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ARTICLE INFO ABSTRACT

Keywords: Background: Our recent studies demonstrate that the focal adhesion protein Kindlin-2 exerts crucial functions in
Kindlin-2 the mesenchymal stem cells, mature osteoblasts and osteocytes in control of early skeletal development and bone
OSteOnge“i_mr homeostasis in mice. However, whether Kindlin-2 plays a role in osteoprogenitors remains unclear.
Skeletogenesis Materials and methods: Mice lacking Kindlin-2 expression in osterix (Osx)-expressing cells (i.e., osteoprogenitors)
Chondrodysplasia

were generated. Micro-computerized tomography (uCT) analyses, histology, bone histomorphometry and
immunohistochemistry were performed to determine the effects of Kindlin-2 deletion on skeletal development
and bone mass accrual and homeostasis. Bone marrow stromal cells (BMSCs) from mutant mice (Kindlin-zﬂ/ﬂ;
€re) and control littermates were isolated and determined for their osteoblastic differentiation capacity.

Low-turnover osteopenia

Osx
Results: Kindlin-2 was highly expressed in osteoprogenitors during endochondral ossification. Deleting Kindlin-2
expression in osteoprogenitors impaired both intramembranous and endochondral ossifications. Mutant mice
displayed multiple severe skeletal abnormalities, including unmineralized fontanel, limb shortening and growth
retardation. Deletion of Kindlin-2 in osteoprogenitors impaired the growth plate development and largely delayed
formation of the secondary ossification center in the long bones. Furthermore, adult mutant mice displayed a
severe low-turnover osteopenia with a dramatic decrease in bone formation which exceeded that in bone
resorption. Primary BMSCs isolated from mutant mice exhibited decreased osteoblastic differentiation capacity.
Conclusions: Our study demonstrates an essential role of Kinlind-2 expression in osteoprogenitors in regulating
skeletogenesis and bone mass accrual and homeostasis in mice.

The translational potential of this article: This study reveals that Kindlin-2 through its expression in osteoprogenitor
cells controls chondrogenesis and bone mass. We may define a novel therapeutic target for treatment of skeletal
diseases, such as chondrodysplasia and osteoporosis.

1. Introduction condense and differentiate into chondrocytes to form a cartilaginous
framework. The cartilaginous framework is then digested by osteoclasts
and replaced by bone-forming osteoblasts to create an ossification center

for the growth of skeleton [5]. In the mature skeleton, bone constantly

In vertebrates, bone formation begins in embryonic mesenchyme and
occurs through two distinct processes, i.e., intramembranous and endo-

chondral ossification [1,2]. Flat bones, such as the skull vault and oc-
cipital bones, are formed through intramembranous ossification, in
which mesenchymal stem cells (MSCs) directly condense and differen-
tiate into osteoprogenitors, osteoblasts, and, terminally, osteocytes [3,4].
The endochondral ossification forms the majority of skeletal elements,
including all long bones of the axial skeleton (vertebrae and ribs) and the
appendicular skeleton (limbs) [3,4]. During this process, MSCs firstly
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undergoes a process called “bone remodeling”, in which old bone is
removed by osteoclastic bone resorption and then replaced by new bone
through osteoblastic bone formation [6,7]. Abnormal bone remodeling
causes multiple bone diseases, such as osteoporosis, inflammatory
arthritis and Paget's disease of bone [8-11].

Kindlins are focal adhesion proteins that bind to and activate integ-
rins and, thereby, regulate cell adhesion, migration, and signaling
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[12-17]. In mammalian cells, Kindlin family proteins have three mem-
bers, i.e., Kindlin- 1, -2 and -3, encoded by genes Fermtl, Fermt2 and
Fermt3, respectively [18-20]. Kindlin-2 has been reported to be involved
in regulation of the development and homeostasis of multiple organs and
tissues, including skeleton, kidney, heart, pancreas, adipose tissue, small
intestine testicle, and neural system, through both integrin-dependent
and integrin-independent mechanisms [21-36]. For example, Kindlin-2
expression in Prx1-expressing mesenchymal progenitors is essential for
mesenchymal cell differentiation and early skeletal development [21,
37]. Furthermore, Kindlin-2 modulates bone remodelling by control of
expression of sclerostin and receptor activator of nuclear factor-k B ligand
(Rankl) in osteocytes [22,23,25]. However, whether and how Kindlin-2
plays a role in osteoprogenitors remains unclear.

