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Abstract

The methodology for the repair of critical-sized or non-union bone lesions has unpredictable 

efficacy due in part to our incomplete knowledge of bone repair and the biocompatibility of 

bone substitutes. Although human mesenchymal stem cells (hMSCs) differentiate into osteoblasts, 

which promote bone growth, their ability to repair bone has been unpredictable. We hypothesized 

that given the multi-stage process of osteogenesis, hMSC-mediated repair might be maximal at a 

specific time-point of healing. Utilizing a mouse model of calvarial healing, we demonstrate that 

the osteo-repair capacity of hMSCs can be substantially augmented by treatment with an inhibitor 

of peroxisome-proliferator-activated-receptor-γ, but efficacy is confined to the rapid osteogenic 

phase. Upon entry into the bone-remodeling phase, hMSC retention signals are lost, resulting in 

truncation of healing. To solve this limitation, we prepared a scaffold consisting of hMSC-derived 

extracellular matrix (ECM) containing the necessary biomolecules for extended site-specific 

hMSC retention. When inhibitor-treated hMSCs were co-administered with ECM, they remained 

at the injury well into the remodeling phase of healing, which resulted in reproducible and 

complete repair of critical-sized defects in 3 weeks. These data suggest that hMSC-derived ECM 

and inhibitor-treated hMSCs could be employed at optimal times to substantially and reproducibly 

improve bone repair.
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One-sentence summary

Stem cell-generated bone-repair matrices.

Introduction

Non-union defects of bone are a major challenge in orthopedics. Of the 13 million yearly 

fractures that occur in the United States, about 10% fail to repair (1, 2). In many cases, 

synthetic implants can temporarily stabilize such injuries, but inadequate cellular responses 

can delay healing, and poor bone quality can cause rapid loss of fixation (3, 4). Failed 

implants are notoriously difficult to revise and bones that fail to heal exact a high cost on the 

medical system in general and on the health of the patient in particular (5). Thus, rapid and 

reliable healing can prevent costly hardware complications and allow more rapid return to 

function in patients.

To bridge large defects, autologous bone grafting can be performed where bone is explanted 

from a different site, often the iliac crest, and implanted at the site of injury (6–8). This 

procedure is effective, but the available graft material is limited, and involves additional 

surgery, which has been shown to cause chronic donor-site pain in many patients (9). Bone 

substitutes taking the form of synthetic material or decellularized bone (10) are abundantly 

available, but they also have their disadvantages, including poor osteoconductivity, poor 

host-cell adhesion properties, and immune rejection (7, 11–13). These substitutes provide a 

well-defined region of containment, but are frequently insufficient to support angiogenesis, 

proliferation, nutrition, and adherence. They have also had variable success in achieving 

complete osseointegration with host bone (14).

There is therefore a clear need for self-sustaining biocompatible implants that reflect the 

osteogenic niche and interact with the surrounding tissue to rapidly achieve homeostasis 

with the recipient. The most feasible form for this technology is a cell-scaffold composite, 

which is not a new concept, but achieving reproducibility, biocompatibility, and clinical 

relevance has hampered translation (15–22). We approached this problem initially by 

investigating hMSCs from bone marrow and found the peroxisome proliferator-activated 

receptor γ (PPARγ) inhibitor, GW9662, to be effective in osteogenically enhancing 

hMSCs (23). These observations were rationalized in terms of an inhibitory crosstalk 

existing between the adipogenic PPARγ axis and the osteogenic canonical Wnt axis. Upon 

inhibition of PPARγ, Wnt signaling prevails, resulting in osteogenic gene expression (23–

27). In our previous studies, direct application of GW9662-treated hMSCs (GW-hMSCs) 

to critical-sized calvarial defects resulted in 2–3–fold improvement over untreated controls. 

However, only about 60% healing of the lesion was observed after 50 days of repeated 

cell administration. Given that bone heals in a stage-wise manner, with inflammatory, 

regenerative, and remodeling phases (28–32), we hypothesized that the beneficial effects 

of hMSCs might be limited to a specific stage of healing.

Utilizing a murine calvarial model of bone healing, we demonstrate here that the osteo-

repair capacity of hMSCs is confined to the rapid osteogenic phase that occurs after 

resolution of inflammation. Upon entry into the later remodeling phase, retention signals 
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were lost, resulting in disruption of hMSC-mediated healing. These observations are of 

importance because they indicate that hMSCs are efficacious during a distinct temporal 

window, and thus may explain why bone healing outcomes are variable. In an attempt to 

extend the retention time of hMSCs at the lesion site, we prepared a scaffold that consisted 

of hMSC-derived extracellular matrix (ECM), but was distinct from steady-state bone tissue. 

When GW-hMSCs were co-administered with the ECM, they were retained at the injury 

well into the remodeling phase, which resulted in reproducible and often complete healing 

of critical-sized defects. These data suggest that composites of hMSC-derived ECM and 

GW-hMSC could be used to improve repair strategies for critical-sized bone defects.

Results

Charaterization of hMSCs used in the study.

