
1

Title: Differences in osteogenic differentiation of embryonic stem cells and primary

osteoblasts, revealed by responses to IL-1β, TNF-α and IFN-γ. 

Running Title: Osteogenesis of mESCs compared to primary osteoblasts.

Authors: Laura E. Sidney PhD, Glen R. Kirkham PhD, Lee D. Buttery PhD

Author’s Institution: Division of Drug Delivery and Tissue Engineering, School of Pharmacy,

University of Nottingham, UK

Contact Information:

Dr. Laura E. Sidney: Division of Drug Delivery and Tissue Engineering, School of Pharmacy,

Centre for Biomolecular Sciences, University of Nottingham, NG7 2RD, UK. Email:

laura.sidney@nottingham.ac.uk, Tel: +44 (0)115 924 9924.

Dr. Glen R. Kirkham: Division of Drug Delivery and Tissue Engineering, School of

Pharmacy, Centre for Biomolecular Sciences, University of Nottingham, NG7 2RD, UK.

Email: glen.kirkham@nottingham.ac.uk, Tel: +44 (0)115 823 2003.

Dr. Lee D. Buttery (Corresponding Author): Division of Drug Delivery and Tissue

Engineering, School of Pharmacy, Centre for Biomolecular Sciences, University of

Nottingham, NG7 2RD, UK,

Email: lee.buttery@nottingham.ac.uk, Tel: +44 (0)115 846 7857



2

Abstract

There are well-established approaches for osteogenic differentiation of embryonic stem cells

(ESCs), but few show direct comparison with primary osteoblasts or demonstrate differences

in response to external factors. Here, we show comparative analysis of in vitro osteogenic

differentiation of mouse ESC (osteo-mESC) and mouse primary osteoblasts. Both cell types

formed mineralized bone nodules and produced osteogenic extracellular matrix (ECM), based

on immunostaining for osteopontin and osteocalcin. However, there were marked differences

in the morphology of osteo-mESCs and levels of mRNA expression for osteogenic genes. In

response to addition of ‘proinflammatory’ cytokines interleukin 1-β (IL-1β), tumor necrosis 

factor-α (TNF-α) and interferon-γ (IFN-γ) to the culture medium, primary osteoblasts showed 

increased production of nitric oxide (NO) and prostaglandin E2 (PGE2) at early timepoints and

decreases in cell viability. In contrast, osteo-mESCs maintained viability and did not produce

NO and PGE2 until day 21. The formation of bone nodules by primary osteoblasts was reduced

markedly after cytokine stimulation, but was unaffected in osteo-mESCs. Cell sorting of osteo-

mESCs by cadherin-11 (cad-11) showed clear osteogenesis of cad-11+ cells, compared to

unsorted osteo-mESCs and cad-11- cells. Moreover, the cad-11+ cells showed a significant

response to cytokines, similar to primary osteoblasts. Overall, these results show that while

osteo-mESC cultures, without specific cell sorting, show characteristics of osteoblasts, there

are also marked differences, notably in their responses to cytokine stimuli. These findings are

relevant to understanding differentiation of stem cells and especially developing in vitro models

of disease, testing new drugs and developing cell therapies.
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Introduction

Demand for new treatments for skeletal diseases such as arthritis, osteoporosis and non-union

fractures has grown, as the global population expands and the proportion of elderly people

increases [1]. Regenerative medicine aims to provide a solution to these disorders; tissue

engineered constructs have the potential to act as bone grafts, with the establishment of a cell

population seeded within a construct. Osteogenic cells differentiated from embryonic stem cells

(ESCs) show promise for this objective and for the purposes of in vitro disease modeling [2-5].

A major challenge of utilizing ESCs for regenerative medicine purposes is the directed and

reproducible differentiation of the cells down an osteogenic lineage, to the exclusion of other

cell types.

In vivo, bone development is highly regulated and results in an organized and hierarchically

ordered structure [6]. Bone development progresses through distinct developmental stages

starting with the commitment of mesenchymal stem cells (MSCs) to the osteoblast lineage,

proliferation of osteoprogenitors and maturity of the differentiated osteoblast, leading to the

formation of mineralized extracellular matrix (ECM) [7]. To produce osteoblasts effectively

from ESCs, this progression needs to be followed in vitro.

In vitro differentiation of osteoblasts results in the formation of distinct colonies of mineralized

bone-like matrix, known as bone nodules [8,9]. The ECM deposited by osteoblasts in vitro has

been shown to include collagen-I (col-I), fibronectin, osteocalcin (OCN) and osteopontin

(OPN), and staining for these proteins is often most predominant around the mineralized

nodules [10-13]. The process of osteogenesis is coordinated by various transcription factors,

with Runx2 and osterix being regarded as key regulators [14-16].



4

Both mouse [17,18] and human ESCs [19-21] have been shown to display the features of

osteogenically differentiated cells in vitro, exhibiting molecular and structural features

resembling bone tissue by the formation of mineralized bone nodule structures. The majority

of osteogenic protocols for ESCs direct cell differentiation by including factors in the culture

medium, such as β-glycerophosphate (BGP), ascorbate, dexamethasone, simvastatin, retinoic 

acid, vitamin D3 and bone morphogenic proteins (BMPs) [3,22-30]. Although, ‘traditional’

osteogenic differentiation strategies for ESCs, leads to the formation of bone nodules and

expression of osteogenic markers, little research has compared this to the in vitro differentiation

of osteoblasts.

Osteogenic differentiation is often shown by the presence of osteogenic markers, but it is also

useful to explore the functional biochemical response of the cells to certain stimuli, in

comparison to osteoblasts. In this study, we examine the responses of the cells to cytokines

associated with inflammation, including, interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-

α) and interferon-γ (IFN-γ).  These proinflammatory cytokines are proteins that co-ordinate 

local and systemic inflammation and have in vitro effects on osteoblast proliferation, collagen

synthesis, mineralization and ALP activity [31-35]. Responses to proinflammatory

environments can be measured by increased prostaglandin E2 (PGE2) and nitric oxide (NO),

changes in cell viability and expression of inducible enzymes [36,37]. The response of

osteoblasts to proinflammatory cytokines has been investigated extensively [31-38], whereas

little work has been performed on ESC-derived osteogenic cells. The impact of inflammation

in osteogenic differentiation may also be of some importance when producing a potential cell

therapy. A regenerative medicine product would be manufactured under favorable conditions,
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supporting cell growth and viability. Subsequently subjecting it to a damaged/diseased

environment could have a significant effect on the success or failure of the final therapy.

To progress ESCs to use in cell therapies and regenerative medicine, differentiation needs to be

fully validated, and it is likely that a cell selection step will be required to isolate the purified

cell population of interest. Currently, there is no commonly used cell surface marker of the early

osteoblast for cell sorting. In this study, we investigate cadherin-11 (cad-11) as a marker for the

purification of osteogenically differentiated ESCs. Cad-11 has previously been used to purify

ESCs [18], and is a cell adhesion molecule strongly associated with bone formation and

osteogenic differentiation [39,40].

In this study, we compare the osteogenic differentiation of mouse ESC (mESC) with mouse

primary osteoblasts, and subsequently study the differentiation of a subpopulation of ESC

selected for cad-11 expression. We describe significant differences in the osteogenic

differentiation of the cell types and show significant differences in responses of the cell types

to exposure to the proinflammatory cytokines interleukin-1β (IL-1β), tumor necrosis factor-α 

(TNF-α) and interferon-γ (IFN-γ).  