In this study, we utilize the Cre-Lox technology to conditionally delete
Kindlin-2 expression in osteoprogenitors using the 0sx®re transgenic
mice. We find that Kindlin-2 ablation in osteoprogenitors results in
multiple defects during skeletal development and causes a severe low-
turnover osteopenia in adult mice. Loss of Kindlin-2 in osteoprogeni-
tors severely impairs the osteoblastic differentiation capacity of BMSCs
and thereby bone mass accrual and homeostasis.
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2. Results

2.1. Kindlin-2 is highly expressed in osteoblast progenitors during
endochondral ossification

To investigate the potential role of Kindlin-2 in osterix (Osx)-
expressing osteoprogenitors, we firstly performed immunofluorescence
(IF) staining on humeral sections from newborn C57BL/6 mice using
antibodies against Osx and Kindlin-2. Results revealed that Kindlin-2
protein was highly expressed in the Osx-expressing cells during endo-
chondral ossification (Fig. 1a).

2.2. Deletion of Kindlin-2 in osteoprogenitors causes multiple striking
skeletal abnormalities in mice

The high expression of Kindlin-2 in osteoprogenitors observed above
prompted us to determine whether Kindlin-2 has a role in these cells
during skeletal development. To do this, we deleted its expression in Osx-
expressing cells. Kindlin-2 /% mice, in which exons 5 and 6 of Kindlin-2
gene are flanked by loxP sites, were crossed with the Osx®™ transgenic

Figure 1. Kindlin-2 /% 0sx°™ mice display mul-
tiple striking skeletal abnormalities. (a) Immuno-
fluorescent (20) staining of humeral sections from
newborn C57/BL6 mice using antibodies against Osx
and Kindlin-2. Scale bar: 50 pm. Higher magnification
images (right panels) showing the expression of
Kindlin-2 in Osx-expressing cells in primary ossifica-
tion center (POC). HZ: hypertrophic zone. (b) A
schematic diagram illustrating the experimental
Het cKO design. (c¢) Alizarin red & alcian blue double stain of
¢ E17.5 skeletons. Red arrow indicates the unmineral-
ized fontanel in cKO embryos. Scale bar, 0.25 cm (d-e)
. G Calvariae (d) and forelimbs (e) from E17.5 embryos.
— Higher magnification images (lower panels) showing
the scapula (1), humerus (2) and radius (3). Scale bar,
( _4‘ 0.25 cm. (f) Representative images of male WT, Het
/ > and cKO mice at P13. (g) The growth curve of WT, Het
¥ and cKO mice (N = 6 mice per group). Results are
— expressed as mean =+ standard deviation (s.d.).
***P < 0.001. E: embryonic; P: postnatal.
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mice to obtain Kindlin-2"*; 0sx“™® mice. Further crossbreeding of the
Kindlin-2f mice with Kindlin-2"/*; 0sx“™® mice successfully generated
the Kindlin-2"%: 0sx“"® mice. Note: a high Cre-recombination efficiency
was observed in primary ossification center in neonatal bone of Osx“™
mice (Supplementary Fig. 1).

We compared the skeletal development of Kindlin-2"% 0sx"™® mice
with that of Kindlin-2*; 0sx“" and Kindlin-2"" (used as control in this
study) littermates at different time points as indicated in Fig. 1b. Kindlin-
2 f/R: 0sx®® mice survived into adulthood, but the homozygote mice
displayed severe skeletal abnormalities (Fig. 1c-g). At E17.5, Kindlin-2"
£ 05x°™ mice displayed a larger unmineralized fontanel (Fig. 2c and d)
and limb shortening (Fig. 2c,e) when compared with control mice,
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suggesting that both intramembranous and endochondral ossifications
are affected by Kindlin-2 loss. Starting at P13, Kindlin-2%: 0sx®"® mice
displayed severe growth retardation, characterized by significantly
shorter stature (Fig. 2f) and lower body weight (Fig. 2g) when compared
with Kindlin-2*; 0sx“" and control littermates.

