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Abstract

Osterix (Osx) is a zinc-finger-containing transcription factor that is highly specific to osteoblasts
in vivo. Because Osx homozygous null mutants die in the immediate perinatal period showing a
complete absence of bone formation, it is impossible determine the role that Osx plays in bones
that have already formed after birth. To determine whether Osx is essential for bone maintenance
and homeostasis, we conditionally inactivated the Osx gene in adult bone using the Cre/loxP
recombination system. In previous reports, 2.3-kb Col1lal-CreERT2 mice that expressed a Cre
recombinase that is transiently inducible by 4-hydroxytamoxifen (4-OHT) were intercrossed with
Rosa26R (R26R) reporter mice, which resulted in the production of Cre-expressing osteoblasts
that were detected upon X-gal staining. In the present study, inducible Collal-CreERT2
transgenic mice and conditional Osx mice (OsxT1°X/*) were used to generate Osx1°X/~: Col1al-
CreERT2 mice. The Osx gene in Osx1%/~: Col1al-CreERT2 mice was inactivated in the
osteoblasts of already formed bones by active Cre recombinase after the administration of 4-OHT.
The bones from 4-OHT-treated Osxf1°%/~; Col1al-CreERT2 mice and oil-treated control mice
were analyzed by radiography, histology, and histomorphometry. Even though no significant
difference was observed in the radiographic images of the whole mouse skeletons, the mineralized
trabecular bone volume and number in lumbar vertebrae were remarkably reduced in 4-OHT-
treated Osx1°¥/~; Col1al-CreERT2 mice. In addition, the rate of bone formation and area of
mineralized surface were also reduced in 4-OHT-treated Osx1°/~; Col1al-CreERT2 mice. Osx
inactivation in already formed bones during the postnatal period caused a functional defect in
osteoblasts that was followed by a reduction of bone formation, even though there were no
apparent differences in osteoblast proliferation and osteoclast formation. Taken together, these
results indicate that Osx is required to maintain osteoblast function following adult bone
maintenance.
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Introduction

Osterix (Osx) is a major effector of the osteoblast genetic program. Osx-null mice have a
normal cartilage skeleton but completely defective endochondral and intramembranous bone
formation [1]. In Osx-null mutants, preosteoblasts are arrested in their differentiation and
unable to express a wide variety of genes characteristic of the osteoblast phenotype, though
the expression of Runx2, another transcription factor needed for osteoblast differentiation
[2-5], is normal [1]. As a result, these mutant mice die at birth. Perinatal lethality prevents
study of the role of Osx in postnatal bone development and physiology. To avoid perinatal
lethality, gene-targeting using site-and time-specific recombination based on the Cre/loxP
system has been used to delete genes in specific tissues and stages of development before
birth or during growth after birth [6-9].

The Cre recombinase system is the most efficient strategy used to bypass perinatal lethality
and achieve conditional gene knockouts [10-12]. The conditional knockout mouse lines
with silent genetic alterations are activated by Cre-mediated excision using this system.
Therefore, the genomic alterations can be generally or tissue- and stage-specifically
generated depending on the Cre expression [10]. The use of inducible Cre recombinase has
been developed to delicately regulate the onset of Cre expression [13-16]. To render the Cre
recombinase inducible, Cre recombinase fuses to the mutated ligand-binding domain (LBD)
of the estrogen receptor (ER). The CreER fusion protein becomes active only after
administration of the synthetic ligand estrogen antagonist, tamoxifen or 4-hydroxytamoxifen
(4-OHT), after which nuclear localization from the cytoplasm and recombination at the
target DNA flanked by loxP occurs [13,14,17-19].

Type | collagen is synthesized by various types of fibroblasts, as well as by mesenchymal
cells [20]. In previous studies, transgenic mice harboring a 2.3-kb Collal promoter were
identified and found to exhibit a high activity of the transgene in osteoblasts and
odontoblasts [21-23]. Recently, we generated 2.3-kb Collal-Cre transgenic mice and
demonstrated that bone transcription factor Osx positively regulates adult bone formation
[24]. We also reported that inducible CreER transgenic mice with the same promoter are
good models for the spatio-temporal expression of Cre recombinase [25].