Materials and Methods

Cell Culture

Mouse embryonic stem cells (CEE line [41]) were cultured on a monolayer of mitotically

inactivated mouse fibroblasts (SNL line), as previously described [42]. Cells were maintained
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in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen, Paisley, UK) containing 10%

fetal bovine serum (FBS, Biosera, East Sussex, UK), 100 U/mL penicillin and 100 μg/mL 

streptomycin (Sigma, Poole, UK), 2 mM L-Glutamine (Sigma), 500 μM β-Mercaptoethanol 

(Sigma) and 500 U/mL leukemia inhibitory factor (LIF, Millipore, Watford, UK).

Primary calvarial osteoblasts were obtained from 1-3 day old CD1 mouse calvaria by sequential

enzymatic digestion. Calvaria were dissected and digested in a solution of 1.4 mg/mL

collagenase type IA (Sigma) and 0.5 mg/mL trypsin II S (Sigma). Cells released during the first

2 populations (10 minute digestions) were discarded, and populations of cells from the next 3

digestions (20 minute digestions) were plated in tissue culture flasks at a density of 6.6 x 103

cells/cm2. Cells were cultured in minimum essential medium-α (αMEM, Lonza, Belgium), 

containing 10% FBS (Sigma), 100 U/mL penicillin and 100 μg/mL streptomycin and 2 mM L-

Glutamine. For osteogenic differentiation, cells were plated at a density of 10,600 cells/cm2,

allowed to adhere overnight, and medium supplemented with 50 mM BGP (Sigma), 50 μg/mL 

ascorbate 2-phosphate (Sigma) and at points when proinflammatory cytokines were not present,

10 μM dexamethasone (Sigma).  

Osteogenic Differentiation of mESCs

Embryoid bodies (EBs) were formed from mESCs by mass suspension, in mESC culture

medium without LIF for 3 days. Trypsin-mediated dissociation of EBs, yielded a single cell

suspension that was plated at a density of 10,600 cells/cm2 in 0.1% (w/v) gelatin-coated well-

plates. Osteogenic differentiation was induced by supplementing medium with 50 mM BGP,

50 μg/mL ascorbate 2-phosphate and at points when proinflammatory cytokines were not 
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present, 10 μM dexamethasone. From this point forward, mESCs were referred to as osteo-

mESCs and treated identically to primary osteoblasts.

Alizarin Red S Staining

Cell monolayers were fixed in 10% (v/v) formalin and stained for the presence of calcified

matrix using a 2% (w/v) solution of alizarin red S (Sigma, pH 4.2) for 4 minutes at room

temperature. Images were taken with a Nikon Eclipse 90i stereo dissection microscope or Nikon

Eclipse TS100 inverted microscope with Hoffman contrast. Image analysis and quantification

of area stained was performed using ImageJ version 1.43U (NIH, USA).

Immunocytochemistry

Cell culture plates were fixed with a 4% solution of paraformaldehyde (Sigma) for 20 minutes.

After washing with PBS cells were permeabilized with 0.1% (v/v) Triton X-100 (Sigma) for 45

minutes and washed with PBS. After blocking nonspecific binding by incubating in 3% donkey

serum (Sigma) for 20 minutes, cells were incubated with primary antibodies at 4°C overnight.

After washing with PBS, cells were incubated with secondary antibodies (donkey Alexa-Fluor-

488 or 546, Invitrogen) for 1 hour at room temperature. Nuclear counterstaining with Hoechst

33258 was performed. Details of antibodies can be found in supplementary information Table

S1. Fluorescent images were captured and processed using a Leica DM-IRB, inverted

microscope and Volocity imaging software (Improvision, Coventry, UK).
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Real-time quantitative polymerase chain reaction (RT-qPCR)

RNA was extracted using an RNeasy kit (Qiagen, West Sussex, UK) according to

manufacturer’s instructions. Reverse transcription of 400 ng RNA into single stranded cDNA

was performed using the superscript II system (Invitrogen), according to manufacturer’s

instructions. RT-qPCR was performed on a MyiQ RT-PCR detection system (Bio-Rad, Ontario,

Canada) with iQ SYBR Green supermix (Bio-Rad). Efficiency and CT calculations performed

using online software based on a four parameter simple exponent model [43]. Expression levels

were calculated using an efficiency-corrected comparative threshold cycle (CT) method (EΔΔCT).

All values were normalized to the Rpl32 ribosomal protein gene. Primer sequences were as

follows: Rpl32 (Fwd) TTAAGCGAAACTGGCGGAAAC, (Rvs)

TTGTTGCTCCCATAACCGATG; Runx2 (Fwd) TGTTCTCTGATCGCCTCAGTG, (Rvs)

CCTGGGATCTGTAATCTGACTCT; Col1a1 (Fwd) GCTCCTCTTAGGGGCCACT, (Rvs)

CCACGTCTCACCATTGGGG; Opn (Fwd) AGCAAGAAACTCTTCCAAGCAA, (Rvs)

GTGAGATTCGTCAGATTCATCCG; Ocn (Fwd) CTGACCTCACAGATGCCAAGC, (Rvs)

TGGTCTGATAGCTCGTCACAAG.

Proinflammatory Cytokine Treatment

Recombinant human IL-1β, human TNF-α and mouse IFN-γ (R&D Systems), were added to 

the culture medium at a concentration of 1 ng/mL, 10 ng/mL and 100 ng/mL respectively,

unless otherwise stated. IL-1β and TNF-α have cross species reactivity between mouse and 

human, IFN-γ does not possess this property. Due to the anti-inflammatory properties of 
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dexamethasone, this was removed from osteogenic medium when the proinflammatory

cytokines were present.

Nitrite and Prostaglandin E2 Production

Nitrite and PGE2 in culture medium was measured after 48 hours proinflammatory cytokine

treatment at various stages of osteogenic culture. Nitrite was measured as an estimation of NO

production, using the Griess Reagent System (Promega, Southampton, UK) according to the

manufacturer’s protocol. Briefly, 50 μL of sample was transferred to a 96-well plate, 50 μL of 

1% sulphanilamide added and incubated for 5 minutes at room temperature, before 50 μL 0.1% 

N-(1-naphthyl)ethylenediamine (NED) added and incubated at room temperature. Absorbance

was measured at 540 nm, with correction at 690 nm, using a plate reader (TECAN Infinite 200

PRO). Concentration calculated from standard curve.

PGE2 concentration within culture medium was determined by enzyme immunoassay (EIA)

using a commercially available kit (Parameter™ PGE2 Assay, R&D Systems), according to the

manufacturer’s protocol. Briefly, a competitive binding EIA was performed on the 3-fold

diluted samples. Optical absorbance was read at 450 nm with correction at 570 nm. PGE2 in the

sample was determined using standard curves. Both nitrite and PGE2 values were corrected for

DNA content of formalin fixed cells, determined by fluorescent Hoechst readings, at excitation

wavelength 360 nm and emission wavelength 460 nm.

Cell Viability Assay
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Cells were plated in 96-well plates. A dose response of IL-1β, TNF-α and IFN-γ was performed 

by keeping the cytokines at a ratio of 1:10:100, but performing a serial dilution to lower the

total dose. Measurements of viability were taken using the CellTiter 96® AQueous One

Solution Cell Proliferation Assay (MTS assay, Promega, Southampton, UK) at certain

timepoints, as per the manufacturer’s protocol. Briefly, 20 μL MTS reagent was added to each 

cell-containing well, in 100 μL culture medium. Cells were incubated at 37°C for 1 hour before 

absorbance read at 490 nm with wavelength correction at 690 nm.

Alkaline Phosphatase Assay

After osteogenic culture, cell monolayers were lysed in a solution of 0.1 % (v/v) Triton X-100

in 0.2 M tris buffer and cell layer collected using a cell scraper. Samples were centrifuged at

10,000 x g for 10 minutes and transferred to a 96-well plate. ALP activity was assessed by

addition of 1 mg/mL p-nitrophenyl phosphate (pNPP) solution in 0.2 M tris buffer (Sigma)..

