Sox5—1—;Sox6—/— mice died in utero with virtual absence of
cartilage [26]. In these mice, mesenchymal condensations
were formed, but there was no overt chondrocyte differen-
tiation. Expression of chondrocyte marker genes was
severely reduced, while levels of Sox9 mRNA were compa-
rable to those in wild-type cartilage. Inactivation of the
Sox9 gene in limb buds using the Cre recombinase/loxP
recombination system before chondrogenic mesenchymal
condensations resulted in loss of Sox5 and Sox6 expression.
Inactivation of the Sox9 gene using the Cre recombinase/
loxP recombination system after chondrogenic mesenchy-
mal condensations caused severe generalized chondrodys-
plasia similar to that seen in Sox5—/—;Sox6—~/— mice. These
data demonstrate important and redundant roles of Sox5
and Sox6 that lie downstream of Sox9 in chondrogenic dif-
ferentiation after mesenchymal condensations (Fig. 1).

Roles of the combination of Sox5, Sox6, and Sox9 in
chondrogenic differentiation

By utilizing the differentiation and proliferation capabilities
of stem cells, regenerative medicine attempts to treat irre-
versible organ failures that cannot be dealt with by the
conventional medical treatment. In the skeletal area, carti-
lage has a relatively poor regenerative capacity, and thus
may benefit most from regenerative medicine. Conditions
such as osteoarthritis and congenital skeletal defects are
apparent targets with great medical and socioeconomic im-
pacts. To make cartilage regenerative medicine a reality, it
is important to know the sufficient conditions for chondro-
genic differentiation. Although the above-mentioned lines
of evidence demonstrate that Sox5, Sox6, and Sox9 are
necessary for chondrogenic differentiation at different
steps, the question remains whether they constitute a signal
sufficient to activate the process.

To screen for the sufficient conditions for chondrogenic
differentiation, we needed a monitoring system that could
detect chondrogenic differentiation in an easy, precise,
and noninvasive fashion. For this purpose, we established
transgenic mice expressing a chondrocyte-specific Col2al
promoter—green fluorescent protein (GFP) reporter gene
and isolated totipotent, undifferentiated ES cells from them
(Col2-GFP ES) [27]. Since GFP expression was specifically
localized in cartilage in these mice, ES cells from these mice
were expected to fluoresce solely upon chondrogenic differ-
entiation. Using this system, we examined the effects of
gain- and loss-of-function of representative factors that are
known to be important for this differentiation: Sox5, Sox6,
Sox9, IGF-1, FGF2, Ihh, BMP2, TGF-B, and Wats. Because
we intended to find factors affecting chondrogenic differen-
tiation directly rather than indirectly, the assessment of
fluorescence was done within 3 days after transduction. The
result was that no single factor caused fluorescence; hence,
we screened for all possible combinations of these factors. It
turned out that GFP expression was observed only upon
treatment with the combination of Sox5, 6, and 9 (the Sox
trio), while there was no fluorescence upon treatment with
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other combinations that included each Sox alone within this
period (data not shown). When expression levels of the
chondrocyte marker genes were analyzed, the Sox trio com-
bination successfully induced them. Similar results were
obtained in human mesenchymal stem cells (hMSC) and
even in nonchondrogenic human immortalized cell lines
(HeLa derived from the cervix, HuH-7 from the liver, and
HEK293 from the kidney) and human dermal fibroblasts
(hDF).

We next examined the effect of different culture systems
on chondrogenic differentiation induced by the Sox trio.
Three-dimensional (3D) cell—cell interactions as well as
extracellular matrix are known to influence differentiation
potentials of many cell types. A monolayer culture has been
reported to be disadvantageous to chondrogenic differen-
tiation, so spheroid and 3D cultures have been preferably
performed. If the Sox trio provided signals sufficient for
chondrogenic differentiation, it might obviate the use of
these specific culture formats. To test this possibility, we
compared expression levels of the cartilage marker genes by
hMSC and hDF cultured in a monolayer, in spheroids, or
in 3D collagen. These genes were upregulated efficiently
regardless of the culture system.

Sox9 has been shown to be necessary for the expression
of Sox5 and Sox6 [17], and, therefore, Sox9 might induce
expression of Sox5 and Sox6, but the hypothesis has never
been proven directly. In our experiments, hMSC treated
with Sox9 alone and cultured for 1 week started expressing
Sox5 and Sox6 mRNAs, whereas those treated with LacZ
did not. Similar results were obtained with ES cells and
bDF. In contrast to the conventional chondrogenic tech-
niques, the combination of the three Sox genes suppressed
hypertrophic and osteogenic differentiation (Fig. 1).

Lastly, to test whether the Sox trio could influence carti-
lage formation in vivo, we directly introduced the Sox trio
genes into the subcutaneous tissue. Adenoviruses express-
ing the Sox trio were injected into the subcutaneous tissue
in front of the mouse tibia, and the mice were sacrificed 1
week after the treatment and analyzed by histology and
immunohistochemistry. Chondrocyte-like cells appeared in
the area adjacent to the bone, and they stained positive for
Safranin-O and type I collagen immunoreactivity.

Summary

Sox9 is necessary for chondrogenic differentiation both be-
fore and after mesenchymal condensations, while Sox5 and
Sox6 are necessary only after mesenchymal condensations.
However, no individual Sox is sufficient for the process,
since none individually induced the differentiation in vari-
ous cell types, including ES cells, nonchondrogenic immor-
talized cells, and nonchondrogenic adult cells. Only when
Sox5, Sox6, and Sox9 were combined was the differentia-
tion successfully induced in all cell types and also in vivo,
suggesting that the combination provides signals sufficient
for the differentiation {27]. The potent in vitro chondro-
genic system via the combination of the three Sox genes not
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only provides a new in vitro chondrogenic differentiation
model, which may help us better understand the mechanism
of this process, but also adds a powerful tool to cartilage
regenerative medicine.
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Although accumulated evidence has shown the bone anabolic
effects of bone morphogenetic proteins (BMPs) that were exog-
encusly applied in vitro and in vivo, the roles of endogenous BMPs
during bone formation remain to be clarified. This study initially
investigated expression patterns of BMPs in the mouse long bone
and found that BMP2 and BMP6 were the main subtypes expressed
in hypertrophic chondrocytes that induce endochondral bone for-
mation, We then examined the involvement of the combination of
these BMPs in bone formation in vivo by generating the compound-
deficient mice (Bmp2-+/—;Bmp6—/-). Under physiological condi-
tions, these mice exhibited moderate growth retardation compared
with the wild-type (WT) littermates during the observation period
up to 52 weeks of age. Both the fetal and adult compound-deficient
mice showed a reduction in the trabecular bone volume with sup-
pressed bone formation, but normal bone resorption, whereas the
single deficient mice (Bmp2+/— or Bmp6—/—) did not. When a
fracture was created at the femoral midshaft and the bone healing
was analyzed, the endochondral bone formation, but notintramem-
branous bone formation, was impaired by the compound defi-
ciency. In the cultures of bone marrow cells, however, there was no
difference in osteogenic differentiation between WT and com-
pound-deficient cells in the presence or absence of the exogenous
BMP2. We thus concluded that endogenous BMP2 and BMP6 coop-
eratively play pivotal roles in bone formation under both physiolog-
ical and pathological conditions.

Bone morphogenetic proteins (BMPs)? are members of secreted sig-
naling proteins that belong to the transforming growth factor-8 super-
family. BMPs were originally identified as molecules that induced
ectopic bone formation when implanted into rodent muscles (1, 2). In
accordance with such in vivo effects, BMPs have been shown to regulate
osteogenic differentiation i vitro (3). However, naturally occurring or
genetically engineered mice deficient in BMPs reported so far are either
normal, exhibit abnormalities in skeletal patterning, or die during early
embryonic development, thus being non-informative as to the role of
endogenous BMPs in bone formation (4, 5).

In mammals, there are two distinct modes of bone formation:

* This work was supported by Grant-in-aid for Scientific Research 16659400 from the
Japanese Ministry of Education, Culture, Sports, Science, and Technology. The costs
of publication of this article were defrayed in part by the payment of page charges.
This article must therefore be hereby marked “advertisement” in accordance with 18
U.S.C. Section 1734 solely to indicate this fact.

' To whom correspondence should be addressed. Tel.: 81-3-3815-5411 (ext. 37014 or
33376); Fax: 81-3-3818-4082; E-mail: uichung-tky@umin.ac,jp.

2 The abbreviations used are: BMP, bone morphogenetic protein; Ihh, indian hedgehog;
WT, wild type; RT, reverse transcriptase; BMD, bone mineral density; rh, recombinant
human; ALP, alkaline phosphatase; CFU, colony forming unit; MMP-13, metallopro-
teinase 13.

35704 JOURNAL OF BIOLOGICAL CHEMISTRY

intramembranous and endochondral (6). Most of the bones form
through the latter process, which is characterized by the replacement of
a cartilage mold by bone and bone marrow (7). During this process, cells
in the mesenchymal condensations become chondrocytes, the primary
cell type of cartilage; cells at the border of the condensations form a
perichondrium. Chondrocytes have a characteristic shape, express a
characteristic genetic program driven by SOX9 and other transcription
factors, and secrete a matrix rich in type II collagen and proteoglycan.
Cartilage enlarges through chondrocyte proliferation and matrix pro-
duction. Chondrocytes in the center of the cartilage mold then stop
proliferating, enlarge (hypertrophy), and change their genetic program
to synthesize the type X collagen. Hypertrophic chondrocytes mineral-
ize their surrounding matrix, attract blood vessels through the produc-
tion of the vascular endothelial growth factor and other factors, and
attract chondroclasts and osteoclasts. Moreover, these chondrocytes
direct mesenchymal cells in the perichondrium and in the bone marrow
to become osteoblasts, which form the bone collar and the primary
spongiosa (8, 9). Thus, during the endochondral bone formation, hyper-
trophic chondrocytes link chondrogenesis to osteogenesis by inducing
osteogenesis and angiogenesis (8, 9). Hypertrophic chondrocytes
express a number of growth factors, cytokines, and matrix proteins.
Among them, Indian hedgehog (Ihh) has been proven to be indispensa-
ble for the induction of osteogenesis by these chondrocytes (8, 10). Ihh
alone, however, cannot induce bone formation (11), suggesting that
other factors secreted from these chondrocytes may also be necessary
for osteogenesis. Because some BMPs can induce ectopic bone forma-
tion when implanted into rodent muscles and promote osteogenic dif-
ferentiation in vitro, they are strong candidates for the osteogenic fac-
tors secreted by these chondrocytes. Among them, BMP2 and BMP6 are
known to be expressed by these chondrocytes (8). Asis the case with the
other BMPs, however, there is no direct evidence that the endogenous
BMP2 and BMP6 are involved in bone formation, because homozygous
Bmp2-deficient (Bmp2—/—) mice die during the early embryonic stage
(12), and homozygous Bmp6-deficient (Bmp6—/—) mice show no skel-
etal abnormality except for a slight delay in the ossification of the ster-
num (13). We hypothesized that there might be a genetic redundancy
between BMP2 and BMP6 in the regulation of bone formation. Hence,
the present study generated compound knock-out mice lacking one
allele of the Bmp2 gene and both alleles of the Bmp6 gene (Bmp2-+/—;
Bmp6~/~) and investigated the effect of their compound loss on bone
metabolism under both physiological and pathological conditions.

