBs cultures were harvested to assay for DNA
content, ALP activity and SSEA-1 staining. Cultures for
DNA content and ALP activity were washed with HBSS
and incubated at 37 �C in ALP buffer for 2 h. Cultures for
SSEA-1 staining were trypsinized, resuspended in 50 mL
HBSS and incubated for 1 h on ice with 10 mL PE-
anti-mouse/human SSEA-1. After washing with HBSS,
cells were analysed by flow cytometry at the FL2 channel
(Quanta; Beckman Coulter), with unstained cells set to
1% as a background control.

2.6. Osteogenic differentiation of mES cells

Osteogenic differentiation was induced by treatment with
osteogenic factors at day 5, after plating EBs in 48-well
plates. EBs were grown in basal medium with 50 mg/ml

ascorbic acid and combinations of 10mM b-glycerol phos-
phate, 1mM dexamethasone, 10ng/ml bFGF and 500ng/ml
BMP-2. At days 15 and 25, cultures were harvested to assay
for DNA content, ALP activity and extracellular calcium
content. For alizarin red staining, the EBs were transferred
to glass coverslips and incubated with medium (in six-well
plates) containing the indicated supplements (see Figure 8B).
Alizarin red staining was performed according to Zur Nieden
et al. (2003) on days 15 and 25.

2.7. DNA content, calcium deposition and ALP
activity assays

The cultures were washed with HBSS and incubated with
ALP buffer. After incubation, the plates were washed with
HBSS and the extracellular matrix was dissolved in 0.5 N

HCl. A 500 ml solution of 2-amino-2-methyl-propan-1-ol
(1.5% v/v) and o-cresolphthalein (37mM) was mixed
with 100 ml 8-hydroxyquinoline (28mM) and sulphuric
acid (0.5% v/v) in 48-well plates containing of 20 ml of
sample. The absorbance was determined at 570 nm and
compared against calcium standards. Kinetic ALP activity
was measured as described above and DNA content was
quantified using a CyQUANT assay kit.

2.8. Real-time polymerase chain reaction (PCR)

RNA was harvested from osteogenic cultures on day 14,
after treatment with medium containing ascorbic acid
(50 mg/ml), bFGF (0 or 10 ng/ml) and BMP-2 (0 or
500 ng/ml) in 24-well plates. Cultures were washed with
HBSS and then RNA was extracted with an RNeasy Kit,
according to the manufacturer’s instructions. The
obtained RNA concentration was measured with a GE
NanoVue spectrophotometer; RNA quality was deter-
mined with an RNA 6000 Nano Chip Kit. All but one
RNA sample (6.1) had RNA integrity number (RIN) above
7.2. From each sample, 150 ng RNA was reverse-
transcribed using M-MLV reverse transcriptase, following
the manufacturer’s instructions, in a reaction volume of
20 mL. In addition to random primers, oligos (dT18) were
used to synthesize cDNA template. Primer sets (Table 1)
were validated by ensuring equal PCR efficiencies
between endogenous control GAPDH and the gene of
interest over a five-fold change in template cDNA concen-
tration (see Supporting information, Figure S1). The
stability of the GAPDH endogenous control was confirmed
by ensuring similar cycle threshold (CT) values from
different biological replicates of all four treatment groups.
SYBR green dye, which binds double-stranded DNA, was
used to monitor real-time reaction products on a 7500
Fast Real-Time PCR System (Applied Biosystems). From
the 20 mL reverse-transcription reactions, 1 out of 10
dilutions were made for template in real-time PCR. The
10 mL real-time reaction mixture consisted of 2.5 mL cDNA
template, 2.5 mL 3.2 mM primers and 5 mL 2� master mix
containing SYBR green dye, dNTPs and salts. Reaction
mixtures were heated to 95 �C for 2min before going
through 40 cycles of a denaturation step (15 s at 95 �C)
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and an annealing/elongation step (60 s at 60 �C), during
which SYBR green fluorescence data were collected. A ΔΔCT

analysis was used to determine differences in gene expres-
sion, as compared to no treatment controls. GAPDH was
employed as an endogenous control, to which the CT of
the gene of interest was normalized. Changes in gene ex-
pression were determined by normalizing the differences
in cycle threshold (ΔCT) to spontaneous differentiation (no
treatment) controls. RNA from three biological replicates
was pooled and run in triplicate to screen for changes in
gene expression. Any changes from the no treatment con-
trol were verified in three independent biological replicates,
with each real-time reaction performed in triplicate.

