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In adult bone injuries, periosteum-derived mesenchymal stem/stro-
mal cells (MSCs) form bone via endochondral ossification (EO),
whereas those from bone marrow (BM)/endosteum form bone pri-
marily through intramembranous ossification (IMO). We hypothe-
sized that this phenomenon is influenced by the proximity of MSCs
residing in the BM to the trabecular bone microenvironment. Herein,
we investigated the impact of the bonemineral phase on human BM-
derived MSCs’ choice of ossification pathway, using a biomimetic
bone-like hydroxyapatite (BBHAp) interface. BBHAp induced hyper-
stimulation of extracellular calcium-sensing receptor (CaSR) and tem-
poral down-regulation of parathyroid hormone 1 receptor (PTH1R),
leading to inhibition of chondrogenic differentiation of MSCs even in
the presence of chondroinductive factors, such as transforming
growth factor-β1 (TGF-β1). Interestingly rescuing PTH1R expression
using human PTH fragment (1–34) partially restored chondrogenesis
in the BBHAp environment. In vivo studies in an ectopic site revealed
that the BBHAp interface inhibits EO and strictly promotes IMO. Fur-
thermore, CaSR knockdown (CaSR KD) disrupted the bone-forming
potential of MSCs irrespective of the absence or presence of the
BBHAp interface. Our findings confirm the expression of CaSR in
human BM-derived MSCs and unravel a prominent role for the in-
terplay between CaSR and PTH1R in regulating MSC fate and the
choice of pathway for bone formation.

bone remodeling | calcium phosphate | regenerative medicine |
stem cell niche | Wnt signaling

Mesenchymal stem/stromal cells (MSCs) play a prominent
role in the development of skeleton through two distinct

pathways, namely, endochondral ossification (EO) (1) and
intramembranous ossification (IMO) (2, 3). Development of
long bones via EO starts with the formation of cartilaginous
template through differentiation of MSCs to chondrocytes, fol-
lowed by invasion of matrix by osteoprogenitors and minerali-
zation of matrix (4). However, development of flat bones
occurs through direct differentiation of MSCs to osteoblasts
(3). Many paracrine factors released from bone extracellular
matrix (ECM) and bone cells during bone remolding, such as
calcium [which can increase up to 40 mM (5)] and trans-
forming growth factor-β1 (TGF-β1) (6), modulate the func-
tionality of cells residing in the marrow. Several in vitro and in
vivo studies have demonstrated that cells residing in the bone
environment, such as osteoblasts and osteoclasts, are able to
sense the local changes in extracellular calcium concentration
via calcium-sensing receptor (CaSR) (7). CaSR is a member of
class C of G protein-coupled receptors that senses extracel-
lular calcium (8–11) via large extracellular N-terminal domain
binding to calcium. CaSR plays a major role in calcium ho-
meostasis and bone turnover and other pathophysiology (11,
12). The consequence of the elevated extracellular calcium
concentration and stimulation of CaSR on growth plate chon-
drocytes (GPCs) (13, 14) or osteoblasts differentiation (15–17)
has been investigated in various in vitro studies, all of which

alluded to a critical role for CaSR in regulating bone growth and
turnover (18). However, studies using CaSR mutant mouse models
have focused more on embryogenesis and skeletal development,
and have largely ignored the role of CaSR in adult bone devel-
opment (19–22). Recently, Chang et al. (19) found that chondrocyte-
specific deletion of CaSR is fatal and deletion of CaSR in bone cells
leads to extreme bone defects. Similar observations were made when
CaSR was conditionally knocked out in osteoblasts (23). Despite this
wide cohort of studies, whether adult human bone marrow (BM)
MSCs express CaSR is not known.
In this study, we hypothesized that the bone-like microenvi-

ronment, recapitulated primarily using biomimetic apatite (i.e.,
bone-like apatite) and prominent soluble signals, provides a
biophysically heterogeneous environment that could play an
important role in modulating human MSC fate. We have found
that human BM-derived MSCs express CaSR and that bone-like
biomimetic hydroxyapatite (BBHAp) hyperstimulates CaSR. Ad-
ditionally, we made a counterintuitive finding that the bone-like
physicochemical microenvironment inhibits MSC chondrogenic dif-
ferentiation and bone formation via EO even in presence of chon-
droinductive signals, such as TGF-β1. Our findings substantially
highlight the role of CaSR in the decision of the fate of MSCs as it
pertains to bone formation.

Significance

Bone formation occurs through two distinct pathways, namely,
endochondral ossification (EO) and intramembranous ossifica-
tion (IMO). While significant effort has gone into understanding
the role of various soluble signals in EO and IMO, the impact of
the bone inorganic interface in triggering these ossification
pathways has remained unexplored. Herein, we report the dis-
covery that the bone-like mineral phase promotes formation of
bone by mesenchymal stem/stromal cells (MSCs) exclusively via
IMO even in the presence of soluble signals that promote the EO
paradigm. Furthermore, we provide mechanistic insights into
our observations and illustrate a previously unidentified role for
extracellular calcium-sensing receptor (CaSR) in dictating the choice
of ossification pathway in MSCs. These findings have significant
implications for developing new strategies for bone repair and
understanding bone homeostasis.
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Results and Discussion
BBHAp and MSC Differentiation in Vitro.A nanoscale coating of the
bone-like mineral phase (BBHAp) possessing a chemical com-
position, structure, and crystal size identical to biogenic apatite
was rendered on a polyethylene terephthalate (PET) fibrous
scaffold by immobilizing phosphorylated dentin matrix protein-1
(DMP1) in a highly defined conformation using a biomimetic
approach (24) (Fig. 1 A and B). It is important to note that
BBHAp is distinctly different in its physiochemical properties
from synthetic HAp (25, 26), which has been explored extensively
in bone repair (27), in that its crystallinity and chemical compo-
sition are similar to biogenic cancellous bone HAp (Fig. 1C);
therefore, it has significantly higher solubility of over two orders of
magnitude in comparison to synthetic HAp, which is highly crys-
talline due to the sintering process (26, 28).
New bone deposition at a fracture site starts with a callus, a

