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Abstract

Stem cell differentiation is determined by a repertoire of signals from its microenvironment, which 

includes the extracellular matrix (ECM) and soluble cues. The ability of mesenchymal stem cells 

(MSCs), a common precursor for the skeletal system, to differentiate into osteoblasts and 

adipocytes in response to their local cues plays an important role in skeletal tissue regeneration 

and homeostasis. In this study, we investigated whether a bone-specific calcium phosphate (CaP) 

mineral environment could induce osteogenic differentiation of human MSCs, while inhibiting 

their adipogenic differentiation, in the presence of adipogenic-inducing medium. We also 

examined the mechanism through which the mineralized matrix suppresses adipogenesis of 

hMSCs to promote their osteogenic differentiation. Our results show that hMSCs cultured on 

mineralized matrices underwent osteogenic differentiation despite being cultured in the presence 

of adipogenic medium, which indicates the dominance of matrix-based cues of the mineralized 

matrix in directing osteogenic commitment of stem cells. Furthermore, the mineralized matrix-

driven attenuation of adipogenesis was reversed with the inhibition of A2b adenosine receptor 

(A2bR), implicating a role of adenosine signaling in mineralized environment-mediated inhibition 

of adipogenesis. Such synthetic matrices with an intrinsic ability to direct differentiation of 

multipotent adult stem cells toward a targeted phenotype while inhibiting their differentiation into 

other lineages not only will be a powerful tool in delineating the role of complex 

microenvironmental cues on stem cell commitment but also will contribute to functional tissue 

engineering and their translational applications.
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1. INTRODUCTION

Adult stem cells such as mesenchymal stem cells (MSCs) have been shown to differentiate 

into osteoblasts, adipocytes, and chondrocytes by responding to soluble cues.1–3 MSCs have 

been considered to be precursors for osteoblasts and adipocytes, and their ability to 

differentiate into desirable somatic cell types by responding to tissue-specific requirements 

is key to maintaining musculoskeletal tissue homeostasis and repair. Maintaining a strict 

balance between osteogenesis and adipogenesis has been considered to be a prerequisite for 

sustaining healthy skeletal tissue function. A large number of in vitro studies point toward 

the existence of an inverse correlation between adipogenesis and osteogenesis.4–6 While 

most of these studies were performed in vitro, it is conceivable that such a correlation could 

also exist in vivo. A disruption in the balance of adipogenesis and osteogenesis is often 

observed in various pathologies that affect the musculoskeletal system.7 For instance, studies 

have shown a close relationship between fat and bone mass, where the high fat mass 

increases the risk of bone fragility.8,9 Similarly, excessive accumulation of bone marrow 

adipocytes along with a decline in bone mineral mass is a characteristic of osteoporosis, 

obesity, diabetes, anorexia nervosa, and skeletal unloading.7,10 Preserving such a highly 

coordinated differentiation of multipotent precursors relies on delicate and intricate 

interactions between cells and the surrounding microenvironment or niche.

Previous studies have identified various biochemical- and hormone-based signaling 

underlying various musculoskeletal pathologies.11–14 Some of these biochemical and 

hormonal factors have been shown to play a direct role in determining differentiation 

commitment of MSCs toward osteogenic or adipogenic lineages.15,16 Besides growth factor- 

or hormone-based signaling, physical and chemical cues of the extracellular matrix also play 

an equally important role in tissue homeostasis and regeneration through modulating stem 

cell commitment.17 This includes MSCs, as their differentiation into numerous specialized 

phenotypes can be significantly influenced by various matrix-based cues.18–22 Given the 

propensity of MSCs to differentiate into osteoblasts and adipocytes, a number of studies 

have investigated the role of various matrix cues and geometrical constraints in stimulating 

differentiation of MSCs using mixed media containing osteogenic- and adipogenic-inducing 

components.23–25 However, to our knowledge, there are no precedent studies that have 

investigated the impact of matrix-based cues on directing stem cell fate in the presence of 

medium conditions providing an opposing effect.
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In this study, we address this question by investigating the effect of calcium phosphate 

(CaP)-rich mineralized environment on differentiation commitment of hMSCs in the 

presence of adipogenic-inducing medium. We chose a mineralized environment because CaP 

minerals are a major constituent of bone ECM and play a key role in bone homeostasis and 

function.26,27 Additionally, a large number of studies show the prevalent effect of CaP 

minerals on osteogenic differentiation of stem and progenitor cells.28–32 A detailed 

understanding of the effect of mineral environment on differentiation commitment of 

hMSCs in the presence of adipogenic-inducing medium might provide novel insights into 

the role of the mineral environment on maintaining bone and marrow homeostasis and 

function.