The hMSCs used in the study were subjected to standard in vitro assays of differentiation 

and flow cytometry to confirm identity (Supplementary Methods). In accordance with 

currently accepted hMSC definitions, they exhibited the appropriate immunophenotype and 

differentiated into osteoblasts, adipocytes, and chondrocytes in vitro (Fig. 1A, B; fig. S1) 

(33). We then tested the effects of GW9662 on osteogenic differentiation of the hMSCs. In 

agreement with our previous studies (23), we found that alkaline phosphatase (ALP) activity 

was increased upon exposure to media containing osteogenic supplementation (Fig. 1C).

Time course of hMSC-mediated calvarial healing.

GW9662 treated hMSCs (GW-hMSCs) were prepared by incubating hMSC monolayers 

with 10 μM GW9662 for 8 days in the presence of β-glycerophosphate and ascorbic acid 

(Supplementary Methods). Control cultures were incubated in the same way, but with an 

appropriate volume of vehicle (dimethyl sulphoxide, DMSO). We performed a time-course 

experiment over 3 weeks where mice were subjected to a calvarial defect and a peri-surgical 

administration of either GW-hMSCs (n = 4, 1.8×106 cells) or control hMSCs.(n = 4, 1.8×106 

cells), followed by weekly local injections of identical cell preparations thereafter. Groups 

of mice were then euthanized 5, 14, and 21 days after surgery (Fig. 2A, B). After 5 

days—which corresponds approximately to the resolution of inflammation (28)—closing 

of the lesion had not commenced, but the stem cells were clearly detectable at the bone 

defect and at the skin incision by fluorescent imaging (Fig. 2C). RNA was recovered for 

analysis and quantitative RT-PCR indicated that approximately 200,000 hMSCs (11% of the 

original dose) were present at the lesion site (Fig. 2D; fig. S2). At week 2, cell engraftment 

data were essentially the same as week 1, and the calvarial lesions had started to heal, as 

determined by densitometric radiography and micro-computed tomography (μCT) scanning 

(Fig. 2E, F). Administration of GW-hMSCs significantly improved the rate of healing when 

compared to vehicle treated hMSCs (Fig. 2E, F). After 3 weeks, approximately 60% of the 

lesion had healed in the group receiving GW-hMSCs compared to approximately 30% in the 

hMSC-only controls.

When cell engraftment was assayed at week 3, however, a drastic reduction in cell number 

was observed for both the control and GW-hMSC groups, with about 0.5% and 1% of 

the original dose engrafted, respectively (Fig. 2D; fig. S2). Therefore, it appeared that the 
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conditions maintaining viability and/or cell-retention at the lesion site over the prior 2 weeks 

had disappeared. Although engraftment after 3 weeks was substantially lower than earlier 

time points, it was apparent that significantly more GW-hMSCs had remained at the lesion 

compared with vehicle treated controls. Immunocytochemistry of the explanted calvaria 

from week 2 specimens revealed that there was a split distribution of hMSCs at the lesion 

site, with populations of cells remaining above the lesion and also adjacent to the bone 

(Fig. 2G; fig. S3). The two populations were separated by an approximately 10-cell–thick 

layer of murine fibroblast-like cells (Fig. 2G). Interestingly, calvarial explants that received 

GW-hMSCs had substantially more cells interacting directly with the bone compared with 

sporadic bone-surface distribution in the controls (Fig. 2G). These data suggest that GW-

hMSCs had a greater affinity for bone tissue and could have been contributing directly to 

bone repair.

The potential mechanism of hMSC-mediated calvarial healing.

To gain more insight into the superior healing potential of GW-hMSCs and also what might 

be accounting for their extended engraftment, microarray analyses on the RNA extracted 

from the calvarial tissue recovered after days 5 and 14 were performed (table S2; table 

S3). Calvaria that received hMSCs yielded 4–8-fold more RNA than controls that received 

no cells, and it appeared that most of the RNA was human in origin, thus suggesting 

that background cross-hybridization from murine transcripts would be low. Microarray data 

from days 5 and 14 were similar, sharing most of the differentially expressed genes, with 

a striking prevalence of up-regulated transcripts coding for extracellular matrix (ECM) 

proteins, particularly collagens; for instance, up-regulation of collagens XI, XII, XV, and 

XXI by GW-hMSCs (table S2 and S3). Given that this list represented the top collagens 

up-regulated in cultured GW-hMSCs as well, we postulated that the remaining collagens 

identified in a separate in vitro (23) might be detectable by a more specific and sensitive 

quantitative RT-PCR. When the RNA samples were analyzed by quantitative RT-PCR, 

collagens I, III, V, VI, XI, XII, XIV, XV, and XXI were found to be up-regulated by GW-

hMSCs in vivo (Table 1). The increased secretion of particular collagen types at the lesion 

by GW-hMSCs during the healing process might be partly responsible for their enhanced 

efficacy and the increased number of GW-hMSCs persisting at week 3. The notion that those 

collagens were up-regulated during the rapid stage of calvarial bone repair was supported 

in part by meta-analysis of existing data submitted to the NCBI Gene Expression Omnibus 

(GEO) (34). These data, accessible through GEO Series accession number GSE20980 (35), 

indicated that types V, VI, XII, and XV collagen chains were robustly up-regulated at day 

5 of calvarial repair when compared to the remodeling phase at day 21 (table S4). Taken 

together, it appears that hMSC-derived collagens may enhance repair of calvarial lesions 

by providing an osteogenic retention signal for both exogenous hMSCs and host-derived 

cells. We aimed to test this notion by co-administering purified hMSC-derived ECM with 

GW-hMSCs.