After 20 minutes incubation at room temperature optical absorbance was read at 405 nm. ALP

concentration was determined from a standard curve.

Magnetic-Activated Cell Sorting (MACS)

Osteo-mESCs were cultured on gelatin-coated flasks in osteogenic medium for 16 days. Cells

were removed from flasks and dissociated by trypsin/EDTA treatment and the cell suspension

passed through a 70 μm cell strainer to remove matrix components. Cells were resuspended in 

cad-11 primary antibody (R&D Systems) at 10 μg/mL for 5 minutes at room temperature, 

incubated in biotinylated secondary antibody (Vector) for 10 minutes at 4°C and finally
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incubated with anti-biotin magnetic microbeads (Miltenyi Biotec, Surrey, UK). Cells were

sorted for cad-11 expression using the MiniMACS™ separator in combination with MS

columns (Miltenyi). Both cad-11+ and cad-11- osteo-mESCs were plated at a density of 20,000

cells/cm2 in gelatin-coated well-plates and cultured in osteogenic medium.

Statistical Analysis

Statistical significance between groups was analyzed using PASW Statistics 18.0.3 software.

Two groups were compared by unpaired Student’s T-Test, multiple groups by one-way

ANOVA.

Results

Osteogenic differentiation of mESCs compared to primary osteoblasts.

In vitro osteogenic differentiation of mESCs was compared to the differentiation of mouse

primary osteoblasts (figure 1). After 21 days in osteogenic medium, both cell types showed

formation of specific areas of calcified matrix or bone nodules, revealed by alizarin red staining

(figure 1A). Subjective observation showed nodules were more abundant in osteo-mESC

cultures. Non-osteogenic controls showed little evidence of staining, although some diffuse,

non-specific background staining of the osteo-mESC matrix was present.

Immunocytochemistry at day 28, revealed staining for col-I and cad-11(figure 1B) and OPN

and OCN (figure 1D) within and around bone nodules formed by both cell types. Staining of

OPN and OCN in non-osteogenic medium was minimal. Visually, there were noticeably more
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cells present in osteo-mESC cultures and cells were smaller and more densely packed, as shown

by Hoechst stain.

RT-qPCR analysis of expression of Runx2, Col1a1, Opn and Ocn at day 18 of osteogenic

culture (Figure 1C) demonstrated significantly lower relative expression levels of all four genes

in osteo-mESCs, particularly osteocalcin, which is a late marker of osteogenesis.

Response of osteo-mESCs to proinflammatory cytokine treatment compared to primary

osteoblasts.

Preliminary work was performed investigating the response of the osteo-mESCs and primary

osteoblasts to individual cytokines and different combinations of cytokines. Nitrite

(supplemental figure S1) and PGE2 (supplemental figure S2) release shows that significant

responses were only seen from the primary calvarial cells when 2 or more cytokines were

combined, and were only seen from the osteo-mESCs when 3 cytokines were combined during

the later stages of osteogenic culture. From these results it was decided to use all three cytokines

in combination to achieve the maximum response.

Osteo-mESCs at different time points of culture, and osteoblasts at day 7 were exposed to IL-

1β, TNF-α and IFN-γ by addition to the culture medium for 48 hours. Nitrite (figure 2A), PGE2

(figure 2C) and expression of inducible nitric oxide synthase (iNOS), the enzyme that leads to

NO production and cyclooxygenase-2 (COX-2) and prostaglandin E synthase (PGES), the

enzymes leading to PGE2 (figure 2B) were assessed. In response to cytokines, osteoblasts

produced large amounts of nitrite and PGE2. In comparison, osteo-mESCs did not produce

PGE2 in response to cytokine stimulation until day 14 of osteogenic differentiation. Osteo-
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mESCs did not produce significant concentrations of nitrite, until day 21. In comparison to the

7-day cultured osteoblasts, levels produced were lower at all the time points. To corroborate

nitrite and PGE2 results, staining for iNOS, COX-2 and PGES was performed (figure 2B).

Osteoblasts showed positive staining for iNOS, COX-2 and PGES, in the majority of cells

(figure 2B, a,f,l). Osteo-mESCs did not show any staining for iNOS in response to cytokines

until day 21, and this was clustered around areas of dense nuclear staining. Both COX-2 and

PGES staining was seen when cytokine-treated at day 14 and day 21, in accordance with the

PGE2 results. No staining was seen in unstimulated controls (data not shown).

Changes in cell viability in response to IL-1β, TNF-α and IFN-γ treatment was assessed by 

MTS assay; cells were treated with cytokines continually over a 24-day period at a range of

cytokine concentrations, all with ratio 1:10:100, (IL-1β:TNF-α:IFN-γ, figure 2D and E). 

Primary osteoblasts showed significant reductions in viability at all cytokine concentrations

from the lowest (A: 0.03125 ng/mL IL-1β, 0.3125 ng/mL TNF-α and 3.125 ng/mL IFN-γ) to 

the highest concentration (F: 1 ng/mL IL-1β, 10 ng/mL TNF-α and 100 ng/mL IFN-γ). In 

comparison, osteo-mESCs showed no deleterious changes in cell viability over time, at any

cytokine concentration (figure 2E).

Effect of proinflammatory cytokines on bone nodule formation

To assess the effects short bursts of cytokine stimulation on the osteogenic differentiation of

osteo-mESCs and primary osteoblasts and form bone nodules, cells were stimulated with IL-

1β, TNF-α and IFN-γ at either day 0, day 3, day 7 or day 14 of osteogenic culture for 48 hours, 

before being returned to control osteogenic medium. Alizarin red staining (figure 3A) and
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subsequent quantification of staining (figure 3E and F) demonstrated that the cytokines had

little effect on bone nodule formation of osteo-mESCs, when applied on day 0 or day 3. When

applied on day 7, the proportion of staining relative to the control was significantly higher. In

contrast, when stimulated on day 14, levels of alizarin red staining were significantly lower.

Effects of cytokine stimulation were more apparent in the formation of nodules by primary

osteoblasts. No staining was seen when cells were stimulated on day 0, 3 or 7, and only small

nodules formed after stimulation on day 14, in comparison to unstimulated control.

Phase contrast images of the osteo-mESCs (figure 3B, a-e), showed heterogeneous areas of

cells with considerable matrix production. Images of primary osteoblasts revealed formation of

obvious raised nodules in control cultures (figure 3Bf), that were not present in cells stimulated

on day 0 or 3, and considerably smaller when stimulated on day 7 and day 14.

Immunocytochemistry of OCN, OPN, col-I and cad-11 (figure 3C and D) demonstrated that

short bursts of cytokine stimulation disrupted ECM deposition of the primary osteoblasts at all

the time points. Conversely, osteo-mESCs continued to produce ECM proteins and express cad-

11, in nodular areas, despite cytokine stimulation.

Effect of cad-11 sorting on osteo-mESC differentiation

Osteo-mESCs were cultured until day 16 in osteogenic medium and subsequently sorted based

on expression of cad-11 using MACS. Average percentage of cad-11 positive cells was 21.2%

and numbers were comparable between cell sorting experiments (standard deviation 3.88, n=6).

Cad-11+ and cad-11- cells were cultured in osteogenic medium for up to a further 21 days.

