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ABSTRACT  
The directed differentiation of human embryonic stem cells [hESC] using an easy and reproducible protocol into specific lineage cells is a 
perquisite for the clinical use of hESC in regenerative medicine protocols.  Here, we report the ability to generate mesodermal stem cells 
with differentiation potential to osteoblasts. We demonstrated that during hESC differentiation as EmbryoidBodies [EB], EBs express 
different marker and proteins form the three germ layers, however the mesodermal germ layer is preferred by the default spontaneous 
differentiation. We employed sorting of the mesodermal lineage from EBs based on different cell surface markers, including CD29, CD166 
and CD34. Single cell sorting by using flowcytometry [FACS] showed that sorting based on CD29 and CD166 did not sort out a clear 
mesenchymal population. On the other hand, when we sorted the EB cells based on CD34 we demonstrated a rue mesenchymal population 
that differentiated into osteogenic lineage. In conclusion we have demonstrated that when hESCs are differentiated spontaneously as EBs in 
serum free media, they tend to differentiate into the mesodermal layer. Further isolation of CD34 positive cells from fifteen days old EBs 
gives rise to mesenchymal like cells that have osteogenic differentiation ability.  
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INTRODUCTION 
 
 EB formation of hESC is starts by enzymatic dissociation of hESC colonies into small clumps and 
differentiation is initiated by removal of bFGF and 2-mercaptoethanol, as well as culturing the dissociated cells 
in ultra-low adhesion culture dishes [ 1, 2, 3]. The length of EB culture time is dependent upon the ultimate 
target cell type and EB differentiation appears to correlate well with post-implantation development of embryos[ 
4]. However, EBs formed under these conditions are heterogeneous population of cells and express markers of 
various cell types including those from all three germ layers [5]. However, recent studies have shown that hESC 
lines when differentiated under equivalent conditions can have preferred lineage specificity. Two of the three 
independently derived hESC cell lines preferred to differentiate to the neuronal germ lineage, whereas the third 
differentiated to a mesendodermal lineage [6]. Another study performed by Douglas Melton and colleagues 
compared the differentiation potential of 17 hESC lines. In this study it was shown that some lines exhibited a 
marked propensity to differentiate into specific lineages [Osafune et al. 2008 7], this study suggests that the 
differentiation potential of individual hESC lines is different and therefore optimization is needed before 
applying protocols between differing cell lines. 
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MATERIALS AND METHODS 
 
Undifferentiated hES cells: 
 All tissue culturing were carried out using sterile technique under laminar flow conditions. Cells were 
grown at 37 °C in an atmosphere of 5% CO2 and a relative humidity of 90-100%.The undifferentiated hES cell 
line used HUES9, was obtained from Howard Hughes Medical Institute, Harvard University. Undifferentiated 
hES cells were maintained on a feeder layer of mitotically inactivated mouse embryonic fibroblast [MEF] cells 
in Knockout Dulbecco's Modified Eagle's Medium [KO-DMEM] [Invitrogen] supplemented with 15% 
Knockout Serum Replacement [KO-SR] [Invitrogen], 0.5% human serum albumin [ZLB Behring], 0.1 mMβ-
mercaptoethanol [Sigma], 1% MEM non-essential amino acids solution [Invitrogen], 2mM glutamine as 
Glutamax-I [Invitrogen], 50 units/ml penicillin and 50 μg/ml streptomycin [Invitrogen], and 5-10 ng/ml 
recombinant human basic fibroblast growth factor [bFGF] [Invitrogen]. Before plating of cells, tissue culture 
plates [Nunc] were coated with 0.1% gelatine [Sigma] for approximately 30 minutes at room temperature [RT]. 
The MEF cells were expanded in KO-DMEM supplemented with 10% foetal bovine serum [FBS] [PAA], 2 
mMGlutamax-I, 50 units/ml penicillin, and 50 μg/ml streptomycin. MEF cells were mitotically inactivated by γ-
irradiation [266.7 rads/min for 15 minutes]. Prior to inactivation, the MEF cells were washed once with D-PBS-
/- [Invitrogen] chelating Mg2+ and Ca2+ from adhesive proteins followed by enzymatic dissociation with 
0.05% trypsin with 0.53 mM EDTA [Invitrogen] for 1-2 min at 37ºC. Trypsin was removed and inactivation 
was carried out by γ-irradiation for 15 minutes at 266.7 rads/min. The MEF cells were stored in vials of 1.5 x 
106 and 5 X 106 cells in 0.5 ml freeze media [90% MEF media and 10% dimethyl sulphoxide [DMSO] [Sigma]] 
at –150 ºC.One day in advance of passaging the hES cells, plates with MEFs were prepared by seeding 20.000 
cells/cm2 MEF cells onto gelatinprecoated plates. The MEF cells were allowed to attach for approximately 24 
hours, after which the media was changed to hES media for at least 3-4 hrs or overnight [O.N.] for conditioning 
the hES media. Human ESC colonies were passaged at 1:3 – 1:6 split ratio every 4-7 days by trypsinization. 
When cultures reached sub-confluence, the colonies were gently washed with PBS-/- and 0.05% trypsin/EDTA 
was added. The detachment was observed under the microscope. When the MEF cells had rounded up and 
mostly detached, trypsin was aspirated and pre-warmed hES media was added to the colonies. Human ESC 
colonies were scraped off the dishes and gently pipetted up and down to break up large clumps containing 50-
100 cells. Subsequent the cell suspension was transferred to the pre-prepared MEF culture plates containing 
conditioned hESC media. In between split days, a half media change was performed every day. 
 