2.9. Statistical analysis

For all results, except EB formation for osteogenic differenti-
ation, error bars represent the standard deviation (SD) of
results in triplicate. Error bars in osteogenic differentiation
experiments (ALP activity, DNA and calcium content) repre-
sent SD for groups with five or six replicates. To determine
significant changes due to bFGF treatment, one-way analysis
of variance (ANOVA) was employed, followed by Dunnett’s
test, which compares all treatment groups to a single control.

3. Results

3.1. Effect of exogenous bFGF on pluripotent
mES cell cultures

To investigate the bFGF response of mES cells, the cells were
cultured with 0, 2, 10 and 40ng/ml bFGF with (1000 U/ml)
and without LIF. Cell numbers and ALP activity were used
as measures of self-renewal and pluripotency. ALP is a mem-
brane-bound enzyme that exhibits biphasic behaviour. It is
expressed on the surface of pluripotent undifferentiated

ES cells and disappears as cells begin to differentiate. If cells
are directed toward an osteogenic lineage, its expression is
upregulated as cells mature into osteoblasts. For clarity,
activity associated with undifferentiated ES cells is here
denoted as ALPEmbryo, while activity associated with osteo-
genic differentiation is denoted as ALPOsteo. The 0ng/ml
bFGF with 1000 U/ml LIF group served as the control, as
this condition mimicked the maintenance cultures of mES
cells, and the visual cell density of this group was used as
an indicator of the timing of cell passaging. mES cells at
each passage were counted and cell numbers in treatment
groups were expressed relative to the control group.

In the absence of LIF, mES cells showed a rapid decrease
in cell numbers with cell passage and cell viability was
essentially lost at the second passage under the feeder-free
conditions (Figure 1). In the presence of LIF, bFGF resulted
in a slow decrease in cell numbers over the five passages, as
compared to the maintenance conditions. There was no
evidence of a dose–response relationship in relative cell
numbers within the employed bFGF concentrations. The
control group itself also showed a decrease in cell numbers
over the study period (Figure 1, insert).

Similar to the changes in cell numbers, the ALPEmbryo

activity was decreased in the absence of LIF but remained
constant with LIF (Figure 2A). However, specific ALPEmbryo

activity (ALPEmbryo activity/cell) remained relatively constant
relative to the maintenance condition (Figure 2B). There
was no effect of bFGF on the ALPEmbryo activity under the
conditions of this experiment.

Table 1. Real-time PCR primers

Primer set Marker Direction
Primer Sequence

(5′ to 3′)