To generate hMSC-derived ECM, cells were cultured as a monolayer and subjected to a 

two-stage osteogenic protocol initially optimized for ECM-yield (Supplementary Methods). 

This consisted of a pre-osteogenic, non-mineralizing stage where the cells were exposed 

to osteogenic media in the absence of dexamethasone, but the presence of GW9662 or 
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vehicle; then a mineralizing stage, where the hMSCs received osteogenic media with 

dexamethasone, but the GW9662 was absent. The monolayers were then recovered and the 

cells and contaminating proteins removed, while maintaining the collagen-rich components 

of the ECM. After processing, the material had a fibrous appearance, with regularly oriented 

fibrils (Fig. 3A). Immunoblotting confirmed that the process had depleted the presence of 

intracellular proteins, such as GAPDH and β-actin, but enriched the collagen-containing 

extracellular component (Fig. 3B). Complete proteolytic digestion of the ECM resulted in an 

inorganic residue that could be identified as brushite, a hydrated form of calcium phosphate 

(CaHPO4·2H2O) (Fig. 3C). When the purified ECM was co-cultured with GFP-labeled 

hMSCs, we observed that the cells oriented themselves on the surface of the material in a 

manner similar to the osteoblast layer on a periosteal surface (Fig. 3D). The resemblance 

to osteoblasts was also supported by the presence of high ALP activity (Fig. 3D). Although 

the cultures were viable for 15 days, initial cell loss was observed until equilibrium was 

achieved, suggesting that binding sites favoring long-term survival are present, but can be 

saturated by addition of excess numbers of cells (Fig. 3E).

Effect of GW9662 on ECM generation by hMSCs.

We then compared ECM preparations generated by GW-hMSCs to those generated by 

untreated hMSCs and found that 7 of hMSC preparations tested (n=10) were highly 

responsive to 10 μM GW9662 treatment, as shown by a dose-dependent increase in ALP 

activity (Fig. 4A) and formation of mineralized nodules that are an indicator of bone 

matrix deposition (Fig. 4B). The remaining cultures had very high inherent osteogenic 

activity and thus were marginally improved by GW92662. For all hMSC preparations 

tested, GW9662 treatment caused a greater volume of ECM to be formed (Fig. 4C), with 

elevated calcium levels, indicative of mineralizing osteogenesis (Fig. 4D). Therefore, the 

data show that GW9662 had a positive effect on ECM yield, but it was unclear whether 

composition had been affected. Conventional proteomic analysis proved impossible owing 

to the physical characteristics of the ECM and its lack of solubility even under common 

denaturing conditions. We therefore employed amino acid analysis, hypothesizing that 

significant changes in the composition of ECM preparations would be detectable by shifts 

in the various proportions of amino acids present. In terms of collagen content, these 

changes would be expected to manifest themselves as variations in glycine, proline, and 

hydroxyproline levels. Amino acid analysis revealed that ECMs generated from GW9662-

treated (GW-ECM) and control hMSCs (DMSO-ECM) were remarkably similar in terms 

of their amino acid composition, with the exception of hydroxyproline, which was slightly 

reduced (by 14–28%) in GW-ECM compared to controls (table S5). These reductions 

occurred without an associated change in non-hydroxylated proline levels. There was also a 

slight but reproducible increase in lysine content. Altogether, amino acid analysis suggested 

that the effect of GW9662 on hMSC-derived ECM was predominantly on yield rather than 

composition. We next examined whether GW-ECM differed from DMSO-ECM in terms 

of cell binding and differentiation. GW-ECM and DMSO-ECM constructs (4 mm3) were 

prepared and incubated with GW-hMSCs or control-hMSCs for up to 5 days. Although both 

GW-ECM and DMSO-ECM exhibited similar cell-binding characteristics, a combination of 

GW-hMSCs with DMSO-ECM provided the best cell retention and ALP activity after 5 days 

of co-culture (Fig. 4E, F). Overall, these data demonstrated that although yield of ECM was 
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about 2-fold higher from GW-hMSCs, the ECM generated from control hMSCs exhibited 

superior cell binding and osteogenic support.

The effect of hMSC derived ECM on calvarial healing.