2.3. Deletion of Kindlin-2 impairs the growth plate development and
largely delays formation of the secondary ossification center in the long
bones

Haematoxylin and eosin (H&E) staining of tibial sections from PO
mice showed that primary ossification center (POC) was formed in both

a WT Het cKO Figure 2. Delayed endochondral ossification in
Kindlin-2%; 0sx®™ mice. (a) Haematoxylin and
eosin (H&E) staining of tibia sections from WT, Het

] and cKO mice at PO. Higher magnification images of

|9 the proliferative zone (PZ) and the hypertrophic zone
(HZ) are shown in lower panels. Scale bar, 40 pm (b-
c) Representative images of alcian blue & orange G
(AB&OG)-stained (b) and H&E-stained (c) tibial sec-
tions at P13 showing severe delay in secondary ossi-

o | N fication center (SOC) formation in ¢cKO mice. Red
oo arrow indicates the SOC formation. Scale bar, 80 pm.
(d) Representative images of AB&OG-stained tibia
sections at P35. Higher magnification images showing
the growth plate (lower panels). Green double headed
arrow indicates the thickness of PZ. Red double

x headed arrow indicates the thickness of HZ. Scale bar,

T 80 pm. (e) Quantitative analyses of the thicknesses of
PZ and HZ. (f) Immunofluorescent (IF) staining of
Col10al expression in HZ of P35 growth plate. Red

b double headed arrow indicates the thickness of HZ.
Scale bar, 80 pm. (g) Relative protein level of
Col10al. Results are expressed as mean =+ standard
deviation (s.d.). ***P < 0.001.
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the control and Kindlin-2" 0sx®" mice (Fig. 2a, upper panels). At this
time point, no marked alteration was observed in the proliferative zone
(PZ) (Fig. 2a, middle panels) and the hypertrophic zone (HZ) (Fig. 2a,
lower panels) in the tibial growth plate in Kindlin-2"% 0sx®™® mice.
Interestingly, at P13, while secondary ossification center (SOC) was
observed in both control and Kindlin-2V + Osx°re mice, the formation of
SOC was significantly delayed in Kindlin-2"; 0sx°" mice (Fig. 2b and c).
At P35, a significant reduction in the thickness of growth plate was
observed in Kindlin-2"f; 0sx“™® mice (Fig. 2d, upper panels). The thick-
nesses of both PZ and HZ were thinner in the growth plate of Kindlin-2"/%
0sx°" mice than those of Kindlin-2*; 0sx“"® mice and control litter-
mates (Fig. 2d and e). In addition, we performed immunofluorescent
staining to detect the expression of Col10al, a well-established marker
for hypertrophic chondrocytes, in growth plate of P35 mice (20).
Consistent with results from histological staining, the thickness of
Coll0al-positive HZ was significantly decreased in the growth plate of
Kindlin-2*; 0sx“ mice compared to that in Kindlin-2¥*; 0sx“"® mice
and control littermates (Fig. 2f and g). Results from H&E-stained calva-
rial sections of P35 mice showed that Kindlin-2"/% 0sx° mice exhibited
markedly decreased bone mass and intramembranous ossification in the
calvariae when compared with control mice (Supplementary Fig. 2).

2.4. Mice lacking Kindlin-2 in osteoprogenitors develop severe low-turnover
osteopenia in adult stage

We further determined whether deletion of Kindlin-2 in osteoproge-
nitors impacts bone mass accrual and homeostasis in adult mice. To this
end, we performed micro-computerized tomography (uCT) analysis of
the distal femurs and found dramatically decreased bone mass in both
Kindlin-2*; 0sx“™® mice and Kindlin-2#; 0sx°"¢ mice when compared
with control littermates at 8 weeks of age (Fig. 3a). At this time point, the
BV/TV of distal femurs was reduced by 56% in Kindlin-2/ *; Osx°re mice,
and by 86% in Kindlin-2""% 0sx“" mice, when compared with that in
control mice (Fig. 3b) (6.18 & 1.12 in control group versus 2.72 + 0.29 in
Kindlin-2*; 0sx“" group and 0.84 + 0.54 in Kindlin-2/%; 0sx°" group,
P < 0.001, one-way ANOVA with post hoc test). Loss of Kindlin-2 in Osx-
expressing cells markedly decreased the Tb.N, Tb.Th and Cort.Th and
increased the Tb.Sp in distal femurs (Fig. 3b—f). H&E staining showed

