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the osteoblast lineage. In summary, we have shown that Ggo regulates bone formation by at least two distinct
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The heterotrimeric G protein subunit G,o stimulates cAMP-dependent signaling downstream of G protein-
coupled receptors. In this study, we set out to determine the role of G;a signaling in cells of the early osteoblast
lineage in vivo by conditionally deleting G,o from osterix-expressing cells. This led to severe osteoporosis
with fractures at birth, a phenotype that was found to be the consequence of impaired bone formation rather
than increased resorption. Osteoblast number was markedly decreased and osteogenic differentiation was
accelerated, resulting in the formation of woven bone. Rapid differentiation of mature osteoblasts into matrix-
embedded osteocytes likely contributed to depletion of the osteoblast pool. In addition, the number of com-
mitted osteoblast progenitors was diminished in both bone marrow stromal cells (BMSCs) and calvarial cells
of mutant mice. In the absence of G,a, expression of sclerostin and dickkopf1 (Dkk1), inhibitors of canonical
Wnt signaling, was markedly increased; this was accompanied by reduced Wnt signaling in the osteoblast lin-
eage. In summary, we have shown that G0 regulates bone formation by at least two distinct mechanisms: facili-
tating the commitment of mesenchymal progenitors to the osteoblast lineage in association with enhanced
Wnt signaling; and restraining the differentiation of committed osteoblasts to enable production of bone of

optimal mass, quality, and strength.

Introduction
Osteoporosis is one of the most common degenerative diseases of
aging, with an estimated 50% of women experiencing an osteopo-
rotic fracture during their lives. This skeletal fragility results from
an imbalance between bone resorption and bone formation that
is progressively exacerbated with age. At present the treatment of
osteoporosis is largely dependent on antiresorptive agents, which
increase bone density modestly and significantly reduce fracture
risk, but cannot cure this degenerative disease (1). The ability to
enhance the differentiation and function of osteoblasts would
therefore be expected to have a profound impact on the treatment
of osteoporosis. Indeed, recombinant parathyroid hormone (PTH)
(teriparatide), the sole anabolic agent currently approved for clinical
use in osteoporosis, is a potent stimulator of bone formation (2).
The actions of PTH on bone mass are complex and still incom-
pletely understood. PTH is a ligand for the PTH/PTH-related
peptide (PTHrP) receptor (PPR), a GPCR that activates multiple
G protein-dependent signaling pathways (3). Signaling by the PPR
has a significant effect on skeletal development, as targeted expres-
sion of the constitutively active mutant receptor to osteoblasts
leads to a dramatic increase in the formation of trabecular bone (4).
Activating mutations of the PPR, as found in Jansen metaphyseal
chondrodysplasia, predominantly signal via the stimulatory G pro-
tein subunit Gy in vitro (5). Gsa stimulates adenylyl cyclase and

Conflict of interest: The authors have declared that no conflict of interest exists.
Citation for this article: | Clin Invest. 2011;121(9):3492-3504. doi:10.1172/JCI46406.

3492

The Journal of Clinical Investigation

http://www.jci.org

increases cAMP levels, resulting in activation of the PKA pathway
(6). In humans, somatic activating mutations of Ga. are associated
with fibrous dysplasia, expansile osteolytic lesions in which hemato-
poietic marrow is replaced by stromal cells of the osteoblast lineage,
a phenotype reminiscent of the expansion of stromal cells seen in
Jansen transgenic mice (7). When cells from fibrous dysplasia lesions
are implanted subcutaneously, these cells, unlike normal cells from
these patients, fail to differentiate into mature osteoblasts (8). Con-
stitutive basal activation of Gsa. by a modified GPCR has also been
demonstrated to markedly increase the amount of trabecular bone
in mice (9). These studies indicate that stimulation of Gsa-depen-
dent signaling in osteoblasts can profoundly affect bone mass.

However, the mechanisms by which G,a-dependent signaling reg-
ulates osteoblast differentiation remain obscure. Intermittent PTH
increases osteoblast survival and differentiation (10). In contrast, con-
tinuous exposure to PTH in vitro significantly attenuates osteogenic
differentiation, suggesting that under some circumstances PTH/PKA
may inhibit osteoblast maturation (11, 12). In chondrocytes, ablation
of either PPR or G0t leads to accelerated chondrocyte differentiation
and hypertrophy (13-17), demonstrating that PKA-dependent path-
ways can inhibit cellular differentiation in some tissues.

The canonical Wnt signaling pathway is required for the com-
mitment and differentiation of mesenchymal progenitors to the
osteoblast lineage. Ablation of -catenin, a central component
of canonical Wnt signaling, in early mesenchymal progenitors or
osteoblast precursors leads to a failure of osteoblast commitment
and differentiation, with adoption of a chondrocytic fate instead
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Figure 1

Deletion of Gsa. in the osteoblast lineage leads to severe
osteoporosis. (A and B) Skeletal preparations of mice
at P1in WT (A) and Gsa9sK0 (KO) mice (B). (C and
D) H&E-stained sections of primary spongiosa from WT

(C) and KO (D) tibiae at E18.5. (E and F) Von Kossa
staining of WT (E) and KO (F) proximal tibiae at 1 week.
(G and H) H&E-stained sections of WT (G) and KO
(H) mid-diaphyseal tibiae at 2 weeks. (I) Bone volume
over trabecular volume (BV/TV), trabecular thickness

(TbTh), trabecular number (TbN), and trabecular spac-
ing (TbSp) in WT (white) and KO (black) mice at 1 week.
*P <0.01 (n =7 [WT] and n = 5 [KO]). Original magnifi-
cation, x200 (C and D), x100 (E-H).

oM o
L

TbN (/mm)

£ 30007
E 2000
& 1000-

(18-20). In the skeleton, the PTH signaling pathway intersects
with canonical Wnt signaling. For instance, PTH regulates several
inhibitors of Wnt signaling (21). PTH suppresses expression of
sclerostin, a canonical Wnt inhibitor encoded by Sost and produced
by osteocytes, in a PKA-dependent manner (22, 23). MEF2 tran-
scription factors acting on the Sost bone enhancer mediate this
action of PTH (24). PTH also regulates dickkopf1 (Dkk1), another
soluble Wnt inhibitor that blocks activation of the Wnt corecep-
tors Lrp5/6 (25). Although suppression of Dkk1 is not required
for the anabolic effects of PTH (25, 26), overexpression of either
Sost or Dkk1 results in osteopenia (27, 28). Conversely, targeted
expression of a constitutively active PPR to osteocytes suppresses
sclerostin expression and leads to high bone mass (29).