1 ALP Forward GGCCAGCAGGTTTCTCTCTTG
Reverse GCAGGGTCTGGAGAATATATTTGG

2 Cbfa1/ Forward GCCGGGAATGATGAGAACTACT
Runx2 Reverse AGATCGTTGAACCTGGCTACTTG

3 CD29 Forward CCAGGGCTGGTTATACAGAATCA
Reverse CCACATACATCACTGGGAATTCC

4 CD105 Forward CCTCCCAGTGGAGACTTCAGAT
Reverse AGTGCCGTGTCTTTCTGTAATCC

5 Col-1a1 Forward CCCTGCCTGCTTCGTGTAAA
Reverse TTGGGTTGTTCGTCTGTTTCC

6 FGFR1 Forward TGAGCTTGGCTTCCTATAGTTTTTC
Reverse GCAGAATTGAGTTGCCAAGTTG

7 GAPDH Forward ATGTGTCCGTCGTGGATCTGA
Reverse CCTGCTTCACCACCTTCTTGA

8 OCN Forward CGGCCCTGAGTCTGACAAAG
Reverse AGGTAGCGCCGGAGTCTGTT

9 OP Forward AGGCATTCTCGGAGGAAACC
Reverse CAAACAGGCAAAAGCAAATCAC

10 Sca-1 Forward CAAGGTGGGAGTAGTGTGTGAAAT
Reverse GCCCTAGAGAGGATTAGAGCACCTA

11 SSEA-1 Forward AGCTGTGACTAACATTGCCTCATT
Reverse GAAACCCTGTCTGAAAAACCAAA

Figure 1. Effect of bFGF on self-renewal during maintenance
conditions. Cell counts of mES cells treated with 0, 2, 10
and 40ng/ml bFGF in the absence and presence (1000 U/ml) of
LIF. Regular maintenance conditions (i.e. 0ng/ml bFGF and 1000
U/ml LIF) were used to normalize cells counts at each time point.
Note that the regular maintenance group to which treatment
groups were normalized did show a gradual decline. (Insert) Cell
numbers of cultures grown under maintenance conditions
(0ng/ml bFGF and 1000 U/ml LIF)
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3.2. Effect of bFGF during EB formation and early
phase of differentiation

To investigate the effects of bFGF during spontaneous
differentiation in high-density cultures, EBs were grown in
basal medium containing 0–40ng/ml bFGF with (1000 U/ml)
and without LIF from hanging drop formation. The EBs in
48-well plates were harvested on days 5, 10 and 15 to assay
for DNA content, ALPEmbryo activity and SSEA-1 expression.
DNA content was used as an indicator of cell number, since
it was not possible to obtain accurate cell counts, due to
technical difficulties in dissociating EBs into uniform cell sus-
pensions. At day 5, there were no significant differences in
DNA content among the study groups without or with LIF
(Figure 3A and B, respectively). Proliferation in subsequent
days was evident in EBs even in the absence of LIF
(Figure 3A), which was unlike the monolayer cultures (see
Figure 1). At day 10 in the absence of LIF, significant increase
in DNA content was obtained when mES cells were cultured
with 40ng/ml bFGF (p< 0.01 vs 0ng/ml bFGF). Similarly,
at day 15 significant increase in DNA content was obtained
at 2 and 10ng/ml bFGF (p< 0.05 and p< 0.01 vs 0ng/ml
bFGF). In the presence of LIF (Figure 3B), there were no sig-
nificant differences in DNA content among the study group.

The specific ALPEmbryo activity did not vary significantly
among the study groups (Figure 4). A drop in the specific

ALPEmbryo activity was evident for some of the mESs
cultured without LIF (Figure 4A), but bFGF did not have a
stimulatory or inhibitory effect on this activity at different
time points. In the presence of LIF (Figure 4B), an upward
trend in the specific ALPEmbryo activity was apparent, but
bFGF did not influence the specific ALPEmbryo activity under
these conditions either.

Flow cytometry was used to detect SSEA-1 positive cells
as a function of time. Sufficient cells were not collected on
day 5 to obtain an accurate assessment of SSEA-1, but there
were no apparent differences among the study groups, as
judged by the average fluorescence of the sample (data
not shown). On day 10 (Figure 5), all four groups treated
with LIF showed significant SSEA-1-positive cells (p< 0.01
for 0, 2 and 40ng/ml bFGF and p< 0.05 for 10ng/ml bFGF
vs without LIF). On day 15, the level of SSEA-1 expression
was significantly reduced as compared to the day 10 levels,
and only the cells treated with 10ng/ml bFGF and LIF
showed significant (p< 0.01) variation in SSEA-1-positive
cells compared to LIF treatment alone (0ng/ml bFGF).
Addition of bFGF did not prevent the reduction in the levels
of SSEA-1-positive cells from day 10 to day 15.