Proinflammatory cytokine stimulation was performed in a “short burst” of 48 hours at day 7
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and day 14 post-sorting, as described previously with non-sorted cells. Alizarin red staining at

21 days (figure 4A), indicated cad-11+ cells formed discrete nodules, similar to the nodules

formed by primary osteoblasts, but appeared unaffected by cytokine stimulation. Cad-11- osteo-

mESCs did not form nodules and only light alizarin red staining, but was also unaffected by

cytokine stimulation. Phase contrast images (figure 4B) further demonstrated that nodules were

formed by cad-11+ cells and revealed the different morphology of the cad-11- cells. Cad-11+

osteo-mESCs stained positive in nodular areas for OCN and OPN (figure 4C, a-c) and col-I

(figure 4D, a-c). Conversely, cad-11- cells did not stain for OPN and lightly stained for OCN

(figure 4 C, d-f). Col-I staining was very sparse (figure 4D, d-f). Staining of neither cad-11+ or

cad-11- osteo-mESCs was affected by the proinflammatory cytokine stimulation, at either

timepoint.

Response of cad-11 sorted osteo-mESCs to proinflammatory cytokines

To assess further differences between cad-11+ and cad-11- osteo-mESCs, response of cells to

IL-1β, TNF-α and IFN-γ, in terms of nitrite production (figure 5A and B), PGE2 production

(figure 5C and D) and expression of iNOS (figure 5E) was assessed at day 7 and day 14 post-

sorting. Both cad-11+ and cad-11- cells produced significant amounts of nitrite and PGE2 in

response to the cytokines at both day 7 and day 14. However, cad-11+ cells produced

significantly more nitrite than cad-11-. This was also reflected in iNOS staining; almost all cad-

11+ cells stained for iNOS, but few cad-11- cells stained positive, suggesting a heterogenous

population. Unstimulated, control cultures did not stain for iNOS, in all cases. Stimulated cad-

11- cells produced significantly more PGE2 at day 7 than cad-11+, but this was also true of the

cad-11- control medium. Production of PGE2 was subsequently reduced by day 14, where it was
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significantly lower than the cad-11+ cells. Levels of nitrite and PGE2 produced in response to

the cytokines were of a similar magnitude to those produced by primary osteoblasts at day 7

(see figure 2).

Discussion

In vitro osteogenic differentiation of primary osteoblasts [8-13,44] and ESCs [17-21] have both

been well described, but there have been few comparative studies. In this study, both cell types

showed expression of markers indicative of osteogenic differentiation and formed nodules

comprising mineralizing matrix. Both cell types stained for proteins associated with osteoblast

differentiation such as OPN, OCN and col-I, particularly associated with the cell colonies/bone

nodules. Expression of the cell-to-cell adhesion molecule cad-11, found in high levels on

osteoblasts, and important in the formation of mesenchymal tissues in embryo development

[45,46], was also seen in both cell types. Despite these similarities, the morphology of the osteo-

mESC cells was noticeably different, showing a heterogeneous population and larger numbers

of nuclei within nodules. Formation of bone nodules within cultures subjectively appeared

different when imaged at both low and high magnification. Despite, the formation of more bone

nodule in the osteo-mESCs, there was a lower expression of osteogenic genes. This can be

explained by non-specific binding of calcium within the osteo-mESC matrix, which may not

be related to osteogenesis.

There is certainly interest in the comparison of osteoblasts derived from primary and stem cell

sources [47-49]. Gentleman et al., (2009) compared mineralized nodules of neonatal mouse

osteoblasts, bone marrow derived-MSCs and mESCs. They concluded that the bone nodules
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formed by mESCs showed distinct differences to those of the osteoblasts and MSCs, in terms

of formation time and Raman spectra of mineral structure [47]. The results of our study support

this, as we saw morphological differences in the formation of bone nodules and expression of

ECM proteins. We also provide additional evidence that mESCs do not have the same responses

to proinflammatory cytokines as primary osteoblasts, indicating a difference in biochemical

response. Although both cell types form bone nodules by day 21, the response of the osteo-

mESCs to cytokine stimulation was very different to that of primary osteoblasts, which showed

reduced cell viability and marked production of nitrite and PGE2, and is consistent with the

literature [37,38,50-55]. In contrast, the osteo-mESCs showed no reductions in cell viability in

response to extended cytokine stimulation nor any significant increases in production of nitrite

or PGE2, until the latter stages of the culture period at day 21; the time point at which traditional

differentiation protocols indicate as fully differentiated. As well as revealing differences

between cells types, investigation of the effects of proinflammatory cytokines on cell response,

particularly ESCs, can give an indication of how cell therapies may perform when subjected to

the environment of disease and inflammation into which they will be implanted. This response

may have a significant bearing on the success or failure of the final therapy.

The effect that short bursts of IL-1β, TNF-α and IFN-γ treatment had on the eventual osteogenic 

differentiation of primary osteoblasts and osteo-mESCs further suggested that the

differentiation process of the ESC is not equivalent to that of primary osteoblasts. The

osteoblasts showed marked responses to the transient exposure of proinflammatory cytokines,

which had knock-on effects on the final differentiation state, with the formation of fewer and

smaller bone nodules. When treated on day 0 or day 3, cell viability fell during the 48 hours in

the presence of the cytokines and continued to fall after returning to osteogenic medium with
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no cytokines, reducing final cell numbers significantly. IL-1β, TNF-α and IFN-γ, have 

previously been shown to cause apoptosis of osteoblasts, particularly when applied in

combination [51,53,56], this may have caused many of the eventual effects seen on cell

differentiation.

Previous reports have focused on the effects of individual cytokines on osteoblast

differentiation; but when used in combination, the effects are synergistic and enhanced [57,58].

IL-1β, TNF-α and IFN-γ, have been shown to inhibit bone nodule formation, decrease ALP 

activity, inhibit OCN and col-I deposition, both in mouse and human osteoblasts [33,35,59-66].

Many of these effects are mediated by NO and PGE2 pathways, which are stimulated by these

cytokines [32,67]. That these effects are not seen with the osteo-mESCs indicates, once again,

the in vitro differentiation process is different to that of primary osteoblasts.

The mechanisms that contribute to the differences in response of the osteo-mESCs to

proinflammatory stimuli remain to be determined, but we can hypothesize that the receptor and

signal transduction pathways may be less developed or less active in mESC-derived osteoblasts.

ESCs and early ES-derived vascular cells have been shown to have a low level of TNF-

receptors and it has been reported that Nuclear Factor-κB, a transcriptional regulator that plays 

a key role in immunity and inflammation, has relatively low expression in undifferentiated ES

cells but increases during differentiation [68,69]. Expression of Toll-like receptors, a group of

receptors associated with the immune and inflammatory response, has also been shown to be

significantly downregulated in hESCs [70].

To investigate further the distinct responses of the different cell types we performed cell-sorting

studies on the ESC cultures. There is no definitive, well-characterized marker of the early

osteoblast. Osteogenesis of ESCs often requires first inducing ES-derived MSCs [71,72], but
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the intention of this study was to avoid the need to perform this step, and directly harvest a

population of osteogenic cells from the mESC cultures. Cad-11 has previously been used to

sort osteogenic cells within differentiating ESC-derived cultures [18]. In our cell sorting

experiments we achieved a cad-11 positive population of about 21%, which was considerably

less than previously described [18]. It is worth noting that during the MACS process, there was

a substantial reduction in the number of cells, and after seeding, many of the cells did not attach

to the plate.

Cad-11+ cells differentiated to osteoblasts as suggested by formation of bone nodules and

immunostaining for OCN, OPN and col-I, similar to primary calvarial cells. The cad-11-

population was more heterogeneous, with little evidence of bone nodule formation or

immunostaining. The advantage of using cad-11, as opposed to a marker such as STRO-1, is

the ability to identify osteoprogenitors, rather than mesenchymal progenitors, and the level of

characterization the cell surface marker has previously received [39,46,73,74].