cartilaginous matrix deposited by differentiated MSCs. While the
transformation of a cartilage template into bone via EO strictly
occurs in vivo, the formation of the cartilage template, which
represents a necessary first step in EO, can be recapitulated in
vitro by differentiating MSCs into a chondrogenic phenotype. To
recapitulate the unique biophysical environment of bone, we
associated MSCs with confirmed multipotency (Fig. S1) with
PET scaffolds coated with BBHAp and cultured the cells under
conditions promoting chondrogenic differentiation in the pres-
ence of TGF-β1, a key inducer of chondrogenesis (29, 30). MSCs
were able to attach to the BBHAp interface and produce matrix,
as visualized by F-actin staining (Fig. 2A) and scanning electron
microscopy (SEM) (Fig. 2B), respectively. Furthermore, BBHAp
coating was stable during the 3 wk of in vitro culture (Fig. 2B).
After 2 wk of chondrogenic differentiation, cells grown in absence
of the BBHAp interface yielded tissue with clear cartilage char-
acteristics, including expression of glycosaminoglycan (GAG) and
collagen type II, while the tissue generated in the BBHAp mi-
croenvironment showed loose ECM with little to no GAG and
collagen type II (Fig. 2 C–E). Typically, expression of collagen
type X, which is related to the emergence of a hypertrophic
phenotype in chondrocytes, is observed after the robust expression
of collagen type II. However, the BBHAp microenvironment
promoted the expression of collagen type X even in the absence of
strong collagen type II expression (Fig. S2). Since fracture healing
through EO involves two distinct steps (first, the development of
cartilage matrix and, second, the differentiation of chondrocytes
into a hypertrophic phenotype), cells were cultured for an additional
week in chondrogenic medium lacking TGF-β1 but supplemented

with L-thyroxin (31) to induce a hypertrophic chondrocyte phe-
notype in MSCs. After exposure to conditions inducing hyper-
trophy, cells cultured in control scaffolds were within large
lacunae and embedded in an abundant matrix of GAG, collagen
type II, and collagen type X, which is consistent with a hypertro-
phic chondrocyte phenotype (Fig. 2 C–E and Fig. S2). Quan-
titative GAG/DNA analysis also confirmed the qualitative
Safranin-O staining (Fig. 2D). On the other hand, the cells cul-
tured in the BBHAp microenvironment lacked these characteristics
and exhibited moderately higher expression of collagen type X,
especially in the extremities of scaffolds (Fig. S2). Furthermore,
the BBHAp microenvironment did not alter the viability of the
cells during in vitro culture, as assessed using a trypan blue ex-
clusion assay on the dissociated cells from scaffolds after 2, 14, and
21 d (Fig. 2F). Since MSCs show similar attachment to control
and BBHAp scaffolds and their viability was not altered
significantly, all of the above-mentioned observations can be
attributed purely to the presence of a bone-like microenviron-
ment. As alterations in ECM composition are usually accompanied
by changes in expression of collagenase, conditioned medium from
both constructs were analyzed with gelatin zymography after
2 and 3 wk of in vitro culture, and it was found that even though
the expression of pro–matrix metalloproteinase-2 (MMP-2) was
comparable in both conditions, the expression of the active form
was higher in the absence of BBHAp (Fig. S3). To ascertain if
the observed inhibition of chondrogenesis in the BBHAp envi-
ronment was due to calcium released from the BBHAp coating
into the culture medium, we determined the amount of calcium
released from the scaffold as a function of time (Fig. S4A). The-
oretically the maximum concentration of calcium that could be
achieved in the culture medium upon complete dissolution of the
BBHAp coating is around 0.5 mM. Over a 21-d period, the cu-
mulative release of calcium was determined to be around
0.12 mM. Considering that the concentration of calcium in culture
medium is ∼1.8 mM, this represents a negligible contribution.

BBHAp Modulates Expression of CaSR and Caveolin-1. CaSR was first
identified in bovine PTG cells (8); in the chondrogenic cell line
ATDC5 (32) subsequently; and then in several cell types, including
primary GPCs and osteoblasts (19). It has been shown that ex-
tracellular calcium critically supports terminal differentiation of
chondrocytes and normal growth plate development (33). Western
blot analysis revealed hyperstimulation of CaSR in cells cultured
on BBHAp versus control (Fig. 3A). This hyperstimulation of
CaSR was accompanied by a pronounced increase in the expres-
sion of caveolin-1 (Cav-1) and phosphorylated Cav-1, a known