Here, we evaluated osteoblast-specific transcription factor Osx to determine whether it is
essential for maintenance of the osteoblast function and for bone homeostasis in already
formed bones after birth. To address this question, we generated Osxf°%/~: Col1al-CreERT2
mice that contain one Osx-null allele [1] and one conditional Osxflo% allele [26], as well as
an inducible Collal-CreERT2 transgene [25]. Osx exon 2 flanked by loxP sites in the
OsxTlox allele of these mice was excised by active Cre recombinase in the osteoblasts of all
bones after the administration of 4-OHT at 2 weeks of age. Even though radiographic
imaging revealed no differences between 4-OHT- and oil-treated Osxfl*/~: Col1al-
CreERT2 mice, Osx deficiency in osteoblasts by 4-OHT treatment after birth resulted in
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reduced bone formation that was evident upon histological and histomorphometric analysis.
This was due to the reduction in osteoblast function by Osx, not due to osteoclasts. These
results demonstrate that Osx plays an essential role in the maintenance of osteoblast function
and bone formation in postnatal bones and should help define the role of Osx in adult bone
physiology and diseases.

Materials and methods

Animals

Conditional Osx floxed (Osxf%/*) mice [26] were used to generate Osx2eX/* and OsxAex/~
mice or Osx19%/~: Col1al-CreERT2 mice. Briefly, to generate mice carrying the deleted Osx
exon 2 (Osx2eX) allele in which the Osx exon 2 flanked by loxP was excised, the conditional
OsxfloX'*+ heterozygous mice were crossed with Protamine I-Cre (Prmi-Cre) transgenic mice
[27,28]. Osx2eX/~ null mutant mice were prepared by crossing Osx2€X/* with Osx*/~
heterozygous mice with a LacZ knock-in in the Osx locus [1]. Osx1°¥/~: Col1al-CreERT2
mice were then generated by crossing conditional Osx"°¥/* mice with Osx*/~ mice and a
Collal-CreERT?2 transgenic line [25]. To delete Osx, Osx1°X/~: Col1al-CreERT2 mice
were intraperitoneally injected with the synthetic estrogen antagonist, 4-hydroxytamoxifen
(4-OHT, Sigma-Aldrich). Mice from the same litter of the same gender and age that had a
similar size and body weight and contained the floxed allele, the LacZ allele, and the
Collal-CreERT2 transgene were utilized in the experiment. All procedures concerning
animal experiments were conducted with the approval of Kyungpook National University.

PCR genotyping

PCR genotyping of the offspring was conducted using 100 ng of genomic DNA from the
yolk sac or tail to detect flox, LacZ, and Cre from the floxed allele, LacZ allele, and Cre
transgene, respectively. The primers and reactions used for PCR amplification of the flox,
LacZ, and Cre genes have been described previously [24,25]. To detect the Osx2€X allele
after the administration of 4-OHT, PCR was conducted using the Aex-specific primers, 5’-
CTTGGGAACACTGAAGCTGT-3" and 5-GCACACCGGCCTTATTCC-3’.

Skeletal preparation and evaluation of GFP expression by confocal microscopy

Skeletons from embryos at embryonic day 18.5 (E18.5) were prepared and stained with
alcian blue for cartilage and alizarin red S for bone. Briefly, the skin and viscera were
removed, after which the embryos were fixed in 95% ethanol overnight and then stained in
150 mg/I alcian blue solution (Sigma) with 20% acetic acid and 80% ethanol overnight. The
embryos were then rinsed in 95% ethanol for at least 3 h, after which they were treated with
2% KOH for 24 h to clarify soft tissues. Next, the bones were stained in 50 mg/l alizarin red
solution with 1% KOH. Finally, the skeletons were cleared in 1% KOH with 20% glycerol
for at least 2 days. To detect the EGFP expression that recapitulates the Osx expression after
deletion of the Osx gene, the bones that had the skin removed were observed using a
confocal microscope (Leica, Germany).
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Radiographic imaging, histology, and histomorphometry in bones