cKO
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that the trabecular bone volume was markedly reduced in proximal tibiae
of Kindlin-2*; 0sx°® and Kindlin-2"%; 0sx°™ than that in control lit-
termates (Fig. 3g). We performed calcein double labeling experiments to
measure the in vivo bone-forming activity by osteoblasts and found sig-
nificant decreases in mineral apposition rate (MAR), mineralizing surface
per bone surface (MS/BS), and bone formation rate (BFR) in the tibial
metaphyseal cancellous bones in 8-week-old Kindlin-2"; 0sx“ and
Kindlin-2"%; 0sx®" mice when compared with those in control controls
(Fig. 4a—d). The results from toluidine blue staining showed that the
osteoblast number/bone perimeter (Ob.N/BPm) and osteoblast surface/
bone surface (Ob.S/BS) were dramatically decreased in Kindlin-27 *;
0sx°" and Kindlin-2f; 0sx“™® mice compared with those in their control
littermates (Fig. 4e-g). We further performed the tartrate-resistant acid
phosphatase (TRAP) staining of tibial sections and found that the oste-
oclast number/bone perimeter (Oc.N/BPm) and osteoclast surface/bone
surface (Oc.S/BS) were significantly decreased in the tibial trabecular
bones in Kindlin-2"; 0sx“"® and Kindlin-2"%; 0sx“ compared with
those in control mice (Fig. 4h—j). Collectively, these data show that mice
lacking Kindlin-2 in osteoprogenitors develop severe low-turnover
osteopenia.

2.5. Deletion of Kindlin-2 inhibits osteoblastic differentiation in vitro and
in bone

We performed immunohistochemistry (IHC) analyses of P35 proximal
tibiae and found that Kindlin-2 loss significantly down-regulated the
protein expression levels of osteoblastic differentiation markers (Osx,
Runx2 and Ocn) in tibial trabecular bone of Kindlin-2/V. ﬂ; Osx°re compared
with those in control mice (Fig. 5a-d). We next performed a colony
forming unit-fibroblast (CFU-F) assay using primary bone marrow cells
from P35 Kindlin-2"V/ ﬂ; 0sx°™ and control mice and found that the number
of CFU-F colonies was slightly reduced in Kindlin-2"% 0sx¢r group
relative to that in control group (Fig. 5e and f) (39.0 + 4.2 in Kindlin-2/ ﬂ;
0sx°™ versus 46.5 + 7.97 in control, P = 0.1903, Student's ¢ test). We
performed a colony forming unit-osteoblast (CFU-OB) assay and
observed a markedly reduced number of CFU-OB (osteoprogenitors) in
the Kindlin—2ﬂ/ﬂ; Osx®re group compared with that in control group
(Fig. 5g and h) (7.67 £+ 1.53 in Kindlin-2%; 0sx°" versus 28.3 + 3.51 in
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Figure 3. Deletion of Kindlin-2 in osteoprogenitors decreases bone mass in mice. (a) Three-dimensional (3D) reconstruction from microcomputed tomography
(nCT) scans of distal femur trabecular bone from WT, Het and cKO mice at 8 weeks of age. Scale bar: 100 pm (b-f) Quantitative mCT analyses of bone volume/tissue
volume (BV/TV), trabecular number (Tb.N), trabecular separation (Tb.Sp), trabecular thickness (Tb.Th) and cortical thickness (Cort.Th). N = 5 for each group. (g)
H&E-stained tibia sections from WT, Het and cKO mice at 8 weeks of age. Scale bar: 160 pm.
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Figure 4. Kindlin-2 loss decreases both osteoblast and to a less extent osteoclast formation in bone (a-d) In vivo double calcein labeling for bone formation
detection in proximal tibias. Scale bar: 400 pm. Statistical analysis for MAR (b), MS/BS (c) and BFR (d) of metaphyseal trabecular bones. N = 5 for each group. (e)
Toluidine blue staining of tibial sections of 8-week-old male mice. Red arrowheads indicate osteoblasts located on the cancellous bone surfaces. Scale bar, 40 pm (f-g)
Quantitative data of osteoblast numbers (Ob.N/BPm) and osteoblast surfaces (Ob.S/BS). N = 5 for each group. (h) Tartrate-resistant acid phosphatase (TRAP) staining.
Scale bar, 160 pm (i-j) Quantitative data of osteoclast number/bone perimeter (Oc.N/BPm) and osteoclast surface/bone surface (Oc.S/BS). Results are expressed as

mean + standard deviation (s.d.). **P < 0.01; ***P < 0.001.