In addition to the PPR, several other GPCRs that signal via G,o
have been described in osteoblasts, including receptors for PGE,
(EP2R and EP4R) (30), thyroid-stimulating hormone (31), and
[,-adrenergic agonists (32). Ablation of these receptors leads to vary-
ing and sometimes opposing skeletal consequences in mice. Since
G;a likely serves to mediate signaling downstream of multiple
GPCRs in osteoblasts, we hypothesized that ablation of Gsa. early in
the osteoblast lineage would have significant effects on osteoblast
differentiation. Ablation of G0 in more differentiated cells of the
osteoblast lineage results in reduced trabecular bone and increased
cortical bone late in embryogenesis (33). However, craniofacial
abnormalities and perinatal lethality have precluded the analysis of
the role of Gyo. in early postnatal development of the skeleton.

In an article describing the regulation of B lymphocyte develop-
ment in the bone marrow by cells of the osteoblast lineage, we have
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previously reported that ablation of Gsa early in the osteoblast
lineage results in postnatal growth retardation and early mortal-
ity, with a dramatic decrease in the bone surface covered with tra-
becular osteoblasts (34). We now demonstrate that absence of G
dramatically impairs bone formation, and we identify at least two
distinct functions for Gsa in cells of the osteoblast lineage. First,
differentiation of Gsa-deficient osteoblasts is significantly accel-
erated, resulting in the formation of predominantly woven bone
that is highly susceptible to fractures. Second, in the absence of
G0, expression of the Wnt inhibitors sclerostin and Dkk1 is sig-
nificantly upregulated, with attenuation of Wnt signaling in osteo-
blasts. Consistent with previous reports that the commitment of
mesenchymal progenitors to the osteoblast lineage is dependent
upon canonical Wnt signaling (18-20), we found that the frequency
of osteoblast precursors is markedly decreased in mutant mice.

Results

Deletion of G in osteoprogenitors leads to profound osteoporosis. Mice
lacking Gsat in the osteoblast lineage (G,0.°%0 mice) were gener-
ated by ablation of G,a. in osterix-expressing (Osx-expressing) pro-
genitors as previously described (34). Mutant mice were grossly
similar to control littermates at birth, and skeletal preparations
did not demonstrate significant differences in patterning of the
axial skeleton on P1 (Supplemental Figure 1, A and B; supple-
mental material available online with this article; doi:10.1172/
JCI46406DS1). Histological analysis at E15.5 revealed normal
vascular invasion, with subsequent formation of the bone mar-
row cavity (Supplemental Figure 1, C and D). However, fractures
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Decreased bone mass in the absence of Gsa is due to inadequate bone formation. (A—-D) Micro-CT of WT (A) and KO (B) femurs at 1 week.
Cortical bone area (Ct.Ar) (C) and cortical area fraction (Ct.Ar/Tt.Ar) (D) at 1 week. *P < 0.05 (n = 5 [WT] and n = 3 [KQO]). (E-H) H&E- (E and
F) and TRAP-stained (G and H) sections of cortical bone from WT (E and G) and KO (F and H) tibiae at E18.5. Dashed yellow line denotes the
endocortical edge of cortical bone. (I) Osteoclast surface per bone surface (OcS/BS, n =7 [WT] and n = 5 [KO]). (J) Serum TRACP 5b levels
(n = 6 per genotype). (K) Osteoblast number per bone perimeter (NOb/BPm). *P < 0.001 (n = 7 [WT] and n = 5 [KQO]). (L) Serum osteocalcin
levels. *P < 0.01 (n = 6 per genotype). (M and N) Double calcein labeling in WT (M) and KO (N) cortical bone at week 1. (O and P) Cortical bone
from WT (0) and KO (P) mice at 2 weeks stained with Sirius red and photographed under polarized light. Scale bars: 100 um (A and B). Original

magnification, x200 (E—H, M, and N), x400 (O and P).

of ribs (Figure 1, A and B) and long bones (Supplemental Figure 1,
E and F) were identified in G090 mice on P1. Perhaps as a con-
sequence of early and extensive fractures, although other contrib-
uting factors have not been ruled out, G,a®*X© mice exhibit early
postnatal mortality (ref. 34 and Supplemental Figure 1G), with
no mutant mice surviving until weaning. The fractures did not
occur simply as a result of handling of the skeletons during iso-
lation, as healing calluses were evident by 1 week of life (Supple-
mental Figure 1, H and I). The fractures were not present in utero
(Supplemental Figure 1,J-L), suggesting that initial fractures were
sustained during birth. However, delivery via Caesarian section
failed to prevent early postnatal acquisition of fractures and did
not reduce mortality (data not shown).
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Sakamoto et al. reported that ablation of G in differentiated
osteoblasts using collagen Ial promoter Cre transgenic mice
resulted in reduced trabecular bone at E18.5 (33). We found that
deletion of G,at earlier in the osteoblast lineage also led to reduced
trabecular bone in the primary spongiosa at E18.5 (Figure 1, C
and D). By 1 week of age, von Kossa staining demonstrated further
loss of mineralized trabecular bone (Figure 1, E and F). Cortical
bone was markedly irregular and thinned in the few mice surviving
past the second week of life, and in places was almost completely
absent (Figure 1, G and H). Histomorphometric analysis of the tib-
ial metaphysis revealed a 71% decrease in trabecular bone volume,
with decreased trabecular thickness and number and increased
trabecular spacing (Figure 1I).
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Decreased bone mass in the absence of G,ou is due to impaired bone for-
mation rather than enbanced bone resorption. Micro-CT demonstrated
reduced cortical bone and increased cortical porosity at 1 week
(Figure 2, A-D). To determine whether the porosity might result
from enhanced bone resorption by osteoclasts, we performed
TRAP staining at E18.5, when cortical bone had not yet thinned
significantly in G,0.°%KO mice (Figure 2, E and F). As previously
reported for ablation of Gso in differentiated osteoblasts (33),
there was a marked decrease in the number of endocortical osteo-
clasts at E18.5 (Figure 2, G and H). Furthermore, at no time dur-
ing early postnatal development was there evidence for increased
numbers of TRAP* osteoclasts in trabecular bone of mutant mice
(data not shown). Osteoclast surface was not increased in trabecu-
lar bone of 1-week-old mutant mice (Figure 2I), and there was no
increase in the level of serum TRACP 5b, a marker of bone resorp-
tion, despite the presence of fractures (Figure 2J). These findings
suggest that the dramatic decrease in G,0.°*K0 bone mass cannot
be attributed to increased bone resorption.
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Figure 3

Intramembranous bone formation is defective in Gsa.°X<° mice. (A and
B) Skeletal preparations of calvariae of WT (A) and KO (B) mice at
P1. p, parietal bone; s, sagittal suture; |, lambdoid suture. (C—F) H&E-
stained calvarial sections at P4 (C and D) and 2 weeks (E and F) in WT
(C and E) and KO (D and F) mice. (G and H) Sirius red—stained sec-
tions of WT (G) and KO (H) calvarial bone at 2 weeks photographed
under polarized light. (1) Cortical porosity void area (VD.Ar/T.Ar) in WT
and KO mice at 2 weeks of age. *P < 0.05 (n = 4 per genotype). Origi-
nal magnification, x400 (C—H).