EXPERIMENTAL PROCEDURES

Animals—Bmp2+/— mice were kindly provided by A. Bradley (Bay-
lor College of Medicine, Houston, TX) (12); Bmp6— /— mice by E. Rob-
ertson (Harvard University, Cambridge, MA) (13). The mice were
maintained in a C57BL/6 background. To generate Bmp2+/—;
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Bmp6—/— mice, Bmp2+/— mice were mated with the homozygous
Bmp6—/— mice to obtain Bmp2+/—;Bmp6+/— mice. Bmp2-+/~;
Bmp6-+-/— mice were then mated with each other. Because Brmp2—/—
mice were embryonically lethal, two of 12 live mice were expected to be
Bmp2+/—;Bmp6—/—. All experiments were performed on male mice
in accordance with the protocol approved by the Animal Care and Use
Committee of the University of Tokyo.

Genotyping—Genomic DNA was isolated from the tail. 10 ng of gen-
onic DNA was used for genotyping by PCR. The PCR primers were as
follows: 5'-AGCATGAACCCTCATGTGTTGG-3' (forward primer
for Bmp2 wild-type (WT) and mutant alleles), 5'-GTGACATTAG-
GCTGCTGTAGCA-3" (reverse primer for Bmp2 WT allele),
5'-GAGACTAGTGAGACGTGCTACT-3' (reverse primer for Bmp2
mutant allele), 5'-TCCCCACATCAACGACAC-3' (forward primer
for Bmp6 WT and mutant alleles), 5'-TCCCCACCACACAGTC-
CTTG-3' (reverse primer for Bmp6 WT allele) and 5'-CGCTGA-
CAGCCGGAACACGG-3' (reverse primer Bmp6 mutant allele), PCR
were performed at 94 °C for 1 min, at 58 °C for 1 min, and at 72 °C for 1
min for 35 cycles. The PCR product from the WT Brmp2 allele was 322
bp and that from the Bmp2 mutant allele, 367 bp. The PCR product
from the WT Bmip6 allele was 112 bp and that from the Bmp6 mutant
allele, 499 bp.

Skeletal Preparation—Embryos at E17.5 were eviscerated, fixed in
100% ethanot for 4 days, and then transferred to 100% acetone, After 3
days, they were rinsed with water and stained for 10 days in staining
solution containing 1 volume of 0.1% Alizarin red S (Sigma), 95% etha-
nol; 1 volume of 0.3% Alcian blue 8GX (Sigma), 70% ethanol; 1 volume
of 100% acetic acid, and 17 volumes of 100% ethanol. After rinsing with
96% ethanol, the specimens were kept in 20% glycerol, 1% KOH at 37 °C
for 16 h and subsequently at room temperature until the skeletons
became clearly visible. For storage, the specimens were transferred to
50, 80, and finally 100% glycerol (14).

Histological Analysis—For the histological analysis, embryonic limbs
were fixed in 4% paraformaldehyde/phosphate-buffered saline for 1 h
and embedded in paraffin for sectioning, according to the standard
procedures. Sections (5 wm thick) were then stained with Hematoxylin
and Eosin (H&E) for morphological study, with toluidine blue for detec-
tion of the cartilage matrix, or with 5% silver nitrate for detection of
mineralization (the von Kossa method), then mounted in xylene-based
media, and photographed. For immunohistochemistry, after treatment
with 25 ug/ml hyaluronidase for 1 h at 37 °C, the sections were incu-
bated with monoclonal rat anti-mouse antibodies against the type I, I1,
and X collagens (LSL, Tokyo, Japan), and MMP-13 (CHEMICON Inter-
national, Inc., Temecula, CA) for 12-24 h at 4°C. To visualize the
immunoreactivity for type I II, and X collagens using fluorescence, the
sections were incubated with the Alexa 488 anti-rabbit IgG antibody
(Molecular Probes) for 1 h at room temperature. To visualize the immu-
noreactivity for MMP-13, the sections were incubated with the horse-
radish peroxidase-conjugated goat antibodies against rabbit IgG (ICN
Biomedicals, Inc., Aurora, OH) for 20 min at room temperature,
immersed in a diaminobenzidine solution for 10 min at room temper-
ature, then counterstained with methylgreen. As a control, rabbit non-
immune serum (Upstate Biotechnology, Charlottesville, VA) was used
at the same dilution instead of the primary antibody. To quantify the
areas of interest, NIH Image was used to measure the ratio to the total
area.

In Situ Hybridization—Tissues were fixed in 4% paraformaldehyde/
phosphate-buffered saline overnight at 4 °C, processed, embedded in
paraffin, and cut. The in situ hybridization was performed as previously
described (15) using complementary **S-labeled riboprobes for mouse
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BMP2, BMP4, BMP6, BMP7, GDF5 (kindly provided by E. Robertson,
Harvard University) (13), and type I collagen (8).

Real-time RT-PCR—Total RNA was extracted using an ISOGEN Kit
(Wako Pure Chemicals Industry, Ltd., Tokyo) and an RNeasy Mini Kit
(Qiagen, Hilden, Germany), then treated with DNase I (Qiagen),
according to the manufacturer’s instructions. One ug of RNA was
reverse transcribed using a Takara RNA PCR Kit (AMV) version 2.1
(Takara Shuzo Co., Shiga, Japan) to generate the single-stranded cDNA.
PCR was performed with the ABI Prism 7000 Sequence Detection Sys-
tem (Applied Biosystems, Foster City, CA). Each PCR consisted of 1X
QuantiTect SYBR Green PCR Master Mix (Qiagen), 0.3 uM specific
primers, and 500 ng of cDNA. The mRNA copy number of a specific
gene in the total RNA was calculated with a standard curve generated
using serially diluted plasmids containing PCR amplicon sequences and
normalized to the human or rodent total RNA (Applied Biosystems)
with mouse actin as the internal control. Standard plasmids were syn-
thesized using a TOPO TA Cloning Kit (Invitrogen, Carlsbad, CA),
according to the manufacturer’s instructions. All reactions were run in
triplicate. The primer sequences are available upon request.

Radiological Analysis—Bone radiographs were taken with a soft x-ray
instrument (CMB-2, SOFTEX, Kanagawa, Japan). A three-dimensional
CT scan was taken with a composite x-ray analyzing system (NX-HCP,
NS-ELEX Inc,, Tokyo). The bone mineral density (BMD) was measured
by single energy x-ray absorptiometry using a bone mineral analyzer
(DCS-600R, Aloka Co., Tokyo).

Bone Histomorphometry—Eight 9-week-old mice were used in each
group. For Villanueva-Goldner staining, tibias were fixed with ethanol,
embedded in methyl methacrylate, and sectioned in 6-pum slices. For
double labeling, the mice were subcutaneously injected with 8 mg/kg
body weight of calcein at 3 and 10 days before sacrifice, Tartrate-resis-
tand acid phosphatase-positive cells were stained at pH 5.0 in the pres-
ence of L-(+)-tartaric acid with naphthol AS-MX phosphate (Sigma) in
N,N-dimethyl formamide as the substrate. The specimens were sub-
jected to histomorphometric analyses using an image analyzer (Histom-
etry RT CAMERA, System Supply Co., Nagano, Japan). The parameters
of the trabecular bone were measured in an area 1.2 mm in length from
0.5 mm below the growth plate at the proximal metaphysis of the tibias.
The parameters of the cortical bone were measured at the midshaft of
the tibias. The thickness of the growth plate was measured at the prox-
imal tibias.

Fracture Model—Bone fractures were generated as previously
described (16). Eight 9-week-old mice were used in each group. Briefly,
under general anesthesia with xylazine (0.05 mg/10 g body weight) and
ketamine (0.5 mg/10 g body weight, Sigma), a 15-mm incision was lon-
gitudinally made to expose the femur. A transverse osteotomy was per-
formed with a bone saw (Volvere GX, NSK Nakanishi, Inc., Tochigi,
Japan) at the middle of the femur. Fractured bones were repositioned,
and then the full-length of the bone marrow cavity was internally stabi-
lized with an intramedullary nail with the inner pin of a 23-gauge spinal
needle. The animals were allowed activity, diet, and water ad libitum.
For the histological analyses, the animals were killed at 5, 7, and 18 days
after surgery by asphyxiation with carbon dioxide, and their femurs
were excised. The calcified area and the bone mineral content of the
entire femur were measured. The % gain of calcified area and the % gain
of BMC were calculated, and the differences were compared between
WT, Bmp2+/—, Bmp6—/~, and Bmp2+/—;Bmp6—/— mice. To dis-
tinguish between the intramembranous bone formation and endochon-
dral bone formation during fracture healing, the callus was divided into
three equal portions along the axis of the bone. The distal and proximal
portions, where bones mainly form through the intramembranous
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process (17), were designated as the peripheral part, and the middle
portion, where bones mainly form through the endochondral process
(17), was designated as the central part. In each part, we measured the
ratio of the calcified area to the total area of the histological sections
using NIH Image.