control, P = 0.0007, Student's t test). We determined whether Kindlin-2
ablation in Osx-expressing cells impacts the in vitro differentiation ca-
pacity of primary bone marrow stromal cells (BMSCs) and found that the
expressions of osteoblastic differentiation marker genes, including those
encoding osterix (Osx), Runx2, alkaline phosphatase (Alp), bone sialo-
protein (Bsp) and osteocalcin (Ocn), were all dramatically decreased in
the Kindlin-2'"/ ﬁ; Osx°re group compared to that in control group (Fig. 5i).

3. Discussion

In the present study, we demonstrate an essential role of Kindlin-2 in
osteoprogenitors in regulation of skeletal development and postnatal
bone mass accrual and homeostasis in mice. The findings of our study can
be summarized as follows: first, Kindlin-2 is highly expressed in Osx-
expressing osteoprogenitors during endochondral ossification; second,
conditional deletion of Kindlin-2 in Osx-expressing osteoprogenitors re-
sults in multiple striking skeletal abnormalities during development and
leads to severe low-turnover osteopenia in adult mice; third, loss of
Kindlin-2 in Osx-expressing osteoprogenitors impairs both intra-
membranous and endochondral ossifications in mice; and fourth,

45

Kindlin-2 deficiency markedly damages osteoblastic differentiation ca-
pacity of the bone mesenchymal stem cells (BMSCs) and thereby bone
formation. These findings, along with those from our previously estab-
lished role of Kindlin-2 in Prx1-expressing mesenchymal progenitors and
Dmpl-expressing mature osteoblasts and osteocytes, will improve our
understanding of the importance of Kinlind-2 expression in osteoblastic
lineage cells in control of the differentiation of mesenchymal lineage cells
and bone homeostasis.

Our in vitro studies demonstrate that Kindlin-2 loss impairs the
osteoblastic differentiation capacity of the bone marrow stromal cells,
which may contribute to the osteopenic phenotype in the mutant mice. In
addition, our previous study demonstrates that Kindlin-2 regulates Sox9
expression and TGF-f signaling to control chondrocyte differentiation
during skeletal development [21]. Because 0sx°" is known to be active in
pre-hypertrophic chondrocytes [38,39], it is possible that deletion of
Kindlin-2 in these cells partially contributes to the observed chon-
drodysplasia and osteopenia in the mutant mice in this study. The mo-
lecular mechanisms through which Kindlin-2 expression in
osteoprogenitors regulates skeletal development and bone mass is com-
plex, which require further investigation in great detail in the future.
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Figure 5. Kindlin-2 deletion impairs osteoblastic differentiation in vitro and in bone (a-d) Quantitative IHC analyses on expression of Kindlin-2 (a), Osx (b),
Runx2 (c) and Ocn (d) in the proximal tibial metaphysis of WT and c¢KO mice at P35. Higher magnification images are shown in lower panels. Scale bar: 40 pm. N =6
for each group. Results are expressed as mean + standard deviation (s.d.). ***P < 0.001 (e-f) Colony forming unit-fibroblast (CFU-F) assays, followed by Giemsa
staining (e). The number of CFU-F was counted under a microscope (f). N = 3 mice per group (g-h) Colony forming unit-osteoblast (CFU-OB) assays. The number of
CFU-OB was counted under a microscope (h). N = 3 mice per group. (i) In vitro osteoblastic differentiation of primary bone marrow stromal cells (BMSCs), followed by
real-time RT-PCR (qPCR) analyses of mRNA levels of osteoblastic marker genes, including Osx, Runx2, Alp, Bsp and Ocn. N = 6 for each group. Results are expressed as

mean + standard deviation (s.d.). ***P < 0.001; ns: not significant.

