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Abstract
Human embryonic stem cells (hESCs) may offer an unlimited supply of cells that can be directed
to differentiate into all cell types within the body and used in regenerative medicine for tissue and
cell replacement therapies. Previous work has shown that exposing hESCs to exogenous factors
such as dexamethasone, ascorbic acid and β-glycerophosphate can induce osteogenesis. The
specific factors that induce osteogenic differentiation of hESCs have not been identified yet,
however, it is possible that differentiated human bone marrow stromal cells (hMBSCs) may
secrete factors within the local microenvironment that promote osteogenesis. Here we report that
the lineage progression of hESCs to osteoblasts is achieved in the presence of soluble signaling
factors derived from differentiated hBMSCs. For 28 days, hESCs were grown in a transwell co-
culture system with hBMSCs that had been previously differentiated in growth medium containing
defined osteogenic supplements for 7-24 days. As a control. hESCs were co-cultured with
undifferentiated hBMSCs and alone. Von Kossa and Alizarin Red staining as well as
immunohistochemistry confirmed that the hESCs co-cultured with differentiated hBMSCs formed
mineralized bone nodules and secreted extracellular matrix protein osteocalcin (OCN).
Quantitative Alizarin Red assays showed increased mineralization as compared to the control with
undifferentiated hBMSCs. RT-PCR revealed the loss of pluripotent hESC markers with the
concomitant gain of osteoblastic markers such as collagen type I, runx2, and osterix. We
demonstrate that osteogenic growth factors derived from differentiated hBMSCs within the local
microenvironment may help to promote hESC osteogenic differentiation.

Keywords
Human embryonic stem cells; bone marrow stromal cells; osteoblasts; stem cell-
microenvironment

Introduction
Human embryonic stem cells (hESCs) present a potentially unlimited supply of cells that
may be directed to differentiate into all cell types within the body and used in regenerative
medicine for tissue and cell replacement therapies. An area of particular interest is stem cell
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transplantation for bone tissue regeneration where hESCs may be used to repair skeletal
defects. One of the major gaps in the knowledge regarding hESCs is the lack of
understanding of the growth factors and three-dimensional signals that control
differentiation. Current techniques used for bone tissue repair employ the use of auto- and
allografting methods, however, these methods have inherent limitations that restrict their
universal application. The limitations of these reparative strategies suggest that an
alternative approach is required, and hESCs may provide a repository of cells for such an
approach. Previous work has shown that exposing hESCs to exogenous factors such as
dexamethasone, ascorbic acid and β-glycerophosphate can induce osteogenesis in vitro
[1-3]. However, the specific factors that regulate and influence the commitment of hESCs
along the osteoblast lineage have not yet been identified. It is possible that soluble factors
secreted by human bone marrow stromal cells (hBMSCs) may provide the necessary
signaling molecules to direct osteogenic differentiation of hESCs.

When bone marrow is cultured in vitro, adherent non-hematopoietic cells proliferate and
exhibit characteristics of bone marrow stroma in vivo. Within this diverse population of
hBMSCs there exist early progenitor mesenchymal stem cells that are capable of self-
renewal and have multi-lineage differentiation potential into cell types such as osteoblasts,
chondrocytes, and adipocytes. In the presence of dexamethasone, ascorbic acid and β-
glycerophosphate, it has been demonstrated that hBMSCs can be differentiated readily into
mineralizing osteoblasts both in vitro and in vivo [4-7]. The in vitro equivalent of bone
formation is characterized by the formation of mineralized nodules, increased alkaline
phosphatase activity, and up regulation of osteoblastic genes such as runx2, osteocalcin,
bone sialoprotein, and collagen type I [5,8-10]. The use of this well-defined in vitro model
allows the control of the differentiation state of hBMSCs at varying time points within their
lineage progression towards functional osteoblasts. Subsequently, soluble factors derived
from hBMSCs may be controlled, thus enabling the establishment of a co-culture system
that stimulates hESC differentiation.