If the decreased bone mass in G,0.9%KO mice was not the result of
enhanced bone resorption, then bone formation must have been
inadequate. Consistent with this, histomorphometry revealed an
85% reduction in osteoblast surface (34) and an equally dramatic
decrease in osteoblast number in G,0.°%X° mice (Figure 2K). Serum
osteocalcin, a marker of bone formation, was also significantly
decreased in early postnatal mutant mice (Figure 2L). In an attempt
to calculate bone formation rate by dynamic histomorphometry,
we performed double calcein labeling 1 and 4 days prior to analysis
on P7. In control mice this allowed visualization of two distinct
mineralization fronts (Figure 2M). In contrast, bones from mutant
mice were diffusely labeled with fluorochrome, indicating the for-
mation of woven bone during the labeling period and precluding
analysis of bone formation rate (Figure 2N). Indeed, when tibiae
of 2-week-old mice were analyzed under polarized light, the cor-
tical bone of control mice exhibited lamellar organization, while
mutant cortical bone revealed markedly disorganized arrange-
ment of collagen fibrils (Figure 2, O and P). Together these results
indicate that the loss of Gsa early in the osteoblast lineage leads to
formation of disorganized bone of insufficient mass, strength, and
quality, as evidenced by the occurrence of fractures.

Intramembranous bone formation is defective in G.0%*° mice. While
long bones are formed by the process of endochondral ossification,
craniofacial bones are more commonly derived by intramembra-
nous ossification, in which cells of mesenchymal condensations
differentiate directly into osteoblasts without a cartilage template.
Skeletal preparations on P1 demonstrated a dramatic impairment
in mineralization of intramembranous cranial bones. While the
parietal bone of control mice exhibited relatively homogenous
mineralization and well-formed sutures (Figure 3A), the parietal
bone in G;0.°%KO mice displayed patchy mineralization in a reticu-
lar pattern with ragged sutures (Figure 3B). Histological analysis
of control calvariae at P4 and 2 weeks revealed 1-2 layers of osteo-
blasts along the bone surfaces and orderly lamellar bone (Figure
3, Cand E). In contrast, multiple layers of stromal cells and pre-
osteoblasts were found lining the periosteal surface of G,oOK©
mice (Figure 3, D and F). Like cortical bone, the calvarial bone of
G,09KO mice was woven, as indicated by misshapen osteocyte
lacunae and irregular collagen fibril deposition (Figure 3, G and
H). Likewise, porosity was dramatically increased in G005 cal-
varial bones at 2 weeks (Figure 3I). Therefore ablation of G;a early
in the osteoblast lineage resulted in abnormal trabecular, cortical,
and intramembranous bone that was evident at birth, indicating
that Gsa plays a crucial role during embryonic skeletogenesis.

Osteogenic differentiation is accelerated in the absence of G,a.. To assess
osteoblast differentiation in vivo in the absence of G0, we analyzed
the expression of gene markers of osteoblast differentiation. We
found that during embryonic development, mRNA levels of genes
expressed early in the osteoblast lineage, such as alkaline phosphatase
Volume 121 3495
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Figure 4

Osteogenic differentiation is not impaired in Gsa.9*K0 mice. (A) In situ hybridization for osteogenic markers ALP, collagen la1 (Col1a1), and
osteocalcin (OC). (B and C) In situ hybridization for MMP-13 expression in WT (B) and KO (C) proximal tibiae at P7. (D) Mmp13 mRNA levels
in Gsaff calvarial osteoblasts infected with control adenovirus (B-gal) or Cre recombinase. *P < 0.05 (n = 5). (E) ALP staining and (F) alizarin
staining of calvarial osteoblast cells undergoing osteogenic differentiation. Results are representative of 5 experiments. (G and H) Calvarial
osteoblasts were harvested from control or KO mice crossed to R26 reporter mice, then subjected to osteogenic differentiation. After 21 days in
culture, wells were stained with alizarin to highlight mineral deposition and X-gal to identify cells descended from Osx* precursors in control (G)
and KO (H) mice. Original magnification, x100 (A, E15.5 and P1), x40 (A, P9), x400 (G and H).
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Osteogenic differentiation is accelerated in the absence of Gso.. (A—C) Alizarin staining (A and B) and frequency of Col2.3::GFP" cells in Col2.3::
GFP;Gso calvarial cells infected with adeno-Cre or adeno—3-gal and subjected to osteogenic differentiation (C). *P < 0.05 (n = 3). (D) Fre-
quency of Col2.3::GFP+ cells in sorted ALP- cells from Col2.3::GFP;Gso" mice subjected to osteogenic differentiation. *P < 0.05 (n = 4). (E)
Gsal BMSCs infected with adeno-f-gal or adeno-Cre and induced to undergo osteogenic differentiation, then stained with ALP or alizarin after
2 weeks in culture. (F) Frequency of Col2.3::GFP+ cells in BMSCs from Col2.3::GFP;Gsa mice after 2 weeks of osteogenic differentiation.
*P < 0.02 (n = 3). (G) mRNA levels for Gsa, ALP, collagen la1 (Col1at), Runx2, Osx, and Atf4 in Gso calvarial osteoblasts infected with adeno-
Cre or adeno—3-gal and induced to undergo osteogenic differentiation for 6 days. *P < 0.05 (n = 3-5 experiments).