Serum and Urinary Biochemistry—Blood samples from 9-week-old
WT and Bmp2+/—;Bmp6—/— mice (n = 6 for each group) were col-
lected by heart puncture under anesthesia with nembutal (0.4 mg/10 g
body weight) (Dainippon Pharmaceutical Co., Ltd., Tokyo). Urine sam-
ples were collected for 24 h before sacrifice in oil-sealed bottles in the
metabolism cages (CL-0305, CLEA Japan, Inc., Tokyo). The levels of
creatinine, calcium, and inorganic phosphorus in the serum were meas-
ured using a standard colorimetric technique, a Calcium HR Kit (Wako
Pure Chemical Industries, Ltd.), and an Inorganic Phosphorus II Kit
(Wako Pure Chemical Industries, Ltd.), respectively, by an autoanalyzer
(Type 7170, Hitachi High-Technologies Co., Tokyo). Urinary deoxypyr-
idinoline was measured using a Pyriliks-D enzyme-linked immunosor-
bent assay kit (Metra Biosystems, Inc., Mountain View, CA). The values
were corrected for urinary creatinine measured by a standard colori-
metric technique using the Type 7170 autoanalyzer.

In Vitro Bone Marrow Differentiation Assay—Bone marrow cells
were isolated from WT and Bmp2+ —;Bmp6—/— mice at 3 weeks of age
and inoculated at a density of 2 X 10° cells/well onto 24-well plates in
a-minimal essential medium containing 50 pg/ml ascorbic acid, 10 mm
B-glycerophosphate, and ITS+1 liquid media supplement (X100)
(Sigma) (osteogenic medium). For treatment with BMP, we added
recombinant human (rh) BMP2 at 200 ng/ml. We changed the medium
every 4 days with BMP2 being replenished each time. Two weeks after
confluence, total RNA was extracted, and alkaline phosphatase (ALP),
Alizarin red S, and von Kossa stainings were performed. For ALP stain-
ing, cells were fixed in 70% EtOH and stained for 10 min with a solution
containing 0.01% naphtol AS-MX phosphate disodium salt (Sigma), 1%
N,N-dimethyl formamide (Wako Pure Chemicals Industry, Ltd.), and
0.06% fast blue BB (Sigma). For the Alizarin red S staining, the cells were
fixed in 10% formalin/phosphate-buffered saline and stained for 10 min
with 2% Alizarin red S, pH 4.0, (Sigma) solution. For the von Kossa
staining, the cells were fixed with 100% ethanol at room temperature for
15 min, stained with 5% silver nitrate solution (Wako Pure Chemicals
Industry, Ltd.) under ultraviolet light for 10 min, and incubated for 5
min with 5% sodium thiosulfate solution (Wako Pure Chemicals
Industry, Ltd.).

The numbers of total fibroblastic colonies (CFU-F), ALP positive
colonies (CFU-ALP), and bone nodules were assessed as described (18—
20). In brief, bone marrow cells isolated from WT and Bmp2+/—;
Bmp6—/— mice at 3 weeks of age were disseminated into a six-well plate
at a concentration of 5 X 10° cells/ml and cultured in osteogenic
medium for 5, 10, and 15 days in the presence or absence of rhBMP2 at
200 ng/ml. Subsequently, cells were fixed with 10% neutral-buffered
formalin and subjected to the ALP or von Kossa stainings as described
above. Colonies consisting of more than 50 cells were defined as CFU-F,
and ALP-positive CFU-F were defined as CFU-ALP. Bone nodules were
counted on a grid under low power microscopy.

Statistical Analysis—The means of the groups were compared by
analysis of variance, and the significance of differences was determined
by post-hoc testing using Bonferronis method.

RESULTS

BMP Subtypes Expressed by Hypertrophic Chondrocytes—To deter-
mine the BMP subtypes expressed by hypertrophic chondrocytes, we
performed in situ hybridization for BMPs known to be expressed in
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chondrocytes (5). Consistent with the previous report (8), the main
BMP subtypes expressed by hypertrophic chondrocytes were BMP2 and
BMP6 (Fig. 14). As for the other BMPs examined, BMP4 was weakly
expressed in the prehypertrophic chondrocytes, BMP7 in the prolifer-
ating chondrocytes, and GDF5 in the periarticular proliferating
chondrocytes.

Analysis of Fetal Bmp2—/—;Bmp6~/— Mice—To investigate the
roles of the enodogenous BMP2 and BMP6 during bone formation,
we generated their compound-deficient mice by appropriate mating.
Because of the early embryonic lethality of Bmp2—/— mice, we stud-
ied the bone phenotypes of Bmp2+/—;Bmp6—/— mice. To macro-
scopically visualize bone and cartilage elements, whole embryos at
E17.5 were double stained with Alizarin red and Alcian blue (Fig. LB).
The staining revealed a normal skeletal patterning in the single defi-
cient (Bmp2+/— and Bmp6—/—) and the compound-deficient mice.
However, the size of the compound-deficient mice was smaller than
that of WT mice, whereas that of the single deficient mice was not.
Temporal profiles of the body length and weight of the compound-
deficient mice showed an ~5% decrease in axial growth and body
weight throughout life (Fig. 1C).

Histological analysis of the growth plate of the proximal tibias from
the E17.5 WT and Bmp2+/—;Bmp6—/— mice disclosed that the size of
the compound-deficient growth plate was smaller than that of WT
(643 = 17 versus 723 = 24 pm, p < 0.05), but the proportions of the
distinct layers of the growth plate chondrocytes were not significantly
different between the two groups (the layer of proliferating chondro-
cytes, 72.9 = 2.3 versus 72.1 & 2.6%; the layer of hypertrophic chondro-
cytes, 27.1 = 0.8 versus 27.9 * 0.9%) (Fig. 1D). Immunohistochemistry
of the type I and X collagens showed no remarkable difference between
the two groups (Fig. 1E).

To evaluate bone formation in the fetal growth plate, we performed
immunohistochemistry and real-time RT-PCR detecting the type I col-
lagen (Fig. 1F) and von Kossa staining (Fig. 1G). The type I collagen
immunoreactivity and type I collagen mRNA expression in the tibia
were similar between the compound-deficient and WT mice. The von
Kossa staining revealed that the mineralized area in the primary spon-
giosa of the compound-deficient mice was reduced in comparison with
that of WT, although the mineralized area in the hypertrophic layer was
similar between the two groups. The number of osteoclasts of the com-
pound-deficient mice was not significantly different from that of WT
(data not shown). During endochondral bone formation, osteogenesis is
influenced by chondrogenesis. To rule out the possibility that the
reduced mineralization of the primary spongiosa of the compound-
deficient mice was because of a cartilage defect, we investigated whether
chondrocytes reached terminal differentiation by examining the onset
of hypertrophic differentiation and cartilage mineralization. H&E stain-
ing, immunohistochemical analysis with anti-type X collagen and
MMP-13 antibodies, and von Kossa staining of the metatarsal bone
sections at E15.5 showed that neither hypertrophic differentiation nor
cartilage mineralization occurred in WT or compound-deficient mice
(Fig. 1H). At E16.5, chondrocytes in the center of the cartilage under-
went hypertrophic differentiation, expressing type X collagen and min-
eralizing the surrounding matrix in both WT and Bmp2+/—;
Bmp6—/— mice. MMP-13, a marker of terminally differentiated
hypertrophic chondrocytes (21-23), just began to be expressed in both
groups. At E17.5, MMP-13 expression was markedly up-regulated, the
area of the mineralized cartilaginous matrix was increased, and the bone
collar was formed in both groups. Thus, no abnormality of terminal
differentiation of the chondrocytes was detected in the compound-de-
ficient mice. Taken together, these data suggest that the differentiation/

29088 VOLUME 280-NUMBER 42+ OCTOBER 21, 2005



Endogenous BMP2 and -6 in Bone Formation

A BMP2Z  BMP4 BMPE  BMPY

S+

Body Length Body Weight

R SO S,
0 10 78 30 40 50 (W) 0 W 3040 9@

m

wT

24161

2

(%)

~
=

<«
z
-4
[
£
K]
]
3

2|
1)

Hyperttophic
Layer

64 2weh 156

ol X

van Hossa

wT

244,64

E165

24184

Primary
. Spongiosa

o e

FIGURE 1. Macroscopic and histological analyses of fetal Bmp2-+/—;Bmp6—/— mice, A, in situ hybridization of the radius growth plates from E17. 5 WT mice with mouse BMP2,
BMP4, BMP6, BMP7, and GDF5 antisense probes. Upper panels, bright field views; lower panels, dark field views. Blue, green, and red bars indicate the layer of proliferating chondrocytes,
the layer of hypertrophic chondrocytes, and the primary spongiosa, respectively. Scale bar, 100 pm. B, doubie staining with Alizarin red and Alcian blue of the whole body from E17.5
WT, Bmp2-+/—, Bmp6—/—,and Bmp2+/—;Bmp6—/— mice. C, temporal growth profiles of WT and Bmp2+/—;Bmp6~/— mice at 0, 5, 10, 20, 30, 40, and 50 weeks of age expressed by
the body length from nose to tail and body weight. Data are expressed as mean = S.E. for 12 mice per group. *, p < 0.05 versus WT. D, H&E staining of the tibia sections from E17.5 WT
and Bmp2-+/—;Bmp6—/— mice. Blue, green, and red bars indicate the fayer of proliferating chondrocytes, the layer of hypertrophic chondrocytes, and the primary spongiosa,
respectively. Scale bar, 100 um. E, immunohistochemical analysis of the tibia sections from E17.5 WT and Bmp2-+/—;Bmp6—/— mice with anti-type ll collagen {upper panels) and type
X collagen (fower panels) antibodies. Blue, green, and red bars indicate the layer of proliferating chondrocytes, the layer of hypertrophic chondrocytes, and the primary spongiosa,
respectively. Scale bar, 100 pm. F,immunohistochemical analysis with anti-type | collagen antibody of the tibia sections from E17.5 WT and Bmp2+/—;8mpé6—/— mice (upper panels).
Real-time RT-PCR analysis of type | collagen mRNA expression in the tibias from E17.5 WT and Bmp2-+/—:Bmp6—/— mice (lower panels). Blue, green, and red bars indicate the layer of
proliferating chondrocytes, the layer of hypertrophic chondrocytes, and the primary spongiosa, respectively. Scafe bars, 100 um. G, von Kossa staining of the tibia sections from E17.5
WT and Bmp2-+/—;Bmp6-/— mice (upper panels). The relative ratio of the calcified area in the hypertrophic layer and that in the primary spongiosa were histologically measured
(lower panels). Blue, green, and red bars indicate the layer of proliferating chondrocytes, the layer of hypertrophic chondrocytes, and the primary spongiosa, respectively. Scale bars,
100 pm. Data are expressed as the mean * S.E. of 6 mice per genotype. *, p < 0.05 versus WT. H, H&E staining, immunohistochemical analysis with anti-type X collagen and MMP-13

antibodies and von Kossa staining of the metatarsal bone sections at E15.5, E16.5, and E17.5 from WT and Bmp2+/—:Bmp6—/— mice. Scale bar, 100 pm,

function of osteoblasts is impaired by the compound deficiency of Bup2
and Bmp6.