Formation of human embryoid bodies: 
 To induce differentiation hESCs were disaggregated, using trypsin/EDTA [0.1%/ 1 mM, Gibco], into small 
clumps containing 5-10 cells. The small cell clumps were transferred to low adhesion plastic Petri dishes [Costar 
Ultra Low Attachment; Corning Life Sciences, Acton, MA] in culture media without bFGF and β-
mercaptoethanol in KO-DMEM supplemented with 15% KO-SR, 0.5% human serum albumin, 1% MEM non-
essential amino acids solution, 2mM Glutamax-I, 1% penicillin/streptomycin. In case of addition of growth 
factor/cytokine then it was applied from day 0 together with a matched control solvent. Human EBs were 
analysed at different time point [3, 5, 10, 15, 20 days after EB formation] of differentiation for following the 
gene- and protein- expression pattern of mesoderm development. 
 
Flow cytometry: 
 Cells were harvested using 0.05% trypsin-0.53 mM EDTA [Gibco] and after neutralization resuspended in 
FACS buffer [phosphate-buffered saline [PBS] 0.5% BSA] at a concentration of 106 cells per ml. For each 
antibody used, 105 cells were stained. Antibodies for CD29 FITC [ABCAM], CD44PE, CD63FITC, CD73PE 
and CD166PE, isotype control IgG1-FITC, IgG1-PE were from BD Biosciences [San Diego, 
http://www.bdbiosciences.com]. Staining with appropriate dilution of the antibody was performed for 40 min on 
ice in FACS buffer. After two washes, the cells were resuspended in FACS buffer and at least 10,000 events 
were acquired for each sample using a FACSCalibur or FACSCan [BD Biosciences]. 
 
Fluorescence activated cell sorting [FACS]: 
 FACS is a specialized type of flow cytometry. FACS is a method for sorting a heterogeneous population of 
cells into several homogeneous subtypes, based on surface marker expression and morphology of the cells. 
Immediate after the single cells have been illuminated and analyzed, a vibrating mechanism breaks the stream of 
cells into droplets, containing one cell per droplet. By charging the droplets, based on the fluorescent character 
of the each cell, the droplets are diverted into different tubes. Cell sorting was carried out on a FACSVantage 
with BD FACSDiVa option [Becton Dickinson]. Preparation and labelling of cells for sorting were carried out 
as described above at 4◦C all time. The sorted fraction was collected in Falcon 5 ml tubes containing 1/3 media 
for further cell culture and the sorted cells were plated as soon as possible.  
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Osteoblast differentiation: 
 Osteoblast differentiation was performed in 4-well plates; the differentiation was started when the cells 
were 70-80% confluent, which preferably was the day after seeding the cells. Trypsinised cells, were counted, 
and seeded at a density of 1 X 105 cells/well in 6 well plates in normal growth media. When the cells were 70-
80% confluent [≈ 1 day after seeding], the media was changed to Osteoblast media containing; 100 µg/ml 
Vitamin C, 10 mM β-glycerophosphate and 10 nM dexamethasone. Control cells are grown in αMEM+10% 
FBS. The media was changed every third day over the period of 2-3 weeks.For mineralization, the cells were 
stained in the well. Assessment of in vitro mineralization was performed employing the alizarin red S [AR-S] 
staining. Cells were cultured in control and osteogenic medium for 20 days. The cells were washed in PBS, 
fixed in 70% ethanol at -20°C for 1 h, and rinsed in dH2O. The cultures were stained with 40 mM AR-S [Sigma-
Aldrich] [pH 4.2] for 10 min at RT with rotation. Cells were then rinsed with dH2O followed by a wash with 
PBS [with rotation] to reduce non-specific staining. 
 