We previously demonstrate that deletion of Kindlin-2 in Prx1-
expressing mesenchymal stem cells cause multiple severe skeletal de-
fects in mice during development (21). It is interesting to compare the
phenotypes of mice lacking. Kindlin-2 in Prx1-expressing mesenchymal
progenitor cells (Kindlin-2%; Prx1°® mice) in our previous study with
those in mice with deletion of Kindlin-2 in Osx-expressing

46

osteoprogenitor cells (Kindlin-2f. 0sx°™ mice) in this study. The overall

skeletal defects in the limbs and calvariae displayed by the Kindlin-2"f;
Prx1°™ mice were much more severe than those in Kindlin-2/f% 0sx¢"
mice. In fact, the Kindlin-2/". ﬁ; 0sx“™ mice showed severe forelimb and
hindlimb shortening and a complete loss of the skull vault. Furthermore,

the Kindlin-2"%: Prx1°® mice died immediately after birth, while the
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Kindlin-2"f. 0sx°™® mice survived at birth and beyond. These results
suggest that Kindlin-2 expression in Prx1-expressing mesenchymal pro-
genitor cells is more critical for skeletal development than its expression
in Osx-expressing osteoprogenitor cells.

It is known that low-turnover osteopenia links to multiple disease
conditions, such as aging and renal failure [40,41]. It can increase the
risk of fracture and lead to a higher mortality in aged population [42]. In
this study, we find that loss of Kindlin-2 in Osx-expressing cells causes
severe low-turnover osteopenia in adult mice. Specifically, loss of
Kindlin-2 in Osx-expressing cells drastically decreased the bone mass and
remodeling activity in mice. Results from bone histomorphometry ana-
lyses reveal that the osteoblastic bone formation and osteoclastic bone
resorption were both decreased by Kindlin-2 loss in Osx-expressing cells.
It should be noted that, although haploinsufficiency of Kindlin-2 did not
induce obvious skeletal abnormalities during early development, adult
Kindlin-2*; 0sx°" mice did display remarkable reductions in bone mass
and remodeling activity when compared to control mice, suggesting that
Kindlin-2 exerts more critical functions in controlling bone mass and
remodeling activity through its expression in Osx-expressing cells in
adult mice. Interestingly, our previous study has shown that deletion of
Kindlin-2 in Dmpl-expressing mature osteoblasts and osteocytes causes
decreased bone mass and abnormal bone remodeling by reducing oste-
oblast but increasing osteoclast formation and function [22]. We further
demonstrate that Kindlin-2 in osteocytes can modulate PTH1R signaling
and mediate mechanotransduction to regulate bone mass and homeo-
stasis [23,25]. Thus, results from this study and our previous studies
provide an integrated view on the roles of Kindlin-2 expression in oste-
oblastic lineage cells in regulation of bone mass accrual and homeostasis
in mice.

We acknowledge that there are limitations in this study. While
Kindlin-2f; 0sx“"® mice display significantly decreased thickness in the
growth plate at P35, whether this phenotype is due to a direct effect of
Kindlin-2 loss in cells of the growth plate or through an indirect effect
caused by altered bone microenvironment induced by Kindlin-2 loss re-
mains to be determined. Furthermore, while our results indicate that
Kindlin-2 loss significantly inhibits osteoblastic differentiation capacity
of BMSCs, the underlying molecular mechanisms remain unknown and
require further investigation.

In summary, our study demonstrates a critical role of Kinlind-2
expression in osteoprogenitor cells in regulation of skeletal develop-
ment and postnatal bone mass accrual and homeostasis in mice. We may
define a novel therapeutic target for metabolic bone diseases, such as
osteoporosis.
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Animal studies

The generation of Kindlin-2f mice was previously described [22,23,
25]. Osx“™ transgenic mice, in which an Osx gene promoter drives Cre
recombinase expression in osteoblast progenitors, were previously
described [43-47]. Kindlin-2 f/ mice were crossed with Osx“™ mice and
their progeny were crossed with Kindlin-2f mice to obtain Kindlin-2"/%
0sx" mice. Kindlin-2 " littermates had no detectable bone phenotypes
and served as controls in this study. The animal protocols of this study
were approved by the Institutional Animal Care and Use Committee
(IACUC) of Southern University of Science and Technology.