3.3. Effect of bFGF during osteogenic
differentiation of mES cell cultures

To investigate the effect of bFGF during osteogenic differ-
entiation, EBs were treated with different combinations of
osteogenic supplements (b-GP, DEX and BMP-2) in basal

Figure 2. Effect of bFGF on ALP activity during maintenance condi-
tions. ALP activity for mES cells treated with 0, 2, 10 and 40ng/ml
bFGF in the absence and presence (1000 U/ml) of LIF. ALP activity
(2A)was normalized to themaintenance conditions of 0ng/ml bFGF
with LIF. Specific ALP (2B) activity (mAb/min/mg DNA)was normal-
ized to the maintenance conditions of 0ng/ml bFGF with LIF

Figure 3. DNA content of EBs during early phase of differentiation.
DNA content of EBs harvested on day 5, 10 or 15. Cultures were
grown in basal medium containing 0, 2, 10 or 40ng/ml bFGF with
(1000 U/ml; B) and without LIF (A) from hanging drop formation
at day 0. Treatment groups were compared to the negative control
of 0ng/ml bFGF at each time point; *p<0.05, **p<0.01
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medium containing ascorbic acid but without LIF. The EB
grown in each combination was exposed to either 0 or
10ng/ml bFGF. This concentration of bFGF was chosen
based on the increases in DNA content found when mES
cells were cultured without LIF during early differentiation.
The EBs in 48-well dishes were harvested on days 15 and 25
to assay for the DNA content, ALPOsteo activity and calcifica-
tion. The addition of exogenous bFGF did not result in

significant increase in DNA content at day 15 (Figure 6).
EBs treated with BMP-2 alone showed a significant increase
(p< 0.05) in DNA content, along with the EBs treated with
b-GP/bFGF and b-GP/DEX/bFGF (p< 0.01). At day 25,
only the DEX/BMP-2/bFGF group showed a significant
(p< 0.05) increase over control without bFGF, indicating
no clear effect of bFGF supplementation on the DNA
content under osteogenic stimulation.

None of the specific ALPOsteo values were significantly
different among the study groups on day 15 (Figure 7). This
was the case in the absence or presence of bFGF.However, on
day 25, EBs treated with BMP-2 (p< 0.05), DEX/BMP-2
(p< 0.01) and b-GP/DEX/BMP-2 (p< 0.05) showed signifi-
cant increases in specific ALPOsteo activity as compared to
the control EBs (EBs treated with no osteogenic supplements
and no bFGF). In the presence of bFGF, these groups did not
lead to a significant increase in specific ALPOsteo activity,
indicating the ability of bFGF to downregulate induced ALP
activity. Accordingly, there were no differences in the specific
ALPOsteo activity among the treatment groups.

The EBs treatedwithb-GP/BMP-2 and b-GP/DEX/BMP-2/
bFGF (Figure 8A) showed significant (p< 0.01) calcium
deposition on day 15, but the calcium deposition with EBs
treatedwith b-GP/DEXwas not significant. The latter group
again did not give significant calcium accumulation on day
25 compared to the control EBs (EBs treated with no
osteogenic supplements and no bFGF). However, the EB
cells treated with b-GP/BMP-2, b-GP/BMP-2/bFGF, b-GP/
DEX/BMP-2 and b-GP/DEX/BMP-2/bFGF combinations
all showed significant calcium deposition (p< 0.01). The
presence of the bFGF in these groups did not alter the level
of calcium deposition. Consistent with the biochemical
calcium assay, alizarin red staining indicated significant
mineralization in EB cultures, which generally increased
from day 15 to day 25 (Figure 8B).