Analysis of Adult Bmp2+/—;Bmp6—/— Mice—We then investigated
whether the compound deficiency of Bmp2 and Bmp6 had effects on the
bone metabolism in adult mice. X-rays of the femur at 9 weeks of age
showed that the lengths of the femur and the tibia were shorter and that
the trabecular bone volume was reduced in Bmp2+/—;Bmp6+/ — mice
compared with that in WT (Fig. 24). Quantitative analysis of the BMD
disclosed that the femoral BMD of the compound-deficient mice was
reduced compared with that of WT, whereas that of Bmp2+/—,
Bmp6+/—, Bmp6—/—, or Bmp2+/—;Bmp6+/— mice was not signifi-
cantly different from that of WT (Fig. 2B). Three-dimensional CT anal-
ysis manifested a marked reduction in the trabecular bone volume of the
compound-deficient mice (Fig. 2C). Next, to investigate the role of
endogenous Bmp2 and Bmp6 in intramembranous bone formation, the
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calvarias were examined. X-ray of the calvarias at 9 weeks of age from
WT, Bmp2+/—, Bmp6—/—, and Bmp2+/—;Bmp6—/— mice did not
show any significant difference (Fig. 2D), which was confirmed by the
quantitative analysis of the BMD (Fig, 2E).

Histological analysis with von Kossa staining of the proximal tibia
revealed a trabecular bone loss in Bmp2+/—;Bmp6—/— mice com-
pared with that in WT (Fig. 34). Although there was no significant
difference in the proportions of the growth plates or in the cartilaginous
mineralization between the two groups, the mineralization in the pri-
mary spongiosa was notably reduced in the compound-deficient mice
(Fig. 3B). To analyze the mechanism of the bone loss in detail, bone
histomorphometric analysis was performed on the tibias (Fig. 3C). The
bone volume and cortical thickness of the compound-deficient mice
were found to be decreased compared with those of WT. Regarding the
parameters of bone formation, the mineral apposition rate and bone
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FIGURE 2. Radiological analysis of adult
Bmp2+/—;Bmp6—/— mice. A, plain radiographs
of the femurs (upper panels} and tibias (fower pan-
els) from WT, Bmp2+/-, Bmp6-/~, and Bmp2+/
—;Bmp6—/- mice at 9 weeks of age. B, BMD of the
whole femurs from WT, Bmp2+/—, Bmp6+/—,
Bmp6—/—, Bmp2+/—;Bmp6+/—, and Bmp2+/~;
Bmp6—/— mice at 9 weeks of age. Data are
expressed as mean = S.E. for 12 bones/group. ¥,
p < 0,01 versus the rest, C, three-dimensional CT
analysis of the distal epiphysis of the femurs from
WT (upper panels) and Bmp2-+/—;Bmp6—/— mice
(lower panels) at 9 weeks of age. D, plain radio-
graphs of the calvarias from WT, Bmp2+/—,
Bmp6~/-, and Bmp2+/—;Bmp6—/— mice at 9
weeks of age. E, BMD of the calvarias from WT,
Bmp2-+-/~, Bmp6+/—~, Bmp6—/—, Bmp2+/—;
Bmp6+/—, and Bmp2+/—;Bmp6—/— mice at 9
weeks of age.
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FIGURE 3. Histological analysis of adult Bmp2+/—;Bmp6—/— mice. A, von Kossa staining of the tibia sections from WT and Bmp2/~;Bmp6—/— mice at 9 weeks of age. Scale bar,
300 um. B, toluidine blue staining (upper panels) and von Kossa staining (lower panels) of the tibia growth plate sections from WT and Bmp2-+/—;Bmp6—/— mice at 9 weeks of age.
Blue, green, and red bars indicate the layer of proliferating chondrocytes, the layer of hypertrophic chondrocytes, and the primary spongiosa, respectively. Scale bar, 20 um. C, bone
histomorphometric analysis of the tibias from WT and Bmp2-+/—;Bmp6-/— mice at 9 weeks of age. BV/TV, bone volume per tissue volume; C.Th, cortical bone thickness; 0b.5/BS,
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0c.5/BS, osteoclast surface per bone surface; ES/BS, erosive surface per bone surface. Data are expressed as the mean = S.E. of 8 mice per genotype. #, p < 0.05 versus WT.

35708 JOURNAL OF BIOLOGICAL CHEMISTRY

fonne,

VOLUME 280-NUMBER 42-OCTOBER 21, 2005



Endogenous BMP2 and -6 in Bone Formation

FIGURE 4. Radiological and histological analy-
ses of the fracture callus. A, plain radiographs of
the fractured femurs at 18 days after the surgery
from WT, Bmp2+/—, Bmp6—/—, and Bmp2+/—;
Bmp6—/— mice at 9weeks of age. B, measurement
of the calcified area and the bone mineral content
of the callus at the fracture site measured by single
energy x-ray absorptiometry. Data are expressed
as the mean = S.E, of 8 mice per genotype. *, p <
0.01 versus WT, C, H&E staining (upper panels) and
toluidine blue staining (Jower panels) of the frac-
tured femur sections from WT, Bmp2+/—,
Bmp6—/—, and Bmp2+/—~;Bmp6~/— mice, Red
and blue bars indicate the peripheral part and the
central part of the fracture site, respectively. Scale
bar, 300 um. D, the ratio of the calcified area to the
total area (CA/TA) in the peripheral part (left panel)
and central part {right panel) of the fracture site
histologically measured by NiH Image. Data are
expressed as the mean *+ S.E, of 8 mice per geno-
type. ¥ p < 0.01 versus WT. E, H&E staining and
immunohistochemical analysis with anti-type X
collagen and MMP-13 antibodies of the sections of E
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formation rate per bone surface were markedly decreased with no
remarkable difference in the osteoblast number expressed by Ob.S/BS.
On the other hand, the parameters of bone resorption were normal.
These data suggest that the bone loss in the compound-deficient mice is
caused by the inhibition of the bone formation because of the impaired
osteoblast function.

To rule out the possibility that the bone loss of these mice was caused
by general conditions, such as renal failure or abnormal calcium home-
ostasis, the serum biochemical data were analyzed. There was no
remarkable difference in the serum creatinine, calcium, or inorganic
phosphorus between WT and compound-deficient mice (data not
shown). Urinary deoxypyridinoline, a marker for bone resorption,
showed no remarkable difference between the two groups, confirming
the bone histomorphometric data (data not shown).

Bone Fractyre Healing in Bmp2+/—;Bmp6—/— Mice—The data so
far suggest that the combination of the endogenous BMP2 and BMP6
plays an important role in bone formation under physiological condi-
tions. To further investigate the effects of the compound loss of Brp2
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and Bmp6 on bone formation under pathological conditions, we gener-
ated fractures at the midshaft of the femurs and compared the healing
processamong WT, Bmp2+/—, Bmp6—/—, and Bmp2+|—;Bmp6— [~
mice. Radiological analysis at 18 days after the fracture showed substan-
tial calcified callus formation in WT, Bmp2+/—, and Bmp6—/— mice
(Fig. 44). On the other hand, in the compound-deficient mice, fracture
healing was delayed, and the size of the calcified callus was reduced. To
quantify the extent of the callus formation, the % gain of the calcified
area and the % gain of bone mineral content in the fractured and control
femurs were measured using a bone densitometer (Fig. 4B). Although
no significant difference was observed among WT, Bmp2+/—, and
Bmp6—/— mice at 18 days after the fracture, both parameters were
markedly reduced in the compound-deficient mice. When histological
sections were stained with H&E and toluidine blue to distinguish
between the bone and cartilage tissues, the total callus size was reduced,
and a massive cartilaginous callus containing hypertrophic chondro-
cytes persisted in the compound-deficient mice. During fracture heal-
ing, new bone is known to be formed through two pathways: the endo-
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FIGURE 5. Osteogenic differentiation in the cul-
tures of Bmp2+/—;Bmp6—/— bone marrow
cells. A, in situ hybridization of the tibia sections
from WT mouse with mouse BMP2, BMP6, and
type | collagen antisense probes. Left panels,
bright field views; right panels, dark field views.
Blue, green, and red bars indicate the layer of pro-
liferating chondrocytes, the layer of hypertrophic
chondrocytes, and the primary and secondary
spongiosas, respectively. Lower panels are the
magnified views of the boxed areas in the upper
panels. Scale bar, 100 pm in the upper panels and
20 pum in the lower panels, B, bone marrow cells

were isolated from 3-week-old WT and Bmp2-+/—; B
Bmp6—/~ mice and cuitured in serum-free osteo-
genic medium in the presence or absence of exog-
enous rhBMP2 (200 ng/ml). Two weeks after
confluence, ALP, Alizarin red S, and von Kossa
stainings were performed. C, expression of
osteopontin and osteocalcin mRNAs was deter-
mined by real-time RT-PCR on the above men-
tioned marrow cells, Data are expressed as the
mean * S.E. of 6 wells per group. *, p < 0.01, sig-
nificant stimulation by rhBMP2. D, temporal pro-
files of the numbers of CFU-F, CFU-ALP, and bone
nodules using WT and Bmp2+/—;Bmp6—/— bone
marrow cells. Bone marrow cells were isolated
from 3-week-old mice, then cultured in serum-free D
osteogenic medium in the presence or absence of
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chondral bone formations in the center and the intramembranous bone
formation in the periphery of the callus (17). To distinguish these two
pathways, we divided the callus into three equal portions along the axis
of the bone, and designated the distal and proximal % portions as the
peripheral part, and the middle ¥4 portion as the central part, The meas-
urement of the ratio of the calcified area to the total area (CA/TA) of the
histological sections using NIH Image revealed that calcification in the
central part, but not in the peripheral part, was significantly reduced in
the compound-deficient mice compared with that in WT (Fig. 4D),
indicating that the endochondral, not intramembranous, bone forma-
tion, was defective in the compound-deficient mice. To investigate
whether the delayed fracture healing in Bmp2+/—;Bmp6—/— mice was
caused by a delay in terminal differentiation of chondrocytes, we exam-
ined the earlier stages of fracture healing in WT and compound-defi-
cient mice. H&E staining and immunohistochemical analysis with anti-
type X collagen and MMP-13 antibodies showed that no hypertrophic
differentiation occurred in either group at 5 days after the fracture (Fig.
4F). At 7 days after the fracture, terminal hypertrophic differentiation of
chondrocytes determined by expression of MMP-13 and intramembra-
nous bone formation occurred in both groups.