Results: 
 To date no single marker has been identified as specific and exclusively expressed on MSCs, therefore 
we aimed to use different MSC markers to obtain a homogeneous MSC-like cell population. These markers 
were based on our study of spontaneous differentiating hEBs. Ten-day-old hEBs were trypsinized into single 
cells in suspension and prepared for FACS-mediated purification in PBS containing 2% BSA. To minimize any 
proliferative activity all cell handling was performed at 4◦C. The cells were stained with a CD29 [integrin β-1, 
fibronectin receptor beta subunit]-FITC labelled antibody and sorted on FACSDiva [BD] for both positive and 
negative selection [ 
Fig. 1A]. The integrin β-1 has been shown to be essential for chondrocyte differentiation and proliferation; it has 
also been shown that CD29 is essential for endochondral ossification [8]. An average of 34% CD29+ cells were 
obtained from 10-day-old hEBs. After sorting, the cells were plated onto pre-coated cell culture dishes in KO 
media containing 15% serum replacement [SR]. Different media formulations as well as different adhesive 
substrates were tested in order to establish a defined culture system suitable for maintenance and in vitro 
differentiation of hESC-derived MSC-like cells. KO media + 15% FBS, KO media + 15% SR [KOSR] and 
chemically defined media [CDM] were tested in combination with the following extracellular matrix materials: 
Matrigel®, fibronectin, laminin and gelatin [Table 1]. Culture conditions were tested on both sorted and non-
sorted cells, the condition that combined CDM media with Matrigel or fibronectin showed very limited 
attachment, the other substrates did not exhibit any attachment at all. Conversely, media containing 15% FBS 
showed complete attachment on any surface. To minimize the use of animal products in the culture we tested 
KOSR media. All coating substrates were able to support initial cell attachment to cells plate in combination 
with media containing KOSR. However, in long-term culture [<5 passages] the cells attached and grew only on 
plates coated with fibronectin, this matrix therefore proved the best for long-term culture [Table 1]. From this 
experiment, we determined to use fibronectin as our main coating substrate. 
 After passaging the sorted cells two times, the sorted cells were characterized by immunostaining and 
flow cytometry. The FACS analysis revealed that both +ve and –ve sorted cells were negative for CD166 [ 
Fig. 1A] and positive for identical surface markers: CD29 [97%, 95%], CD44 [96%, 91%], CD63 [17%, 20%] 
[Data not shown].  
Fig. 1B shows a table comparing cell surface marker expression of 10-day-old hEBs, hEB monolayer cells, 
CD29 +ve and –ve sorted cells. The table shows that non-sorted hEB cells cultured as monolayer turned out to 
be positive for CD29 [95%], CD44 [95%] and CD63 [44%]. The difference observed between sorted and non-
sorted cells was the expression level of CD73 that was 97% in sorted population versus9% in non-sorted [ 
Fig. 1B]. In addition to this, we attempted to sort out CD166 positive cells, CD166 is also known as Melanoma-
associated antigen MLA1, and is widely used as a marker of MSCs. Although hESCs were sorted using CD166 
antibody the cells lost the expression of CD166 following plating [ 
Fig. 1C]. Hereafter, we endeavored to use the broad-spectrum marker CD34 for sorting hEB cells. C34 is an 
early mesoderm, hematopoietic [9] and satellite cell [10] markers. For this study, we used 15-day-old hEBs as 
expression of CD34 was not observed prior to day-15 of differentiation [data not shown], 6% of cells proved to 
be CD34+ in hEBs [ 
Fig. 2]. Despite the fact that CD34+ sorted cells lost their expression of CD34, there was a morphological 
difference between the +ve and –ve sorted cells [ 
Fig. 2]. Positive sorted cells had a distinct morphology with flat and fibroblast like cells whereas –ve 
demonstrated to have cobblestone-like morphology [Fig. 2]. Next we tested their ability to differentiate into the 
osteogenic lineage by inducing the cells with osteogenic media for 20 days, we demonstrated matrix 
mineralization in +ve cells whereas –ve sorted cells did not show any mineralization [ 
Fig. 2]. Calcium nodule formation and osteogenic markers was significantly different between the two cell 
populations.   
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 In order to establish culture conditions for hESC-derived MSC-like different adhesive substrate and media 
formulation were evaluated. [-]: no plating, [+]: initial plating, [+++]: successive prolonged plating [more the 5 
passages]. 
 
Table 1: Plating efficiency of different adhesive substrate and media. 

Variables CDM KO media + 15% FBS KO media + 15% SR 
Matrigel + +++ + 

Fibronectin + +++ +++ 
Laminin - +++ + 
Gelatin - +++ + 

Plastic surface - +++ - 

 

 
 
Fig. 1: Sorting out a homogeneous MSC-like cell population from hESCs.  
 