Fig. 1. Characterization of BBHAp. (A) SEM revealing a nanoscale homogeneous coating of apatite along the PET fibers (Inset). (B) Transmission electron
microscopy confirming the presence of apatite with all of the characteristic diffraction rings of biogenic apatite (Inset). (C) Raman spectroscopy of BBHAp on
PET fibers showing clear similarities between BBHAp and human cancellous bone.
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CaSR-binding partner (34) (Fig. 3A), and this confirms the appre-
ciated relationship between CaSR and Cav-1 (35, 36). The findings
of the Western blot analysis were also confirmed by immunofluo-
rescent staining for Cav-1 and CaSR (Fig. 3B). Therefore, Cav-
1 may have a direct functional impact on CaSR by providing a
microenvironment where signaling molecules necessary for CaSR
activation are compartmentalized to assist intracellular signaling.
It has been shown that entire components of a mitogen-

activated protein kinase (MAPK) pathway are concentrated in
caveolae (37), and Cav-1 is essential for phosphorylation of ex-
tracellular signal-regulated kinase 1 and 2 (pERK1/2) in different
cell types (38). Kifor et al. (39) have shown in human embryonic
kidney cells transfected with CaSR and in bovine parathyroid cells
that activation of CaSR leads to pERK1/2 via phosphotyrosine
kinase or phosphatidylinositol-specific phospholipase C. It has
been shown previously that activation of the MAPK signaling

cascade inhibits chondrogenic differentiation of MSCs in vivo (40).
We found that pERK1/2 was higher in BBHAp than in the control
condition (Fig. 3A). Since MSCs exposed to different concentrations
of calcium for 2 d show elevated expression of CaSR , Cav-1, and
pERK1/2 in dose-dependent manner (Fig. S5A), our observations
provide strong evidence that extracellular calcium has a direct im-
pact on stimulation of CaSR and expression of Cav-1.
To ascertain if this hyperstimulation can be purely attributed

to an increase in extracellular calcium, we determined the thresh-
old for stimulation of CaSR by extracellular calcium and deter-
mined it occurs between 4 mM and 8 mM extracellular calcium.
We exposed MSCs cultured on PET scaffolds to 8 mM extra-
cellular calcium and found that even at this high concentration,
chondrogenesis was still evident after 3 wk of in vitro culture, al-
beit to lesser extent (Fig. S4B). However, the hyperstimulation of
CaSR observed in MSCs within the BBHAp environment could

Fig. 2. In vitro characterization of human MSC-seeded scaffolds in conditions promoting chondrogenic differentiation. (A) MSCs were able to adhere to the
BBHAp interface. F-actin is shown in green, and nuclei are shown in blue. (B) SEM confirmed that the apatite mineral phase is retained in MSC-laden BBHAp
scaffolds even after 21 d of in vitro culture. The yellow arrowhead points to a matrix produced by MSCs, and the blue arrowhead points to the BBHAp phase.
(C) Tissue produced by MSCs in control constructs (PET) was rich in GAG as visualized by Safranin-O (S.O) staining, while tissue within BBHAp constructs
showed no staining for GAGs. (D) Quantification of GAG/DNA in control and BBHAp scaffolds. (E) BBHAp inhibits the expression of collagen type II (Col II) by
MSCs as visualized by immunohistochemistry. (F) Cell viability quantified by trypan blue exclusion assay on cells dissociated from scaffolds at different time
points. Data are normalized to the number of viable cells retrieved from the control condition at day 2 of in vitro culture.
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Fig. 3. Molecular effects of hyperstimulation of extracellular CaSR on human MSCs. (A) Western blot analysis of total cell protein lysate at days 14 and 21 of
in vitro culture. BBHAp notably induced the expression of CaSR, Cav-1, β-catenin (β-Cat), and pERK1/2, all with known roles in skeletal development. GAPDH
was used as a loading control. Ctrl, control. (B) Immunofluorescent staining confirming the higher expression of CaSR and Cav-1 at day 14 of in vitro culture.
(C) Flow cytometry analysis of MSCs constitutively expressing mCherry and EGFP+ under β-catenin promoter retrieved from BBHAp constructs, indicating an
increase in β-catenin signaling in comparison to controls (*P < 0.05; ***P < 0.001). (Inset) Representative image of cells residing on fibers coated with BBHAp,
coexpressing mCherry and EGFP. (Scale bar: 10 μm.) (D) Heat map showing 2D clustering of the 100 differentially regulated genes with a role in MSC adhesion,
proliferation, and differentiation at day 2 of in vitro culture using log fold change (logFC) = 2 and P < 0.05. Expression intensity is represented by red and
green, for high and low intensities, respectively. The genes of interest are indicated with arrows. (E) Hierarchical cluster analysis and heat map of the top
100 differentially regulated genes between conditions at two different time points. (F) K-mean clustering gene network analysis of genes shown in E plus
CaSR and CTNBB1. The genes with no connection are not shown in the network. Blue cluster shows genes involved in the EO signaling pathway, while the
genes in the green cluster belong to peptide ligand-binding SuperPath or immunoregulatory interactions between a lymphoid cell SuperPath and a non-
lymphoid cell SuperPath. The network reveals that CaSR is connected to genes modulating the EO pathway (blue clusters) via the Wnt signaling cascade and
GNG11 plays a central role in signal transduction. (G) Cfu assays for cfu-c, cfu-o, and cfu-f cells retrieved from the control and BBHAp scaffolds. MSCs once
retrieved from the control and BBHAp environments are equally competent in forming colonies.
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only be achieved at an extracellular calcium concentration of
24 mM (Fig. S5B), which was accompanied by significant cell
death. It is well established that steep extracellular calcium gradi-
ents can drive apoptosis via overload of calcium in the mitochon-
dria (41–43). Interestingly, it has been suggested that during
skeletogenesis, calcium in a mineral form might modulate cell
differentiation (44). Since MSCs on the BBHAp interface show no
loss in viability as stated earlier, this provides further evidence that
MSCs cultured on the BBHAp interface perceive a unique physi-
cochemical (biophysical) environment consisting of a very high
local concentration of calcium that cannot be realized and repli-
cated through mere supplementation in the culture medium. Based
on these observations, we conclude that the observed inhibition of
chondrogenesis in the BBHAp environment is probably due to a
synergistic effect of the localized high concentration of calcium
perceived by the MSCs and the biophysical attributes of the
BBHAp coating.