(ALP) and collagen Ia1, were similar in G,a:°© mice and littermate
controls at E15.5 and P1 (Figure 4A). In contrast, expression of
osteocalcin mRNA, a marker of terminally differentiated osteoblasts
initially detectable in WT mice at P1, was nearly absent in mutant
bones by P9 (Figure 4A). By this time collagen Il expression was
also noticeably decreased, likely reflecting the dramatic decrease in
osteoblast numbers (Figure 2K). Since osteocalcin mRNA expression
is at least partly dependent on PKA-mediated gene transcription (35),
its absence could reflect reduced PKA activation in osteoblasts lack-
ing Gso.. Consistent with this, expression of another PKA target gene,
Mmp13 (36), was also reduced in bones from G;0°%¥° mice (Figure 4,
B and C) as well as G;o-deficient osteoblasts (Figure 4D). However,
given the markedly reduced osteoblast number in mutant mice, the
absence of osteocalcin expression might also reflect failure of termi-
nal differentiation into mature osteoblasts in the absence of G,0.
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In order to evaluate osteoblast differentiation directly, we iso-
lated primary calvarial osteoblastic cells from G,00K© mice and
control littermates, and subjected these cells to osteogenic dif-
ferentiation in vitro. Unexpectedly, Gsa.©KO cells consistently
demonstrated accelerated ALP expression as well as earlier and
more extensive mineralization than cells from WT mice (Figure
4, E and F). To demonstrate that the accelerated differentiation
occurred in cells in which Cre recombinase had been active, we
crossed G,a.°K0 mice to R26 reporter mice (37). In Osx1-GFP::
Cre;G,0;R26 mice, cells stained blue by X-gal reflect expression
of Cre recombinase and therefore likely ablation of Gso.. We have
previously shown that expression of Cre recombinase efficiently
reduces Gsoo mRNA levels by greater than 90% (34). We found that
calvarial osteoblasts from Osx1-GFP::Cre;Gsa/;R26 mice, as well
as control Osx1-GFP::Cre;G,afY*;R26 mice, formed mineralized
Volume 121 Number 9
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Accelerated osteogenic differentiation occurs in vivo in Gsa9K0 mice. (A and B) X-gal staining of cortical bone at P7 from WT (A) and KO (B)
mice crossed to R26 reporter mice. (C and D) H&E-stained sections of cortical bone from tibiae of WT (C) and KO (D) mice at P7. (E) Osteocyte
density in cortical bone of tibiae at P7. *P < 0.005 (n = 3). (F) BrdU pulse-chase in WT and KO trabecular bone of tibiae at P4. White arrows
indicate BrdU-negative osteocytes; red arrows indicate BrdU-positive osteocytes. (G) Frequency of BrdU+ osteocytes and osteoblasts 4 and 24
hours after injection. *P < 0.05 (n = 3). (H and I) mRNA levels of osteocyte markers Dmp1 and Phex in Gsaff calvarial osteoblasts (H) (n = 6) and
bone marrow stromal cells (I) (n = 3) infected with adeno-Cre (black) or adeno—3-gal (white) and induced to undergo osteogenic differentiation
for 1 (H) or 2 (I) weeks. *P < 0.05. Original magnification, x400 (A-D), x1,000 (F).

nodules in which the majority of cells in the nodule were also blue
(Figure 4, G and H). Therefore, in calvarial osteoblasts isolated
from G,09K0 mice and subjected to osteogenic differentiation,
the enhanced mineralization was a direct effect of Gsa deficiency
in cells of the osteoblast lineage.

Since calvariae from G;0.°*K° mutant mice exhibit impaired min-
eralization (Figure 3B), we considered the possibility that the results
of Figure 4, E and F, might be explained by an artifact: perhaps
serial collagenase digestion would more easily recover differenti-
ated osteoblasts from mutant calvariae than from control calvariae,
3498
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thereby favoring the onset of mineralization in cells isolated from
mutant mice. To control for the distribution of osteoblast lineage
populations at varying stages of differentiation, we harvested pri-
mary calvarial osteoblasts from Col2.3:GFP;G,a/ mice, in which
GFP is under the control of the 2.3-kb rat type I collagen promoter
and therefore expressed in differentiated osteoblasts (38). In cells
isolated from calvariae of these mice, expression of GFP serves as a
marker for osteogenic differentiation (12, 38). Equal numbers of cal-
varial cells from Col2.3::GFP;G,0fYl mice were infected with either
adenovirus encoding Cre recombinase to ablate G0 expression or
Volume 121
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Accelerated osteoblast maturation in Gsa°*KO mice is associated with woven bone and abnormal osteocytes. (A and B) Anti-E11
immunohistochemical staining in cortical bone of WT (A) and KO (B) tibiae at week 3. (C and D) Bodian staining of the osteocyte lacuno-cana-
licular network in WT (C) and KO (D) mice at week 3. (E and F) Toluidine blue staining of osteocytes in WT (E) and KO (F) cortical bone at
week 2. (G and H) Transmission electron microscopy of WT (G) and KO (H) osteocytes. (I) mRNA level of BSP in differentiating Gso."" calvarial
osteoblasts. *P < 0.05 (n = 7). Original magnification, x400 (A, B, E, and F), x1,000 (C and D), x3,400 (G and H).

with control adenovirus encoding either $-gal or YFP. Gyo. expres-
sion was efficiently reduced within 24 hours (Supplemental Figure
2A), and functional loss of Gsa. was confirmed by the decrease in
basal cAMP levels after 48 hours (Supplemental Figure 2B), after
which cells were placed in osteogenic differentiation media. Cre-
infected G,a-deficient cells displayed robust mineralization as early
as 6 days after differentiation, while mineralization of control cells
was not detectable until 9 days in culture (Figure 5, A and B). The
Col2.3:GFP*, and in particular the GFPY, population was enriched
in cells that expressed markers of mature osteoblasts (ALP, col-
lagen Ial, and osteocalcin) (Supplemental Figure 2, C and D).
GFP expression was significantly increased in Cre-infected cells by
day 6 and remained persistently elevated relative to control cells
throughout the course of differentiation (Figure 5C). Mineraliza-
tion in vitro can be affected by cell density; however, we confirmed
that the enhanced mineralization of Cre-infected Gsa-deficient
calvarial osteoblasts was independent of cell number. When plated
at low cell density such that there was a moderate increase in cell
number in Gso-deficient cells only after 12 days in culture (Supple-
mental Figure 2E), there was already a significant increase in both
alizarin deposition (Supplemental Figure 2F) and the frequency of
Col2.3:GFP" cells (Supplemental Figure 2G) after 6 days of cul-
ture. These differences were even more pronounced after 12 days
in culture. To determine whether G,a. deletion accelerated the
differentiation only of committed osteoprogenitors, we sorted
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ALP- Col2.3:GFP- G,/ cells, which do not yet express markers of
osteogenic commitment (Supplemental Figure 2D), infected them
with adeno-Cre or adeno-f3-gal, and subjected them to osteogenic
differentiation. Even among uncommitted progenitors, ablation of
Ggatled to enhanced osteogenic differentiation (Figure 5D). Finally,
the accelerated osteogenic differentiation in cells lacking Gso was
not unique to calvarial osteoblasts. Bone marrow stromal cells
(BMSCs) isolated from Col2.3:GFP;G,aV™ mice and infected with
adeno-Cre also demonstrated dramatic enhancement of osteogenic
differentiation (Figure 5, E and F).