To observe the skeletal deformations, radiographic images of the total skeletons were taken
using a small animal X-ray at 36 kV for 1 min. The mice were injected with 30 mg/kg of
calcein at 6 and 2 days prior to sacrifice. The bone tissues were then fixed in 4%
paraformaldehyde (PFA) at 4 °C overnight. Next, the undecalcified lumbar vertebrae were
embedded in destabilized methyl methacrylate resin [29], after which 5-um sectioned
lumbar vertebrae were stained with van Gieson and von Kossa reagents. Static and dynamic
histomorphometric analysis was conducted on the lumbar vertebrae using the Bioguant
program (Bio-Quant. Inc., San Diego) [30]. Statistical differences were assessed by t-test.
Decalcified long bones were embedded in paraffin and then sectioned in 6 pm. The sections
were subjected to hematoxylin and eosin (H and E), alcian blue, and tartrate-resistant acidic
phosphatase (TRAP) staining. BrdU incorporation in mice that had been intraperitoneally
injected with 100 pg BrdU per gram of body weight for 3 h before sacrifice was detected
using anti-BrdU antibody (Zymed).

Immunohistochemistry

Immunodetection of Osx was performed using anti-mouse Osx antibody (Abcam,
Massachusetts, USA) with a standard protocol. Briefly, 6-pm sections from 4% PFA-fixed
paraffin-embedded blocks were blocked with 3% bovine serum albumin (BSA) at room
temperature for 1 h. To minimize the non-specific staining, avidin/biotin blocking was
performed (Vector Laboratories, Burlingame, USA). The sections were incubated with anti-
mouse Osx antibody diluted 1:500 in 0.03% phosphate-buffered saline (PBS) overnight at 4
°C. After incubation with primary antibody, the slides were washed in PBS and then
incubated with a biotinylated anti-goat 1gG antibody (VectaStain ABC Kit, Vector
Laboratories) at room temperature for 1 h. Endogenous peroxidase activity was quenched in
0.3% H,05 in methanol for 10 min, washed in PBS, and then treated with the ABC reagents
(Vector Laboratories). Signal for antibody binding was visualized with diaminobenzidine
(DAB) substrate (Zymed Laboratories, California, USA). Counterstaining was performed
with methyl green.

Quantitative real-time RT-PCR analysis

Total RNA was isolated from long bones in oil-and 4-OHT-treated Osxf1o*/~; Col1al-
CreERT2 mice at 4 weeks of age using TRI reagent (Sigma-Aldrich). RNA was subjected to
quantitative real-time RT-PCR as described [24]. The following primers for marker genes of
osteoblast differentiation were used: alkaline phosphatase (ALP), 5'-
AACCCAGACACAAGCATTCC-3” and 5'-GCCTTTGAGGTTTTTGGTCA-3’; bone
sialoprotein (BSP), 5'-ACCCCAAGCACAGACTTTTGA-3" and 5’-
CTTTCTGCATCTCCAGCCTTCT-3’; Collal, 5'-
CCTGAGTCAGCAGATTGAGAACA-3" and 5'-CCAGTACTCTCCGCTCTTCCA-3;
osteocalcin (OCN), 5"-GCGCTCTGTCTCTCTGACCT-3" and 5’-
ACCTTATTGCCCTCCTGCTT-3". The quantified individual RNA expression was
normalized to GAPDH and depicted as relative RNA expression levels with the
corresponding oil-treated control mice set to 1.0.
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Results

Generation of Osx-inactivated mice with EGFP expression in bones

Osx heterozygous mice are normal and fertile but Osx homozygous null mutant mice die in
the immediate perinatal period due to an inability to breathe [1]. In null mutants, osteoblast
differentiation is arrested. In a previous report, conditional Osx1°X* mice were generated in
which inactivation of Osx is able to be induced in the osteoblasts using the Cre/loxP system
[26]. The conditional Osxflo* mice were crossed with PrmI-Cre transgenic mice [27,28] to
generate mice carrying the Osx2€X/* allele, in which the Osx exon 2 flanked by loxP is
excised by Cre-mediated recombination to inactive Osx function. After deletion of the Osx
gene by Prml-Cre, EGFP expression was linked under control of the regulatory elements of
the Osx gene instead of the deleted Osx using a targeting vector strategy described in a
previous study [26]. During development and growth, heterozygous embryos and pups
carrying the Osx2€X allele expressed EGFP which recapitulated the expression of Osx in all
bones (Fig. 1A). Under confocal microscopy, EGFP expression was easily observed in all
bones from E15.5 without using any staining methods. Bone deformity in response to EGFP
expression was examined in Osx28¥/~ null mutants, which were prepared by crossing
Osx2ex/* mice with Osx*/~ mice that contained a LacZ knock-in in the Osx locus [1].
Skeletal preparation of Osx2€X/* heterozygous and Osx2€X/~ null mutant embryos revealed
that they had the same phenotype as Osx*/~ and Osx~/~ embryos (Fig. 1B, upper).
Furthermore, bending of the ribs which was observed in EGFP expression was clearly
evident in Osx2¢X/~ null mutant embryos compared to Osx2€X/* heterozygotes (Fig. 1B,
lower), indicating that bone deformity was easily observed by EGFP expression without any
staining methods. No EGFP expression was detected in the bones of conditional Osxflox/*+
mice prior to Cre-mediated recombination (data not shown).