Therefore, the goal of this study was to determine if the lineage progression of hESCs
toward osteoblasts could be directed by soluble signaling factors derived from differentiated
hBMSCs. Because the differentiation of hBMSCs in vitro is so well characterized, the
ability to manipulate and control hBMSCs along with the osteogenic factors derived from
them will be integral to controlling the osteoblastic differentiation of hESCs. In this study,
we demonstrate that osteogenic growth factors secreted by hBMSCs into the local
microenvironment can promote osteoblastic differentiation of hESCs, and the secretion of
these factors was dependent on the state of cell differentiation.

Materials and Methods
hESC Culture

The BG01 cell line was obtained from Bresagen, Inc. (Atlanta, GA) and cultured on
irradiated mouse embryonic fibroblast (MEF) feeder layers at a density of approximately
19,000 cells/cm2 onto 60 mm dishes (0.1% gelatin-coated). The hESC culture medium
consisted of 80% (v/v) DMEM/F12, 20% (v/v) knockout serum replacement (KOSR),
200mM L-glutamine, 10mM nonessential amino acids (all obtained from Invitrogen), 14.3M
β-mercaptoethanol (Sigma, St. Louis, MO), and 8 ng/ml bFGF (Invitrogen, Carlsbad, CA).
Cell cultures were incubated at 37°C in 5% CO2 in air and 95% humidity with medium
changes everyday and manually passaged once per week. To induce osteogenic
differentiation, the hESCs were made into embryoid bodies (EBs) and then seeded onto
0.1% gelatin-coated 6-well plates and cultured in hBMSC osteogenic medium (OS)
consisting of 90% α-MEM (v/v), 10% heat-inactivated fetal bovine serum (FBS), 200 mM
L-glutamine, and 10 mM nonessential amino acids (all obtained from Invitrogen) with 100

Tong et al. Page 2

J Stem Cells. Author manuscript; available in PMC 2010 July 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



nM dexamethasone, 10 mM β-glycerophosphate, and 50 μM ascorbic acid for 4 weeks with
medium changes every 48 hours [3].

hESC/hBMSC Transwell Co-Culture
The hBMSCs were isolated from patients at the University of Michigan using IRB approved
protocols. The hBMSCs were plated at 2,000/cm2 onto transwell inserts (0.4 μm pore,
Corning, Corning, NY) and allowed to differentiate for 7-24 days in OS with complete
medium changes every 48 hours. Two days prior to adding the hBMSC transwell inserts, the
hESCs were either made into EBs or manually passaged directly from MEFs (omitting EB
formation) and then seeded onto gelatin-coated 6-well plates. After 7, 14 or 24 days of
differentiation, hBMSCs on transwell inserts were added to the 6-well plates and cultured in
hBMSC growth medium (GM) without osteogenic supplements for an additional 28 days
with medium changes every 48 hours. This method allows for the passage of soluble
molecules while preventing direct cell-cell contact.

RT-PCR
Total RNA was obtained using Trizol (Invitrogen) and purified using the Qiagen RNEasy kit
with DNase I treatment (Qiagen, Valencia, CA). Reverse transcription of 1 μg of RNA was
performed using the Superscript III kit (Invitrogen). Taq DNA Polymerase (Invitrogen) was
used to amplify the cDNA. The PCR conditions were as follows: 2 minutes at 94°C;
followed by cycles of 45″ denaturation at 94°C, 45″ annealing at 56°C, and 60″ extension at
72°C. Primer sequences were as follows (forward, reverse): oct4 (GAA GGT ATT CAG
CCA AAC, CTT AAT CCA AAA ACC CTG G) [11]; nanog (GAC TGA GCT GGT TGC
CTC AT, TTT CTT CAG GCC CAC AAA TC) [12]; runx2 (CAT GGT GGA GAT CAT
CGC, ACT CTT GCC TCG TCC ACT C) [11]; osterix (GCA GCT AGA AGG GCG TGG
TG, GCA GGC AGG TGA ACT TCT TC) [13]; collagen1-Col-1 (GGA CAC AAT GGA
TTG CAA GG, TAA CCA CTG CTC CAC TCT GG) [14]; osteocalcin-OCN (ATG AGA
GCC CTC ACA CTC CTC, GCC GTA GAA GCG CCG ATA GGC) [14]; GAPDH (TGA
AGG TCG GAG TCA ACG GAT TTG GT, CAT GRG GGC CAT GAG GTC CAC CAC)
[12]. PCR products were analyzed on a 1.5% agarose gel with ethidium bromide staining.
Imaging was obtained using a Fluor-S system (Biorad).