 [A] Ten day old hEBs were trypsinized and sorted on FASCDiva [BD] for CD29-FITC +ve and –ve 
sorting. Sorted cells plated onto fibronectin pre-coated cell culture dishes and chamber slides for 
immunostaining. Both +ve and –ve sorted cells were immunostained for CD29, CD44, CD63 and CD166 and 
analysed by flow cytometry. [B] Table showing analysis of MSC marker expression in 10-day-old hEBs, 10-
day-old hEB monolayer cells and CD29 +/- sorted cells performed by flow cytometry. [C] Ten-day-old hEBs 
sorted based on CD166 marker +ve and –ve sort stained for CD166. 
 [A] Fifteen-day old hEBs sorted based on the haematopoietic and satellite cell marker CD34 the +ve and –
ve sorted cells were differentiated in the presence of osteogenic mixture and stained for mineralization using 
Alizarin-red.  
 
Discussion: 
 We and other previous publications from mouse [8] and human [9,10,11] ESCs have shown that early 
mesoderm markers are expressed during hEB formation. Our profiling of these cells during 15 days of EB 
differentiation has confirmed these results and further elucidated their expression profile during hEB formation 
and differentiation. We have in this study used the hEB model for hESC differentiation since this model system 
simulates early embryonic development. When mouse ESCs are allowed to differentiate as mouse embryoid 
bodies [mEBs] the cells are organized into an outer epithelial layer of primitive endoderm surrounding a 
population of epiblast-like cells [12,13,14]. This inner population often cavitates, forming hollow regions lined 
by polarized epithelium[15]. Morphological similarity to the developing embryo is, however, limited, because 
EBs shows no visible signs of polarized axis formation, and further morphogenesis appears chaotic. Despite this 
disorganization, as ES cells differentiate, they activate a well-conserved cascade of genes that govern the earliest 
events of gastrulation and germ layer formation [2]. Many studies have used the EB approach for osteogenic 
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differentiation; however, no study has differentiated hEBs for 15 days and showed a marked up-regulation in 
MSC cell surface markers. 
 By presenting these data, we have shown that spontaneous differentiation of hESCs in KO-medium 
supplemented with 15% KOSR, without any addition of exogenous growth factors, gives rise to mesenchymal 
and endothelial cell populations. MSC markers tested on differentiating hEBs showed a gradual increase during 
the 15 days of differentiation. The highly expressed MSC marker CD29 [16], has been reported by a recent 
study to be highly expressed in undifferentiated hESCs both on protein and mRNA level, this makes CD29 a 
pluripotent marker, further they showed that CD29 expression is down-regulated upon EB formation [5]. Our 
results from both immunostaining and flow cytometric analysis showed that 62% of the undifferentiated hESCs 
express CD29 and that the expression increases during differentiation to 88% positive cells at day 15 of hEB 
development. When Cai and colleagues employed 20% KOSR supplemented with 5% FBS for hEB formation 
and differentiation, no expression of CD29 was observed in these EBs, high level of KOSR could be the reason 
for these contradicting results. This could indicate that hEB formation in 15% KOSR is not differentiating the 
cells but keeping them in a state of pluripotency. However, the OCT4 expression in hEBs clearly showed a 
down-regulation of the expression during development of hEBs, which indicate that differentiation, did occur. 
  

 
 
Fig. 2: Osteoblast differentiation of CD34+ sorted cells from 15 days old hEBs.  
 
 Increasing the period employed for EB formation above a 15-day period revealed to be a disadvantage as 
from day 15 onwards the hEBs become vacuolated and dissociation to single cell or outgrowth as a monolayer 
culture was difficult. Trypesinization of 20-day-old hEBs into single cell population was possible nevertheless, 
after trypsinization when cells were analyzed they had lost many of the epitopes and therefore could not be used 
for FACS. hEB single cells from day 10 and 20 without sorting did attach to fibronectin coated culture dishes in 
15% KOSR media, and day 20 cells showed osteogenic differentiation. Sorting out a cell population based on 
any of the MSC marker expressed in hEBs did demonstrate to solve the problem of heterogeneity? Our study 
demonstrated that sorting changes the expression pattern of hEB cells.   
 
Conclusions: 
 In summary, we have shown that hEBs developed and differentiated in KOSR-medium tend to differentiate 
spontaneously into mesoderm cells, which has the ability to differentiate into chondrocytes and bone in vivo. 
However, these MSC-like cells have been difficult to isolate and differentiate into all MSC derivatives in vitro. 
Although this study has its limitations, such as long-term hEB culture, undirected differentiation and the hEBs 
failing to differentiate into osteogenic lineages in vitro, the results have shown that the hEB differentiation 
model has a preferential bias towards mesodermal lineages. Furthermore, sorting out a MSC-like cell population 
provided a homogeneous cell population based on cell surface markers; the morphology was equivalent with 
that of MSCs. Moreover, we did see difference between the positive and negative sorted cells; in fact the results 
showed that sorting cells from hEBs showed high expression profile of tested MSC markers. Among the sorted 
cells CD34+ cells showed osteogenic differentiation ability. 
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