We next analyzed markers of osteoblast differentiation in cul-
tured calvarial osteoblasts (Figure 5G). After 6 days of culture
under osteogenic conditions, Gso. mRNA expression remained
significantly reduced by adeno-Cre infection. Accelerated matura-
tion was reflected by the significant increase in expression of the
osteoblast markers ALP and collagen Ial in Gsa-deficient cells
relative to control cells. However, we did not detect any significant
differences in the mRNA levels of the osteogenic transcription
factors Runx2, Osx, or Atf4. Together these data demonstrate that
osteogenic differentiation is dramatically accelerated when Gso is
deleted early in the osteoblast lineage.

Osteoblast differentiation is accelerated in vivo in GO0 mice. In order
to assess the fate of Gso-deficient cells of the osteoblast lineage in
vivo, we crossed G,0.99KO to Rosa26 reporter mice (37). Staining with
X-gal revealed abundant cells in Gy0.9%X© bone that were descended
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G000 mice have reduced Wnt signaling in the osteoblast lineage and a depleted osteoprogenitor pool. (A and B) CFU-F and CFU-ALP

assays in WT and KO BMSCs (A) and calvarial cells (B). *P < 0.01 (n =

6-9). (C) Sost mRNA levels in calvariae of WT and KO mice. *P < 0.01

(n =6). (D and E) Immunohistochemical staining for sclerostin protein in WT (D) and KO (E) tibia at week 3. (F) mRNA levels of Sost and Dkk1
and (G) Wnt target genes Axin2 and Lef1 in Gsaf'fl calvarial osteoblasts infected with adeno-Cre (black) or adeno—3-gal (white) and induced to
undergo osteogenic differentiation. *P < 0.05 (n = 3). (H) TopGal mRNA levels in calvariae of WT and KO mice crossed to TopGal reporter mice.

*P < 0.05 (n = 3). Original magnification, x400 (D and E).

from Osx-expressing precursors, including osteocytes (Figure 6, A
and B). Osteocytes are derived from terminally differentiated osteo-
blasts (39, 40) and are embedded in the mineralized matrix. Indeed,
inspection of H&E-stained sections of both cortical and calvarial
bones revealed a significant increase in osteocyte density in G000
mice (Figure 6, C-E, and data not shown). To determine whether
accelerated osteoblast maturation might contribute to the increased
osteocyte density in G;a.°%*0 mice, we performed a pulse-chase
with BrdU. Four hours after BrdU injection, no BrdU* osteocytes
were identified, consistent with their postmitotic state. In contrast,
24 hours after BrdU injection, we found a significantly higher pro-
portion of BrdU* osteocytes in G,0.°KO mice relative to littermate
controls (Figure 6, F and G). Since osteocytes themselves do not pro-
liferate and therefore do not incorporate BrdU, BrdU* osteocytes
must have been derived from labeled pre-osteoblasts/osteoblasts
that subsequently differentiated into osteocytes. We could find no
discernible increase in BrdU* frequency in G,a.°K© mature osteo-
blasts on the bone surface at either 4 or 24 hours after injection,
suggesting that enhanced differentiation rather than increased
proliferation of osteoblasts leads to the increased frequency of
BrdU* osteocytes in G,0°%K° mice (Figure 6, F and G). To further
investigate osteoblast proliferation in vivo, we isolated Osx1-GFP::
Cre" osteoblasts by FACS sorting from WT and G,a9%X° mice. Cell
cycle analysis demonstrated that the distribution of cells in cell cycle
stages Gy, S, and G,/M was the same in Osx1-GFP:Cre" cells from
control (Osx1-GFP:Cre+;G,0/*) and G,a°*° mice, again indicat-
ing similar rates of proliferation of these cells in vivo (Supplemental
Figure 3A). Finally, TUNEL staining for the presence of apopto-
sis did not reveal any significant increase in apoptosis of G0k
osteoblasts in tibiae at 1 week (Supplemental Figure 3, B and C).
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In vitro, expression of osteocytic markers coincides with miner-
alized nodule formation (41). We therefore examined expression
of osteocyte-specific genes in calvarial osteoblasts cultured under
osteogenic conditions, and found that after only 1 week in cul-
ture, expression of the osteocyte-specific genes Dmpl and Phex was
upregulated in mutant calvarial osteoblasts, coincident with the
early appearance of mineralization (Figure 6H). Similarly, Dmp1
and Phex mRNA levels were dramatically increased over 2 weeks
of osteogenic differentiation of Gsa-deficient BMSCs (Figure 61).
In summary, these data indicate that both in vitro and in vivo,
absence of G,a leads to accelerated osteoblast differentiation in a
cell-autonomous manner. The rapid maturation of differentiated
osteoblasts into osteocytes therefore contributes to the small size
of the mature osteoblast pool in G,a°*KO mice.

G,a9%K0 mice have woven bone and abnormal osteocytes. The osteo-
cytes in G,0°%KO mice that result from accelerated osteoblast
differentiation display numerous abnormalities characteristic of
woven bone. E11 is a marker of early osteocytes and/or late osteo-
blasts and plays a role in the elongation of osteocytic dendrites
(42). In tibiae of control mice, expression of E11 protein in corti-
cal bone was restricted to a single layer of cells, representing tet-
minally differentiated osteoblasts and/or immature osteocytes,
at the edge of the mineralizing matrix, highlighting the dendritic
processes that form the osteocyte lacuno-canalicular network (Fig-
ure 7A). In contrast, expression of E11 in tibiae of mutant mice
was found throughout the thickness of cortical bone in osteocytes
with a notable paucity of dendrites (Figure 7B). We confirmed
disruption of the normal osteocyte lacuno-canalicular network
with Bodian staining, which revealed a well-established network
in control mice but the absence of a well-organized canalicular net-
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work in mutant bones (Figure 7, C and D). Furthermore, osteocyte
morphology was abnormal in G,a.°%%0 bones, with rounded nuclei
and increased perilacunar space (Figure 7, E and F). Transmission
electron microscopy further demonstrated that whereas control
cells have abundant cytoplasm containing rough endoplasmic
reticulum, mutant osteocytes have scant cytoplasm (Figure 7, G
and H). The findings of increased osteocyte density, aberrant E11
expression, and absence of a lacuno-canalicular network are all
consistent with the presence of woven bone, normally associated
with pathologic states of rapid ossification (43).