To test the effects of the hMSC-derived ECM in vivo, calvarial lesions were generated in 

nude mice as described previously. During surgery, one group of animals (n = 4) received 

GW-hMSCs only, one group received ECM only (n = 4), and the final group received both 

GW-hMSCs and DMSO-ECM (n = 4). Subsequent treatments were administered 1 and 2 

weeks thereafter by injection. At week 3, mice were euthanized for analysis. Groups that 

received matrix only or GW-hMSCs only exhibited marginal and 60% healing, respectively 

(Fig. 5A). In contrast, mice that received GW-hMSCs and ECM had healed 80–100%, 

with some animals generating levels of bone in excess of the contralateral side (Fig. 5A, 

B). When cell engraftment was assayed by RT-PCR, lesions that received only cells had 

generally low engraftment, reflecting about 2% of the original final dose. In one instance, 

engraftment was substantially higher than mean levels, but this was not accompanied 

by increased bone healing. Overall, cell engraftment was substantially higher at week 3 

in animals that received the cell-matrix composite (Fig. 5C), reaching levels equivalent 

to engraftment measured at day 5 in experiment 1. In vivo, GW-hMSCs alone became 

elongated and clustered sparsely in groups adjacent to the bone tissue (Fig. 5D, left). In 

contrast, when co-administered with ECM, GW-hMSCs were matrix-localized, engrafting in 

much larger clusters that did not appear to be associated with the remodeling bone surface 

(Fig. 5D, right). Since the ECM provides additional cell binding sites that are not directly 

adjacent to or in the repairing bone, the mechanism of action appears to be through trophic 

support rather than direct tissue contribution. Indeed, the paracrine action of hMSCs on 

endogenous repair responses has been proposed as a mechanism of efficacy in numerous 

biological systems (36), including bone. (37) To examine this notion further, we generated 

a list of transcripts up-regulated in GW-hMSCs after 1 week of injury engraftment that 

encode secreted proteins (table S6). Using the Database for Annotation, Visualization and 

Integrated Discovery (38, 39), a comparison was then performed against various tissue 

expression lists to determine whether the up-regulated transcripts of GW-hMSCs could 

support osteogenesis. The results of the search confirmed that transcripts up-regulated 

in GW-hMSCs that encoded secreted proteins corresponded closest to bone and vascular 

expression profiles with strong statistical significance (table S7).

We explored the possibility that integrins at the cell surface might be directly 

regulated by GW9662, in synergy with the differentially expressed collagens. However, 

immunophenotyping demonstrated that integrins commonly associated with osteoblasts (40, 

41), such as β1 (CD29), α1 (CD49a), α2 (CD49b), α5 (CD49e), and αυ (CD51), were 

presented at equally high levels on the membranes of GW-hMSCs and untreated hMSCs 

(table S8). The potential expression of CD36 (glycoprotein 3b) on the surface of hMSCs 

was also of interest because it is a known ligand of type V collagen, originally discovered 

as part of the platelet aggregation pathway (42). However, we could not detect expression on 

the membranes of hMSCs irrespective of GW9662 treatment. Taken together, these results 

do not support GW9662-mediated receptor-matrix synergy for the most likely candidate 

collagen receptors.
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Discussion

Bone healing is a multi-stage process involving the temporal regulation of a number of 

distinct phases that have been well-characterized in rodent models (28–32). For example, 

after fracture of long bones, there is rapid reorganization of the tissue architecture with 

initiation of inflammation. Shortly after, angiogenesis is initiated, feeding the lesion with 

nutrients and necessary cytokines. Thereafter, simultaneous processes of intramembranous 

and endochondral ossification (IO and EO, respectively) occur. IO occurs at the periosteum, 

where mesenchymal progenitors differentiate directly to osteoblasts. This process involves 

the prompt deposition of a bony “hard callus” adjacent to cortical bone, but the process 

is generally attenuated after two weeks, resulting in a relatively low volume of new tissue 

and limited range in terms of gap closure (29). EO is initiated by rapid expansion of 

mesenchymal cells adjacent to the fracture that differentiate into chondrocytes, forming 

a cartilaginous “soft callus” rich in type II collagen, and over a few weeks the callus 

is calcified to bone. When cultured MSCs are induced to generate a mineralized matrix, 

they do so by a process that resembles IO in that the cells differentiate directly to 

mineralizing osteoblast-like cells in the absence of an intermediate chondrocytic phase 

(23, 43, 44). We therefore selected a model of rodent calvarial healing that occurs 

exclusively by IO to examine potential stage-wise effects of hMSC-mediated osteo-repair. 

This model recapitulates the inflammatory, rapid osteogenic, and remodeling phases without 

a chondrogenic stage characteristic of EO (45).

Over the 21-day time course we found that retention of hMSCs at the site of injury 

was confined to the first two weeks of repair and rapidly dwindled between 2 and 3 

weeks, resulting in up to 60% closure of the lesions (Fig. 2). Because injections of fresh 

hMSCs were administered at each week following surgery, the reduction in engraftment was 

attributed to the microenvironment rather than the inherent longevity of the cells. Given that 

the rapid repair phase of IO occurs for about two weeks post-injury (28, 29), it seemed that 

engraftment was coincident with this phase and was attenuated during remodeling which 

is initiated after about 2 weeks of repair in rodents (28). One explanation for these results 

arises from reports of strong mitotic cues persisting for 2 weeks post-lesion that cause a 

rapid expansion of local osteoprogenitor cells (46). However, it is unlikely that this process 

entirely explains the observed engraftment kinetics, because the presence of hMSC-derived 

matrix substantially improves engraftment 1 week after the predicted end of the mitotic 

burst.