2. MATERIALS AND METHODS

2.1. Synthesis of Hydrogels

Poly(ethylene glycol)-diacrylate (PEGDA; Mn = 6 kDa) and N-acryloyl 6-aminocaproic acid 

(A6ACA) were prepared as described elsewhere.31 In brief, 1 M A6ACA was dissolved in 1 

M NaOH, and 2% (w/v) PEGDA was added to this solution. The precursor solution was 

mixed with 0.5% (w/v) ammonium persulfate (APS) and 0.15% (v/v) N,N,N′,N′-
tetramethy-lethylenediamine (TEMED) at 25 °C for 15 min to allow free radical 

copolymerization and yielded cross-linked hydrogels. The resultant ~1 mm thick hydrogel 

sheets were allowed to reach equilibrium, swelling in phosphate buffered saline (PBS; pH 

7.4) for 48 h with two changes of PBS, and then punched into discs of 1 cm2 (area) × 1 mm 

(thickness).

2.2. Mineralization of Hydrogels

The hydrogel discs were mineralized as described elsewhere.31 Briefly, hydrogel discs were 

incubated in deionized (DI) water for 6 h and subsequently immersed in modified simulated 

body fluid (m-SBF; pH 7.4) for 6 h. The main ionic components of m-SBF are 142.0 mM 

Na+, 5.0 mM K+, 1.5 mM Mg2+, 2.5 mM Ca2+, 103.0 mM Cl−, 10.0 mM HCO3
−, 1.0 mM 

HPO4
2−

 , and 0.5 mM SO4
2−.33 The hydrogels were briefly rinsed in DI water and soaked in 

a solution containing 40 mM Ca2+ and 24 mM HPO4
2−

 (pH 5.2) at 25 °C for 45 min while 

using a rotating shaker (VWR mini-shaker; catalog no. 12620-938) at 200 rpm. The 

hydrogels were briefly rinsed in DI water and further immersed in m-SBF at 37 °C for 48 h 

with the daily change of m-SBF. The hydrogels were then equilibrated in PBS for 6 h. The 

mineralized and nonmineralized PEGDA-co-A6ACA hydrogels were sterilized in 70% 

ethanol (EtOH) for 6 h. The EtOH-treated matrices were washed in PBS for 5 days with 

three daily changes of PBS prior to cell culture.

2.3. Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)

SEM imaging was carried out to examine the morphology of biomineralized matrices. The 

elemental analysis was conducted by using Oxford energy dispersive spectra (EDS) 

attachment. EDS was performed to examine the presence of calcium and phosphorus 

elements in biomineralized matrices as well as to determine their atomic ratio (Ca/P). 

Samples were prepared and imaged as described elsewhere.32 In brief, samples were rinsed 

in DI water for 5 min, flash-frozen using liquid nitrogen, and lyophilized for 24 h. The dried 
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samples were coated with iridium for 7 s by using sputter coater (Emitech, catalog no. 

K575X) and then imaged under vacuum using Philips XL30 ESEM.