Consistent with the model that overly rapid maturation of
osteoblast maturation results in formation of woven bone, expres-
sion of bone sialoprotein (BSP), a gene expressed at high levels in
woven bone (44), was upregulated almost 20-fold in differentiat-
ing Gsa-deficient calvarial osteoblasts as compared with control
osteoblasts in vitro (Figure 7I). Thus, in the absence of G,a, osteo-
blast differentiation was accelerated and resulted in production of
mainly woven bone, with a failure of production of normal lamel-
lar bone. We suggest that the presence of predominantly woven
bone (Figure 2P and Figure 3H) contributes to the remarkable
fragility of G,0°%K° bones.

Inhibition of canonical Wnt signaling is associated with reduced mesen-
chymal commitment to the osteoblast lineage in G.0.9%K0 mice. Despite
the profound osteoporosis and the scarcity of osteoblasts seen in
G;0.9%%K0 mice, we have paradoxically found that osteoblast dif-
ferentiation is dramatically enhanced by the absence of Ga.. Since
there was no detectable difference in apoptosis by TUNEL staining
(Supplemental Figure 3, B and C), and no defect in proliferation
of G,a-deficient osteoblasts (Figure 6F and Supplemental Figure
3A), accelerated differentiation into osteocytes should have led
to the depletion of the osteoblast population. However, osteo-
blast numbers were so dramatically reduced (by >80%) in mutant
mice (Figure 2K) that we hypothesized that there might also be a
decrease in the population of osteoblast precursors. To determine
whether osteoblast precursors are reduced in G,0.°%K° mice, we
plated BMSCs and calvarial cells isolated from G,0°K© and con-
trol mice at low density, and counted cells capable of initiating
fibroblastic colonies (CFU-F) as well as cells capable of initiating
osteogenic colonies (CFU-ALP). We found that both CFU-F and
CFU-ALP were reduced by greater than 3-fold in Gsa®s*K© BMSCs
(Figure 8A). In calvarial cells, while the number of CFU-F was not
significantly decreased, the number of CFU-ALP was also mark-
edly lower in G,0.°%K© mice (Figure 8B).

Canonical Wnt signaling positively regulates osteoblast commit-
ment and differentiation (18-20). Several groups have demonstrat-
ed that sclerostin and Dkk1, two inhibitors of Wnt signaling, are
potently suppressed by PTH (22, 23, 25). Since G;a. mediates the
activation of PKA by PTH stimulation of the PPR, we hypothesized
that sclerostin and/or Dkk1 expression would be increased in the
absence of Gia.. Indeed, Sost mRNA, which encodes sclerostin, was
markedly increased in calvariae and long bones of G,a°%° mice
(Figure 8C and data not shown). Immunohistochemical stain-
ing of cortical bone of tibiae at 3 weeks demonstrated abundant
sclerostin protein in G,09%K° osteocytes (Figure 8, D and E). Since
the increased Sost mRNA levels in G;0.°*KO bones might have at
least partially reflected the increase in osteocyte density, we exam-
ined expression of Sost as well as DkkI mRNAs in cultured calvarial
osteoblasts plated at equal numbers. In differentiating calvarial
osteoblasts, mRNA levels of both Sost and Dkk1I were dramatically
upregulated in Gsa-deficient osteoblasts after only 6 days in cul-
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ture (Figure 8F). Therefore, absence of G,a in the osteoblast lin-
eage is associated with increased expression of at least two inhibi-
tors of canonical Wnt signaling.

To examine the consequences of upregulation of sclerostin and
Dkk1 on Wnt signaling in osteoblasts lacking Gsa, we quantitated
the expression of the Wnt target genes Axin2 and Lefl. Expression of
Axin2 and Lefl mRNAs was significantly reduced in Gsa-deficient
osteoblasts (Figure 8G). To further evaluate Wnt-dependent signal-
ing in Gso-deficient osteoblasts in vivo, we crossed G;0°%*° mice
to TopGal reporter mice, in which multiple TCF response elements
regulate expression of 3-gal (45). Quantitative real-time PCR analy-
sis of mMRNA from G,a.°K© bones revealed decreased expression of
the Wnt reporter TopGal in the absence of Ga (Figure 8H). Thus,
absence of Gsain the osteoblast lineage leads to increased expression
of sclerostin and Dkk1, which may feed back to decrease canonical
Wnt signaling in the osteoblast lineage. Since canonical Wnt signal-
ing is required for commitment of mesenchymal progenitors into
the osteoblast lineage, attenuated Wnt signaling likely contributes
to the reduction of committed osteoprogenitors in Ga°K° mice.

Discussion

The role of Gsat in governing osteoblast differentiation is of particu-
lar relevance for several human skeletal disorders (46). Heterozygous
loss-of-function mutations in Go. result in Albright hereditary
osteodystrophy (AHO), with short stature, brachydactyly, and obe-
sity. A subset of patients with AHO, frequently those with paternal
inheritance of the mutated allele, experience ectopic ossifications
that can involve subcutaneous or deep soft tissues as well as skeletal
muscle (progressive osseous heteroplasia). Conversely, activating
somatic mutations of Gsa are found in fibrous dysplasia, skeletal
lesions that can occur alone or in association with other endocri-
nopathies (McCune-Albright syndrome). Fibrous dysplasia lesions
are characterized by impaired osteoblast differentiation and woven
bone. Therefore Ga plays a crucial role in osteoblast development
and function, and understanding the molecular mechanisms will
be of great clinical significance.

To that end we have generated mice with conditional deletion of
G;a early in the osteoblast lineage. G,0.°*X© mice have severe osteo-
porosis characterized by impaired endochondral and intramembra-
nous ossification. The dramatic reduction in bone mass is accom-
panied by a failure of normal bone formation, with production of
predominantly woven bone of inadequate mass and strength, and
a marked decrease in osteoblast number. G, is downstream of
multiple GPCRs and therefore may participate in various signal-
ing pathways. We have identified at least two distinct mechanisms
that may underlie the diminished osteoblast number in G;a0sKO
mice: (a) accelerated differentiation of osteoblasts into osteocytes
and (b) decreased commitment of mesenchymal progenitors to the
osteoblast lineage, in association with attenuated Wnt signaling
that results at least in part from increased expression of the Wnt
inhibitors sclerostin and Dkk1.