In Vitro Bone Marrow Differentiation Assay—The current results
support the view that the endogenous BMP2 and BMP6 play vital roles
in bone formation under physiological and pathological conditions. Ir
situ hybridization analysis indicated that, in comparison with the
expression in hypertrophic chondrocytes, there was little, if any, expres-
sion of BMP2 and BMP6 in bone and bone marrow cells including
osteoblasts that were marked by the strong expression of the type I
collagen (Fig. 5A). However, we still could not rule out the possibility
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that a small amount of BMP2 and BMP6 secreted from bone and bone
marrow cells might act in an autocrine or paracrine fashion to modulate
the osteoblast function. To test this possibility, we isolated bone marrow
cells including osteoblasts from 3-week-old mice, cultured them in
serum-free osteogenic medium, and assessed their osteogenic ability.
ALP, Alizarin red S, and von Kossa stainings revealed no difference in
the basal osteogenic ability between WT and Bmp2+/—;Bmp6—/—
cells (Fig. 5B). Upon treatment with thBMP2 (200 ng/ml), both WT and
the compound-deficient cells responded well to the same extent (Fig.
5B). The real-time RT-PCR analysis of osteopontin and osteocalcin,
markers for osteoblasts, revealed no difference between the two geno-
types (Fig. 5C). The quantitative analysis of the numbers of CFU-F,
CFU-ALP, and bone nodules using bone marrow cells isolated from
3-week-old WT and compound-deficient mice revealed no difference in
the basal osteogenic ability (Fig. 5D). Upon treatment with rhBMP2
(200 ng/ml), both WT and the compound-deficient cells responded well
to the same extent in terms of the numbers of CFU-ALP and bone
nodules (Fig. 5D). These data suggest that the endogenous BMP2 and
BMP6 secreted from bone marrow cells do not contribute to the regu-
lation of bone formation.

DISCUSSION

Because hypertrophic chondrocytes induce bone formation in the
primary spongiosa and the perichondrium during endochondral bone
formation, the present study hypothesized that endogenous BMPs
secreted from these chondrocytes might be involved in bone formation.
Although there have been a number of reports describing the expres-
sion patterns of BMPs in the growth plate (13), they do not particularly
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focus on these chondrocytes. To obtain physiologically relevant data on
the role of the endogenous BMPs during bone formation, we screened
for BMPs expressed by these chondrocytes to find that BMP2 and BMP6
were the main subtypes and analyzed the effects of their loss on bone
formation.

Fetal Bmp2+/—;Bmp6—/— mice exhibited a reduced bone forma-
tion in the primary spongiosa, probably because of reduced bone for-
mation and/or stimulation of bone resorption. We think the latter pos-
sibility rather unlikely, because the number of osteoclasts was not
increased in the compound-deficient mice. The expression of the type I
collagen, a marker for both early and late osteoblasts, showed no reduc-
tion, suggesting that the differentiation of osteoblasts from the precur-
sor cells was not affected. The growth plates of these mice were smaller,
but the proportions of distinct layers were maintained; in addition, the
expressions of type Il and X collagens were not changed, and hyper-
trophic chondrocytes mineralized the surrounding cartilaginous matrix
to the same extent as WT. There was no difference in the onset of
terminal differentiation. These data suggest that there is little, if any,
abnormality in the chondrocyte differentiation. The data for adult mice
concur with those of fetal mice; bone formation was reduced because of
the impaired function of the osteoblasts with no change in their num-
ber, whereas the bone resorption markers were all normal. Taken
together, these findings provide evidence that the combination of the
endogenous BMP2 and BMP6 is vital for bone formation in both the
fetal and adult life stages.

In line with our results are those of transgenic mice expressing a
dominant-negative form of the BMP receptor 1B (BMPR-1B) under the
control of the type I collagen promoter (24). They were smaller than WT
and showed impairment of postnatal bone formation with the number
of osteoblasts and the parameters of bone resorption unchanged, sug-
gesting that the osteoblast function was impaired. In addition, trans-
genic mice lacking the BMP receptor 1A (BMPR-14) specifically in
osteoblasts using the Cre/loxP system under the control of the Og2
promoter also exhibited a low bone mass because of the impaired osteo-
blast function (25). The bone phenotypes of these genetically manipu-
lated mice, of which the osteoblast could not transduce normal BMP
signaling, are similar to those of Bmp2+/—;Bmp6—/— mice. These data
suggest that osteoblasts require endogenous BMPs to provide their full
function n vive, but are not informative on the subtype and the origin of
such BMPs. Our data suggest that BMP2 and BMP6 are two of them.

One question, however, still remained as to where BMP2 and BMP6
came from to act on the osteoblasts. There were three possibilities. First,
they came from hypertrophic chondrocytes. Second, they came from
bone and bone marrow cells in an autocrine or paracrine fashion. Third,
they came from other cell sources at a distance in an endocrine fashion.
In situ hybridization analysis of the developing bone showed that BMP6
was exclusively expressed in hypertrophic chondrocytes and that BMP2
was strongly expressed in hypertrophic chondrocytes and marginally in
the osteoblasts. Bone marrow cells obtained from Bmp2+/—;
Bmp6—/— mice showed the same osteogenic ability as WT both at the
basal status and in response to the exogenous BMP2. Furthermore,
intramembranous bone formation in the calvaria was not affected in
Bmp2+/—;Bmp6~/— mice. These data favor the first possibility. To
strictly prove this, however, a further study using the tissue-specific
ablation of the Brmp2 and Brmpé6 genes in hypertrophic chondrocytes is
needed. In addition, we should be careful in extrapolating the results of
murine experiments to humans, because the growth plate, the source of
hypertrophic chondrocytes, in humans disappears at puberty, whereas
that of mice persists throughout life.

As for the small size of the growth plate, it may be related to the
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decreased axial growth of the mutant mice. It may be that the loss of
BMP2 and BMP6 affects the size of the mesenchymal condensations
and/or the proliferation rate of the chondrocytes. Alternatively, the
osteoblast dysfunction caused by the compound loss of these BMPs may
elicit a decrease in the axial bone growth, because there is a report that
the ablation of the osteoblasts led to skeletal growth arrest (26). A fur-
ther study is needed to clarify these issues.

In the fracture model, the cartilaginous callus was almost completely
replaced by newly formed bone tissue in WT mice, whereas a massive
cartilaginous callus persisted in Bmp2+/—;Bmp6—/— mice. When the
callus was divided into the central and peripheral part, mineralization of
the central part, where the endochondral bone formation prevailed, was
reduced. These data suggest that the replacement of cartilaginous callus
by bone is affected in the compound-deficient mice, which is in line with
the data for physiological bone formation. It is noteworthy that the total
callus size of the compound-deficient mice was smaller than that of WT.
This may be because of the same cause of the smaller size of the growth
plate.

A previous study of chimeric mice containing both WT and Ihh—/—;
parathyroid hormone/parathyroid hormone-related peptide recep-
tor—/— cells revealed that Ihh synthesized by the prehypertrophic and
hypertrophic chondrocytes was locally required for the induction of
bone formation in the adjacent perichondrium (8). In these chimeric
mice, although both BMP2 and BMP6 were strongly expressed by the
ectopic Ihh—/—;parathyroid hormone/parathyroid hormone-related
peptide receptor—/— hypertrophic chondrocytes, the ectopic bone for-
mation did not occur, suggesting that BMPs alone were not sufficient to
induce physiological bone formation. In addition, blocking of Hh sig-
naling inhibited the BMP2-induced osteogenic differentiation in mouse
limb bud cell line MLB13MYC clone 17 (10), suggesting the presence of
synergistic interactions between thh and BMPs. In the present study,
thelack of one allele of the Bmp2 gene and both alleles of the Bmp6 gene
caused a reduction in bone formation because of the osteoblast dysfunc-
tion. Taken together, we think it likely that BMP2 and BMP6 expressed
by hypertrophic chondrocytes act in synergy with Ihh for physiological
bone formation.

BMP2 and BMP6 have been reported to form a heterodimer, which
was more potent for induction of osteogenic differentiation than the
BMP2 homodimer or BMP6 homodimer (27). To assess the role of the
BMP2/BMP6 heterodimer in vivo, we analyzed the bone formation of
Bmp6—/— mice. The BMD of Bump6—/— mice, which were thought to
have no BMP2/BMP6 heterodimer, was similar to that of WT. In addi-
tion, the fracture model did not reveal any difference between WT and
Bmp6—/— mice. These data suggest that, although the BMP2/BMPé
heterodimer is more potent than the BMP2 or BMP6 homodimers in i
vitro or implant experiments, the BMP2/BMP6 heterodimer may not
have a physiologically relevant role in the bone formation.