3.4. Effect of bFGF on gene expression during
osteogenic differentiation

Changes in gene expression with exposure to bFGF during
osteogenic differentiation were investigated using real-time

Figure 5. SSEA-1 staining of EBs during early phase of differentiation. Flow cytometry analysis of SSEA-1 expression on cells during
the early phase of differentiation. Cells stained with phycoerythrin-labelled SSEA-1 antibodies, with unstained cells, were set a 1%
positive. Cultures were grown in basal medium containing 0, 2, 10 or 40ng/ml bFGF with (1000 U/ml) and without LIF from hanging
drop formation at day 0 until harvest at day 10 and 15. Treatment groups were compared to the negative control of 0 ng/ml bFGF
without LIF at each time point; *p<0.05, **p<0.01

Figure 4. ALP activity of EBs during early phase of differentia-
tion. ALP activity (mAb/min) of EBs normalized to the amount
of DNA in each sample. Cultures were grown in basal medium
containing 0, 2, 10 or 40ng/ml bFGF with (1000 U/ml; B) and
without LIF (A) from hanging drop formation at day 0. Treatment
groups were compared to the negative control of 0 ng/ml bFGF
each time point
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Figure 6. DNA content of EBs during osteogenic differentiation; DNA content of EBs following exposure to osteogenic supplements. b-GP,
DEX, BMP-2 and bFGFwere added to basalmedium,which contained ascorbic acid. Basalmediumwas included as a control. EBswere grown
inmedia containing different combinations of osteogenic supplements andwere harvested ondays 15 and25 after hangingdrop formation to
assess DNA content. Significantly different groups compared to control medium without bFGF are indicated (*p<0.05, **p<0.01)

Figure 7. ALP activity of EBs during osteogenic differentiation. ALP activity of EBs exposed to different osteogenic supplements. Different
combinations ofb-GP, DEX, BMP-2 and bFGFwere added to basalmedium,which contained ascorbic acid. Basalmediumalone served as a
control. EBs were grown inmedium containing different combinations of osteogenic supplements. ALPwas measured on days 15 and 25,
and was normalized to DNA content. Significant differences from control medium without bFGF are indicated; p<0.05, **p<0.01

Figure 8. Extracellular matrix calcification of EBs during osteogenic differentiation. (A) Calcium content of EBs following exposure to
osteogenic supplements. EBs were grown in basal medium, which contained ascorbic acid, with combinations of b-GP, DEX, BMP-2
and bFGF. Basal medium alone served as a control. Cultures were harvested at day 15 or 25 and assessed for calcification. Calcium
content of the cultures was normalized to DNA content. Significant differences from control medium without bFGF are indicated;
p<0.05, **p<0.01. (B) Representative alizarin red-stained EBs, which were cultured in the presence of the indicated supplements.
EB cultures stained after day 15 (left) and day 25 (right) are shown. Note that the pictures are intended as a qualitative measure
of calcification in EB cultures and should not be used for quantitative purposes to compare different groups
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PCR. The EBs were treated with bFGF (10 ng/ml), BMP-2
(500 ng/ml) and a combination of bFGF and BMP-2 (10
and 500 ng/ml, respectively), and RNA was harvested
from cultures on day 14 or 21 for cDNA templates.
Untreated mEB served as a control in the PCR analysis.
Osteogenesis- associated genes analysed included runt-
related transcription factor 2 (Runx2), osteocalcin
(OCN), osteopontin, collagen and ALP. Markers associ-
ated with ES cell pluripotency (SSEA-1), mesenchymal
stem cells (CD105, CD29, Sca1) and haematopoetic stem
cells (Sca1) were also included.

The ALP mRNA was found to increase 1.8–2.2-fold at
days 14 and 21 after BMP-2 treatment of EBs (Figure 9).
However, the combination of bFGF and BMP-2 led to a de-
crease in ALP expression at day 21, similar to the results
from the enzyme activity assay, where the addition of

bFGF during osteogenic differentiation led to a decrease
in ALP activity.

The bFGF treatment resulted in a ~2.5-fold increase in
Sca1 (a marker present on both mesenchymal and
haematopoetic stem cells) expression on day 14 as
compared to no treatment. In combination with BMP-2,
a ~5.2-fold increase in Sca1 expression was observed. A
small increase in Sca-1 expression (~1.5-fold) was evi-
dent at day 21 with bFGF treatment.