Generation of mice in which Osx inactivation in adult bones was inducible

To examine the role of Osx in adult bones, it was necessary to inactivate Osx in the bones of
postnatal mice using the inducible Cre system. Inactivation of Osx was conducted using
Collal-CreERT?2 transgenic mice in which a 2.3-kb mouse Collal osteoblast-specific
promoter drives Cre recombinase fused to a mutant ligand binding domain (LBD) of the
estrogen receptor (ER). In these mice, the CreER fusion polypeptide becomes active only
after administration of the synthetic estrogen antagonist, 4-OHT [25]. Here, Osxflox/~;
Collal-CreERT2 mice were generated by crossing Osx*/~ mice with inducible Collal-
CreERT? transgenic mice and then with conditional Osxfo*/* mice (Fig. 2A). In Osxflox/~
Collal-CreERT2 mice, PCR genotyping for the flox allele, LacZ allele, and Cre transgene
was conducted using genomic DNAs extracted from embryos or pups (Fig. 2B). Osxflox/~:
Collal-CreERT2 mice harboring these alleles matured normally, as did Osx heterozygous
mice. Following the administration of 4-OHT, the Osx exon 2, which was flanked by loxP
sites in a floxed Osx allele, was excised by active Cre recombinase in all bones. Precise
excision of the Osx exon 2 was validated by PCR genotyping as shown in Aex (Fig. 2B). To
determine the ability of Cre to induce a specific excision in bone, 4-OHT was administrated
intraperitoneally into pregnant dams in which Osx1°%/=; Col1al-CreERT2 embryos were
generated or into Osxf°X/=; Col1al-CreERT2 pups after birth. Osxf%/~; Col1al-CreERT2
embryos from dams treated with 4-OHT showed EGFP expression in bone, whereas
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treatment of Osx 1%/~ embryos induced no EGFP expression (Fig. 2C). After intraperitoneal
injection with 4-OHT for 5 consecutive days starting at 12 days of age, EGFP expression
was detected in all bones (Fig. 2D). Strong EGFP expression was observed in 4-OHT-
treated Osx'1°X/~: Col1lal-CreERT2 pups compared to oil-treated controls. No EGFP
expression was detected in the bones of Osx1°%/=; Col1al-CreERT2 pups before Cre-
mediated excision was induced by the administration of 4-OHT (data not shown).

Reduced bone formation in mice which the Osx gene has been inactivated postnatally

To evaluate the possible role of Osx in bones that had already formed, Osxf°%/~; Col1a1-
CreERT2 mice were intraperitoneally injected with 1 mg of 4-OHT or oil for 5 consecutive
days, two times as shown in the study scheme (Fig. 3A). The injected mice were then
sacrificed at 4, 8 or 12 weeks after the final injection, after which their bones were analyzed.
Radiographic imaging of the whole mouse skeleton using an X-ray did not reveal any
significant differences in the bone density of 4-OHT-and oil-treated Osxf°%/~; Col1a1-
CreERT2 mice at 12 weeks after the final injection (Fig. 3B). Histological analysis of the
bones was conducted by staining undecalcified lumbar vertebrae from 4-OHT-and oil-
treated Osx'1°%¢/~; Collal-CreERT2 mice with von Kossa method (Fig. 4A). Although there
was almost no difference observed between groups at 10 and 14 weeks of age, the
mineralized trabecular bone volume was reduced in 4-OHT-treated Osx"19%/~; Collal-
CreERT2 mice at 18 weeks of age (Fig. 4A, B). Additionally, the trabecular bone mass was
low in all 4-OHT-treated Osxf°%/~; Col1al-CreERT?2 mice, regardless of gender (data not
shown). Histomorphometric analysis of the lumbar vertebra at 18 weeks of age revealed a
significant reduction in trabecular number (Th.N) and an increase in trabecular separation
(Th.Sp) in 4-OHT-treated Osxf°%/~; Col1al-CreERT2 mice compared to oil-treated mice
(Fig. 4C).