In conclusion, the combination of BMP2 and BMP6 plays pivotal
roles in bone formation under both physiological and pathological con-
ditions. To the best of our knowledge, this is the first report to show that
endogenous BMPs are important for in vivo bone formation.
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Bone anabolic action of PTH has been suggested to be medi-
ated by induction of IGF-I in osteohlasts; however, little is
known about the molecular mechanism by which IGF-I leads
to bone formation under the PTH stimulation. This study ini-
tially confirmed in mouse osteoblast cultures that PTH treat-
ment increased IGF-I mRNA and protein levels and alkaline
phosphatase activity, which were accompanied by phospho-
rylations of IGF-I receptor, insulin receptor substrate (IRS)-1
and IRS-2, essential adaptor molecules for the IGF-I signaling.
To learn the involvement of IRS-1 and IRS-2 in the bone an-
abolic action of PTH in vive, IRS-1—/— and IRS-2—-/— mice and
their respective wild-type littermates were given daily injec-
tions of PTH (80 pg/kg) or vehicle for 4 wk. In the wild-type
mice, the PTH injection increased bone mineral densities of

the femur, tibia, and vertebrae by 10-20% without altering the
serum IGF-I level, These stimulations were similarly seen in
IRS-2—/- mice; however, they were markedly suppressed in
IRS-1~/— mice. Although the PTH anabolic effects were stron-
ger on trabecular bones than on cortical bones, the stimula-
tions on both bones were blocked in IRS-1—/— mice but not in
IRS-2~/- mice. Histomorphometric and biochemical analyses
showed an increased bone turnover by PTH, which was also
blunted by the IRS-1 deficiency, though not by the IRS-2 de-
ficiency. These results indicate that the PTH bone anabolic
action is mediated by the activation of IRS-1, but not IRS-2, as
a downstream signaling of IGF-I that acts locally as an auto-
crine/paracrine factor. (Endocrinology 146: 2620-2628, 2005)

NABOLIC EFFECTS of PTH on bone have attracted
considerable clinical attention and led to the approval

of PTH for osteoporosis treatment (1-3). Although it has been
well established that intermittent administration of PTH ex-
erts potent anabolic effects on bone in animals and humans
(4), the underlying mechanism is still controversial and un-
clear. PTH is reported to increase production of osteopro-
genifors and differentiation of osteoblasts from an existing
pool of osteoprogenitors and to decrease apoptosis of pre-
existing osteoblasts (5-7). Accumulated evidence has shown
that IGF-I is an attractive candidate as a mediator for some
or all of the anabolic actions of PTH on bone, in that PTH
stimulates IGF-I production by osteoblastic cells (8, 9) and
IGF-1 can reproduce the effects of PTH on osteoblast pro-
liferation, differentiation, and survival (10). From in vitro
studies, IGF-I-blocking antibodies inhibited collagen synthe-
sis and alkaline phosphatase (ALP) activity, as well as the
expression of osteocalcin mRNA. induced by PTH stimula-
tion on osteoblasts (11, 12). Furthermore, PTH anabolic ac-
tions were suppressed when administered to IGF-I-deficient
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mice (13, 14), suggesting the importance of the IGF-I signal-
ing in vivo.

IGF-I initiates cellular responses by binding to its cell-
surface receptor tyrosine kinase IGF-I receptor, which then
activates essential adaptor molecule insulin receptor sub-
strates (IRS’s) followed by downstream signaling pathways
like phosphatidylinositol-3 kinase (PI3K)/Akt and MAPKs
(15). The mammalian IRS family contains at least four mem-
bers: ubiquitous IRS-1 and IRS-2, adipose tissue-predomi-
nant IRS-3, and IRS-4 which is expressed in the thymus,
brain, and kidney. We previously reported that IRS-1 and
IRS-2 are expressed in bone (16, 17). Our further studies on
mice lacking the IRS-1 gene (IRS-1—/— mice) or the IRS-2
gene (IRS-2—/— mice) revealed that these knockout mice
exhibited severe osteopenia with distinct mechanisms: IRS-
1—/— mice showed a low bone turnover in which both bone
formation and resorption were decreased (16), whereas IRS-
2~/~ mice showed an uncoupling status with decreased
bone formation and increased bone resorption (17). It there-
fore seems that under physiological conditions, IRS-1 is im-
portant for maintaining bone turnover, whereas IRS-2 is im-
portant for retaining the predominance of anabolic function
over catabolic function of osteoblasts.

To learn the molecular mechanism by which IGF-Tleads
to bone formation under the PTH stimulation, the present
study investigated the role of IRS-1 and IR5-2 in mediating
the anabolic effects of recombinant human PTH(1-34) on
bone. We first studied the effects of PTH on the IGF-I
related molecules in cultured mouse osteoblasts and ex-
amined skeletal responses to PTH in IRS-1—/— and IRS-
2—/— mice.

2620
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Materials and Methods
Animals

Mice with the original C57BL6/CBA hybrid background were gen-
erated and maintained as reported previously (16, 17). In each experi-
ment, homozygous wild-type (WT) and IRS-1—/— male mice, as well as
homozygous WT and IRS-2—/— male mice, that were littermates gen-
erated from the intercross between heterozygous mice were compared.
All mice were kept in plastic cages under standard laboratory conditions
with a 12-h dark, 12-h light cycle, a constant temperature of 23 C, and
humidity of 48%. The mice were fed a standard rodent diet (CE-2; CLEA
Japan, Inc,, Tokyo, Japan) containing 25.2% protein, 4.6% fat, 4.4% fiber,
6.5% ash, 3.44 kcal/g, 2.5 IU vitamin D;/g, 1.09% calcium, and 0.93%
phosphorus with water ad libitum. All animal experiments were re-
viewed and approved by the University of Tokyo, Faculty of Medical
Animal Care and Use Committee, before the study.

Osteoblast cultures

Osteoblasts were isolated from calvariae of neonatal WT, IRS-1—/—,
and IRS-2—/— littermates. Calvariae were digested for 10 min, 5 times,
at 37 C in an enzyme solution containing 0.1% collagenase and 0.2%
dispase. Cells isolated by the last four digestions were combined as an
osteoblast population and cultured in «MEM (Invitrogen, Carlsbad, CA)
containing 10% FBS (HyClone Laboratories, Inc., Logan, UT) and 50
ug/ml ascorbic acid (Sigma-Aldrich Corp., St. Louis, MO).

For real-time quantitative RT-PCR analysis, primary osteoblasts were
inoculated at a density of 1 X 10% cells/well in a 24-multiwell plate, and
cultured in the medium above, with or without 100 nM recombinant
human PTH(1-34) (Sigma-Aldrich Corp.) for 14 d. Total RNA was ex-
tracted with an ISOGEN kit (Wako Pure Chemical Industries Ltd.,
Osaka, Japan), according to the manufacturer’s instructions. One mi-
crogram of RNA was reverse-transcribed using a Takara RNA PCR Kit,
version 2.1 (Takara Shuzo Co., Shiga, Japan), to make single-stranded
c¢DNA. The ABI Prism Sequence Detection System 7000 and Primer
Express Software (Applied Biosystems, Foster City, CA) were used for
PCR amplification and quantitative analysis, respectively. For the IGF-I
gene, a set of primers was designed using sequences obtained from the
GenBank as follows: 5’GACAGATACARRCTGTGCTCA-3' and 5'-CT-
GAAGCTTGCTAACATCGC-3'. The PCR consisted of QuantiTect SYBR
Green Master Mix (QIAGEN, Tokyo, Japan), 0.3 um specific primers, and
20 ng cDNA.

For the IGF-I protein level measurement, primary osteoblasts were
cultured, as described above, for 14 d, and the free IGF-I concentration
in the culture media was measured with a Non-Exiraction IGF-I ELISA
kit (Diagnostic Systems Laboratories, Inc., Sparks, MD).

For ALP activity measurement, primary osteoblasts were cultured in
the medium above with or without 10 ng/ml recombinant mouse IGF-I
(Sigma-Aldrich Corp.) and 5 nM antimouse IGF-I antibody (Sigma-
Aldrich Corp.). At 14 d of culture, cells were sonicated in 10 mm Tris-HCl
buffer (pH 8.0) containing 1 my MgCl, and 0.5% Triton X-100, and ALP
activity in the lysate was measured using an ALP assay kit (Wako Pure
Chemical Industries Ltd.). The protein content was determined using
BCA protein assay reagent (Pierce Chemical Co., Rockford, IL).

Immunoprecipitation and immunoblotting

After stimulation by 100 nm PTH for the indicated time, cultured
osteoblasts were lysed with TNE buffer (10 mm Tris-HCI, 150 ma NaCl,
1% NP-40, 1 mm EDTA, 10 mm NaF, 2 mM Na,VO,, 1 mm aminocethyl-
benzenesulfonyl fluoride, and 10 pg/ml aprotinin). A part of the cell
lysates (100 pg) was immunoprecipitated with an antiphosphotyrosine
antibody, an antimouse IGF-I receptor antibody, an antimouse insulin
receptor antibody, an antimouse IRS-1 antibody, or an antimouse IRS-2
antibody (all from Upstate Biotechnology, Inc., Waltham, MA) conju-
gated to protein G-Sepharose (Invitrogen) for 4 h at 4 C. The cell lysates
with or without the immunoprecipitation that contained an equivalent
amount of protein (20 ug) were electrophoresed by 8% SDS-PAGE and
transferred to nitrocellulose membrane. After blocking with 5% BSA
solution, they were incubated with the antibodies above, and the im-
munoreactive bands were stained using the ECL chemiluminescence
reaction (Amersham, Arlington Heights, IL). The intensity of each band
was measured by densitometry (Bio-Rad Laboratories, Inc., Richmond,
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CA) and was expressed as the mean value of five independent
experiments.

PTH treatment on mice

IRS-1—/— mice and their littermates and IRS-2~/— mice and their
littermates (males, all n = 10) received either PTH (80 pg/kg body
weight) or vehicle (PBS) by sc injection every day for 4 wk beginning at
10 wk of age. Blood samples were collected by heart puncture under
nembutal (Dainippon Pharmaceutical Co., Ltd., Osaka, Japan) anesthe-
sia before being killed. For radiological and histological analyses, ani-
mals were killed after 4 wk of PTH treatment by diethylether. The right
femurs and tibiae were obtained for bone densitometry, and the left
femurs and tibiae for peripheral quantitative computerized tomography
(pQCT) and histological analyses, respectively. Lumbar vertebral bodies
from L2~L5 were also obtained for bone densitometry.