On day 14, an increase in OCN expression was observed
following exposure to BMP-2 (2.2-fold); however the
combination of BMP-2 and bFGF led to an even higher
(6.7-fold) OCN levels over BMP-2 alone (Figure 9). A
similar trend was observed on day 21.

At day 14, a significant (1.9-fold) increase in Runx2 over
no treatment was observed when EBs were exposed to a

Figure 8. Continued
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combination of BMP-2 and bFGF, but not BMP-2 or bFGF
alone. No changes in Runx2 were seen at day 21 for all
groups.

PCR analysis for SSEA-1 expression indicated no increase
in expression following the addition of bFGF (not shown)
on day 14 or 21, confirming the flow cytometry results.

The other molecular markers (CD29, CD105, Cpl-1a1,
FGFR1 and OP) were not significantly changed (not
shown) from the no treatment group under the investi-
gated conditions.

4. Discussion

The mechanism of bFGF-mediated feeder-free culture has
not been uncovered, but bFGF is proposed to interfere
with bone morphogenetic protein (BMP) signalling,
associated with unconditioned medium, that causes
differentiation of hES cells (Xu et al., 2005b). Although
bFGF is routinely used in the culture of pluripotent hES
cells, the effects of bFGF on mES cell cultures is not
known. Based on the experience with hES cells and
human/mouse BMSCs (Jung et al., 2010; Wang et al.,
2010), we expected bFGF to enhance survival and prolif-
eration of the cells and, therefore, facilitate the expansion
of these cells. In addition, we were interested to deter-
mine whether bFGF could enhance BMP-2 mediated
osteogenic differentiation. An understanding of how
mES cells respond to these commonly used growth factors
would greatly enhance our understanding of stem cells,
which would further facilitate the use of stem cells that
are vitally needed for regenerative medicine approaches.
We conducted the current study to explore the beneficial

effect, if any, of bFGF mES cell expansion and osteogenic
differentiation. The effects of exogenous bFGF on D3 mES
cells were investigated in three different environments:
during maintenance conditions, at an early stage of sponta-
neous differentiation (in high-density EB formation) and
during osteogenic differentiation. The feeder-independent
nature of the D3 line allowed feeder-free conditions (i.e. on
gelatin-coated plates) during experiments, so that only the
effects of exogenous growth factor were observed. This
prevented any synergistic effects from combinations of bFGF
and other growth factors produced by the feeder layers.

Under the maintenance conditions with regular passag-
ing, bFGF did not sustain self-renewal capabilities of mES
cells in the absence of LIF and it was no substitute for LIF
in prolonging self-renewal. In combination with LIF, there
was a slight decrease in the number of cells after five
passages with bFGF compared to basal conditions (with
LIF) in the absence of bFGF. However, the specific
ALPEmbryo activity of bFGF-treated mES cells was unaf-
fected, indicating that the addition of bFGF did not appear
to result in differentiation and maintained pluripotency.

Since self-renewal was not supported in cultures with-
out LIF, the effect of bFGF alone on pluripotency could
not be assessed under maintenance conditions. To investi-
gate the effect of bFGF on mES differentiation, EBs were
formed via hanging drops in medium, since the cells were
previously cultivated without LIF under these conditions
(Zur Nieden et al., 2003). This was shown to be the case
here as well. Under these conditions and in the absence
of LIF, bFGF treatment did stimulate proliferation in EBs
under certain concentrations, suggesting that a careful
optimization might be necessary to obtain this beneficial
effect of bFGF on EBs. When mES cells are cultured in