Differentiation of the cad-11+ mESCs was unaffected by transient exposure to proinflammatory

cytokines, in contrast to primary osteoblasts which responded with reduced cell viability and

nodule formation. This indicates that although comparable to osteogenic differentiation of

primary osteoblasts, the cad-11+ cells were still distinct in biochemical response. However,

unlike the unsorted osteo-mESCs, both cad-11+ and cad-11- cells responded to the presence of

the cytokines by producing NO and PGE2, in similar amounts to the primary calvarial

osteoblasts. It is also interesting to note that at 14 days post-sorting, levels of both NO and PGE2

production, were lower than at 7 days. This decrease in production with progressive

differentiation also occurred with the primary osteoblasts (data not shown). In cad-11+, iNOS

staining was seen in most cells, whereas, in cad-11-cultures iNOS was seen only in a few cells,
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suggesting that a heterogeneous environment. Many cell types, such as fibroblasts and epithelial

cells [75-77], respond to the presence of these cytokines with the production of NO and PGE2,

and it may be that the cad-11- mESCs were differentiated into cells other than the osteoblast.

These results taken together suggest that in sorting for cad-11, a population of ESC-derived

cells that responds more similarly to the early osteoblast was purified.

In this study, we demonstrate that ‘traditional’ protocols for osteogenic differentiation of ESCs

result in significant differences compared to the osteogenic differentiation of primary

osteoblasts. In addition, we show significant differences in the response of osteogenic mESCs

to a proinflammatory environment, when compared to primary osteoblasts, indicating a

dissimilar differentiation state. The findings of this study highlight the need for further

investigation into osteogenic differentiation protocols, particularly a cell-sorting step. We

demonstrated by selecting for cad-11+ cells, comparable osteogenic differentiation, with respect

to primary osteoblasts. In order for osteogenically differentiated ESCs to progress to a clinical

setting, differentiation protocols must be validated and establishment of a pure population of

early osteoblasts must be demonstrated.

Acknowledgements

The authors thank Professor Jane Aubin and Frieda Chen at the University of Toronto for

advice, assistance and the kind provision of primer sequences. We also thank staff at the

Biomedical Services Unit, University of Nottingham for provision and care of animals.

Funding for this study was provided by the EPSRC Doctoral Training Centre in Regenerative

Medicine.



21

Author Disclosure Statement

No competing financial interests exist.

References

1. Ethgen O and JY Reginster. (2004). Degenerative musculoskeletal disease. Ann Rheum

Dis 63:1-3.

2. Rose F and ROC Oreffo. (2002). Bone tissue engineering: Hope vs hype. Biochem

Biophys Res Commun 292:1-7.

3. Bielby RC, AR Boccaccini, JM Polak and LDK Buttery. (2004). In vitro differentiation

and in vivo mineralization of osteogenic cells derived from human embryonic stem cells. Tissue

Eng 10:1518-1525.

4. de Peppo GM, P Sjovall, M Lenneras, R Strehl, J Hyllner, P Thomsen and C Karlsson.

(2010). Osteogenic potential of human mesenchymal stem cells and human embryonic stem

cell-derived mesodermal progenitors: A tissue engineering perspective. Tissue Eng Part A

16:3413-3426.

5. Ringe J and M Sittinger. (2009). Tissue engineering in the rheumatic diseases. Arthritis

Res Ther 11:211.

6. Tarnowski CP, MA Ignelzi and MD Morris. (2002). Mineralization of developing

mouse calvaria as revealed by Raman microspectroscopy. J Bone Miner Res 17:1118-1126.

7. Owen M. (1970). The origin of bone cells. Int Rev Cytol 28:213-38.

8. Ecarot-Charrier B, FH Glorieux, M Vanderrest and G Pereira. (1983). Osteoblasts

isolated from mouse calvaria initiate matrix mineralization in culture. J Cell Biol 96:639-643.



22

9. Hasegawa Y, K Shimada, N Suzuki, T Takayama, T Kato, T Iizuka, S Sato and K Ito.

(2008). The in vitro osteogenetic characteristics of primary osteoblastic cells from a rabbit

calvarium. J Oral Sci 50:427-34.

10. Evans ND, E Gentleman, X Chen, CJ Roberts, JM Polak and MM Stevens. (2010).

Extracellular matrix-mediated osteogenic differentiation of murine embryonic stem cells.

Biomaterials 31:3244-52.

11. Moursi AM, CH Damsky, J Lull, D Zimmerman, SB Doty, S Aota and RK Globus.

(1996). Fibronectin regulates calvarial osteoblast differentiation. J Cell Sci 109 ( Pt 6):1369-

80.

12. Nefussi JR, G Brami, D Modrowski, M Oboeuf and N Forest. (1997). Sequential

expression of bone matrix proteins during rat calvaria osteoblast differentiation and bone

nodule formation in vitro. J Histochem Cytochem 45:493-503.

13. de Oliveira PT, SF Zalzal, K Irie and A Nanci. (2003). Early expression of bone matrix

proteins in osteogenic cell cultures. J Histochem Cytochem 51:633-41.

14. Ducy P, R Zhang, V Geoffroy, AL Ridall and G Karsenty. (1997). Osf2/Cbfa1: a

transcriptional activator of osteoblast differentiation. Cell 89:747-54.

15. Komori T, H Yagi, S Nomura, A Yamaguchi, K Sasaki, K Deguchi, Y Shimizu, RT

Bronson, YH Gao, M Inada, M Sato, R Okamoto, Y Kitamura, S Yoshiki and T Kishimoto.

(1997). Targeted disruption of Cbfa1 results in a complete lack of bone formation owing to

maturational arrest of osteoblasts. Cell 89:755-64.

16. Nakashima K, X Zhou, G Kunkel, Z Zhang, JM Deng, RR Behringer and B de

Crombrugghe. (2002). The novel zinc finger-containing transcription factor osterix is required

for osteoblast differentiation and bone formation. Cell 108:17-29.



23

17. Buttery LDK, S Bourne, JD Xynos, H Wood, FJ Hughes, SPF Hughes, V Episkopou

and JM Polak. (2001). Differentiation of osteoblasts and in vitro bone formation from murine

embryonic stem cells. Tissue Eng 7:89-99.

18. Bourne S, JM Polak, SPF Hughes and LDK Buttery. (2004). Osteogenic differentiation

of mouse embryonic stem cells: Differential gene expression analysis by cDNA microarray and

purification of osteoblasts by cadherin-11 magnetically activated cell sorting. Tissue Eng

10:796-806.

19. Arpornmaeklong P, Z Wang, MJ Pressler, SE Brown and PH Krebsbach. (2010).

Expansion and Characterization of Human Embryonic Stem Cell-Derived Osteoblast-Like

Cells. Cell Reprogram 12:377-389.

20. Woll NL, JD Heaney and SK Bronson. (2006). Osteogenic nodule formation from single

embryonic stem cell-derived progenitors. Stem Cells Dev 15:865-879.

21. Sottile V, A Thomson and J McWhir. (2003). In vitro osteogenic differentiation of

human ES cells. Cloning Stem Cells 5:149-155.

22. Woll NL and SK Bronson. (2006). Analysis of embryonic stem cell-derived osteogenic

cultures. Methods Mol Biol 330:149-59.

23. Pagkalos J, JM Cha, Y Kang, M Heliotis, E Tsiridis and A Mantalaris. (2010).

Simvastatin induces osteogenic differentiation of murine embryonic stem cells. J Bone Miner

Res 25:2470-8.

24. Duplomb L, M Dagouassat, P Jourdon and D Heymann. (2007). Differentiation of

osteoblasts from mouse embryonic stem cells without generation of embryoid body. In Vitro

Cell Dev Biol Anim 43:21-24.

25. Kawaguchi J, PJ Mee and AG Smith. (2005). Osteogenic and chondrogenic

differentiation of embryonic stem cells in response to specific growth factors. Bone 36:758-69.



24

26. Phillips BW, N Belmonte, C Vernochet, G Ailhaud and C Dani. (2001). Compactin

enhances osteogenesis in murine embryonic stem cells. Biochem Biophys Res Commun

284:478-84.