Bone densitometry and pQCT

Bone mineral density (BMD; milligrams per square centimeter) of the
right femur, tibiae, and L2-L5 vertebral bodies was determined using
dual-energy x-ray absorptiometry (PIXImus Mouse Densitometer; Lu-
nar Corp., Madison, WI) according to the manufacturer’s instructions.
Computerized tomography was performed with a pQCT analyzer (XCT
Research SA+; Stratec Medizintechnik GmbH, Pforzheim, Germany)
operating at a resolution of 80 um. Metaphyseal pQCT scans of the left
femurs were performed to measure the trabecular volumetric BMD. The
scan was positioned in the metaphysis at 1.2 mm proximal from the
distal growth plate. Because this area contains trabecular and cortical
bones, the trabecular bone region was defined by setting the threshold
to 395 mg/cm? Middiaphyseal pQCT scans of the left femurs were
performed to determine the cortical thickness. The middiaphyseal re-
gion of femurs in mice contains mostly cortical bone. The cortical bone
region was defined by setting the threshold to 690 mg/cm?®. The inter-
assay coefficients of variation for the pQCT measurements were less
than 2%.

Histological analyses

For the assessment of dynamic histomorphometric indices, mice were
injected with calcein (16 mg/kg body weight) sc at 10 d and 3 d before
being killed, after which the left tibiae were excised and fixed with
ethanol, and the undecalcified bones were embedded in glycolmethac-
rylate. Three-micrometer sagittal sections from the proximal parts of
tibiae were stained with toluidine blue and were visualized under flu-
orescent light microscopy for calcein labeling. The specimens were sub-
jected to histomorphometric analyses using a semiautomated system
(Osteoplan T; Carl Zeiss, Oberkochen, Germany), and measurements
were made at X400 magnification. Parameters for the trabecular bone
were measured in an area 1.2 mm in length, from 250 pum below the
growth plate at the proximal metaphysis of the tibiae. Nomenclature,
symbols, and units are those recommended by the Nomenclature Com-
mittee of the American Society for Bone and Mineral Research (18).

Serum biochemical assays

For serum IGF-I levels, acid ethanol extraction was used to remove
the IGF-binding proteins, and the extracted samples were assayed for
IGF-I with a RIA kit from Nichols Institute Diagnostics (San Juan Cap-
istrano, CA). Serum osteocalcin levels were determined by using the
competitive RIA kit (Biomedical Technologies, Stoughton, MA). The
sensitivity of the assay was 19 ng/ml, and the interassay and intraassay
coefficients of variation were less than 10%. Serum ALP activity was
determined by liquitech ALP kit (Roche Diagnostics, Basel, Switzerland)
with an autoanalyzer (type 7170; Hitachi High-Technologies Corpora-
tion, Tokyo, Japan). ALP activity of the blood samples was expressed as
nanomoles per minute and per milligram of protein.

Statistical analysis

Mearns of groups were compared by ANOVA, and significance of
differences was determined by post hoc testing using Bonferroni’s
method.
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Fig. 1. Effects of PTH on cultured osteoblasts iso-
lated from neonatal mouse calvariae. A, IGF-I mRNA
level determined by real-time quantitative RT-PCR
(left), IGF-1 protein level in the culture medium (mid-
dle), and ALP activity in the cell lysate (right) in the
primary calvarial osteoblast culture in the presence
and absence of PTH (100 nM), an antibody against
IGF-I (o-IGF-1, 5 nM), and recombinant mouse IGF-I
(rmIGF-I, 10 ng/ml) for 2 wk. Data are expressed as
means (bars) * SEM (error bars) for eight wells per
group. *, Significant increase compared with the con-
trol culture, P < 0.01; #, significant inhibition by
o-IGF-I, P < 0.05. B, Protein levels by immunopre-
cipitation (IP) and immunoblotting (IB) of IGF-I re-
ceptor, insulin receptor, IRS-1, and IRS-2 with or
without phosphorylation in osteoblasts cultured with
PTH (100 nM) for the indicated times. Some of the cell
lysates were immunoprecipitated with an antiphos-
photyrosine antibody (-PY), and the cell lysates with
or without (=) the immunoprecipitation were immu-
noblotted with an antimouse IGF-I receptor (o-IGF-
IR), an antimouse insulin receptor (a-IR), an anti-
mouse IRS-1 (o-IRS-1), or an antimouse IRS-2
antibody (a-IRS-2). Some of the cell lysates were re-
ciprocally immunoprecipitated with «-IGFR or o-IR
and immunoblotted with a-PY. Blottings with an anti-
B-actin (a-actin) were used as loading controls. Sim-
ilar results were obtained in five independent exper-
iments. The graph below shows the mean values of the
band intensities of phosphorylated proteins normal-
ized to c-actin quantified using densitometry in five
independent experiments. Data are expressed as the
ratio of the value at time zero. Although the data of
proteins without phosphorylation are not shown in the
graph, they were not significantly affected by PTH
during the observation period (the ratio values were
from 0.8-1.2). Data are expressed as means (bars) =
SEM (error bars) of five independent experiments. ¥,
Significant difference from that at time zero, P < 0.01.
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Resulis
Effects of PTH on cultured osteoblasts

We first examined the effects of recombinant human
PTH(1-34) in the cultures of primary osteoblasts derived
from mouse calvariae. IGF-I mRNA level determined by
real-time RT-PCR, IGF-I protein level in the cultured me-
dium, and ALP activity in the cell lysate were all increased
about 2-fold with PTH (100 nm) treatment compared with the
control cultures (Fig. 1A). A neutralizing antibody against
IGF-I significantly, although not completely, suppressed the
PTH stimulation of ALP activity. Furthermore, addition of a
recombinant mouse IGF-1 at a conceniration similar to that
of endogenous IGF-I (10 mg/ml) stimulated by PTH in-
creased the ALP activity to a level similar to that by PTH.
These lines of results confirm that the PTH anabolic action is,
at least partly, mediated by the IGF-I production in osteo-
blasts, as previously reported (8, 11, 12).

To provide some insights into signaling pathways that are
involved in the PTH action on primary osteoblasts, we ex-
amined the phosphorylations of IGF-I receptor, insulin re-
ceptor, IRS-1, and IRS-2 in five independent experiments
(Fig. 1B). Immunoprecipitation and immunoblotting analy-
ses revealed that phosphorylations of IGF-I receptor and
IRS-1 were clearly induced at 1 min and reached maximum
at 5 min. IRS-2 was also phosphorylated by PTH, although
not as strongly as IGF-I receptor and IRS-1. Insulin receptor
was hardly phosphorylated by PTH. None of the protein
levels of IGF-I receptor, insulin receptor, IRS-1, or IRS-2 were
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altered by PTH during the observation period up to 60 min,
suggesting that PTH does not show transcriptional or trans-
lational regulation of these signaling molecules. These results
indicate that IGF-I production followed by the activation of
its intracellular signaling pathways may be related to the
PTH action in osteoblasts.

Effects of PTH on bones in IRS-1—/— and IRS-2—/— mice

To learn the roles of the IRS-1 and IRS-2 in the PTH action
on bone in vivo, we analyzed the PTH effects on the knockout
mice by comparing them with those of respective WT litter-
mates using radiological and histological analyses. Both
knockout mice were healthy, with no abnormality in major
organs except that IRS-1—/~ mice alone showed about 20%
shorter limbs and trunk, whereas IRS-2—/— mice were nor-
mal in size compared with WT littermates (19-21). The mice
(10 wk old, males) were given daily sc injections of PTH (80
ng/kg) or vehicle for 4 wk, after which their femurs, tibiae,
and lumbar vertebrae underwent radiological and histolog-
ical analyses. As we previously reported for bone pheno-
types under physiological conditions (16, 17), both knockout
mice showed osteopenia when injected with vehicle: BMDs
of femur, tibia, and lumbar vertebra in IRS-1—/— and those
of femur and tibia in IRS-2—/— were significantly lower than
respective WT littermates (Fig. 2). The PTH injection in-
creased BMDs of these bones 10-20% in WT; however, this
increase was hardly seen in the IRS-1—/— bones (Fig. 2A).
The stimulations by PTH, on the contrary, seen in the IRS-
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Fic. 2. Effects of PTH treatment on bone densities in IRS-1—/— mice (A) and IRS-2—/ ~ mice (B), compared with respective WT littermates.
IRS-1—/~ mice and the littermates and IRS-2—/ — mice and the littermates (males, 10 wk old, n = 10/group) received daily sc injections of
either PTH (80 pg/kg body weight) or vehicle for 4 wk. Mice were killed; and the right femurs, tibine, and L2-L5 vertebral bodies were excised.
BMD values of the entire femurs, tibiae, and vertebral bodies were determined using dual-energy x-ray absorptiometry. Data are expressed
as means (bars) = SEM (error bars) of 10 bones per group. *, Significant effect of PTH, P < 0.01; #, significant difference from WT, P < 0.01.
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2—/— bones were similar to those of the WT littermates (Fig.
2B). These results suggest that IRS-1, but not IRS-2, is needed
for the bone anabolic action of PTH.

We further examined trabecular and cortical bones sep-
arately in the femurs using pQCT (Fig. 3). In trabecular
bones at the distal metaphysis of femurs, both IRS-1—/—
and IRS-2—/— mice showed lower bone density (Fig. 3, A
and C). PTH injection increased the trabecular bone den-
sity about 60% in WT. Here again, this PTH effect was
abolished by the IRS-1 deficiency but was not altered by
the IRS-2 deficiency. In the cortical bones at the midshaft
of the femurs, although the PTH effects on cortical thick-
ness were milder than those on the trabecular density, this
was blocked by the IRS-1 deficiency, although not by the
IRS-2 deficiency (Fig. 3, B and D).
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Histological features of the proximal tibiae showed de-
creases of trabecular bones in vehicle-treated IRS-1—/— and
IRS-2~/— mice compared with the respective WT littermates
(Fig. 4). After PTH treatment for 4 wk, increases of these
bones were observed in IRS-2-/-- and WT littermates to a
similar extent (Fig. 4B), whereas no increase was observed in
the IRS-1—/— trabeculae (Fig. 4A). Bone histomorphometric
measurements in this area confirmed that the PTH injection
augmented the bone volume (trabecular bone volume ex-
pressed as a percent of total tissue volume) of WT mice by
50-60%, with the increases of both bone formation param-
eters (percent of bone surface covered by cuboidal oste-
oclasts, and bone formation rate) and resorption parameters
(percent of bone surface covered by mature osteoclasts, and
percent of eroded surface), indicating a high bone turnover

B Vehicle

PTH

mglem?