BBHAp Environment Enhances β-Catenin Signaling. Canonical Wnt
signaling plays a major role in skeletal development; therefore,
we investigated the differential expression of β-catenin in the
presence and absence of the BBHAp microenvironment. We
found that β-catenin expression remained elevated at both 14 and
21 d in MSCs exposed to the BBHAp environment (Fig. 3A). To
gain further insight into the activation of β-catenin signaling, we
used MSCs transfected with a 7TGC vector (45) containing a
T cell factor/lymphoid enhanced factor (TCF/LEF) promoter
driving enhanced green fluorescent protein (EGFP) and an
SV40 promoter driving mCherry using lentiviral shRNA to visu-
alize and quantify the changes in β-catenin signaling. Flow
cytometry analysis revealed that EGPF expression in MSCs as-
sociated with BBHAp scaffolds was significantly elevated over the
time course of in vitro culture in comparison to controls (Fig. 3C).
Since constant up-regulation of β-catenin signaling is known to
inhibit condensation and SOX9-driven chondrogenesis (46, 47)
and Wnt signaling is essential for regulation of MSC differentia-
tion via the MAPK pathway (40), our findings provide strong
evidence linking activation of CaSR with Wnt/β-catenin signaling
in the inhibition of chondrogenic differentiation observed in the
BBHAp microenvironment.

Hyperstimulation of CaSR Impacts Parathyroid Hormone 1 Receptor
and Wnt Signaling. To investigate the underlying mechanism for
drastic differences in the fate of MSCs in the absence and
presence of BBHAp, and to further evaluate the impact of CaSR
in MSC differentiation pathways, we have analyzed the gene ex-
pression profile of MSCs in control and BBHAp constructs after
2 and 21 d of culture using an Affymetrix microarray analysis. This
revealed that the BBHAp substantially alters mRNA expression of
more than 530 genes with a minimum of twofold differential
regulation and more than 130 genes with a minimum of threefold
differential regulation. The 100 differentially regulated genes at
day 2 of in vitro culture with a role in stem cell proliferation,
adhesion, differentiation, and the EO pathway are shown in Fig.
3D. The BBHAp microenvironment impacted the expression of
genes associated with parathyroid hormone 1 receptor (PTH1R),
Wnt, phosphoinositide 3-kinase, and Hedgehog signaling path-
ways. Among the 21,400 genes analyzed, PTH1R was uniquely
down-regulated by ∼12-fold in MSCs exposed to a bone-like mi-
croenvironment and was identified as the most significantly reg-
ulated upstream signaling molecule (Fig. 3D).
To date, the interplay between CaSR and PTH1R on bone

formation has only been investigated in GPCs, where it has been
shown that stimulation of GPCs with calcium inhibits the ex-
pression of PTH1R and parathyroid hormone-related protein
(PTHrP) (14). Chang and coworkers (19, 48) have proposed that
CaSR signaling counteracts PTHrP/PTH1R signaling by down-
regulating PTH1R via inhibiting PTHrP expression independent

of insulin-like growth factor 1 (IGF1)/IGF receptor (IGF1R)
signaling in mouse GPCs. However, in our study, no differences in
expression of PTHrP and PTH were observed between the con-
ditions (Fig. 3D). Since (PTHrP)/PTH1R signaling is essential for
EO and calcium homeostasis (49, 50) and it has been shown that
up-regulation of PTH1R promotes chondrogenic differentiation
of MSCs via up-regulation of SOX9 (51), the inhibition of chon-
drogenesis and down-regulation of SOX9 (approximately twofold)
in the BBHAp microenvironment could be highly attributed to
massive down-regulation of PTH1R. As our culture condition
lacks any exogenous PTH or PTHrP, we conclude that the down-
regulation of PTH1R is directly linked to stimulation of CaSR and
this alludes to a nexus between these two signaling pathways.
One of the signaling cascades that is directly linked to PTH1R,

and is also one of the key modulators of skeletal development, is
the IGF signaling pathway (52–54). Our analysis revealed an
approximately twofold up-regulation of IGF1 and IGF2 in MSCs
associated with the BBHAp interface. Although, only moderate
up-regulation of IGF1R (∼1.5-fold) was observed, considering
that it has been shown that adenoviral expression of IGF1 in
human MSCs completely blocked expression of collagen type II
and inhibited the chondrogenic differentiation (55), the moder-
ate increase in expression of the IGF signaling pathway mole-
cules could be attributed to PTH1R.
Several in vivo and in vitro studies have proposed direct cross-

talk between PTH1R and Wnt signaling (56, 57). A cooperative
role for Wnt5a-induced noncanonical Wnt signaling and β-catenin
signaling in the development of bone has been proposed recently
(58, 59). We found that in addition to PTH1R, proteins involved
in both canonical and noncanonical Wnt signaling were differen-
tially regulated in the presence of BBHAp. Frizzled-related pro-
tein (FRZB), a negative regulator of canonical Wnt/β-catenin
signaling (60), was strongly down-regulated (approximately four-
fold), while Wnt5a, a classical modulator of noncanonical Wnt
signaling that is implicated in various developmental processes,
was considerably elevated (approximately fourfold) in the pres-
ence of BBHAp. This suggests that extracellular calcium might be
a modulator of MSC phenotype via cross-talk between the CaSR
and Wnt pathways.