We have found that the population of osteoblast precursors
(CFU-ALP) was significantly decreased among both BMSCs and
calvarial cells of G,09%K© mice, suggesting reduced commitment
of mesenchymal progenitors to the osteoblast lineage. Wnt sig-
naling is required for osteoblast commitment and early osteoblast
differentiation (18-20), and PKA signaling downstream of the PPR
can suppress expression of the canonical Wnt inhibitors sclerostin
and Dkk1. Sclerostin was overexpressed in calvariae of G,00xKO
mice, and both Sost and Dkk1 mRNA levels were increased in cal-
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varial osteoblasts from G;0.9%KO mice, with a concomitant decrease
in expression of Wnt target genes in these same cells. Therefore,
the inhibition of Wnt signaling may contribute to the dramatic
decrease in the pool of osteoprogenitors in G;0.°%KO mice. In addi-
tion to sclerostin and Dkk1, several laboratories have demonstrated
other points of interaction between the PTH/PPR/PKA and Wnt
signaling pathways (21, 47). PTH is able to activate 3-catenin tar-
gets in osteoblasts even in the absence of Dkk1 suppression (25,
26), implicating other actions downstream of the PPR in regulat-
ing Wntsignaling. Indeed, several potential mechanisms have been
identified, including direct interactions between PPR and the Wnt
coreceptor LRP6 (48), as well as phosphorylation of -catenin by
PKA (49). Therefore, the effects of PKA on Wnt signaling may be
both indirect, mediated by soluble inhibitors such as sclerostin
and Dkk1, as well as cell autonomous, by direct phosphoryla-
tion of components of the Wnt signaling pathway. More detailed
investigations into the effects of G, ablation on Wnt signaling in
G,00K0 mice are underway.

Once mesenchymal progenitors are committed to the osteoblast
lineage, however, the loss of Gsa somewhat paradoxically results in
accelerated osteogenic maturation. Although the near absence of
osteocalcin mRNA initially suggested a failure of osteoblast dif-
ferentiation, instead the reduced expression of osteocalcin mRNA
reflected attenuated PKA signaling in osteoblasts lacking Gso. In
support of this, expression of Mmpl3 mRNA, another PKA target
gene, was also reduced in G,0°%%° bones, while other markers of
osteogenic differentiation were still expressed.

Although the number of mature osteoblasts was markedly reduced
in G,a.©KO mice, this was not due to complete failure of osteoblast
differentiation, as these mice have abundant osteocytes, which are
derived from terminally differentiated osteoblasts (40). Rather, we
have shown that in the absence of G, cells of the osteoblast lin-
eage differentiate rapidly into osteocytes. Whereas PTH has been
demonstrated to decrease apoptosis in osteoblasts in adult mice
(50), we could find no discernible alteration in osteoblast apopto-
sis in early postnatal G;a°KO mice in vivo. The effects of PTH on
osteoblast apoptosis vary greatly by anatomic location (51) as well as
means of administration (10). During early postnatal growth, a time
of rapid bone formation, perhaps changes in apoptosis may have
lesser effects on cell numbers. In addition, there was no evidence of
increased proliferation of Gsa-deficient osteoblasts in vivo. Thus,
accelerated differentiation results in depletion of osteoblasts and
accumulation of osteocytes in G;0.0%K° mice. It therefore appears
that in cells of the osteoblast lineage, G, restrains cellular differen-
tiation. Of note, the bone that is present in G;a°%*° mice is mainly
woven bone. By regulating the pace of osteoblast differentiation,
G,o. may function to promote the formation of a larger number of
osteoblasts and production of more orderly lamellar bone. In the
absence of G0, the resulting bone is largely woven, typically associ-
ated with embryonic development and states of pathologically rapid
bone formation such as fracture repair.

Our data are in keeping with the findings that continuous expo-
sure of osteoblasts to PTH inhibits differentiation (11, 12). Moreover,
in chondrocytes, ablation of either PPR or G,o. leads to accelerated
chondrocyte differentiation and hypertrophy, with adverse conse-
quences for skeletal development (13-17). Whether similar mecha-
nisms underlie the effects of Gsa and PKA in inhibiting differentia-
tion of both osteoblasts and chondrocytes is under investigation.

The mechanisms mediating the effects of Gsa. on osteoblast lin-
eage commitment and differentiation are distinct and involve both
3502
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Wnt-dependent and Wnt-independent effects. In particular, like
Wnt signaling and perhaps through its effects on Wnt signaling,
G0 favors osteogenic commitment of mesenchymal progenitors.
In contrast, whereas Wnt signaling positively regulates osteoblast
differentiation, osteoblast maturation is accelerated in G,0.OsKO
mice even in the face of reduced Wnt signaling, suggesting that
absence of Gsa can override the inhibition of Wnt signaling in
driving osteoblast differentiation forward. The accelerated differ-
entiation of osteoblasts into osteocytes in the absence of Ga is
unlikely to be related to alterations in Wnt signaling. In differenti-
ated osteoblasts, manipulation of Wnt signaling does not affect
bone formation, but only affects bone resorption via disruption
of osteoprotegerin expression (52, 53). Furthermore, reduced Wnt
signaling in osteocytes due to either ablation of -catenin or over-
expression of Dkk1 in osteoblasts does not lead to an increase in
osteocyte density or woven bone (25,27, 54). Together these studies
suggest that Wnt signaling probably does not regulate differentia-
tion of osteoblasts into osteocytes.

The actions of Gso. on both commitment to and differentiation
of the osteoblast lineage are at work in both intramembranous
and endochondral bone. When plated at low cell densities, osteo-
progenitor numbers, as determined by CFU-ALP, were reduced in
both BMSCs and calvarial cells of Gy0.9%KO mice. In cells commit-
ted to the osteoblast lineage, however, the absence of Gsa resulted
in accelerated osteoblast differentiation. In keeping with a similar
role for Gso. in both types of cells, when equal numbers of osteo-
progenitors were plated in vitro, followed by ablation of G, min-
eralization was dramatically increased in both BMSCs and calvari-
al cells. Therefore, we conclude that Gsot acts to enhance osteoblast
lineage commitment but restrain osteoblast differentiation in
both intramembranous and endochondral bone.

The relevant receptors upstream of G,a are of great interest.
The PPR is a prime candidate, since PTH has important effects on
osteoblasts, and many of these are mediated by Gsa (10). In vitro,
deletion of the PPR in calvarial osteoblasts also resulted in acceler-
ated osteogenic differentiation; however, ablation of the PPR in
osteoprogenitors did not lead to the presence of fractures at birth
(data not shown). Therefore, other GPCRs may well be involved.
Other G;a-coupled GPCRs reported in osteoblasts include TSHR
and B2AR. However, ablation of TSHR leads to a high-turnover
osteoporosis (31), while deletion of B2AR results in high bone
mass (32). Thus, the actions of these receptors are unlikely, at least
during embryonic development, to be the predominant GPCRs
signaling to G,a in early cells of the osteoblast lineage. PGE, also
has anabolic effects on bone (55, 56), and in osteoblasts the PGE,
receptors EP2 and EP4 are coupled to Gso and may serve crucial
functions in regulating bone formation.