The hypothesis that an extended hMSC retention signal might be beneficial arose from 

the observations that, irrespective of the relatively low level of engraftment at week 3, 

it remained 2-fold higher with GW-hMSCs, that GW-hMSCs secrete higher levels of 

ECM collagens when compared to untreated controls (23), and that GW-hMSCs exhibit 

greater efficacy in bone repair. These observations therefore raised the possibility that 

ECM collagens themselves might be contributing to a retention signal and may explain 

the enhanced efficacy observed. This hypothesis was confirmed when purified ECM from 

hMSCs was co-administered with GW-hMSCs and retention was extended throughout week 

3, resulting in substantially improved lesion closure that was complete in most cases (Fig. 

5). Based on the near-exclusive distribution of GW-hMSCs on the matrix—rather than at the 
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surface of the remodeling bone—it is reasonable to assume that at later stages of healing, the 

GW-hMSCs adopt a bystander or trophic role rather than direct contribution to tissue repair 

when administered with matrix. This hypothesis is strongly supported by the observation 

that transcripts up-regulated by engrafted GW-hMSCs encoding secreted proteins closely 

match expression profiles of bone, vasculature and cartilage (table S6, 7).

We speculated that GW-hMSCs generate ECM of a distinct composition that favors 

retention, but biochemical data strongly indicated that GW9662 affected matrix yield rather 

than altered composition (Fig. 4C, D; table S4). Nevertheless, this possibility could not 

be completely ignored because practical constraints limited compositional characterization 

to amino acid analysis and qualitative immunoblotting. Transcriptomic assays of calvarial 

samples containing untreated and GW-hMSCs identified a short-list of up-regulated collagen 

genes that could represent retention signal candidates including types I, III, V, VI, XI, 

XII, XIV, XV, and XXI (Table 1; tables S2-S4). With the exception of types I and III 

collagen, which are abundant in bone, types V (47–50), VI (51–54), XI (55, 56), XII 

(57–59), XIV(57), and XV(60) have been reported to play a role in skeletal development 

and/or accelerated osteoblast activity. Furthermore, meta-analysis of a transcriptome array 

dataset present on the NCBI Gene Expression Omnibus identified collagen types V, VI, 

XII, and XV to be up-regulated in early rather than late healing of a calvarial defect in 

rats (table S4). Collagen type XXI was also found to be highly up-regulated in GW-hMSCs 

and, because expression is highest in highly vascularized tissues such as heart, stomach, and 

placenta (61, 62), it may play a role in supporting angiogenesis. Indeed, both GW-hMSCs 

and untreated hMSCs appear to enhance angiogenesis in healing murine calvaria (23). 

Nevertheless, the observation that a combination of DMSO-ECM and GW-hMSCs resulted 

in the best combined cell-retention and osteogenesis suggested that factors in addition to 

collagen composition may also contribute to the observed ECM efficacy (Fig. 4).

This study suggests that the ECM generated by osteogenic hMSCs provides a biologically 

complex extracellular microenvironment that mimics repairing rather than homeostatic bone 

tissue, making it distinct from common clinically-utilized bone-repair scaffolds such as 

demineralized bone matrix, hydroxyapatite, and collagen foam. This matrix is sufficient to 

extend the retention of osteoblasts and their progenitors at the lesion site by at least 1 week, 

resulting in substantially improved osteogenesis when administered with an appropriate 

cellular component (MSCs). We propose that hMSC-derived ECM could be employed for 

surface “bio-conditioning” of commonly used synthetic orthopedic materials to improve 

osteogenesis and bio-integration. Because the ECM matrix provides a retention signal to 

hMSCs, a favorable biologic niche for the cells to reside, and promotes osteogenesis, it can 

be thought of as a self-sustaining graft material when used in conjunction with hMSCs. This 

notion is also supported by the observation that MSC-derived ECM has been reported to 

directly enhance the osteogenic functionality of hMSCs. (63)

Translational applications of this technology include the manufacture of cryo-preserved, live 

GW-hMSC/ECM composites for bone bridging applications. Furthermore, bio-conditioning 

of inert materials commonly used in orthopedics with hMSC-derived ECM has great 

potential. This is especially noteworthy given the reported biocompatibility issues associated 

with many synthetic or cadaveric materials currently employed in orthopedics (7, 10–13). 
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Bio-conditioned products may be utilized in a variety of orthopedic settings, in particular, 

vertebral arthrodeisis (spinal fusion) procedures. Although vertebral arthrodeisis is one of 

the most common orthopedic procedures, it has a failure rate of up to 40% (14). The use 

of bone morphogenic proteins can substantially improve the probability of success, but 

their use is associated with potentially fatal safety concerns such as ectopic bone growth, 

paralysis and inflammation (64–68). Live bone allograft is the gold standard substrate for 

spinal fusion, the procedure is associated with donor site morbidity and a limited volume 

of available material (6–8). Given the well-known superiority of live bone auto-grafting for 

spinal fusion, it is attractive to speculate that a material that resembles live, anabolic bone 

tissue may exhibit equivalent efficacy to allograft when utilized in combination with GW-

hMSCs or even whole autologus bone marrow. Furthermore, scaffolds bioconditioned by 

hMSCs are not limited by volume and do not necessarily require an autologous cell-source, 

given their limited immunogenicity in allogeneic recipients (36, 69).