2.4. Calcium and Phosphate Assays

Calcium and phosphate assays were carried out to determine the Ca2+ and PO4
3− content of 

mineralized matrices as well as the dissolution of CaP minerals from the mineralized 

matrices. To measure the amount of Ca2+ and PO4
3−, samples were briefly rinsed in DI 

water for 5 min and lyophilized for 16 h, and dry weights were measured. The dried samples 

were homogenized in 0.5 M HCl and vigorously agitated using a rotating shaker at 25 °C for 

3 days. The homogenized samples were used for calcium and phosphate assays. To examine 

the dissociation of CaP minerals into Ca2+ and PO4
3− ions from mineralized matrices, 

equilibrium-swollen mineralized hydrogels were incubated in 1.5 mL of 50 mM Tris-HCl 

solution (pH 7.4) at 37 °C for 7 days. Approximately 300 μL of incubation solution was 

collected and replaced by fresh solution on a daily basis to examine the dissolution of CaP 

minerals as a function of time. Calcium assay was performed according to manufacturer’s 

protocol (calcium reagent set, Pointe Scientific, catalog no. C7503). In brief, 20 μL of 

sample solution was mixed with 1 mL of calcium assay reagent. The absorbance of the 

resultant solution was recorded at 570 nm using a UV/vis spectrophotometer (Beckman 

Coulter, DU 730). Phosphate assay was carried out according to a method used elsewhere.34 

In brief, phosphate assay reagent was prepared by mixing one part 10 mM ammonium 

molybdate with two parts acetone and one part H2SO4. 125 μL of sample solution and 100 

μL of 1 M citric acid were added to 1 mL of the phosphate assay reagent. Absorbance of the 

resultant solution was recorded at 380 nm using a UV/vis spectrophotometer.

2.5. Cell Culture

The hMSCs (Institute for Regenerative Medicine, Texas A&M University) were maintained 

in growth medium containing high-glucose DMEM, 10% (v/v) fetal bovine serum (FBS; 

HyClone), 4 mM L-glutamine, and 50 U/mL penicillin/ streptomycin. The cells were 

passaged at approximately 70% confluence.

Prior to seeding hMSCs, sterile nonmineralized and mineralized hydrogels as well as cell 

culture-grade coverslips (CS; diameter = 15 mm, Fisherbrand, catalog no. 1254582) were 

incubated in growth medium at 37 °C for 24 h to promote cell adhesion. Passage 5 (P5) 

hMSCs were plated at a density of 12 000 cells/cm2 and cultured for 14 days using either 

growth medium or adipogenic medium at 37 °C and 5% CO2, with medium change every 2 

days. Adipogenic medium was prepared by supplementing growth medium with 1 μM 

dexamethasone (Sigma-Aldrich, catalog no. D2915), 200 μM indomethacin (Sigma-Aldrich, 

catalog no. I7378), 0.5 μM 3-isobutyl-1-methylxanthine (IBMX; Sigma-Aldrich, catalog no. 

I5879), and 10 μg/mL of insulin (Sigma-Aldrich, insulin from bovine pancreas, catalog no. 

I6634). For pharmacological inhibition of A2bR, PSB 603 (Tocris Bioscience, catalog no. 

3198) was added into growth medium or adipogenic medium at varying concentrations of 0, 

0.5, 10, and 100 nM.
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2.6. Cell Tracker Labeling

To visualize the attachment and growth of cells cultured on various matrices 

(nonmineralized and mineralized matrices as well as coverslips) under different medium 

conditions (growth medium or adipogenic medium), the cells were labeled with CellTracker 

fluorescent probes (Life Technologies, catalog no. C34552). Briefly, the cells grown on 

various matrices were incubated in 20 μM CellTracker fluorescent dyes in DMEM at 37 °C 

for 30 min and then in growth medium at 37 °C for an additional 30 min. The labeled cells 

were imaged using a fluorescence microscope (Carl Zeiss, Axio Observer A1).

2.7. Quantitative Polymerase Chain Reaction (qPCR) Analysis

qPCR analysis was carried out to examine differences in gene expression of hMSCs cultured 

on various matrices under different medium conditions. Cells were collected in 1 mL of 

TRIzol, and their RNA was isolated using a phenol-chloroform extraction method. For each 

sample, 1 μg of RNA was reverse-transcribed to cDNA using iScript cDNA synthesis kit 

(Bio-Rad, catalog no. 170-8891) according to manufacturer’s protocol. cDNA solution was 

mixed with SYBR select master mix (Life Technologies, catalog no. 4472908) and primers 

for various genes. The resulted solution was subject to qPCR analysis using ABI Prism 7700 

sequence detection system (Applied Biosystems). The list of primer sequences is shown in 