To determine whether Osx has an effect on osteoblast function during the postnatal period,
the bone forming rate (BFR) was examined in 4-OHT-and oil-treated Osx1°¥/~: Col1al-
CreERT2 mice using calcein double labeling. Calcein double labeling was observed in the
surfaces of the trabecular bone of Osx1°%/~; Col1al-CreERT2 mice (Fig. 5A). The surface
of calcein labeling and the distances between the double labeling were clearly reduced in 4-
OHT-treated Osxf°%/~; Col1al-CreERT2 mice compared to oil-treated mice. In 4-OHT-
treated Osxf1°¢/~: Col1al-CreERT2 mice, histomorphometric analysis revealed a significant
reduction in the mineralized surface (MS), mineral apposition rate (MAR), and BFR (Fig.
5B). As a result, 4-OHT-treated Osxf1°X~; Collal-CreERT2 mice that lacked the Osx gene
in the osteoblasts of already formed bones showed a reduced ability to maintain bones.

Histological analysis of the tibial bones of 4-OHT-and oil-treated Osxlo%/~=; Col1al-
CreERT2 mice was conducted (Fig. 6A). Alterations in the histological morphology of bone
and differentiating chondrocytes were not observed in 4-OHT-treated Osx1°X/~: Col1al-Cre
mice that were analyzed by H and E and alcian blue staining, respectively. The number of
osteoblasts per trabecular bone area was also identical in both mice (Fig. 6A). To evaluate
the osteoclastic cell function, the trabecular regions of the tibia were compared in TRAP-
positive cells. Multinucleated giant cells representing functional osteoclasts were identical in
both 4-OHT- and oil-treated Osx1°%'~; Col1al-CreERT2 mice (Fig. 6A). These results
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indicated that Osx inactivation in the osteoblasts of already formed bones did not affect
osteoclast differentiation and function, and that the reduced bone mass in these Osx-
inactivated mice was not due to bone resorption. Due to the altered osteoblast function, the
BrdU incorporation of proliferating cells was analyzed to determine whether osteoblast
proliferation was affected by Osx inactivation. The number of BrdU-labeled osteoblasts per
trabecular bone area made no difference between 4-OHT- and in oil-treated Osx1oX/~;
Collal-CreERT2 mice, indicating no significant distinction in osteoblast proliferation
between both groups (Fig. 6A). The frequency of the deletion of the Osx exon 2 was
investigated in previous report which was more than 60% of the osteoblasts by Cre
recombinase after 4-OHT treatment [25]. To confirm this frequency, immunohistochemistry
using anti-Osx antibody was performed in 4-OHT-treated Osx1°¢/~: Col1al-CreERT2.
Consequently, Osx expression was almost not detected in bones of 4-OHT-treated OsxfloX/~;
Collal-CreERT2 compared to oil-treated control mice (Fig. 6B), indicating that the
frequency of the deletion of the Osx exon 2 was more than 90% of the osteoblasts in
OsxfloX'=: Col1al-CreERT2 by Cre recombinase after the administration of 4-OHT. To
evaluate the function of osteoblasts, the expression of osteoblast differentiation marker
genes was examined in Osx1°%/~: Col1al-CreERT? after the administration of 4-OHT.
Marker genes of osteogenic differentiation, bone sialoprotein (BSP) and type | collagen
(Collal) were decreased in these mice, whereas early marker genes, alkaline phosphatase
(ALP) and osteopontin were not affected (Fig. 6C and data not shown). Osteocalcin, a late
marker gene of osteoblast differentiation, was also significantly reduced in 4-OHT-treated
0sxfloX'=; Col1al-CreERT2 (Fig. 6C). Finally, these results indicated that reduced bone
formation in 4-OHT-treated Osxf°X/~; Col1al-CreERT2 mice was due to altered osteoblast
function in response to Osx inactivation, but that this inactivation did not cause any defects
in osteoblastic cell proliferation or bone resorption by osteoclasts.