In summary, our studies demonstrate that Gsa signaling early in
the osteoblast lineage is crucial for the formation of normal bone.
In the absence of G;a, decreased commitment of mesenchymal pro-
genitors to the osteoblast lineage and pathologically accelerated
osteogenic differentiation yield bone of striking fragility. That Gso
mediates multiple functions in osteoblasts suggests that more spe-
cific targeted interventions may be possible to increase bone mass,
quality, and strength.

Methods
Experimental animals. Osx1-GFP::Cre (20) and G0/ (57) mice have been
described previously. Col2.3:GFP mice (38) were provided by David Rowe
(University of Connecticut Health Center, Farmington, Connecticut, USA).
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R26 reporter mice were obtained from The Jackson Laboratory. Since
G,a°KO mice are of a mixed genetic background (C57BL/6 and CD1), lit-
termate controls (Gso/f, except where otherwise specified) were used for
all experiments described. Genotyping was performed on genomic DNA
isolated from tails, using previously published protocols (34). All animals
were housed in the Center for Comparative Medicine at the Massachusetts
General Hospital, and all experiments were approved by the hospital’s Sub-
committee on Research Animal Care.

Skeletal preparations. Skeletons were fixed in 95% ethanol, then stained
overnight in 0.015% alcian blue in acetic acid/ethanol. Soft tissues were
cleared in 1% KOH, then stained overnight in 0.01% alizarin red.

Serum TRACP Sb and osteocalcin. Serum levels of TRACP 5b were mea-
sured by ELISA using the MouseTRAP assay (Immunodiagnostic Systems).
Serum osteocalcin levels were determined by ELISA (Biomedical Technolo-
gies Inc.) according to the manufacturer’s protocol.

Histological analysis. Mouse limbs were fixed in 10% buffered formalin,
paraffin embedded, and sectioned. In situ hybridization was performed
according to published protocols (4). Immunohistochemical analysis was
performed on deparaffinized sections using biotinylated mouse anti-Sost
antibody (R&D Systems) and anti-E11 (eBioscience). Bodian staining to
highlight the osteocytic lacuno-canalicular network was performed as
described previously (58). For transmission electron microscopy, limbs
were fixed in EM fixative (2.5% glutaraldehyde, 2.0% PFA, 0.025% calcium
chloride in a 0.1 M sodium cacodylate buffer [pH 7.4]) and processed for
EM. Samples were examined with a Phillips 301 transmission electron
microscope, and digital images were captured using an Advanced Micros-
copy Techniques CCD camera.

Histomorphometry and micro-CT analysis. Double calcein labeling was per-
formed by injection of mice with 20 mg/kg calcein on P3 and P6. Mice were
sacrificed on P7, and bones were fixed in 10% buffered formalin and embed-
ded in methylmethacrylate as previously described (59). Histomorphometry
was carried out in the lower primary spongiosa of the proximal tibia, start-
ing 150 wm below the growth plate and extending for 750 wm, according
to standard procedures. Osteocyte density per bone area was quantitated
on high-power fields of cortical bone using OsteoMeasure software (Osteo-
Metrics). For micro-CT analysis, mid-diaphysis areas of femurs were scanned
to evaluate cortical bone microarchitecture using a deskrop high-resolution
micro-CT instrument (WCT40, SCANCO Medical), as described previously
(60). In brief, a total of 30 slices for the cortical region were measured at the
mid-diaphysis of each femur using an X-ray energy of 70 KeV, integration
time of 200 ms, and a 12-um isotropic voxel size. Cortical shells were con-
toured across the 30 slices excluding the bone marrow cavity, and the ratio
of cortical bone area to the total cross-sectional area was calculated.

Cell culture. Calvarial osteoblasts were harvested from G,0.°%K° and con-
trol mice by serial collagenase digestion as previously described (61), plated
at 5 x 103 to 10 x 103 cells/cm?, and induced to undergo osteogenic differ-
entiation in the presence of ascorbic acid (50 ug/ml) and p-glycerol phos-
phate (10 mM). G,af/fl calvarial osteoblasts were harvested and subjected
to adenoviral infection with adeno-Cre or adeno-f-gal, then induced to
undergo osteogenic differentiation as above. For measurement of cAMP
accumulation, cells grown in 24-well plates were incubated at 37°C for
15 minutes in a buffer containing 2 mM isobutyl methylxanthine (an inhib-
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itor of phosphodiesterase activity). Intracellular levels of cAMP were deter-
mined by radioimmunoassay as previously described (62).

BMSCs were harvested from neonatal mice by crushing hind limbs in
PBS containing 2% fetal bovine serum. Bone marrow cells were filtered and
plated at 0.5 x 10° to 1 x 106 cells/cm? and subjected to osteogenic differ-
entiation as described above.

CFU assays. BMSCs and calvarial cells from WT and KO mice were seeded
at 50 x 103 cells/cm? and 100 cells/cm?, respectively, on Primaria cell cul-
ture plates (BD Falcon). For CFU-F assays, colonies were cultured for
7 days in a-MEM plus 10% fetal bovine serum, then fixed with formalin and
stained with methylene blue. For CFU-ALP assays, colonies were cultured
in osteogenic media containing 10 mM f-glycerol phosphate and 50 ug/ml
ascorbic acid (both from Sigma-Aldrich). After 7 days colonies were fixed in
formalin and stained for ALP activity as described previously (63).

Flow cytometry. Osteoblastic cells were harvested from neonatal calvariae of
Col2.3:GFP;G,0/1 mice by serial collagenase digestion (61). Fractions 3-6
were pooled and resuspended in PBS with 2% fetal bovine serum. Cells were
stained with biotinylated anti-ALP antibody (64) (courtesy of Mark Horowitz,
Yale University, New Haven, Connecticut, USA) and streptavidin-APC (eBio-
science), then analyzed on a FACSCalibur flow cytometer (BD Biosciences).

Quantitative real-time PCR. Total RNA was isolated using the RNeasy
kit (QIAGEN), and cDNA was synthesized with the SuperScript III First
Strand synthesis system for real-time PCR (Invitrogen). Quantitative real-
time PCR was performed using primers for Gsa (13), Runx2 (65), ALP
(65), Osx (65), Collal (66), Atf4 (66), Sost (67), TopGal (25), Dmp1 (67),
Phex (67), and BSP (65) according to previously published protocols, with
mRNA levels normalized to f-actin expression. Total RNA samples sub-
jected to cDNA synthesis reactions in the absence of reverse transcriptase
were included as negative controls.

Statistics. Statistical analyses were performed using a 2-tailed Student’s
t test. All values are expressed as mean + SEM. P values less than 0.05 were

considered significant.
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