Table S1. Gene expression for various osteogenic (RUNX2, OCN, and BSP) as well as 

adipogenic (PPAR-γ2, αP2, and LPL) markers was evaluated. The expression for each 

target gene was normalized to that of corresponding housekeeping gene (GAPDH). The 

expression level was quantified by 2−ΔΔCT values. To compare gene expression of hMSCs 

cultured on various matrices under different medium conditions, the expression level was 

normalized to that of the corresponding cultures on coverslips under identical medium 

conditions and presented as fold expression. To compare gene expression of hMSCs cultured 

on mineralized matrices using different medium conditions supplemented with PSB 603, the 

expression level was normalized to that of cells cultured in the corresponding medium 

conditions devoid of PSB 603 and presented as fold expression.

2.8. Immunofluorescent Staining

Immunofluorescent staining was performed for osteocalcin, a mature osteoblast-specific 

marker, and perilipin, a mature adipocyte-specific marker. Cells cultured on various matrices 

under different medium conditions were fixed in 4% formaldehyde at 25 °C for 10 min. The 

cells were washed with PBS and blocked by a blocking buffer composed of 3% (w/v) BSA 

and 0.1% (v/v) Triton X-100 dissolved in PBS at 25 °C for 60 min. The fixed cells were 

incubated in primary antibodies against osteocalcin (1:100; mouse monoclonal, Santa Cruz 

Biotechnology, catalog no. sc-74495) or perilipin (1:100; rabbit polyclonal, Santa Cruz 

Biotechnology, catalog no. 67164) diluted in the blocking buffer at 4 °C for 16 h. The cells 

were washed with PBS, exposed to secondary antibodies raised against mouse (goat anti-

mouse, 1:250, Life Technologies, Alexa Fluor 568) or rabbit (goat anti-rabbit, 1:250, Life 

Technologies, Alexa Fluor 568) and phalloidin (1:100; Life Technologies, Alexa Fluor 488) 

diluted in the blocking buffer at 25 °C for 60 min, and washed with PBS. The nuclei of cells 

were stained using Hoechst 33342 solution (2 μg/mL; Life Technologies, catalog no. H1399) 

at 25 °C for 7 min and washed with PBS. The samples were mounted onto glass slides and 
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imaged using a fluorescence microscope (Carl Zeiss, Axio Observer A1). The images were 

taken at a linear mode, and the same exposure time was used for all samples. The 

background was uniformly subtracted for all images using ImageJ software, where a rolling 

ball algorithm with a rolling ball radius of 750 pixels was applied.

2.9. Statistical Analysis

GraphPad Prism 5 was used to perform statistical analyses. Two groups were compared 

using two-tailed Student’s t-test. Multiple groups were compared by one-way analysis of 

variance (ANOVA) with Tukey-Kramer posthoc test. p-values measuring less than 0.05 were 

considered to be statistically significant. Asterisks were assigned to represent different levels 

of statistical significance.

3. RESULTS

3.1. Synthesis and Characterization of Mineralized Matrices

Synthetic matrices were developed by copolymerizing poly(ethylene glycol)-diacrylate 

(PEGDA) with N-acryloyl 6-aminocaproic acid (A6ACA) moieties as described elsewhere.
35 The PEGDA-co-A6ACA hydrogel matrices were biomineralized to incorporate CaP 

moieties into the matrix,35 where the presence of pendant side chain terminating with 

carboxyl groups promoted the binding of Ca2+ ions and subsequently led to nucleation of 

CaP minerals. Gross images of mineralized matrices revealed their opaqueness in contrast to 

transparent nonmineralized controls (Figure 1a). Scanning electron microscopy (SEM) 

images of mineralized matrices showed a continuous layer of minerals (Figure 1b). Energy 

dispersive spectroscopy (EDS) analyses confirmed the presence of calcium and phosphorus 

elements in mineralized matrices with an atomic ratio (Ca/P) of 1.40 (Figure 1b). As 

expected, no peaks arising from such elements were observed in nonmineralized matrices. 