Influence of Bone-Like Microenvironment on MSC Differentiation.
Our analysis revealed that genes involved in EO, such as aggre-
can (ACAN), collagen type II (COL II; COL2A1), Indian hedge-
hog (IHH), SOX9, scinderin (SCIN), and alkaline phosphatase
(ALPL), were up-regulated as expected in the control condition.
While the genes associated with bone formation by osteoblasts,
including iodothyronine deiodinase 2 (DIO2) (61), mesoderm-
specific transcript (MEST) (62), cartilage intermediate layer pro-
tein (CILP) (63), Forkhead box O1 (FOXO1) (64), and NADPH
oxidase 4 (NOX4) (65), were up-regulated in MSCs cultured in the
BBHAp microenvironment, the hallmarks of osteogenic differen-
tiation, such as DMP1, bone sialoprotein (IBSP), and osterix (SP7),
did not show any differential regulation between the two condi-
tions. Additionally, genes involved in calcium metabolism, such as
spondin-1 (SPON1) and amphiregulin (AREG), were up-regulated,
indicating the transport of extracellular calcium to intercellular space,
which is in agreement with data reported before for MSCs seeded
on a synthetic calcium phosphate scaffold (66).
To understand the impact of time on the expression of different

genes in both samples, a hierarchal clustering of the top 100 dif-
ferentially regulated genes between day 2 and day 21 was per-
formed (Fig. 3E). While the SOX5 gene associated with EO was
highly up-regulated in the control condition, the expression of
PTH1R was remarkably increased in the BBHAp environment
after 21 d. This increase in PTH1R expression levels is accom-
panied by an increase in the expression of osteogenic differenti-
ation genes, such as bone morphogenetic protein 4 (BMP4),
DMP1, IBSP, and ALPL, in BBHAp constructs, and this could

Sarem et al. PNAS | vol. 115 | no. 27 | E6139
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therefore be attributed to the emergence of an osteogenic phe-
notype in MSCs.
To see if the regulated genes are linked through signaling

pathways involved in bone formation, a network analysis was
performed through a STRING web tool (67) among CASR,
CTNBB1 (β-catenin), and the top 100 differentially regulated
genes identified in the hierarchal cluster analysis shown in Fig. 3E.
A confidence level of 0.7 was used, k-mean clustering with two
numbers of clusters was performed, and the genes with no con-
nection were removed (Fig. 3F). In Fig. 3F, the blue cluster shows
genes involved in the EO signaling pathway, while the genes in the
green cluster belong to peptide ligand-binding SuperPath or im-
munoregulatory interactions between a lymphoid cell SuperPath
and a nonlymphoid cell SuperPath. This analysis revealed that
CaSR signal transduction modulated by guanine nucleotide-
binding protein (G protein) subunit gamma 11 (GNG11), and
CaSR hyperstimulation impacts the expression of genes involved
in the EO signaling pathway via genes belonging to the Wnt sig-
naling cascade. Our analysis shows a direct interplay between
these signaling pathways in MSCs and chondrogenesis. Based on
the data at hand, we propose that stimulation of CaSR by the
BBHAp interface has a two-prong effect. In the early stages of in
vitro culture, it functions as an inhibitor of chondrogenesis via
down-regulation of PTH1R, and in the latter stages of in vitro
culture, it functions as a promoter of osteogenesis by up-
regulation of PTH1R (Fig. 3 E and F).

MSC Colony-Forming Capacity Remains Unchanged in the Presence of
BBHAp. The BM has long been thought to have a regulatory role
in the maintenance of MSC function. MSCs residing in the BM
are recruited to different sites in the body in case of pathologies
or injuries, where they differentiate into tissue-specific/tissue-
centric linages. To investigate the impact of long-term exposure
of MSCs to the bone-like microenvironment on its differentia-
tion potential, we carried out a colony-forming unit (cfu) assay
on MSCs after their withdrawal from control and BBHAp con-
ditions. MSCs were isolated from scaffolds after 3 wk of in vitro
culture and tested for their capacity to form fibroblastic (cfu-f),
chondrogenic (cfu-c), and osteogenic (cfu-o) colonies. While
cells retrieved from both scaffolds after 21 d were able to form
similar amounts of cfu-o and cfu-c colonies, cells cultured in the
BBHAp condition showed slightly higher clonogenicity (16.4%
higher cfu-f) (Fig. 3G). This suggests that the bone mineral phase
in the MSC niche might have a role, along with soluble signals, in
the maintenance of the MSC phenotype (68).