Discussion

Bone remodeling occurs throughout life and involves breakdown of the bone matrix through
resorption by osteoclasts and subsequent rebuilding through new bone formation by
osteoblasts [31,32]. Usually, these two processes balance each other and a stable level of
bone mass is maintained. In young adults, the amount of new bone growth is equal to the
amount of bone resorption. As people age, however, more resorption than formation occurs.
Osteoblasts are bone-forming cells that are derived from mesenchymal precursor cells.
Osteoblasts synthesize a large number of proteins that represent the genetic program of these
cells. In particular, type I collagen comprises more than 90% of the organic matrix of bone
[20]. To evaluate the age-dependent functions of specific genes in the skeleton, it is
important to disrupt these genes at different ages in an osteoblast-specific manner. Based on
the characteristics of osteoblasts that change as they mature [33,34], specific genes have
been disrupted in bone under the control of type | collagen promoter. For example, 3.6-kb
and 3.2-kb Collal promoters are expressed early in osteoblastogenesis, pre-osteoblasts
[35,36]. A 2.3-kb Collal promoter is highly active in maturing osteoblasts, while
osteocalcin promoter is active very late in mouse embryogenesis and highly restricted to
differentiated osteoblasts [23,35]. An inducible Cre system with these promoters more
effectively controls the onset of the gene disruption in osteoblasts at any age in response to
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the administration of 4-OHT [25,36]. Therefore, this study was conducted by employing a
CreER system under the control of a 2.3-kb Collal promoter, which is very useful for
evaluation of the role of osteoblast-specific genes in bones that have already formed bones
after birth.

There are many factors that regulate osteoblast function during the formation and
mineralization of bones. One of the primary regulators, Osx, is an osteoblast-specific
transcription factor in vivo [1]. Before birth, Osx is expressed strongly in cells that are
associated with bone trabeculae and bone collar formation. After birth, expression remains
strong in bone trabeculae and in secondary ossification centers. Osx-null mutant embryos
show a complete absence of bone formation. Indeed, in such embryos, bone trabeculae are
completely absent and no mineralization occurs in the skeletal elements [1]. In a previous
study using 2.3-kb Collal-Cre, Osx was inactivated in osteoblasts after bone collar
formation at mouse embryonic day 14.5 [24]. Conditional Osx inactivation in osteoblasts
under the control of 2.3-kb Collal-Cre resulted in osteopenia in adult bone during growth.
Interestingly, even though Osx inactivation was started at embryonic day, severe difference
was observed in bones of Osxflo*/~: Col1a1-Cre from 6 weeks of age while no alteration of
bone phenotype was observed in embryonic day or newborns. This result may be explained
that the differentiation and function of osteoblasts by Osx inactivation was reduced first,
followed by the visual decreases in bone mass. Like this report, even though Osx was
inactivated in Osx1°¥/=: Col1al-CreERT2 mice after 4-OHT administration at 2 weeks of
age, the reduction of Collal and BSP expression was drastic at around 4 weeks of age.
Sequentially, bone loss was visually detected in several weeks later due to reduced
differentiation and function of osteoblasts and finally the mild reduction of bone mass was
observed. This result indicated that a series of sequential process and sufficient time may be
needed to exhibit the reduced bone morphology by Osx gene which was inactivated in
already formed intact bones of postnatal stage. Eventually, these findings designate that Osx
is needed for preosteo-blasts to differentiate into fully functioning osteoblasts or osteoblasts
to maintain their function, and for subsequent bone formation and mineralization to occur. In
this study, inducible Collal-CreERT2 mice were used to inactivate the Osx gene in
osteoblasts via the administration of 4-OHT during postnatal periods to identify critical
evidence regarding the possible role of Osx in adult bones. Whereas no severe alterations
were observed in histological analysis, reduced bone formation was observed in 4-OHT-
treated Osx'1°¢/~; Col1lal-CreERT2 mice due to a functional defect in osteoblasts as a result
of Osx inactivation. These findings demonstrate the importance of Osx in postnatal bone
formation and maintenance.