Materials and Methods

Culture of human mesenchymal stem cells

hMSCs were acquired from the Tulane University/Texas A&M Health Science Center 

adult stem cell distribution facility in accordance with institutionally approved protocols. 

Cells were cultured according to standard protocols (70). In brief, cells were cultured in 

complete culture medium (CCM) consisting of alpha minimal essential medium (α-MEM, 

GIBCO, Invitrogen) containing 20% (v/v) FBS (Hyclone and Altanta Biologicals), 2 mM 

L-glutamine, 100 units/ml penicillin, and 100 μg/ml streptomycin (GIBCO, Invitrogen). 

Media was changed every 48 h. For each passage, cells were seeded at 100 cm-2. Cells 

were then recovered by trypsinization (GIBCO, Invitrogen) followed by cryopreservation in 

α-MEM containing 50% (v/v) FBS and 5% (v/v) DMSO (Hybrimax, Sigma-Aldrich) in the 

vapor of liquid nitrogen. Passage 1 cells were used in lentiviral labeling experiments and 

passage 3 or 4 cells were used in all other experiments. Phase contrast and fluorescence 

microscopy of live cultures was performed using an inverted microscope (Nikon Eclipse, 

TE200) fitted with a Nikon DXM1200F digital camera.

Immunophenotyping

MSCs were recovered by brief trypsinization and incubated with fluorophore-tagged 

antibodies or respective isotype controls (Becton Dickinson Pharmingen or Beckman 

Coulter) for 30 min in PBS containing 2% (v/v) FBS. A minimum of 20,000 cells was 

analyzed on a Cytomics FC500 flow cytometer (Beckman Coulter) and data were processed 

using the manufacturer’s software (CXP). A list of clones is provided in Supplemental 

Methods.

Differentiation of human multipotent stromal cells in vitro

Differentiation assays for MSCs into mineralizing osteoblasts, adipocytes, and chondroblasts 

were performed using standard in vitro protocols detailed in Supplemental Methods (23, 70, 

71).
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Calvarial lesions and cell administration

Protocols were approved by the Texas A&M Health Science Institutional Animal Care 

and Use Committee. Two month-old female Nu/J mice were acquired from Jackson 

Laboratories. Under isoflurane anesthesia, a 4 mm diameter circular lesion in the frontal 

calvarial bone was generated 1–2 mm from the sagittal and coronal sutures using a 3 mm 

osteotomy burr. In each case, the depth and extent of the lesion was checked by gentle 

probing around the circumference of the cut so as to ensure the hole was the entire depth 

of the calvarial bone. After irrigation with PBS, cells were administered. Once the mixture 

clotted, the scalp was sutured closed and mice were allowed to recover from anesthesia with 

additional warming and oxygen for 2–3 min. For 2 days after surgery, saline and analgesia 

was administered subcutaneously. For experiments involving the hMSC-derived matrix, the 

matrix was placed in the lesion and cells were overlaid.

Green fluorescent protein (GFP)-positive hMSCs were plated at 100 cm−2, then cultured in 

CCM until 80% confluence. To osteogenically enhance hMSCs, cells were treated for 8 days 

with osteogenic medium (CCM with 50 μg/ml ascorbic acid and 5 mM β-glycerol phosphate 

[Sigma-Aldrich]) containing 10 μM GW9662 in DMSO. Control cells received DMSO only. 

Cells were recovered on the day of surgery by trypsinization and suspended in Hank’s 

buffered salt solution (Invitrogen) containing 2% (v/v) FBS on ice until administration. 

At the point of administration, 1.8×106 cells were pelleted by centrifugation, suspended 

in 45 μL cold human plasma (Sigma Aldrich), added to 45 μL cold 2x thromboplastin C 

(Fisher Scientific), and immediately pipetted onto the lesion. Subsequent doses (fig S2) were 

prepared in the same manner and they were injected under the scalp while the mice were 

anesthetized.

Cranial bone extractions and processing

In accordance with IACUC procedures, mice were humanely euthanized and cranial bones 

were cut away using a rotary tool fitted with a 10 mm diameter diamond-cutting wheel. 

The top of the skull was gently removed, washed in PBS, and cleared of excess connective 

tissue. For RNA extractions, the tissue was flash-frozen in liquid nitrogen and for histology, 

calvaria were fixed in 10% (v/v) neutral buffered formalin. (VWR International). Details on 

RNA extraction, decalcification, and sectioning are in Supplementary Methods.

Standard and real time quantitative RT-PCR

Total RNA (1 μg) was used to make cDNA (Superscript III cDNA kit, Invitrogen). 