Stimulating PTH1R Using Human PTH Fragment (1–34) Partially Rescues
Chondrogenesis in the BBHAp Environment. To further elucidate the
role of PTH1R in the loss of the chondrogenic phenotype in
BBHAp constructs, a PTH1R rescue experiment was carried out
using a human PTH fragment [PTH (1–34)], as it has been shown
that PTH (1–34) can stimulate PTH1R (69). The BBHAp and
control constructs were stimulated with PTH (1–34) (10 nM) only
for the initial 2 d of in vitro culture while keeping the concentration
of other soluble factors unchanged. Our Western blot analysis on
total cell lysate after 2 d (Fig. 4A) confirmed the Affymetrix gene
array analysis (Fig. 3D) by showing down-regulation of PTH1R in
MSCs cultured in the BBHAp scaffold. Furthermore, the Western
blot data illustrated that supplementation with PTH (1–34) indeed
up-regulates expression of PTH1R in MSCs residing in the
BBHAp environment (Fig. 4A). Additionally, the fate of the tissue
was assessed by histologically staining for GAGs (Fig. 4B), and the
content of GAG was quantified after 14 and 21 d (Fig. S6). Al-
though BBHAp constructs treated with PTH (1–34) (Fig. 4,
BBHAp+PTH) did not show evident signs of chondrogenic dif-
ferentiation after 14 d of in vitro culture (Fig. 4B, Top), after an
additional week, the regions in the periphery of the BBHAp
scaffold showed clear signs of chondrogenesis (Fig. 4B, Middle),

with chondrocytes residing in lacunae and possessing similar
morphology to the ones seen in untreated and PTH-stimulated
control scaffolds (Fig. 4B, Bottom), suggesting that stimulation of
MSCs using PTH (1–34) can partially rescue the chondroinhibitory
effects imposed by hyperstimulation of CaSR. In contrast, no
chondrogenesis was observed in the BBHAp constructs as stated
earlier (Fig. 2). Quantitative analysis of GAG/DNA also confirmed
the Safranin-O staining and showed a statistically significant in-
crease in GAG/DNA in the BBHAp group stimulated with PTH
versus unstimulated BBHAp constructs at both 2 and 3 wk (Fig.
S6). As expected, control groups stimulated with PTH (1–34) (Fig.
4 and Fig. S6) showed an increase in the expression of GAGs,
which is consistent with literature reports on the effect of PTH (1–
34) on chondrogenesis (51, 70).

In Vivo Fate of MSCs in the BBHAp Environment.We inquired if an in
vivo environment can rescue the fate of MSCs after prolonged in
vitro exposure to the BBHAp interface. Therefore, control and
BBHAp constructs generated in vitro were implanted s.c. (ec-
topic site) in nude mice and harvested after 2, 4, and 8 wk. After
2 and 4 wk, control constructs developed into cartilaginous tissues
rich in GAG containing chondrocytes embedded in large lacunae
in the outer rim, while the middle portion of the constructs
showed signs of early bone formation resembling a bony collar and
strong expression of noncollagenous proteins (Fig. 5 A and B).
However, in stark contrast, in BBHAp constructs, no GAG pro-
duction was observed at both time points (Fig. 5 A and B). Eight

Fig. 4. Effect of stimulation of PTH1R using PTH (1–34) on human MSC-
seeded scaffolds under conditions promoting chondrogenic differentia-
tion. (A) Western blot analysis of total cell protein lysate following
stimulation of PTH1R for 2 d showing that PTH (1–34) rescued the ex-
pression of PTH1R significantly in the BBHAp group. GAPDH was used as a
loading control (Ctrl). (B) Safranin-O staining of cryosectioned slides from
conditions with and without PTH (1–34) supplementation at 14 d (Top) and
21 d (Middle). Tissues within BBHAp constructs stimulated with PTH (BBHAp+
PTH) showed expression of GAGs at day 21 of in vitro culture in the periphery
region (red-orange regions) as assessed by positive staining by Safranin-O,
while tissue within BBHAp constructs showed no staining for GAGs. Both
control and control scaffolds stimulated with PTH (Control+PTH) were rich in
GAG. (Bottom) Higher magnification images of cells residing within the
dashed black boxes (Middle) are shown in this row.
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Fig. 5. Bone-like mineral phase inhibits EO in vivo. Safranin-O (S.O) (A) and H&E staining (B) of control and BBHAp constructs after 2, 4, and 8 wk following ectopic
implantation in nude mice. Control samples showed GAG-rich cartilaginous matrix, which remodels into bone through EO after 8 wk. While the cartilaginous matric was
remarkably absent in the BBHAp constructs at all time points, the bony ossicles were formed after 8 wk via IMO. The magnified area is denoted with a dashed black
rectangle in the images. (C) In situ hybridization for visualization of human nuclei using an Alu probe. The region within the section that was probed using Alu is denoted
by the dashed black rectangles in B. The presence of Alu+ nuclei (arrows) confirmed that the formation of bone in both conditions involves the participation of trans-
planted humanMSCs. Explanted BBHAp constructs after 4wk lack expression of characteristics of bone formation via EO, such as collagen type II (Col II) (D), MMP-9 (E), and
TRAP (F). Coll II and MMP-9 are visualized as brown-colored regions positive for horseradish peroxidase activity. TRAP-positive areas in the control section are indicated by
an arrow. (G) Three-dimensional reconstructed μCT images after 8 wk of in vivo implantation confirms the presence of mineralized tissue in both conditions. (H) Degree of
maturation in mineralized tissue is visualized by an X-ray attenuation heat map. (I) Bone mineral density in both conditions calculated based on X-ray attenuation. ***P <
0.001. (J) SEM confirming the presence of BBHAp coating even after 8 wk of implantation. Magnified image of the region within the rectangular box on the Top is
shown in the Bottom. (K) Fluorescent microscopy images of the area represented by the dashed circle in B (8-wk time point), which corresponds to bone deposits after
staining for mouse CD45+ cells, showing the presence of immune cells in close proximity to ectopic bone. Magnified image of the region within the rectangular box on
the Top is shown in the Bottom. (L) Visual representation of a proposed mechanism showing the counteractive effects of the PTH1R and IGF1 signaling pathways on
hyperstimulation of CaSR between days 2 and 21 in vitro preceding the formation of bone via IMO in BBHAp constructs upon implantation.
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weeks after implantation, the cartilage matrix in control sam-
ples was significantly remodeled and bone ossicles appeared in
the central and outer region, which is consistent with the EO
process. In sharp contrast, even after 8 wk, BBHAp constructs
showed no indications of cartilaginous matrix; instead, bone
ossicles were observed in both the central and outer regions of
constructs after 8 wk (Fig. 5 A and B and histology from second
replicate in Fig. S7), which is a clear indication of an IMO
process. These findings were also confirmed using cells from a
second donor (Fig. S8). Furthermore, after 4 wk of implanta-
tion, control and BBHAp constructs were probed against COL
II, tartrate-resistant acid phosphatase (TRAP), and MMP-9 as
main indicators of the EO pathway (Fig. 5 D–F). In control
conditions, strong expression of COL II and MMP-9 and ad-
ditional positive staining for TRAP around the cartilaginous
areas, indicating the presence of multinucleated cells of the