Histology, histomorphometry, and immunohistochemistry

Histology, histomorphometry, and immunohistochemistry were per-
formed according to our previously established protocols [48,49].
Briefly, at the time of euthanasia, bone tissues were dissected, fixed,
decalcified, and embedded in paraffin. Five-micron sections were used
for H&E staining, alcian blue & orange G staining, toluidine blue stain-
ing, and TRAP staining as previously described [48). For histo-
morphometry, parameters such as the Oc.S/BS, Oc.Nb/BPm, Ob.S/BS
and Ob.Nb/BPm were measured using Image-Pro Plus 7.0 software
(Media Cybernetics Inc.) as we described [48). For immunohistochem-
istry, 5-mm sections were deparaffinized in xylene and rehydrated in a
descending series of ethanol. Antigen retrieval was performed using
citrate buffer (10 mmol L’l, pH 6.0). Endogenous peroxidase activity was
blocked with peroxidase-blocking solution (Dako), and protein was
blocked with normal horse serum (Vector). The sections were incubated
with primary antibodies against Runx2 (ab102711; Abcam, Cambridge,
MA), osterix (Osx) (ab22552; Abcam), osteocalcin (Ocn) (sc-30044;
Santa Cruz, Santa Cruz, CA), Kindlin-2 (MAB2617; Millipore) or control
IgG in a slide staining tray at 4 °C overnight and then incubated with
horse biotinylated anti-mouse/rabbit IgG secondary antibody (Vector)
followed by streptavidin-horseradish peroxidase (Vector). Immunoreac-
tivity was visualized by the DAB Peroxidase Substrate Kit (Vector) ac-
cording to the manufacturer's instructions.

Immunofluorescence and confocal analyses

Five-mm sections were permeabilized with 0.2% Triton X-100,
blocked with 2% bovine serum albumin (BSA) for 1 h at room temper-
ature and then incubated with primary antibodies against Osx (ab22552;
Abcam) and Kindlin-2 (MAB2617; Millipore) overnight at 4 °C. After
washing, the sections were incubated with anti-rabbit Alexa Fluor 488
(Invitrogen) and anti-mouse Alexa Fluor 568 (Invitrogen) secondary
antibodies (1:400) for 1 h at room temperature. The fluorescent signals in
regions of interest were determined using a confocal microscope (Leica
SP8 Confocal Microsystems).

Calcein double labeling

The Calcein double labeling and quantitative measurements of the
mineral apposition rate (MAR), mineralizing surface per bone surface
(MS/BS), and bone formation rate (BFR) were performed as previously
described [25].

Micro-computerized tomography
Micro-computerized tomography (uCT) analyses were performed

according to our previously established protocol [22,23,30]. After sac-
rifice, mouse femurs were isolated and fixed in 4% paraformaldehyde for
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24 h. Non-demineralized femurs from each group were scanned and
measured by pCT (pCT35, SCANCO Medical AG, Wayne, PA) with an
isotropic resolution of 7.0 mm following the standards of techniques and
terminology recommended by the American Society for Bone and Min-
eral Research. For trabecular bone parameters, transverse slices were
obtained in the region of interest in the axial direction from the trabec-
ular bone 0.1 mm below the growth plate (bottom of the primary spon-
giosa). Contours were defined and drawn close to the cortical bone. The
trabecular bone was then removed and analyzed separately. A
three-dimensional analysis was performed on 250 trabecular bone slices.
A 1.75-mm section was used to obtain mid-femoral cortical bone thick-
ness. The analysis of the specimens involved the following bone mea-
surements: bone volume fraction/total tissue volume (BV/TV, %),
trabecular number (Tb.N), trabecular thickness (Tb.Th), trabecular
spacing (Tb.Sp), and cortical thickness (Ct.Th).

Primary BMSC culture and CFU-F and CFU-OB assays

Primary BMSCs were isolated from tibiae and femurs as previously
described [22,48]. The CFU-F assay and CFU-OB assay were performed as
previously described (22, 48).

In vitro osteoblastic differentiation of BMSCs

For osteoblastic differentiation, BMSCs were cultured in osteoblastic
medium (a-MEM containing 10% FBS and 50 pg mL ! ascorbic acid)
followed by qPCR analyses of osteoblastic marker genes (48).

Quantitative real-time RT-PCR (qPCR) analyses
RNA isolation, reverse transcription (RT), and qPCR analyses were

performed as we previously described (22). The DNA sequences of the
mouse primers used for qPCR are summarized in Supplementary Table 1.
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