27. zur Nieden NI, G Kempka and HJ Ahr. (2003). In vitro differentiation of embryonic

stem cells into mineralized osteoblasts. Differentiation 71:18-27.

28. zur Nieden NI, G Kempka, DE Rancourt and HJ Ahr. (2005). Induction of chondro-,

osteo- and adipogenesis in embryonic stem cells by bone morphogenetic protein-2: effect of

cofactors on differentiating lineages. BMC Dev Biol 5:1.

29. Lee TJ, J Jang, S Kang, M Jin, H Shin, DW Kim and BS Kim. (2013). Enhancement of

osteogenic and chondrogenic differentiation of human embryonic stem cells by mesodermal

lineage induction with BMP-4 and FGF2 treatment. Biochem Biophys Res Commun 430:793-

7.

30. Qutachi O, KM Shakesheff and LD Buttery. (2013). Delivery of definable number of

drug or growth factor loaded poly(dl-lactic acid-co-glycolic acid) microparticles within human

embryonic stem cell derived aggregates. J Control Release 168:18-27.

31. Hanazawa S, Y Ohmori, S Amano, K Hirose, T Miyoshi, M Kumegawa and S Kitano.

(1986). Human purified interleukin-1 inhibits DNA synthesis and cell growth of osteoblastic

cell line (MC3T3-E1), but enhances alkaline phosphatase activity in the cells. FEBS Lett

203:279-84.

32. Hurley MM, P Fall, JR Harrison, DN Petersen, BE Kream and LG Raisz. (1989). Effects

of transforming growth factor-alpha and interleukin-1 on DNA synthesis, collagen-synthesis,

procollagen messenger RNA levels, and prostaglandin E2 production in cultured fetal rat

calvaria. J Bone Miner Res 4:731-736.



25

33. Ikeda E, M Kusaka, Y Hakeda, K Yokota, M Kumegawa and S Yamamoto. (1988).

Effect of interleukin-1 beta on osteoblastic clone MC3T3-E1 cells. Calcif Tissue Int 43:162-

166.

34. Ohmori Y, S Hanazawa, S Amano, K Hirose, M Kumegawa and S Kitano. (1988).

Effects of recombinant human interleukin-1 alpha and interleukin-1 beta on cell growth and

alakline phosphatase of the mouse osteoblastic cell line MC3T3-E1. Biochim Biophys Acta

970:22-30.

35. Ellies LG and JE Aubin. (1990). Temporal sequence of interleukin-1 alpha-mediated

stimulation and inhibition of bone formation by isolated fetal rat calvaria cells in vitro. Cytokine

2:430-437.

36. Hughes FJ, LD Buttery, MV Hukkanen, a O'Donnell, J Maclouf and JM Polak. (1999).

Cytokine-induced prostaglandin E2 synthesis and cyclooxygenase-2 activity are regulated both

by a nitric oxide-dependent and -independent mechanism in rat osteoblasts in vitro. J Biol Chem

274:1776-82.

37. Akatsu T, N Takahashi, N Udagawa, K Imamura, a Yamaguchi, K Sato, N Nagata and

T Suda. (1991). Role of prostaglandins in interleukin-1-induced bone resorption in mice in

vitro. J Bone Miner Res 6:183-9.

38. Damoulis PD and PV Hauschka. (1994). Cytokines induce nitric oxide production in

mouse osteoblasts. Biochem Biophys Res Commun 201:924-931.

39. Okazaki M, S Takeshita, S Kawai, R Kikuno, A Tsujimura, A Kudo and E Amann.

(1994). Molecular cloning and characterization of OB-cadherin, a new member of cadherin

family expressed in osteoblasts. J Biol Chem 269:12092-8.



26

40. Kawaguchi J, I Kii, Y Sugiyama, S Takeshita and A Kudo. (2001). The transition of

cadherin expression in osteoblast differentiation from mesenchymal cells: consistent expression

of cadherin-11 in osteoblast lineage. J Bone Miner Res 16:260-9.

41. Robertson E, A Bradley, M Kuehn and M Evans. (1986). Germ-line transmission of

genes introduced into cultured pluripotential cells by retroviral vector. Nature 323:445-8.

42. Gothard D, SJ Roberts, KM Shakesheff and LD Buttery. (2009). Controlled embryoid

body formation via surface modification and avidin-biotin cross-linking. Cytotechnology

61:135-144.

43. Zhao S and RD Fernald. (2005). Comprehensive algorithm for quantitative real-time

polymerase chain reaction. J Comput Biol 12:1047-64.

44. Bellows C, J Aubin, J Heersche and M Antosz. (1986). Mineralized bone nodules

formed in vitro from enzymatically released rat calvaria cell populations. Calcif Tissue Int

38:143-154.

45. Hoffmann I and R Balling. (1995). Cloning and expression analysis of a novel

mesodermally expressed cadherin. Dev Biol 169:337-46.

46. Kimura Y, H Matsunami, T Inoue, K Shimamura, N Uchida, T Ueno, T Miyazaki and

M Takeichi. (1995). Cadherin-11 expressed in association with mesenchymal morphogenesis

in the head, somite, and limb bud of early mouse embryos. Dev Biol 169:347-58.

47. Gentleman E, RJ Swain, ND Evans, S Boonrungsiman, G Jell, MD Ball, TA Shean, ML

Oyen, A Porter and MM Stevens. (2009). Comparative materials differences revealed in

engineered bone as a function of cell-specific differentiation. Nat Mater 8:763-70.

48. Rashidi H, S Strohbuecker, L Jackson, S Kalra, AJ Blake, L France, C Tufarelli and V

Sottile. (2012). Differences in the pattern and regulation of mineral deposition in human cell

lines of osteogenic and non-osteogenic origin. Cells Tissues Organs 195:484-94.



27

49. Shimko DA, CA Burks, KC Dee and EA Nauman. (2004). Comparison of in vitro

mineralization by murine embryonic and adult stem cells cultured in an osteogenic medium.

Tissue Eng 10:1386-1398.

50. Helfrich MH, DE Evans, PS Grabowski, JS Pollock, H Ohshima and SH Ralston.

(1997). Expression of nitric oxide synthase isoforms in bone and bone cell cultures. J Bone

Miner Res 12:1108-1115.

51. Kuzushima M, M Mogi and A Togari. (2006). Cytokine-induced nitric-oxide-dependent

apoptosis in mouse osteoblastic cells: Involvement of p38MAP kinase. Arch Oral Biol 51:1048-

1053.

52. Ralston SH, LP Ho, MH Helfrich, PS Grabowski, PW Johnston and N Benjamin.

(1995). Nitric oxide: a cytokine-induced regulator of bone resorption. J Bone Miner Res

10:1040-9.

53. Damoulis PD and PV Hauschka. (1997). Nitric oxide acts in conjunction with

proinflammatory cytokines to promote cell death in osteoblasts. J Bone Miner Res 12:412-422.

54. de Brum-Fernandes AJ, S Laporte, M Heroux, M Lora, C Patry, HA Menard, R Dumais

and R Leduc. (1994). Expression of prostaglandin endoperoxide synthase-1 and prostaglandin

endoperoxide synthase-2 in human osteoblasts. Biochem Biophys Res Commun 198:955-60.

55. Saito S, P Ngan, T Rosol, M Saito, H Shimizu, N Shinjo, J Shanfeld and Z Davidovitch.

(1991). Involvement of PGE Synthesis in the Effect of Intermittent Pressure and Interleukin-

1 on Bone Resorption. J Dent Res 70:27-33.