Figure 9. Changes in gene expression during osteogenic differentiation. Quantitative PCR results showing gene expression of ALP,
Sca-1 and OCN (osteocalcin) during BMP-2-induced osteogenic differentiation. Cells were exposed to either BMP-2 alone or a
combination of BMP-2 and bFGF. Basal medium without BMP-2 or bFGF served as a control. Cells were harvested at days 14 and 21
and a ΔΔCT analysis was used to evaluate changes in expression of target genes, using GADPH as an endogenous control. Expression
in the bFGF, BMP-2 and BMP-2+bFGF treatment groups were normalized to a control group without BMP-2 or bFGF; *p<0.05,
**p<0.01
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tissue-engineering scaffolds it is likely that EB formation
will occur more readily, due to the confined spaces of
the scaffolds, and our results indicate that bFGF may help
in mEB cell expansion under these conditions. The bFGF
did not stimulate cell proliferation in the presence of LIF,
since the cells displayed a more robust proliferation under
this condition.

Based on the chances in ALPEmbryo of the EBs treated
with LIF, the cytokine was found to be beneficial to
maintaining the pluripotency of the mES cells, even in
EBs. A similar conclusion was reached based on SSEA-1
expression, which is present in undifferentiated cells and
disappears as ES cells undergo differentiation. Although
not statistically significant, the addition of bFGF appeared
to cause a larger decrease in ALPEmbryo activity compared
in the absence of LIF. Taking these factors together, bFGF
did not appear to adversely affect the pluripotency of mES
in EBs. Although different signalling pathways are
employed to maintain pluripotency in mouse and human
ES cells, some of these differences may be attributed to
ES cells derived from different temporal origins (Brons
et al., 2007). Regardless, bFGF pluripotency and self-
renewal pathways do not appear to be present in mES
cells, given the unresponsiveness of mES cells to the
exogenous bFGF.

The effects of bFGF during osteogenic differentiation
were subsequently investigated. The EBs were exposed to
all combinations of b-GP, DEX and BMP-2 in order to
induce osteogenic differentiation, and cultured with and
without bFGF to investigate the changes in osteogenic
differentiation. The success of these treatments in inducing
osteoblast characteristics was assessed by alizarin red stain-
ing (Buttery et al., 2001), ALPOsteo levels (Toumadjie et al.,
2003), formation of discrete mineralized nodules
(Duplomb et al., 2007; Buttery et al., 2001) and expression
of osteogenic lineage-specific genes (Zur Nieden et al.,
2003). In our differentiation experiments, it is possible that
the ALPOsteo activity at day 15 was not entirely due to
induction of the osteogenic pathway, but ALPOsteo activity
at day 25 was most likely due to the presence of
osteoblast-like cells. Some markers of pluripotency, such
as Oct3/4, remain strong for at least 7 days after the
removal of LIF, but markers associated with the primitive
endoderm have been found to increase at day 6 (Toumadjie
et al., 2003), suggesting that the molecular pathways
involved in differentiation are activated relatively early.

The presence of bFGF did not consistently lead to an
increase in DNA content during the imposed osteogenic
differentiation (days 15–25). However, bFGF did appear
to have negative effects on specific ALPOsteo activity. EBs
grown with BMP-2, DEX/BMP-2 or b-GP/DEX/BMP-2 all
showed significantly higher ALPOsteo activity but the
addition of bFGF to these combinations resulted in
significant decreases in specific ALPOsteo activity. Although
we were not able to show significant ALPOsteo activity
with our AA/b-GP/DEX positive control, a similar bFGF-
dependent inhibition of ALPOsteo activity (Varkey et al.,
2006; Clements et al., 2009) was seen in adult BMSCs
grown in osteogenic medium containing AA/b-GP/DEX.