Mineralization Assays by Alizarin Red S and von Kossa Staining
Cell cultures were fixed in 4% paraformaldehyde for 30 minutes, washed twice with PBS
and then stained. Alizarin Red S (Sigma) staining was used to determine the presence of
mineralized nodules. Fixed cells were incubated for 1 hour in 1% Alizarin Red S solution
and then washed twice with water. Von Kossa staining was used to determine the presence
of phosphate. Fixed cells were incubated for 1 hour in 5% AgNO3 solution and exposed to
bright light for at least 30 minutes. For mineralization quantification, Alizarin Red S
precipitate was extracted using a 10% acetic acid/20% methanol solution for 45 minutes.
Spectrophotometric measurements of the extracted stain were made at 450 nm.

Immunofluorescence
Cell cultures were fixed for 30 minutes at room temperature with 4% paraformaldehyde.
After washing with PBS, cells were permeabilized for 10 minutes with 10% (v/v) Triton
X-100 in PBS, then washed twice with a serum wash containing 1% (v/v) sodium azide,
followed by a blocking step containing 0.5% (v/v) Triton X-100 and 1% (v/v) sodium azide
for 30 minutes at room temperature. Dilution buffer containing 2 μg/ml polyclonal rabbit
anti-human osteocalcin (Santa Cruz Biotechnology, Santa Cruz, CA) was added and
incubated at 4°C overnight. Following incubation, the cells were rinsed twice with serum
wash and incubated in the dark with 8 μg/ml FITC-labeled secondary antibodies for 30
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minutes and counterstained with DAP1. The cells were then washed with PBS and
fluorescence was observed using a Nikon Eclipse TE3000.

Statistical Analysis
Results were evaluated using the student t test. Statistical significance was set at the 95%
confidence level with a p-value < 0.05.

Results
hESCs Undergo Osteogenic Differentiation and Give Rise to Condensed Mineralized
Nodules in the Presence of hBMSCs

Human bone marrow stromal cells are able to differentiate into osteoblasts both in vitro and
in vivo. Therefore, we postulated that exposing hESCs to hBMSCs undergoing osteoblastic
differentiation would stimulate differentiation of hESCs along the osteogenic lineage [4-7].
For the transwell co-culture experiments, we used EB-derived cells. Human ESCs were
plated onto gelatin-coated 6-well plates two days prior to co-culture with hBMSCs. Prior to
plating the hESCs, hBMSCs were seeded onto gelatin-coated 0.4 μm pore transwell inserts
and differentiated in growth medium plus defined osteogenic supplements (OS) for 7 days,
14 days, or 24 days. As controls, hESCs were co-cultured with undifferentiated hBMSCs or
cultured alone in growth medium without osteogenic supplements (GM). At each specific
time point (7, 14 or 24 days), the differentiated hBMSCs were added to the hESCs that had
been plated onto gelatin-coated 6-well plates. The two cell types were then co-cultured in
GM for an additional 28 days. Since the two cell types were not in direct physical contact,
the hESCs were exposed to soluble signaling factors derived only from differentiated
hBMSCs. In addition, hESCs were grown in osteogenic medium as previously described
[1,3].