Measurements of the Ca2+ and PO4
3− content of mineralized matrices showed that they 

contain 80.4 ± 1.5 mg of Ca2+ and 129.4 ± 3.8 mg of PO4
3− per gram of dry weight of 

matrices (Figure 1c,d), whereas negligible amounts of such ions were detected in 

nonmineralized matrices. The CaP minerals of the mineralized matrices dissociated into 

Ca2+ and PO4
3− ions in medium devoid of such ions (Figure 1e,f). Mineralized materials 

initially showed a rapid release of Ca2+ and PO4
3− ions into the surrounding medium of Tris 

buffer within 1 day of incubation; thereafter, their ionic concentration in the surrounding 

medium did not vary significantly throughout the experimental time of 7 days.

3.2. Culture Condition-Dependent Osteogenesis or Adipogenesis of hMSCs

We cultured hMSCs on non-mineralized and mineralized matrices and coverslips in either 

growth medium or adipogenic medium. All of the matrices supported adhesion and 

spreading of cells with no significant differences both in growth medium and adipogenic 

medium (Figure S1). Cells under all culture conditions proliferated and reached confluence 

within 10 days of culture. We next determined the effect of mineralized and nonmineralized 

matrices on differentiation of hMSCs in both growth and adipogenic medium and compared 

against those cultured on cell culture-grade coverslips under identical conditions. The cells 

cultured on mineralized matrices in growth medium exhibited a significant upregulation of 

various osteogenic markers (RUNX2, OCN, and BSP) compared to those on other matrices 
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under investigation after 14 days of culture, which is in accordance with previous reports 

(Figure 2a).29 Unlike osteogenic markers, adipogenic markers (PPAR-γ2, αP2, and LPL) 

were undetectable on any of the matrices in growth medium (Figure 2a). Findings from the 

gene expression profile were further confirmed by immunofluorescent staining for 

osteocalcin (osteoblast-specific marker) and perilipin (adipocyte-specific marker). The cells 

cultured on mineralized matrices in growth medium stained positive for osteocalcin (Figure 

3a), whereas no positive staining for perilipin was observed on any of the matrices in growth 

medium (Figure 3b), consistent with the lack of adipogenic gene expression. The cells were 

also stained for F-actin and Hoechst (for nuclei). The gene expression profile along with 

immunofluorescent staining suggests that the mineralized matrices possess necessary cues to 

direct osteogenic differentiation of hMSCs in growth medium.

We next examined the effect of different matrices on hMSC differentiation in adipogenic 

medium. Specifically, we asked whether the cues from the mineralized matrices would be 

sufficient to direct osteogenic differentiation of hMSCs when cultured in adipogenic 

medium. The differentiation pattern of hMSCs on different matrices showed that the cells on 

nonmineralized matrices and coverslips exhibited a significant upregulation of adipogenic 

markers, whereas those on mineralized matrices had minimal to no expression of adipogenic 

markers (Figure 2b). Instead of undergoing adipogenesis, the cells on mineralized matrices 

underwent osteogenic differentiation and displayed an upregulation of various osteogenic 

markers despite being incubated in adipogenic medium (Figure 2b). Immunofluorescent 

staining for osteocalcin and perilipin further corroborated the findings from the gene 

expression. The hMSCs on mineralized matrices stained positive for osteocalcin (Figure 4a), 

with minimal to no positive staining for perilipin (Figure 4b). On the contrary, cells on 

nonmineralized matrices and coverslips stained positive for perilipin (Figure 4b) and 

exhibited no positive staining for osteocalcin (Figure 4a). Taken together, the results suggest 

that the cues provided by the mineralized matrices are effectively dominant in directing 

osteogenic differentiation of hMSCs while inhibiting their adipogenic differentiation, even 

in the presence of medium conditions that are known to drive adipogenic differentiation of 

hMSCs.