Others reported conflicting results on the effect of bFGF
on osteogensis of human BMSC, including ALP activity
(reviewed in Clements et al., 2009), this despite the fact
that bFGF administration in rat and mouse models
resulted in a stimulation of bone formation (Nagai et al.,
1995; Dunstan et al., 1999). The decreased ALPOsteo
activity observed with bFGF did not necessarily correlate
with decreased calcium deposition, as the combinations
of b-GP/BMP-2 and b-GP/BMP-2/DEX that gave signifi-
cant calcification showed no change upon addition of
bFGF. b-GP/BMP-2 and b-GP/BMP-2/DEX/bFGF appeared
to have accelerated calcification, and these two groupswere
the only ones that had significant calciumdeposition on day
15. Nevertheless, all BMP-2-containing groups gave
increased calcification by mES cells in EBs, consistent with
the expected activity of this well-established osteogenic
protein (Lecanda et al., 1997).

Addition of b-GP was essential for calcification; the
combination of DEX/BMP-2 led to significantly higher
specific ALPOsteo activity in EBs, but required the addition
of b-GP for the formation of any significant calcification
(also seen in alizarin red-stained EBs). It must be noted,
however, that although not statistically significant, the
addition of b-GP alone resulted in some calcification. It
is possible that DEX and BMP-2 are required to induce
osteo-specific markers, whereas b-GP may result in spon-
taneous calcium precipitation on its own (Roach, 1992).

In order to determine the effects of bFGF on osteogenic
lineage specific gene expression, quantitative PCR was
used to analyse changes in gene expression following
EBs formation and treatment with BMP-2 and bFGF.
Changes in ALP gene expression correlated well with the
changes in enzymatic (colorimetric) ALP activity. Osteo-
calcin was upregulated when the cells were treated with
BMP-2 (consistent with a previous report on mES (Ohba
et al., 2007), and was even further increased with a
combination of bFGF and BMP-2 treatments, along with
Runx2. This confirmed that the cells did undergo
osteogenic differentiation with BMP-2 and, based on this
marker alone, bFGF did stimulate osteogenic differentia-
tion. Further evidence to suggest that bFGF may alter
the differentiation process was the expression profile of
Sca-1 at day 14, a marker present in both mesenchymal
and haematopoetic stem cells (Zhu et al., 2010). The
addition of bFGF to the culture medium caused an
increase in Sca-1 at day 14, which indicated expansion
of the mesenchymal/haematopoetic stem cells that was
consistent with the loss of pluripotency marker SSEA-1
expression. The disappearance of Sca-1 at day 21 was
most likely due to further differentiation, and decrease
in mesenchymal stem cells in the obtained cell popula-
tion. This Sca-1 upregulation indicated that bFGF
increased the population of mesenchymal-like cells, in
agreement with previous results obtained from BMSCs
(Bianchi et al., 2003; Maegawa et al., 2007). To fully
assess osteogenic differentiation in mES cells, more char-
acterization will be needed for changes in the markers of
pluripotency (e.g. Oct4, SOX2, etc.) to better realize
the potential of teratoma formation, if the osteogenic
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differentiation mES cells are used for transplantation. The
chances of teratoma formation are likely to be diminished
if the pluripotency markers are decreased as a result of
osteogenic differentiation. Future studies should elucidate
such changes.

5. Conclusion

We conclude that, despite the known mitogenicity of bFGF,
we have not observed any consistent increase in cell numb-
ers or DNA content of mES cells during regular mainte-
nance conditions in monolayers. LIF was indispensable
under these conditions. The bFGF on its own (i.e. without
LIF) did stimulate cell proliferation without causing
osteogenic differentiation in high-density EB cultures.
These results pointed to significant differences between
human and mouse bFGF-dependent pluripotency and self-
renewal pathways. During differentiation under the
influence of osteogenic supplements, the addition of bFGF
prevented the increase in ALPOsteo activity of EBs exposed
to osteogenic factors, which was reminiscent of the behav-
iour of adult BMSCs exposed to bFGF. Upregulation of
Sca-1 and osteogenesis-related genes suggested that bFGF
may enhance the population of mesenchymal stem cells
and lead to osteogenic differentiation under these condi-
tions. We conclude that, while LIF was indispensable for
long-term survival, bFGF could be useful in expansion of
stem cells in EBs cultures and can further support BMP-2-
induced osteogenesis at the gene level.
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