Processes of osteoblastogenesis and osteoclastogenesis are tightly coupled. It has been
studied that failure of osteoblast differentiation affects osteoclast maturation and function
[31,32]. However, previous reports have shown that the delayed osteoblast differentiation by
Osx inactivation did not alter osteoclast maturation and function [1,24]. In the study with
Osx null mutants [1], multinucleated osteoclastic cells with MMP-9 and cathepsin K
expression were present in bones in absence of Osx, indicating that Osx null mutants have
functional osteoclasts. The comparable result was also demonstrated in Osx-inactivated mice
with Collal-Cre [24]. Even though Osx was inactivated in osteoblasts with 2.3-kb Collal-
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Cre, no difference in osteoclast activity for bone resorption was found by the number of
TRAP-positive osteoclasts and the measurement of urinary deoxypyridinoline crosslinks.
With the increase of immature osteoblasts in Osx-inactivated mice with Collal-Cre,
RANKL and OPG, which are important for osteoclast differentiation and activity, were also
increased. However, the relative ratio of RANKL/OPG was not significantly changed and
hence, bone resorption was not altered in this mice. Similar to these reports, the osteoclast
function was not changed by the reduced osteoblast function in 4-OHT-treated Osx1oX/~;
Collal-CreERT2 mice. Finally, this suggests that Osx inactivation was affected to
osteoblast function not to osteoclast function or activity in bones. Taken together, the
characterization of mice in which Osx is inactivated after birth should help define the role
that Osx plays in bone physiology. If Osx is indeed essential for the maintenance of
osteoblast function and bone homeostasis after birth, then this transcription factor should be
a potential target for drugs designed to correct osteopenia, osteoporosis, and eventually other
bone diseases.
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Fig. 1.

EGFP expression that recapitulates the Osx expression in bo?les after Cre-mediated Osx excision. (A) EGFP expression in
Osx2eX/* heterozygous embryo and pups at embryonic day 18.5 (E18.5) and postnatal days 2 and 15 (P2 and P15).
Heterozygotes carrying the Osx2eX allele expressed EGFP to recapitulate Osx expression in all bones from embryos and pups.
(B) Skeletons of Osx2e¥/* and Osx2eX/~ mice were stained with alcian blue and alizarin red at E18.5, indicating an absence of
mineralization in Osx2€X/~ null mutants. Bone deformity was remarkably observed in Osx2€¥/~ null mutants by EGFP
expression.
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Fig. 2.

Generation of the Osxf°%/~; Col1al-CreERT2 mice. (A) Bregding scheme to generate Osx1°X/~: Col1al-CreERT2 mice by
crossing conditional Osxf1°%/* mice with Osx*/~ mice with a LacZ knock-in in the Osx locus and a Collal-CreERT?2 transgenic
line. Inducible Collal-CreERT2 transgenic mice were used to excise the Osx gene from osteoblasts by the administration of 4-
OHT. (B) PCR genotyping to detect the flox, LacZ, Cre allele, and deleted Osx exon 2 (Aex) before and after the administration
of 4-OHT. Primers for each PCR genotyping were indicated in structure of the genomic Osx locus: black arrows for the floxed

allele, blue arrows for the LacZ allele, and black and red arrows for the Aex allele. In PCR with primers of black arrows, the
wild-type and the floxed alleles were amplified to generate a 300-bp and 390-bp fragments, respectively. (C, D) 4-OHT-induced
expression of EGFP in Osxf°X~: Col1al-CreERT2 embryos and pups. (C) Pregnant females from the breeding scheme shown in
(A) were injected with 4-OHT. Only Osxf1o¥/~: Col1al-CreERT2 embryos from females expressed EGFP in bone. (D) OsxoX/~;
Collal-CreERT2 pups were injected with 1 mg of 4-OHT for 5 consecutive days starting at postnatal day 12, while control pups
were injected with oil. EGFP expression was observed in bone, including the jaw, digits, and tibia/fibula. No EGFP expression
was detected in oil-injected control animals.
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Fig. 3.
Induction of recombination in the bones of Osxflox/~: Collgl-CreERTZ mice. (A) Scheme for 4-OHT administration to
inactivate Osx. Mice were intraperitoneally injected with 1 mg of 4-OHT or oil for 5 consecutive days, twice. The treated mice
were sacrificed 4, 8, or 12 weeks after the final injection and their bones were then analyzed. (B) X-ray radiography of whole
skeletons of 4-OHT or oil-treated Osxf1%/~; Col1a1-CreERT2 mice at 18 weeks of age. No difference in the lucency of the
entire skeleton was observed between 4-OHT-treated mice and the oil-treated controls.
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Fig. 4.