56. Tsuboi M, A Kawakami, T Nakashima, N Matsuoka, S Urayama, Y Kawabe, K

Fujiyama, T Kiriyama, T Aoyagi, K Maeda and K Eguchi. (1999). Tumor necrosis factor-alpha

and interleukin-1 beta increase the Fas-mediated apoptosis of human osteoblasts. J Lab Clin

Med 134:222-31.



28

57. Kaur K, R Hardy, MM Ahasan, M Eijken, JP van Leeuwen, a Filer, aM Thomas, K

Raza, CD Buckley, PM Stewart, EH Rabbitt, M Hewison and MS Cooper. (2010). Synergistic

induction of local glucocorticoid generation by inflammatory cytokines and glucocorticoids:

implications for inflammation associated bone loss. Ann Rheum Dis 69:1185-90.

58. Togari A, M Arai, M Mogi, A Kondo and T Nagatsu. (1998). Coexpression of GTP

cyclohydrolase I and inducible nitric oxide synthase mRNAs in mouse osteoblastic cells

activated by proinflammatory cytokines. FEBS Lett 428:212-6.

59. Vermes C, R Chandrasekaran, JJ Jacobs, JO Galante, KA Roebuck and TT Glant.

(2001). The effects of particulate wear debris, cytokines, and growth factors on the functions

of MG-63 osteoblasts. J Bone Joint Surg Am 83A:201-211.

60. Pischon N, LM Darbois, AH Palamakumbura, E Kessler and PC Trackman. (2004).

Regulation of collagen deposition and lysyl oxidase by tumor necrosis factor-alpha in

osteoblasts. J Biol Chem 279:30060-5.

61. Kuroki T, M Shingu, Y Koshihara and M Nobunaga. (1994). Effects of cytokines on

alkaline phosphatase and osteocalcin production, calcification and calcium release by human

osteoblastic cells. Br J Rheumatol 33:224-30.

62. Gowen M, DD Wood, EJ Ihrie, MKB McGuire and RGG Russell. (1983). An

interleukin-1 like factor stimulates bone resorption in vitro. Nature 306:378-380.

63. Gowen M, BR MacDonald and RG Russell. (1988). Actions of recombinant human

gamma-interferon and tumor necrosis factor alpha on the proliferation and osteoblastic

characteristics of human trabecular bone cells in vitro. Arthritis Rheum 31:1500-7.

64. Smith DD, M Gowen and GR Mundy. (1987). Effects of interferon-gamma and other

cytokines on collagen synthesis in fetal rat bone cultures. Endocrinology 120:2494-9.



29

65. Goldring MB and SR Goldring. (1990). Skeletal tissue response to cytokines. Clin

Orthop Relat Res:245-278.

66. Gowen M, GE Nedwin and GR Mundy. (1986). Preferential inhibition of cytokine-

stimulated bone resorption by recombinant inteferon-gamma. J Bone Miner Res 1:469-474.

67. Hikiji H, WS Shin, T Koizumi, T Takato, T Susami, Y Koizumi, Y Okai-Matsuo and T

Toyo-Oka. (2000). Peroxynitrite production by TNF-alpha and IL-1beta: implication for

suppression of osteoblastic differentiation. Am J Physiol Endocrinol Metab 278:E1031-7.

68. Zampetaki A, LF Zeng, QZ Xiao, A Margariti, YH Hu and QB Xu. (2007). Lacking

cytokine production in ES cells and ES-cell-derived vascular cells stimulated by TNF-alpha is

rescued by HDAC inhibitor trichostatin A. Am J Physiol Cell Physiol 293:C1226-C1238.

69. Kim YE, HB Kang, JA Park, KH Nam, HJ Kwon and Y Lee. (2008). Upregulation of

NF-kappaB upon differentiation of mouse embryonic stem cells. BMB Rep 41:705-9.

70. Foldes G, A Liu, R Badiger, M Paul-Clark, L Moreno, Z Lendvai, JS Wright, NN Ali,

SE Harding and JA Mitchell. (2010). Innate immunity in human embryonic stem cells:

comparison with adult human endothelial cells. PLoS One 5:e10501.

71. Harkness L, A Mahmood, N Ditzel, BM Abdallah, JV Nygaard and M Kassem. (2011).

Selective isolation and differentiation of a stromal population of human embryonic stem cells

with osteogenic potential. Bone 48:231-241.

72. Arpornmaeklong P, SE Brown, Z Wang and PH Krebsbach. (2009). Phenotypic

characterization, osteoblastic differentiation, and bone regeneration capacity of human

embryonic stem cell-derived mesenchymal stem cells. Stem Cells Dev 18:955-68.

73. Cheng SL, F Lecanda, MK Davidson, PM Warlow, SF Zhang, L Zhang, S Suzuki, T St

John and R Civitelli. (1998). Human osteoblasts express a repertoire of cadherins, which are

critical for BMP-2-induced osteogenic differentiation. J Bone Miner Res 13:633-44.



30

74. Di Benedetto A, M Watkins, S Grimston, V Salazar, C Donsante, G Mbalaviele, GL

Radice and R Civitelli. (2010). N-cadherin and cadherin 11 modulate postnatal bone growth

and osteoblast differentiation by distinct mechanisms. J Cell Sci 123:2640-8.

75. Willis RA, AK Nussler, KM Fries, DA Geller and RP Phipps. (1994). Induction of nitric

oxide synthase in subsets of murine pulmonary fibroblasts: effect on fibroblast interleukin-6

production. Clin Immunol Immunopathol 71:231-9.

76. Robbins RA, PJ Barnes, DR Springall, JB Warren, OJ Kwon, LD Buttery, AJ Wilson,

DA Geller and JM Polak. (1994). Expression of inducible nitric oxide in human lung epithelial

cells. Biochem Biophys Res Commun 203:209-18.

77. Unemori EN, N Ehsani, M Wang, S Lee, J McGuire and EP Amento. (1994).

Interleukin-1 and transforming growth factor-alpha: synergistic stimulation of

metalloproteinases, PGE2, and proliferation in human fibroblasts. Exp Cell Res 210:166-71.



31

Figure Legends

Figure 1: Osteogenic differentiation of osteo-mESCs and mouse primary calvarial

osteoblasts. (A) Representative images of alizarin red S staining of bone nodule formation by

osteo-mESCs (a,c,e) and primary osteoblasts (b,d,f) in osteogenic (a,b,e,f) and non-osteogenic

medium (c,d) at 21 days culture. Whole-well images of bone nodule formation (scale bar=2

mm) (a,b,c,d). Higher magnification image of osteo-mESC (e) and primary osteoblast (f) bone

nodules in osteogenic medium (scale bar=20 μm).  (B) Immunocytochemistry showing 

expression of col-I (green), cad-11 (red) and nuclei (blue) in bone nodules formed by osteo-

mESCs (a) and primary osteoblasts (b) at day 18 of osteogenic culture (representative images,

scale bar=48 μm). (C) RT-qPCR analysis performed on primary osteoblasts and osteo-mESCs 

at day 18 of culture for osteogenic markers Runx2, Col1a1, Opn and Ocn. Gene expression of

each target gene normalized to Rpl32, and expression of osteo-mESC genes expressed relative

to primary osteoblasts. Data shown mean±SD of 3 independent experiments (n=3). *Statistical

significance of primary osteoblasts vs. osteo-mESCs, p≤0.05. (D) Immunocytochemistry

showing expression of OPN (red) and OCN (green) by osteo-mESCs (a,b,c,g,h,i) and primary

osteoblasts (d,e,f,j,k,l) cultured in osteogenic (a-f) and non-osteogenic (g-l) medium. Merge

image shows OPN and OCN with Hoechst nuclear staining (representative images, scale bar=90

μm). 
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Figure 2: Response of osteo-mESCs to proinflammatory cytokine stimulation compared

to primary osteoblasts. (A and C) Nitrite and PGE2 concentration released into culture

medium, respectively. Osteo-mESCs were treated with IL-β, TNF-α and IFN-γ for 48 hours at 

either day 0, day 7, day 14 or day 21 of osteogenic culture. Primary osteoblasts were treated on

day 7 of culture as a comparator. Nitrite and PGE2 concentrations corrected for DNA content.