3.3. Role of Adenosine Signaling in Mineralized Matrix-Mediated Osteogenesis and 
Inhibition of Adipogenesis

We have previously demonstrated the role of adenosine signaling in mineralized matrix-

assisted osteogenesis of hMSCs.30 Thus, we wondered whether adenosine signaling not only 

promotes osteogenic differentiation of hMSCs but also attenuates their adipogenic 

differentiation in a mineral environment. In order to investigate the role of adenosine 

signaling in inhibition of adipogenesis on mineralized matrices, we examined the role of 

adenosine A2b receptor (A2bR). We chose A2bR due to its established role in mineralized 

matrix- mediated osteogenic differentiation of hMSCs.30 We blocked A2bR with 8-[4-[4-(4-

chlorophenzyl)piperazide-1-sulfonyl)-phenyl]]-1-propylxanthine (PSB 603) to examine its 

effect on mineralized matrix-assisted suppression of adipogenesis of hMSCs. Consistent 

with our previous report, the hMSCs cultured on mineralized matrices in growth medium 

showed downregulation of osteogenic markers (RUNX2, OCN, and BSP) in the presence of 

PSB 603 (Figure 5a).30 The downregulation of osteogenic markers was further confirmed by 
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immunofluorescent staining for osteocalcin, which showed that the positive signal of hMSCs 

on mineralized matrices diminished significantly in the presence of PSB 603 (Figure 6a). 

The presence of PSB 603 in growth medium did not have any effect on adipogenesis, and the 

expression levels of various adipogenic markers remained undetectable (Figure 5a). The 

cells on mineralized matrices stained negative for perilipin, both in the presence and absence 

of PSB 603 in growth medium (Figure 6b), further confirming no influence of PSB 603 on 

adipogenic differentiation of hMSCs.

We next investigated the effect of adenosine signaling on mineralized matrix-mediated 

inhibition of adipogenesis in adipogenic medium. Similar to the cultures in growth medium, 

the hMSCs on mineralized matrices exhibited downregulation of osteogenic markers 

(RUNX2, OCN, and BSP) in adipogenic medium supplemented with PSB 603 (Figure 5b). 

Concomitant with the decrease in osteogenic gene expression pattern, we observed a 

significant upregulation of adipogenic markers (PPAR-γ2, αP2, and LPL; Figure 5b). This 

is in stark contrast to hMSCs on mineralized matrices in adipogenic medium without the 

inhibition of A2bR. The expression levels of adipogenic genes were found to be the highest 

for cultures containing 100 nM PSB 603. The gene expression pattern was further confirmed 

by immunofluorescent staining showing that the addition of PSB 603 into adipogenic 

medium resulted in the attenuation of positive osteocalcin staining in hMSCs on mineralized 

matrices (Figure 7a). The reduction in osteocalcin signaling was accompanied by positive 

staining for perilipin, and its intensity increased as the concentration of PSB 603 in the 

medium increased (Figure 7b).

4. DISCUSSION

Biomaterials recapitulating tissue-specific physical and chemical cues have been considered 

to be a powerful tool in directing stem cell differentiation commitment. Prevalent use of 

biomaterials to direct stem cell commitment to assist tissue repair, however, is dependent 

upon the dominancy of the matrix-based cues over competing soluble cues present in the 

milieu. This is paramount when the cells possess multipotency and a shift in differentiation 

of the progenitor cells could lead to pathologies. Biomaterials containing CaP minerals 

promote osteogenic differentiation of progenitor and stem cells,28,29,31,32 and a number of 

studies have used such mineralized materials to promote bone tissue formation in vivo.
31,36,37 Given the propensity of MSCs to differentiate into both osteoblasts and adipocytes in 

response to the matrix or soluble cues, we examined the fate decision of hMSCs in an 

environment where disparate instructive cues are presented: the mineralized matrix provides 

cues relevant to osteogenesis, whereas the adipogenic medium provides cues necessary for 

adipogenesis.