osteoclastic lineage, were observed (Fig. 5 D–F). Quantitative
microtomography (μCT) analysis of explants confirmed de-
position of peripheral and central mineralized matrix in the
control construct as early as 4 wk after implantation. This
finding was also confirmed in the second replicate (Fig. S9 A
and B). After 8 wk, the differences between the quantity and
stage of maturation of the mineralized matrix in both condi-
tions were clearly evident in μCT analysis (Fig. 5 G and H).
Furthermore, the bone mineral density in the control sample
was significantly greater than that in the BBHAp constructs
(Fig. 5I). In general, the quantity of mineralized tissue gener-
ated in control samples was higher at both time points in
comparison to BBHAp as it was also confirmed by analyzing
H&E and Safranin-O staining of multiple sections (Fig. S9C).
Since in situ hybridization for Arthrobacter luteus (Alu) repeats
revealed the presence of human cells in control and BBHAp

Fig. 6. Effect of CaSR KD on the fate and bone-forming capacity of MSCs. (A) MSCs transduced with GIPZ lentiviral shRNA targeting CaSR showing TurboGFP
expression 2 d after initial transduction and before puromycin selection. Arrow points to a TurboGFP positive cell. (B) Western blot analysis of total cell lysate for
CaSR and Cav-1 in wild type (WT), nonsilencing control (NS), and CaSR KD MSCs after stimulation with 24 mM calcium chloride. GAPDH was used as a loading
control. (C) Quantification of Western blot showing an ∼75% decrease in CaSR expression and a slight increase in Cav-1 expression in CaSR KD cells (values are
normalized to WT). (D) Frequency of cell cycle per time unit was calculated for NS and KD cells and normalized to WT cells. (Inset) Suppression of growth rate in
KD cells. Safranin-O (S.O) staining (E) and immunohistochemistry for collagen type II (Col II) (F) of KD cells seeded in control and BBHAp constructs after 3 wk of in
vitro culture revealed that CaSR KD inhibits MSC chondrogenic differentiation independent of the substrate. (G) Representative fluorescent microscopy image of
scaffold seeded with CaSR KD cells before implantation clearly showing the expression of TurboGFP. (H–J) In vivo implantation of CaSR KD constructs in an ectopic
site of the nudemice after 4 and 8 wk revealed that the potential of MSCs for bone formation via EO and IMO is completely hampered by CaSR KD, indicating that
CaSR signaling in MSCs is essential for bone formation. Both control and BBHAp constructs lack expression of GAG after 4 and 8 wk (H), and, furthermore, no
characteristic of bone or cartilage tissue is observed in H&E-stained sections (I). (J) Negative TRAP staining indicates an absence of cells of osteoclastic lineage.
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constructs at all time points (Fig. 5C), it is clear that transplanted
human cells participated in the formation of tissues in both con-
ditions. Furthermore, as human MSCs were also found in bony
areas in BBHAp constructs (Fig. 5C, 8 wk) and SEM analysis of
thin tissue sections after 8 wk confirmed that the BBHAp coating
was still present, albeit partially degraded (Fig. 5J), the bone for-
mation in the BBHAp environment via IMO can be attributed to
the presence of the bone-like microenvironment. Additionally, af-
ter 8 wk of in vivo implantation, both samples showed an abundant
number of CD45+ cells; however, the quantity of CD45+ cells was
lower in the BBHAp condition (Fig. 5K). Since we have found that
CaSR hyperstimulation increases VCAM1 and ICAM1 expression,
this provides a possible link between the expression profiles of
these molecules and the lower recruitment of CD45+ cells and
suggests that the bone mineral phase might have a role in modu-
lating immunosuppression by MSCs. To rule out any role for the
scaffolds by themselves in the observed outcome, we have in-
vestigated the ability of both scaffolds, in the absence of MSCs or
in the presence of undifferentiated MSCs, to induce bone forma-
tion. Control and BBHAp-coated scaffolds without cells or with
MSCs cultured only for 2 d were implanted in vivo, and analyses of
the tissues isolated after 4, 8, and 12 wk revealed that the con-
structs were invaded only by inflammatory cells in all instances and
there was no sign of cartilaginous or bone tissue development (Fig.
S10). This finding highlights the contribution of MSCs and the
cooperative relationship between cells and physicochemical aspects
of the scaffold in bone formation.
In sum, the fact that the BBHAp microenvironment blocked