Reduced bone mass in 4-OHT-treated Osxf%/~; Col1al-CreERT2 mice. (A) Histological analysis with von Kossa staining of
the lumbar vertebrae from Osxf°%/~; Col1al-CreERT2 mice. Osx was inactivated in the osteoblasts of intact bones after birth by
the administration of 4-OHT using an inducible Cre system. Decreased bone mass was observed in 4-OHT-treated Osx1o%X/~;
Collal-CreERT2 mice compared to oil-treated controls at 18 weeks of age. (B, C) Histomorphometric analysis in Osxf1ox/~;
Collal-CreERT2 mice. At 18 weeks of age, the significant decrease of bone mass and trabecular numbers was observed in 4-
OHT-treated (black bar) mice compared to oil-treated Osxf°%/~; Col1al-CreERT2 mice (white bar), whereas trabecular
separation was increased in 4-OHT-treated mice. BV/TV, bone volume per tissue volume; Th.Th, trabecular thickness; Th.N,

trabecular number; Th.Sp, trabecular separation; *p<0.05.
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Decreased bone formation in 4-OHT-treated Osxflo%/~; Col1al-CreERT2 mice at 18 weeks of age. (A) Fluorescent micrographs
of calcein double labeling with the distance indicating osteoblast functional activity. A reduced distance between the two labels
was observed in 4-OHT-treated mice compared to oil-treated Osxf%/~; Col1al-CreERT2 mice. (B) Histomorphometric analysis
of calcein-labeled lumbar vertebrae in oil-and 4-OHT-treated Osxflo*/~: Col1al-CreERT2 mice. MS, MAR, and BFR were
reduced remarkably in the bones of 4-OHT-treated Osxf°X/~; Col1al-CreERT2 mice (black bar). MS/BS, mineralized surface
per bone surface; MAR, mineral apposition rate; BFR/BS, bone forming rate per bone surface; *p<0.05.
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Fig. 6.

Osteoblast differentiation in 4-OHT-treated Osxf°%/~; Col1al-CreERT2 mice. (A) No overt histological phenotype in 4-OHT-
treated Osx'1°¥/~: Col1al-CreERT2 mice. Longitudinal sections of tibiae were subjected to H and E, alcian blue, and TRAP
staining. No morphological differences were observed in H and E staining. In differentiating chondrocytes and mature
osteoclasts by alcian blue and TRAP staining, respectively, no significant differences were observed between 4-OHT-treated
and oil-treated Osxl9%/=; Col1al-CreERT2 mice. In vivo cell proliferation was analyzed based on the incorporation of BrdU into
the mice tibia. BrdU-positive cells were not altered in the tibia of 4-OHT-treated Osxf1°%/~; Col1al-CreERT2 mice compared to
the controls. The numbers of osteoblasts, osteoclasts, and BrdU-positive cells were quantified in both mice. No significant
differences were observed. Representative images and analysis were shown in mouse bones at 10 weeks of age. Scale bar=200
um. (B) Immunohistochemical analysis using anti-Osx antibody. Osteoblasts with Osx expression were detected in black. No
signal was observed in osteoblasts of 4-OHT-treated Osx'1°%/=; Col1al-CreERT2 mice. Representative images were shown in
mouse bones at 10 weeks of age. Scale bar=50 um. (C) Expression of marker genes related to osteoblastic cell differentiation by
quantitative real-time RT-PCR analysis. The expression of osteogenic markers, BSP and Collal, and a late marker of osteoblast
differentiation, OCN, were obviously reduced, whereas the expression of an early marker gene, ALP, was not significantly
changed in 4-OHT-treated Osx1°%/~: Col1al-CreERT2 compared to oil-treated controls. *p<0.05.
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