Our results showed that hMSCs cultured on various matrices in the presence and absence of 

adipogenic soluble supplements underwent differential fate commitment into either 

osteogenic or adipogenic lineages, depending upon the local cues available from the 

matrices and/or medium conditions. Specifically, hMSCs on nonmineralized hydrogels and 

coverslips underwent adipogenic differentiation in adipogenic medium, and no significant 

differentiation was observed in growth medium. However, intriguingly, hMSCs cultured on 

mineralized matrices underwent osteogenic differentiation, while inhibiting their adipogenic 
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differentiation, despite being cultured in adipogenic medium. The inhibition of adipogenesis 

in the presence of adipogenic medium was observed only on CaP-bearing matrices, 

indicating that the matrix-mediated inhibition is largely attributed to the mineral 

environment. A previous study by Jensen et al. reported a similar finding, where the authors 

observed a significant decline in adipogenic differentiation of 3T3-L1 preadipocytes in 

adipogenic medium containing high levels of calcium supplements.38 A number of studies 

have shown the importance of dissolution of CaP minerals in determining the 

osteoinductivity of mineralized matrices.37 Biomineralized matrices used in this study 

contained apatite-like CaP minerals35 that can be easily dissociated into Ca2+ and PO43− 

ions. The dissolution and precipitation of CaP moieties regulate the levels of Ca2+ and 

PO4
3− ions in the extracellular milieu.37,39,40

The mineralized matrix-assisted attenuation of adipogenesis of hMSCs was reversed upon 

blocking of A2bR, a Gαs/αq protein-coupled receptor, suggesting the role of adenosine 

signaling in this process. The adipogenic differentiation of hMSCs in the presence of A2bR 

inhibitor was accompanied by inhibition of their osteogenic differentiation. This is in 

accordance with previous reports that have implicated the role of adenosine signaling, in 

particular, A2bR, on osteogenic differentiation of MSCs30,41,42 and our previous findings 

that adenosine signaling through phosphate metabolism and A2bR plays an important role in 

mineralized matrix-assisted osteogenic differentiation of hMSCs.30 Studies have shown that, 

under culture conditions devoid of osteogenic cues, merely overexpressing A2bR in 

preosteoblasts increased osteoblast gene expression but inhibited their adipogenesis in 

adipogenic-inducing medium.43 This suggests that A2bR signaling plays a key role in 

specifying osteogenic differentiation of progenitor cells in vitro. A2bR activates adenylate 

cyclase and increases intracellular cAMP levels to play an inhibitory role in adipogenesis.
44,45 Findings in a recent study by Eisenstein et al. further demonstrate that A2bR activation 

inhibits adipogenic differentiation of preadipocytes through the transcription factor Krüppel-

like factor 4 (KLF4), which appears to be partially regulated by an increase in cAMP and 

activation of PKA.46 However, other studies have shown that KLF4 directly binds CCAAT/

enhancer-binding protein β (C/EBPβ) promoter and is required for adipogenesis,47 whereas 

ectopic overexpression of KLF4 attenuated osteoblast differentiation and mineralization.48 

In another study, suppression of KLF4 in hMSCs enhanced both osteogenic and adipogenic 

differentiation.49 The discrepant role of KLF4 during osteogenic versus adipogenic fate 

regulation in these studies implies that the downstream molecular machinery of A2bR is 

dynamic and context-dependent and remains to be elucidated. Nonetheless, A2bR clearly 

acts as a molecular switch to arbitrate cell fates in a competing environment containing CaP 

mineral-borne osteogenic cues and soluble adipogenic cues.

5. CONCLUSIONS

In summary, our results showed that the cues provided by the mineralized matrices promote 

osteogenic commitment of hMSCs as well as suppress their adipogenic differentiation even 

in the presence of adipogenic-inducing medium. Interestingly, the mineralized matrix-

assisted diminution of adipogenic differentiation could be reversed through inhibition of 

A2bR signaling. To our knowledge, this is the first investigation of stem cell commitment in 

the presence of competing matrix-based and soluble cues and demonstration for the 
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dominance of mineralized matrix-based cues over soluble medium components in directing 

osteogenic commitment of hMSCs. Mineralized matrices that support osteogenic 

differentiation of progenitor and stem cells while inhibiting their adipogenic differentiation 

could have a significant impact in bone tissue regeneration. Since perturbed differentiation 

commitment of MSCs into adipogenic lineage over osteogenesis is implicated in various 

bone disorders, such instructive matrices with inherent bone tissue-specific cues could act as 

a technological platform to study various bone disorders and pathologies.
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Figure 1. 
Characterization of biomineralized matrices. (a) Gross images of nonmineralized (NM) and 

mineralized (M) hydrogel discs. Scale bars represent 2 mm. (b) Scanning electron 

microscopy (SEM) images and corresponding energy dispersive spectra (EDS) of 

nonmineralized and mineralized matrices. Scale bars indicate 2 μm. Inset shows high-

magnification images, and scale bar represents 500 nm. (c) Ca2+ and (d) PO4
3− amounts of 

nonmineralized and mineralized matrices after normalization to the dry weight of matrices. 