Mineralized nodule formation is the hallmark of in vitro osteogenic differentiation.
Therefore, after 28 days the cells and extracellular matrix (ECM) produced by co-cultures
were stained by von Kossa and Alizarin Red to detect the presence of phosphate and
calcium, respectively [15,16]. The hESCs in co-culture with 14 day differentiated hBMSCs
formed bone nodules that stained positively for von Kossa and Alizarin Red (Figure 1C, D).
In contrast, cells grown with undifferentiated hBMSCs only showed minimal levels of
mineral deposition and weak staining (Figure 1A, B). As expected, the hESCs grown in the
presence of osteogenic supplements for 28 days stained positive for a mineralized matrix
(data not shown).

Calcium deposition can also be quantified by extracting the Alizarin Red stain and
subsequent spectrophotometric readings of Alizarin Red uptake. Therefore, we also
performed quantitative Alizarin Red assays to assess the extent of bone nodule
mineralization. There was a marked increase in mineralization within the transwell co-
cultures with differentiated hBMSCs as compared to the controls. The hESCs exposed to
hBMSCs differentiated for 7 days showed a 1.7-fold increase in Alizarin Red concentration
(μg/ml) above control, a 2.5-fold increase for 14 day differentiated hBMSCs, and a 1.8-fold
increase for cells exposed to hBMSCs differentiated for 24 days (Figure 2). Taken together,
the upward trend of Alizarin Red content and greater von Kossa staining indicates that
higher levels of mineral deposition could be found in hESCs exposed to differentiating
hBMSCs.
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hESCs Respond to the hBMSC Transwell Co-Culture System and Express Osteogenic
Specific Markers

Osteoblastic lineage commitment can be observed by the expression of bone specific
transcription factors runx2 and osterix, and with collagen type I production. Runx2 is a
homolog of the Drosophila Runt protein that acts as a transcriptional regulator of osteoblast
differentiation, and osterix is a zinc finger containing transcription factor required for
osteoblastic differentiation that acts downstream of runx2 [17,18]. Collagen type I is the
most abundant protein found in bone ECM [19].

Therefore, in order to further confirm osteogenic differentiation, we analyzed the expression
of these bone markers after 28 days in co-culture (Figure 3). RT-PCR analysis demonstrated
that undifferentiated hESCs exhibit strong expression of the hESC pluripotency markers
Oct-4 and Nanog, whereas they were absent in the transwell co-cultures and OS conditions
(Figure 3, Lane 1).

In the presence of OS, there was a significant induction of osteogenic marker expression in
hESCs [3,15]. The transwell co-cultures also led to the induction of osteogenic gene
expression, although it was not as robust. There were modest levels of bone specific gene
expression by cells in co-culture with undifferentiated hBMSCs (Figure 3, Lane 4).
However, gene expression of osteo-specific markers was upregulated in hESCs in the
presence of differentiated hBMSCs (Figure 3, Lanes 5-7).

hESCs Co-Cultured with Differentiated hBMSCs Secrete the ECM Protein Osteocalcin
Fully differentiated osteoblasts have the ability to form three-dimensional nodules with
many of the immunohistochemical markers of bone and also form mineralized matrix. These
nodules are thought to represent the end stage of differentation of osteoprogenitor cells in
vitro [20]. It has also been shown that three-dimensional bone nodules derived from hESCs
stain positive for osteocalcin (OCN) [15]. Results from our study show that immunostaining
with antibody to OCN had strong immunoreactivity localized to clusters of hESCs co-
cultured with 7, 14, and 24 day differentiated hBMSCs, whereas there was no evidence of
OCN staining for hESCs exposed to undifferentiated hBMSCs (Figure 4). We believe the
clusters that formed in the differentiated hBMSC transwell co-cultures are condensed bone
nodules comprised of hESC-derived osteoblasts that secrete osteocalcin. The hESCs readily
adhered to the culture plates and proliferated extensively in the presence of hBMSCs as
evidenced by DAPI staining (Figure 4). As compared to hESCs grown alone or with
undifferentiated hBMSCs, the cells in transwell co-culture with differentiated hBMSCs
displayed bone nodule formation and mineralized matrix deposition.