chondrogenic differentiation of MSCs in vitro and EO in vivo and
promoted bone formation through IMO via stimulation of CaSR
could be attributed to various signaling cascades. For instance, it
has been shown that FOXO1 expression in MSCs is associated
with up-regulation of osteoblastic genes and is necessary for
skeletogenesis (64). FOXO1 up-regulation in the early stages of in
vitro culture could also play a role in IMO-derived bone formation
in BBHAp-associated cells. However, considering the fact that the
role of PTH and PTH1R signaling in osteoblast differentiation is
well appreciated (71) and the expression of PTH1R was confirmed
in osteoprogenitors and preosteoblasts (72), the temporal modu-
lation of PTH1R expression via CaSR during in vitro culture (Fig.
5L) could orchestrate the observed sequence of events.

CaSR Knockdown Results in Suppression of MSC Proliferation and
Differentiation. To further understand the impact of CaSR on
MSC differentiation, we have employed the GIPZ lentiviral
shRNA targeting CaSR in MSCs [CaSR knockdown (KD)] (Fig. 6
A and B). Our transduction studies demonstrated that KD of
CaSR by 75% leads to a slight increase in expression of Cav-1
(Fig. 6 B and C) and suppression of MSC proliferation potential
(Fig. 6D). Furthermore, MSC chondrogenic differentiation po-
tential was also hampered in vitro (Fig. 6 E and F). After 3 wk of
in vitro culture, both control and BBHAp constructs lacked ex-
pression of proteoglycans and collagen type II as confirmed by
Safranin-O and immunohistochemistry staining, respectively (Fig.
6 E and F). Constructs were subsequently implanted in an ectopic
site in nude mice after 3 wk of in vitro culture (Fig. 6G). After
4 and 8 wk of in vivo implantation, the generated tissues were
analyzed and no sign of cartilage or bone formation was observed
in the constructs generated by CaSR KD cells in both the control
and BBHAp conditions as evident by histological and TRAP

staining (Fig. 6 H–J). Our data suggest that CaSR is necessary for
bone formation and its KD negatively impacts MSC proliferation
and differentiation potential in vitro and in vivo.
Our observations suggest that a biomimetic bone-like interface

inhibits chondrogenic differentiation of MSCs and formation of
bone through cartilage intermediate matrix via hyperstimulation of
CaSR. Our study unravels that CaSR is not only necessary for MSC
proliferation and differentiation but also dictates the choice of bone
formation pathway via temporal modulation of PTH1R. Further-
more, our observations shed light on the contribution of MSCs in
the process of fracture healing. Since our experimental conditions
are a reliable mimic of bone mineral environment and the EO
pathway was abrogated in MSCs within the BBHAp environment
despite them being exposed to chondroinductive signals, this sug-
gests that biophysical aspects of calcium phosphate are important
modulators of MSC fate. In fact, a recent study using synthetic HAp
has shown that the presence of calcium phosphate can inhibit miR-
138 and trigger osteogenesis via activation of the SMAD and RAS
families of genes (66). This study also provides valuable mechanistic
insights into our earlier finding that injection of calcium alginate in
the subperiosteal space in the in vivo bioreactor model yields bone
formation without involving a cartilaginous matrix (73). In sum,
these observations highlight the need to mimic the bone microen-
vironment, with respect to both its biophysical and biochemical
attributes, when investigating MSCs in bone repair. In addition to
adult marrow MSCs, in recent years, a new population of cells
called mesodermal progenitors, which bear many of the hallmarks
of MSCs, has been differentiated from human embryonic stem cells
(74) and has also been identified during various stages of mouse
ontogeny in sites that harbor hematopoietic stem cells (75). Al-
though immediate mesodermal progenitors that can lead to ex-
pandable multipotent MSCs have not been isolated to date, meso-
dermal progenitors are believed to be the counterparts of MSCs
during development, and one cannot rule out a role for such cells
in EO and bone repair; therefore, their functional status in a bone-
like microenvironment needs be investigated in future studies.
In conclusion, the key observations of this study provide valu-
able insights into the molecular mechanisms of bone develop-
ment in the presence of bone-like microenvironments.

Materials and Methods
MSCs were isolated from BM aspirates collected from healthy donors (n = 5,
average age = 30 y) under informed consent in accordance with the
guidelines of the local ethical committee (University Hospital Basel; refer-
ence no. 78/07).
Details of preparation of biomimetic bone-like HAp coating on fibrous mesh,
Raman spectroscopy, SEM, transmission electron microscopy, in vitro cell culture
and in vivo implantation, multilineage differentiation assay, GAG/DNA quanti-
fication, calcium quantification assay, Western blot, zymography, histology, im-
munohistochemistry and immunofluorescent staining, Affymetrix gene array,
flow cytometry, cfu assay, in situ hybridization for Alu repeats, lentiviral trans-
fection, and micro-CT analysis can be found in Supporting Information.
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