For conventional PCR, 0.5 μg of cDNA was amplified in a 25-μL reaction using PCR 

SuperMix (Invitrogen) on a standard thermocycler (Biorad C1000). Amplified DNA was 

visualized by agarose gel electrophoresis. For quantitative RT-PCR, 0.5 μg of cDNA was 

amplified in a 25-μL reaction containing SYBR-green PCR master mix (Fast SYBR Green, 

Applied Biosystems) on a C1000 thermocycler fitted with a real time module (CFX96, 

Biorad). Human GAPDH and mouse Gapdh expression was calculated using the 2-deltaCT 

method. Murine GAPDH expression levels was used as a constant to normalize human cell 

engraftment measurements. Collagen expression data were calculated using the 2-Δ, ΔCT 

method using human GAPDH as a reference. PCR conditions and primers are given in table 

S1.
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Immunoblotting

Immunoblotting was performed in the usual manner using Novex reagents (Invitrogen). 

Antibodies were: mouse anti-GAPDH (MAB374, Chemicon-Millipore), mouse anti-β-actin 

(AC-15, Sigma-Aldrich), goat anti-type I collagen (8788, Santa Cruz Biotechnology), goat 

anti-mouse IgG (Biomeda), and rabbit anti-goat IgG (Biomeda).

Immunocytochemistry

Sections were deparaffinized and blocked for 16 h in PBS containing 2% (v/v) donkey 

serum and 0.1% (v/v) Triton X100 (Sigma-Aldrich). Human MSCS were stained with a 

rabbit anti-human β2-microglobulin antibody (ab15976, Abcam) at 1:100 dilution in PBS 

blocking buffer over 48 h at 4oC. Controls were performed with non-specific rabbit IgG 

(Sigma). Bound antibody was detected by donkey anti-rabbit IgG conjugated to AlexaFluor 

488 (Invitrogen). Sections were mounted with 4’,6-diamidino-2-phenylindole-containing 

mounting media (Vector Laboratories) and visualized with fluoresce microscopy (Nikon 

Eclipse 80i fitted with a Retiga 2000 camera) running digital imaging software (Elements, 

Nikon). Owing to the high incidence of autofluorescence in bone tissue, true green 

fluorescence was detected using a 475–490/540–565 nm dual-band filter.

Statistics

Statistical tests and data-plotting were performed using GraphPad Prism version 5.00 for 

Windows. For multiple tests of means within datasets, data were statistically analyzed 

by one way analysis of variance (ANOVA). Data involving ratios were statistically tested 

on arcsine transformed data and post-analysed by Tukey’s method. Single means were 

compared using T-test. Data were regarded significant if p values were <0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Differentiation of human MSCs. Representative results from one preparation. (A) Phase 

contrast micrographs of osteogenic cultures stained for calcium with Alizarin Red S, 

adipogenic cultures stained for lipid vacuoles with Oil Red O, and chondrocytes stained with 

toludine blue (purple). High and low magnification images are presented scale bars: white= 

100μm, black= 25μm (B) immunophenotype of hMScs used in the study (white histograms 

represent isotype controls) (C) hMSCs were cultured in osteogenic media in the presence 

or absence of 10 μM GW9662 and alkaline phosphatase (ALP) activity was measured by 
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colorimetric assay over 10 days. Data are means +/− standard deviations (n = 6). *P< 0.05, 

**P< 0.01 (t-test).
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Figure 2: 
Engraftment and repair of calvarial defects. GFP-positive hMSCs (106) were osteogenically 

cultured with 10 μM GW9662 or vehicle (DMSO) and administered to calvarial defects. 

Some mice received 106 additional hMSCs post-surgically after 5 and 14 days. (A) 

Experimental setup for calvarial lesion model. (A) The phases of intramembranous bone 

repair in rodents adapted from Hadjiargyrou et al. (28). (B) Timeline, treatment conditions 

and analyses performed during experiments. (C) After 5 days, hMSCs were detected in the 

calvaria and incision. Scale bars 10 mm.(D) Relative human GAPDH expression in calvaria 

normalized to murine Gapdh for control and GW-hMSCs at day 5, 14, and 21. (n = 4). 

(E) μCT of lesions in cranial (left) and axial (right) reconstructions after 3 weeks. H&E 

stained sections are presented below (scale bars 1 mm). (F) Radio-opacity was measured 

by digital radiology followed by densitometry. Healing indices were the ratio of lesioned 

to contralateral radio-opacity. Complete healing is designated 1 and air is designated 0. Bar 

plots represent range and mean (n = 4). Mock assays (n = 2) are shown independently with 

the median. (G) Immunostaining of calvaria (human β2-microglobulin, green) from week 2. 

Arrows point to hMSCs at the bone surface. The murine cell layer (*) separating the main 
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population of hMSCs (+) from the bone (b) is also indicated (scale bars 50 μm). For (B) and 

(D), *P < 0.05, **P < 0.01, ***P < 0.005, one-sided ANOVA followed by Tukey post-hoc 

analysis.
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Figure 3: 
Matrix extraction and partial characterization. (A) Decellularized, insoluble matrix 

recovered from osteogenic monolayer cultures of hMSCs. Unprocessed and processed ECM 

was imaged by electron microscopy. Electron micrograph images show fibril orientation. 