Discussion
Bone marrow is a complex tissue comprised of hematopoietic precursors, as well as a
connective tissue network referred to as bone marrow stroma. It has been demonstrated that
culture-adherent cells present in the marrow stroma have the capability to differentiate along
multiple mesenchymal lineages [21]. Therefore, within the stroma itself exists a
heterogeneous population of cells including osteoprogenitor cells that can proliferate and
differentiate into mature osteoblasts. These multipotent cells are referred to as mesenchymal
stem cells (MSCs), and have been serially passaged without lineage progression and
subsequently shown to form cartilage, bone, fat and mature stromal cell lineages [2,5,22-24].
Due to our knowledge about the differentiation potential of human MSCs, we hypothesized
that exposing hESCs to hBMSCs at various time points along the osteogenic differentiation
pathway would contribute to directed osteoblastic differentiation of hESCs. The temporal
expression of cell growth and osteoblast phenotype-related genes during osteoblast growth
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and differentiation has been established for primary osteoblasts, where three principle
periods of osteoblast phenotype development have been identified – proliferation, ECM
development and maturation, and mineralization phases [25]. During the proliferation phase
(approximately 0-12 days in culture) collagen type I is predominantly expressed. The ECM
development and maturation phase (approximately 12-21 days in culture) is characterized by
high alkaline phosphatase expression, and within the mineralization phase (approximately
21-35 days in culture) osteocalcin is highly expressed as cell aggregates, or nodules, become
mineralized in the presence of dexamethasone, ascorbic acid and β-glycerophosphate [25].
Therefore, we chose to differentiate our hBMSCs for 7, 14, and 24 days to determine if
soluble factors secreted at different developmental time points would contribute to hESC
differentiation.

Mineralization assays, RT-PCR and immunohistochemistry data described in this study
show that by exposing the hESCs to soluble factors secreted by differentiated hBMSCs
during each of the osteoblast phenotype development periods, we were able to achieve
osteogenic differentation without the addition of any other exogenous factors. The
osteogenic response observed can be compared to that of hBMSCs in osteogenic medium
[22]. There were substantially higher levels of Alizarin Red staining found in hESC co-
cultures with differentiated hBMSCs than co-cultures with undifferentiated hBMSCs. More
specifically, the cells exposed to hBMSCs differentiated for 14 days gave rise to highly
mineralized bone nodules as evidenced by exhibiting the strongest von Kossa and Alizarin
Red staining, as well as the highest Alizarin Red concentration as compared to the other
transwell co-cultures. Although the increase in Alizarin Red content was not statistically
significant between the control transwell and differentiated hBMSC transwell co-cultures,
the 1.5-2.5 fold increase in concentration suggests that increased mineralization occurs when
hESCs are exposed to soluble factors derived from differentiated hBMSCs. Additionally, the
expression of bone-specific transcription factors, runx2 and osterix, as well as collagen type
I, further confirmed that we successfully obtained hESC-derived osteoblasts. Gene
expression of runx2, osterix, and collagen type I was found to be upregulated by co-culture
conditions with differentiated hBMSCs, which is consistent with a mature osteoblast
phenotype. There were low levels of bone specific gene expression within the control
transwell co-culture with undifferentiated hBMSCS, and this is likely due to the fact that
spontaneous differentiation occurs, thus yielding a small population of cells undergoing
osteogenic differentiation. When the cells were cultured in osteogenic supplements for 28
days there was significantly stronger induction of bone specific gene expression as
compared to the transwell co-cultures. This suggests that the growth factors secreted by the
hBMSCs are osteo-inductive, however, further investigation regarding the identification and
temporal expression of these secreted factors is needed to optimize this co-culture system.
Lastly, immunostaining of condensed bone nodules within the differentiated hBMSC
transwell co-cultures verified the presence of osteocalcin, a late marker of osteogenesis that
corresponds with induction of mineralization [2]. Such differentiation was not observed in
hESCs co-cultured with undifferentiated hBMSCs (Figure 4C).