Values are mean±SD for three separate experiments each with n=6. Statistical significance vs.

control of same cell type, *p≤0.01. (B) Immunocytochemistry showing inducible enzyme 

expression (iNOS: a-e,scale bar=90 µm; COX-2: f-k, scale bar=46 µm; PGES: l-p, scale bar=46

µm) of primary osteoblasts at day 14 and osteo-mESCs at either day 0, 7, 14 or 21 of osteogenic

culture, in response to 48 hours stimulation with IL-1β, TNF-α and IFN-γ, before fixation. (D 

and E) Dose response effect of proinflammatory cytokines on cell viability of primary

osteoblasts (D) and osteo-mESCs (E). Cells were treated with increasing concentrations of a

combination of IL-1β, TNF-α and IFN-γ over a 24-day time period. Cytokine doses: A (Il-1β 

0.03125 ng/mL, TNF-α 0.3125 ng/mL, IFN-γ 3.125 ng/mL); B (Il-1β 0.0625 ng/mL, TNF-α 

0.625 ng/mL, IFN-γ 6.35 ng/mL); C (Il-1β 0.125 ng/mL, TNF-α 1.25 ng/mL, IFN-γ 12.5 

ng/mL); D (Il-1β 0.25 ng/mL, TNF-α 2.5 ng/mL, IFN-γ 25 ng/mL); E (Il-1β 0.5 ng/mL, TNF-

α 5 ng/mL, IFN-γ 50 ng/mL); F (Il-1β 1 ng/mL, TNF-α 10 ng/mL, IFN-γ 100 ng/mL). Viability 

of cells at certain time points was measured by MTS assay. Data shown as optical absorbance

proportional to cell viability. Values are mean±SD (n=6, experiment repeated in triplicate).

Statistical significance against control *p≤0.05.
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Figure 3: Effect of IL-1β, TNF-α and IFN-γ on bone nodule formation of osteo-mESCs 

and primary osteoblasts. Cells were stimulated at either day 0, 3, 7 or 14 with IL-1β, TNF-α 

and IFN-γ for 48 hours, before being returned to osteogenic medium and cultured continuously 

until either day 14 (alkaline phosphatase) or day 21. (A) Representative images of alizarin red

S staining of calcium deposits in bone nodules formed by osteo-mESCs (a-e) and primary

osteoblasts (f-j). Scale bar=2 mm. (B) Representative phase contrast images of osteo-mESCs

(a-e) and primary osteoblasts (f-j) at day 21. (C) Immunocytochemistry showing OPN (red) and

OCN (green) staining at day 21. Hoechst nuclear counterstain. (D) Immunocytochemistry

showing staining of cad-11 (red) and col-I (green) at day 21. Hoechst nuclear counterstain.

Scale bars for B, C and D at 90 µm. (E and F) Image quantification of alizarin red staining of

osteo-mESCs and primary osteoblasts, respectively. Values corrected to proportion of

osteogenic control. Mean±SD (n=6). (G and H) Alkaline phosphatase activity of osteo-mESCs

and primary osteoblasts, respectively. Values are mean±SD, experiment repeated 3 times, each

with n=6. Statistical significance compared to control **p≤0.01.  
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Figure 4: Osteogenic differentiation of cad-11 sorted osteo-mESCs and effect of

proinflammatory cytokines on bone nodule formation. Cells were sorted for cad-11 at day

16 of osteogenic culture and positive and negative fractions cultured separately in osteogenic

medium. Cells were stimulated with IL-1β, TNF-α and IFN-γ for 48 hours, at day 7 or day 14  

post-sorting before being returned to osteogenic medium and cultured until day 21. (A) Alizarin

red staining of calcium deposits in bone nodules formed by cad-11+ mESCs (a-c) and cad-11-

mESCs (d-f). Scale bar=2 mm, representative images. (B) Phase contrast images of cad-11+

mESCs (a-c) and cad-11- mESCs. (C) Immunocytochemistry showing OPN (red) and OCN

(green) staining of cad-11+ mESCs (a-c) and cad-11- mESCs. (D) Immunocytochemistry

showing col-I staining of cad-11+ mESCs (a-c) and cad-11- mESCs. C and D show Hoechst

nuclear counterstaining, scale bars=46 µm, representative images.
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Figure 5: Response of cad-11 sorted cells to proinflammatory cytokine stimulation. (A and

B) Nitrite concentration in culture medium at day 7 and day 14, respectively, after 48 hours IL-

β, TNF-α and IFN-γ treatment. Values are mean±SD, n=9. Statistical significance of cytokine 

treated versus control, ***p≤0.001. Statistical significance of cad-11- versus cad-11+,

###p≤0.001. (C and D) PGE2 concentration in culture medium at day 7 and day 14, respectively,

after 48 hours IL-β, TNF-α and IFN-γ treatment. Values are mean±SD, n=9. Statistical 

significance of cytokine treated versus control, ***p≤0.001, **p≤0.01. Statistical significance 

of cad-11- versus cad-11+, #p≤0.05. (E) Phase contrast images and immunocytochemistry of 

iNOS expression, in both control cultures (a-d, upper images) and cytokine stimulated (e-h,

lower images) of cad-11+ (a,e,c,g) and cad-11- (b,d,f,h) cultures, at day 7 (a,b,e,f) and day 14

(c,d,g,h) post-sorting. Representative images, scale bar=46 μm. 
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Supplemental Data

Table S1. List of antibody details.

Supporting Information 1

Table S1: List of antibodies

Antigen Source (Catalogue #) Host

Primary

antibodies

Collagen-1 Millipore (AB775P) Rabbit

Cadherin-11 R&D Systems (AF1433) Goat

Osteocalcin Millipore (AB10911) Rabbit

Osteopontin R&D Systems (AF1790) Goat

iNOS Thermo Scientific (PA1-37924) Rabbit

COX-2 Millipore (AB5118) Rabbit

PGES Sigma (T6079) Rabbit

Secondary

antibodies

Anti-rabbit IgG

(Alexa Fluor-488/546

conjugated)

Invitrogen (A21206/A10040) Donkey

Anti-goat IgG (Alexa

Fluor-546 conjugated)
Invitrogen (A11056) Donkey

Anti-goat IgG

(Biotinylated)
Vector (BA-5000) Rabbit
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Figure S1. Nitric oxide production by cells treated with proinflammatory cytokines,

measured as nitrite accumulation within culture medium. Cells were treated with IL-β, 

TNF-α and IFN-γ for 72 hours at either day 0 (A), day 7 (B), day 14 (C) or day 21 (D) of 

osteogenic culture. Nitrite concentration corrected for DNA content of producing cells

measured by Hoechst assay. Values shown as mean±SEM for three separate experiments each

with n=6. *Statistical significance of primary osteoblast vs. osteo-mESC (p≤0.01) #Statistical

significance vs. control of same cell type (p≤0.01). 
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Figure S2. PGE2 production by cells treated with proinflammatory cytokines. Cells were

treated with IL-β, TNF-α and IFN-γ for 72 hours at either day 0 (A), day 7 (B), day 14 (C) or 

day 21 (D) of osteogenic culture. PGE2 concentration corrected for DNA content of producing

cells measured by Hoechst assay. Values shown as mean±SEM for three separate experiments

each with n=3. *Statistical significance of primary osteoblast vs. osteo-mESC (p≤0.01) 

#Statistical significance vs. control of same cell type (p≤0.01). 