Release of (e) Ca2+ and (f) PO43− from mineralized matrices in Tris buffer lacking such ions 

at 37 °C as a function of time. Data are presented as the mean ± standard deviation (n = 3). 

Two groups were compared by employing two-tailed Student’s t-test. Asterisks were 

assigned to p-values with statistical significance (***, p < 0.001).
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Figure 2. 
Quantitative PCR analyses of hMSCs cultured on various matrices under different medium 

conditions. Gene expressions of hMSCs for osteogenic markers (RUNX2, OCN, and BSP) 

as well as adipogenic markers (PPAR-γ2, αP2, and LPL) after 14 days of culture. Cells 

were cultured on nonmineralized (NM) and mineralized (M) matrices and coverslips (CS) in 

(a) growth medium (GM) and (b) adipogenic medium (AM). N.D. indicates a nondetectable 

amplification signal. Data are presented as the mean ± standard error (n = 3). Groups with 

different matrices in the same medium were compared by using one-way ANOVA with a 

Tukey-Kramer posthoc test. Asterisks were assigned to p-values with statistical significance 

(*, p < 0.05; **, p < 0.01; ***, p < 0.001).
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Figure 3. 
Immunofluorescent staining of (a) osteocalcin (green) and (b) perilipin (green) with 

corresponding F-actin (red) and nuclei (blue; Hoechst) for hMSCs on nonmineralized (NM) 

and mineralized (M) matrices and coverslips (CS) in growth medium (GM) after 14 days of 

culture. Scale bars represent 100 μm.
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Figure 4. 
Immunofluorescent staining of (a) osteocalcin (green) and (b) perilipin (green) with 

corresponding F-actin (red) and nuclei (blue; Hoechst) for hMSCs on nonmineralized (NM) 

and mineralized (M) matrices and coverslips (CS) in adipogenic medium (AM) after 14 days 

of culture. Scale bars represent 100 μm.
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Figure 5. 
Quantitative PCR analyses of hMSCs cultured on mineralized matrices under different 

medium conditions with varying amounts of A2bR antagonist, PSB 603. Fold expressions of 

hMSCs for osteogenic markers (RUNX2, OCN, and BSP) as well as adipogenic markers 

(PPAR-γ2, αP2, and LPL) after 14 days of culture. Cells were cultured in (a) growth 

medium (GM) and (b) adipogenic medium (AM) supplemented with PSB 603 at varying 

concentrations of 0, 0.5, 10, and 100 nM. N.D. indicates a nondetectable signal from PCR 

cycles. Data are presented as the mean ± standard error (n = 3). Groups with varying 

concentrations of PSB 603 under the same medium conditions were compared by using one-

way ANOVA with a Tukey-Kramer posthoc test. Asterisks were assigned to p-values with 

statistical significance (*, p < 0.05; **, p < 0.01; ***, p < 0.001).
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Figure 6. 
Immunofluorescent staining of (a) osteocalcin (green) and (b) perilipin (green) with 

corresponding F-actin (red) and nuclei (blue; Hoechst) for hMSCs on mineralized matrices 

after 14 days of culture in growth medium (GM) containing varying amounts (0, 0.5, 10, and 

100 nM) of an A2bR antagonist, PSB 603. Scale bars represent 100 μm.
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Figure 7. 
Immunofluorescent staining of (a) osteocalcin (green) and (b) perilipin (green) with 

corresponding F-actin (red) and nuclei (blue; Hoechst) for hMSCs on mineralized matrices 

after 14 days of culture in adipogenic medium (AM) containing varying amounts (0, 0.5, 10, 

and 100 nM) of an A2bR antagonist, PSB 603. Scale bars represent 100 μm.
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