Human embryonic stem cells hold promise for future regenerative medicine strategies. They
were first derived from the inner cell mass of blastocyst stage embryos and have since been
studied to determine their capacity to differentiate into all cell types [26,27]. Osteoblastic
differentiation of mouse, human, and monkey embryonic stem cells in vitro has previously
been shown using the traditional osteogenic supplements dexamethasone, ascorbic acid and
β-glycerophosphate [2,28,29]. Additionally, co-culture systems have been used to direct
differentiation of both murine and human ES cells. Murine ES cells were shown to
differentiate into osteoblasts using fetal murine osteoblasts in transwell co-culture, and
hESCs were shown to differentiate into osteoblasts using direct co-culture with primary
bone derived cells [28,30]. Also, hESCs have been proven to have the capacity to
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differentiate into cartilage both in vitro and in vivo when exposed to primary chondrocytes
in a transwell co-culture system [31].

This study differs from previous reports on the osteogenic differentiation of hESCs in two
important ways: 1) Using an indirect transwell co-culture system; and 2) Controlling the
state of differentiation of hBMSCs to induce hESC differentiation. The osteogenic response
of the hESCs to the co-culture system may be explained by the fact that differentiated
hBMSCs provide necessary osteo-inductive signals. Collectively, these data strongly support
the hypothesis that the lineage progression of hESCs to osteoblasts can be directed by
soluble signaling factors secreted by differentiated hBMSCs within the local cell
environment. This co-culture system indicates the importance of cellular communication and
coordination; therefore, determining the role of pro-osteogenic growth factors derived from
hBMSCs and the influence of the microenvironment on osteogenic hESC differentiation is
essential. Understanding the regulatory mechanisms that control osteoblastic differentiation
will provide segue towards developing a useful cell source for bone tissue engineering
repair. Future studies include performing proteomic analyses to identify and define the
secreted factors, as well as systematically altering the microenvironment to further
investigate the co-culture system we have developed and how it contributes to the
osteogenic lineage progression of hESCs.
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Figure 1.
Human embryonic stem cells mineralize when co-cultured with differentiated hBMSCs.
hBMSCs were grown on transwell inserts in osteogenic induction medium for 14 days.
Differentiated hBMSCs were co-cultured with hESCs for an additional 28 days. Von Kossa
(A, C) and Alizarin Red S (B, D) staining of hESCs co-cultured with differentiated or
undifferentiated hBMSCs. Magnification = 10×.
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Figure 2.
Quantitative analysis of Alizarin Red assays. hBMSCs were grown on transwell inserts in
osteogenic induction medium for 7, 14 or 24 days. Differentiated hBMSCs were co-cultured
with hESCs for an additional 28 days. Comparison of Alizarin Red staining between co-
cultures with undifferentiated hBMSCs and experimental groups consisting of 7, 14 and 24
day differentiated hBMSCs.
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Figure 3.
Human embryonic stem cells express osteoblastic markers when co-cultured with
differentiated hBMSCs. hBMSCs were grown on transwell inserts in osteogenic induction
medium for 7, 14 or 24 days. Differentiated hBMSCs were co-cultured with hESCs for an
additional 28 days. Lane 1: undifferentiated hESCs; lane 2: hESC in growth medium; lane 3:
hESC in osteogenic medium; lane 4: transwell co-culture with undifferentiated hBMSCs
(control); lane 5: transwell co-culture with 7 day differentiated hBMSCs; lane 6: transwell
co-culture with 14 day differentiated hBMSCs; lane 7: transwell co-culture with 24 day
differentiated hBMSCs.
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Figure 4.
Human embryonic stem cells express osteocalcin when co-cultured with differentiated
hBMSCs. hBMSCs were grown on transwell inserts in osteogenic induction medium for 24
days. Differentiated hBMSCs were co-cultured with hESCs for an additional 28 days.
Expression of osteocalcin with DAPI counterstaining of hESC co-cultures with
undifferentiated hBMSCs (A-C) and 24 day differentiated hBMSCs (D-F). Magnification =
10×.
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