Scale bars 5 μm. (B) Immunoblotting for cellular proteins GAPDH and β-actin, and matrix 

protein collagen type I. (C) X-ray diffraction analysis of the inorganic component of the 

matrix. (D) Processed matrix seeded with GFP-expressing hMSCs shows cells inhabiting the 

external surface. hMSCs were analyzed for alkaline phosphatase (ALP) activity. Scale bars 
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100 μm. (E) Stabilization of cell number over 5 days in matrix constructs initially seeded 

with 106 GFP-positive hMSCs. Data are means +/− standard deviations.
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Figure 4: 
ALP activity predicts the effect of GW9662 on ECM yield. (A) ALP activity exhibited 

by hMSCs in response to escalating GW9662 dose. (B) ECM nodules detectable by 

phase microscopy in vehicle- and GW9662-treated hMSCs. Scale bar, 10 μm. (C) Yield 

of recoverable matrix per 154 mm2 tissue culture dish. (D) Calcium mineral levels in 

recoverable matrix. (E) Cell binding characteristics of ECM generated by control hMSCs 

(DMSO-ECM) or GW-hMSCs (GW-ECM) when loaded with 1×105 control hMSCs or 

GW-hMSCs. (F) ALP activity of control- or GWhMSCs on GW-ECM or DMSO-ECM. 
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Data are means +/− standard deviations and *P < 0.05, **P < 0.01, ***P < 0.005. For panels 

C and D, t-test, N=6. For panels A, E and F, one-sided ANOVA followed by Tukey post-hoc 

analysis, for A, N=6, for C and D, N=3.
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Figure 5: 
Efficacy of GW-hMSC–ECM composites in healing calvarial defects in mice. Groups 

received GW-hMSCs only (n=4), ECM only (n=4), and one received both (composite) 

(n=4) at the time of surgery. Cells were administered 1 and 2 weeks thereafter. After 3 

weeks, calvaria were analyzed. (A) μCT of lesions in explanted crania (left) and axial 

reconstructions (right) with H&E-stained sections directly below. Scale bar 1 mm.(B) 
Healing of the bone lesions as a function of radio-opacity of the bone (0= no helaing, 

1= fully healed). The mock group refers to no treatment. (C) Human GAPDH expression 

at week 3 normalized to mouse Gapdh in calvaria of GW9662-treated and composite-

treated animals (n=4 per treatment group). The arbitrary value 1.0 on the y-axis represents 

engraftment measured at week 1 in the original experiments (Fig. 2B). (D to E) Human 

β2-microglobulin (green) staining in calvarial specimens in the absence of matrix (D) and in 

presence of composite (E). Statistics for (b) and (c), *P < 0.05, **P < 0.01, ***P < 0.005, 

one-sided ANOVA followed by Tukey post-hoc analysis.
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Table 1:
Mesenchymal stem cell-derived collagen transcripts differentially regulated by GW9662 
treatment when implanted into murine calvarial defects.

Data are mean fold-changes compared with DMSO (control)-treated MSCs with ± 1SD (n = 4 animals). 

Statistical comparisons of week 1 and 2 data performed by one-sided t-test on arcsine-transformed data. PCR 

fold changes in human GAPDH were derived using the ΔΔCT method and normalized to the mouse Gapdh 
transcript.

Collagen 
transcript

Microarray PCR

Microarray probe and 
target collagen subunit

Week 1 fold 
increase

Week 2 fold 
increase

Target 
collagen 
subunit

Week 1 fold 
increase

Week 2 fold 
increase

COL I 217430_x_at_(a1)
202311_s_at_(a1)

3*

2.25*
NM
NM

a1 27.8±19.5 8.2±3.9

COLIII 232458_at_(a1) 2.25* NM a1 7.1±1.03 3.08±1.04

COL V 52255_s_at_(a3)
218975_at_(a3)

3.34*

2.17*
NM
NM

a1 13.53±8.74 11.69±6.23

COLVI 212937_s_at_(a1)
212091_s_at_(a1)
212940_at_(a1)
209156_s_at_(a2)
213290_at_(a2)

3.23*

3.22*

2.99*

2.71*

2.29*

NM
NM
NM
NM
NM

a2 14.94± 10. 5 3.24±2.73

COLXI 37892_at_(a1)
204320_at_(a1)
229271_x_at_(al)

3.75
3.32
2.23

4.16
3.95
3.13

a1 24.73±3.79 11.04±8.42

COLXII 231766_s_at_(a1)
225664_at_(a1)

2.47
2.37

ndet
2.07

a1 10.95±6.18 4.82±1.82

COLXIV 203477_at_(a1) 2.98 ndet a1 4.7±2.3 2.17±1.12

COLXV 203477_at_(a1) 2.98 3.00 a1 11.8±4.73 5.27±1.79

COLXXI 208096_s_at_(a1) 4.63 4.1 a1 6.99±6.6 4.03±1.82

*
Detected in vitro after 8 days in culture [from Krause et al. (23)], but not by in vivo microarrays in this study. NM, not measured; ndet, measured 

but not detected.
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