800
Wt
400
200
IR5-1-/-
0
0.3 (mm)
{1 venicle
Cortical 02 # 2 PTH
thickness 0.4
0
WT IRS-1+/-
D TH
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400
200
IRS-2-/-
0
0.3 - (mm) %
{1 venicle
Cortical 0.2 PTH
thickness 0.4
0
IRS-2-/-

Fig. 3. Effects of PTH treatment on trabecular and cortical bones in IRS-1~/~— mice (A and B) and IRS-2—/— mice (C and D), compared with
respective WT littermates. After daily injections of either PTH (80 ng/kg body weight) or vehicle for 4 wk, mice were killed, and the distal
metaphysis (A and C) and the middiaphysis (B and D) of the excised left femurs underwent pQCT analysis. The color gradient indicating bone
density is shown in the right bars. The trabecular density at the metaphysis and the cortical thickness at the middiaphysis are shown in the
graphs below. Data in all graphs are expressed as means (bars) = SEMs (error bars) of 10 bones per group. *, Significant effect of PTH, F < 0.01;

#, significant difference from WT, P < 0.01.
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A Vehicle

PTH

IRS-1-/-

B Vehicle PTH

IRS-2-/-

[

F1c. 4. Effects of PTH treatment on histological features of the prox-
imal metaphysis of tibiae in IRS-1—/ — mice (A) and IRS-2—/— mice
(B), compared with respective WT littermates. After death, the left
tibiae were excised, fixed, and embedded in GMA without decalcifi-
cation, and the sagittal sections were stained by toluidine blue. Rep-
resentative samples are shown from mice of each genotype given
either PTH or vehicle. Data of histomorphometric analyses are shown
in Table 1. Bar, 100 pm.

state (Table 1). IRS-1—/— and IRS-2—/— mice showed 30—
40% lower bone volume than respective WT littermates when
injected with vehicle. As we previously reported (16, 17),
IRS-1—/— exhibited a low bone turnover, with decreases in
both bone formation and resorption parameters, whereas
IRS-2—/— mice showed an uncoupling status of bone turn-
over, with decreased bone formation and increased bone
resorption. The PTH injection affected neither the bone vol-
ume nor the bone turnover in the IRS-1—/— mice; however,
in the IRS-2—/— mice, PTH increased bone volume mainly

TABLE 1. Histomorphometry of trabecular bones in proximal tibiae
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through the up-regulation of bone formation rather than
bone resorption.

Effecis of PTH on blood chemistries in IRS-1—/— and
IRS-2—/— mice

The serum markers osteocalcin and ALP supported the
increase of bone formation by the PTH injection in WT mice
(Fig. 5). Here again, these stimulations were not seen in
IRS-1—/— mice but were maintained in IRS-2—/— mice. Be-
cause the serum IGF-I levels were not different between
PTH- and vehicle-treated mice in all genotypes, IGF-1 that is
induced by PTH, as shown in Fig. 1A, seemed not to act as
a systemic factor but to act locally in bone as an autocrine/
paracrine factor.

Discussion

The present study demonstrated that the bone anabolic
function of PTH is mediated by the activation of IGF-1R and
IRS-1, but not IRS-2, as a downstream signaling of IGF-I that
acts locally in bone. Although IRS-1 and IRS-2 are known to
be essential for intracellular signaling of IGF-I and insulin,
these two adaptor molecules have distinct biological roles
and are differentially expressed in a variety of cells. Regard-
ing glucose homeostasis, IRS-1 plays an important role in the
metabolic actions of insulin, mainly in skeletal muscle and
adipose tissue, whereas IRS-2 does so in the liver (22). Our
previous studies revealed that only IRS-1, but not IRS-2, was
expressed in the cartilage of the growth plate or the fracture
callus, so that skeletal growth and fracture healing were
impaired in IRS-1—/— mice, whereas they were normal in
IR5-2—/— mice (21, 23). In bone, IRS-1 is expressed solely in
cells of osteoblast lineage, whereas IRS-2 is expressed in cells
of both osteoblast and osteoclast lineages (16, 17). As de-
scribed above, our previous studies on bones of these two
knockout mice disclosed that IRS-1 is important for main-
taining bone turnover, and IRS-2 for maintaining predomi-
nance of anabolic function over catabolic function of osteo-
blasts (16, 17). In the meantime, previous and present studies
have shown that PTH treatment increases bone turnover in
animals and humans (24, 25). The fact that the suppression
of bone turnover by IRS-1 deficiency suppressed the bone
anabolic action of PTH suggests the importance of elevated
turnover for the PTH function. This is consistent with the

BV/TV (%) 0b.S/BS (%) BFR (mm®/cm?year) Oc.8/BS (%) ES/BS (%)
WT + vehicle 9.35 = 0.69 8.38 = 0.80 4.96 * 0.62 5.28 + 1.39 6.02 = 0.99
WT + PTH 14.23 *+ 1.84¢ 12.27 = 1.89 8.21 = 0.83¢ 10.51 = 1.35° 9.14 * 0.51°
IRS-1—/— + vehicle 5.97 + 0.62° 2.67 = 1.02° 1.06 = 0.29° 2.23 + 0.38* 3.42 + 0.59°
IRS-1-/—- + PTH 6.25 £ 0.73 4.50 +0.93 1.31 £ 0.38 2.71 + 1.03 4.14 * 1.22
WT + vehicle 9.94 = 0.81 8.49 + 1,53 4.22 = 0.29 4.90 = 0.78 535 = 0.71
WT + PTH 15.79 = 1.60° 13.61 = 2.24 9.72 = 1.83¢ 8.84 £1.27° 9.60 = 1.21¢
IRS-2—/— + vehicle 6.86 = 0.63° 12,93 = 2.83 2.06 * 0.31° 7.92 = 0.69° 9.22 + 1,09°
IRS-2—/— + PTH 16.95 = 2.27¢ 15.71 = 1.80 8.71 + 0.59 9.93 = 1.43 11.42 £ 2,01

Parameters for the trabecular bone were measured in an area 1.2 mm in length from 250 wm below the growth plate at the proximal
metaphysis of the tibiae in Villanueva-Goldner and calcein double-labeled sections. Data expressed as means and sEM for 10 bones per group.
BV/TV, Trabecular bone volume expressed as a percentage of total tissue volume; Ob.S/BS, percentage of bone surface covered by cuboidal
osteoblasts; BFR, bone formation rate; Oc.S/BS, percentage of hone surface covered by mature osteoclasts; ES/BS, percentage of eroded surface.

¢ Significant effect of PTH, P < 0.01.
b Significant difference from WT, P < 0.01.
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FIg. 5. Effects of PTH treatment on serum osteocalcin, ALP, and IGF-I levels in IRS-1—/ — mice and IRS-2— / — mice, compared with respective
WT littermates. Mice received either PTH or vehicle for 4 wk as described above, and blood samples were collected by heart puncture before
death. The levels were measured as described in Materials and Methods. *, Significant effect of PTH, P < 0.05; #, significant difference from

WT, P < 0.05.

results of clinical studies showing that the concurrent use of
alendronate, a potent bisphosphonate that markedly sup-
presses bone turnover, reduced the bone anabolic action of
PTH in male and female osteoporosis patients (26, 27).
Because it is unlikely that PTH directly activates IGF-I
receptor and IRS-1, there seem to be two possible molecular
mechanisms underlying the suppression of PTH action by
the IRS-1 deficiency: 1) PTH induces IGF-I production, caus-
ing IGF-I receptor and IRS-1 activation; and 2) IRS-1 signal-
ing affects the intracellular signaling lying downstream of
the PTH/PTH-related protein receptor after PTH binds to it.
The quick phosphorylation of IGF-I receptor and IRS-1 after
PTH treatment in primary osteoblast culture in the present
study (Fig. 1B) supports the former mechanism. Hormones
like PTH and prostaglandin E, that increase cAMP synthesis
and PKA activation are reported to induce the transcription
of IGF-I by way of a C/EBP (CCAAT/enhancer-binding
protein)-sensitive element in exon 1 of the IGF-I gene (28, 29).
However, the latter possibility cannot be denied, because the
inhibition of the PTH stimulation on ALP activity by a neu-
tralizing antibody against IGF-I was not complete, but par-
tial, in the primary osteoblast culture (Fig. 1A). In fact, IRS-1
and PTH/PPR (PTH/PTH-related protein receptor) are
known to share several common signaling pathways. The
main pathways lying downstream of IRS-1 are PI3K/Aktand
MAPKSs, which are important regulators of cell growth and
differentiation. PTH has been shown to directly activate the

p42/p44 MAPK by protein kinase C-dependent, but Ras-
independent, signaling in rat osteoblasts (30) and to up-
regulate PI3K/ Akt activity, which contributes to the MAPK
activation in rat enterocytes (31). In addition, both PTH and
IGF-I have been shown to be involved in the activation of
c-fos expression (32, 33) and cyclin-dependent kinase expres-
sion in osteoblasts (34, 35). These lines of evidence indicate
the PTH signaling pathway may possibly be affected by the
IRS-1 signaling at several points, and the absence of an IRS-1
signaling pathway may result in the failure of PTH to stim-
ulate key target molecules necessary for its anabolic action.

Another potential explanation for the lack of PTH re-
sponse in IRS-1—/— mice could be the impairment of pro-
liferation or differentiation ability of osteoprogenitor cells, so
that they are insensitive not only to PTH but also to other
stimulations. In fact, our present and previous studies dem-
onstrated the decreases in histomorphometric parameters
and serum markers for bone formation in IRS-1—/— mice
under physiological conditions (16). In this regard, however,
our previous study has shown that proliferation and differ-
entiation of primary calvarial cells were stimulated, respond-
ing to fibroblast growth factor-2 and bone morphogenetic
protein-2, respectively, similarly to those of the WT cells,
indicating that functions of IRS-1—/— cells are normal aslong
as adequate signals other than IGF-I signal were applied (16).
Hence, the decreased bone formation under physiological
conditions in IRS-1—/— mice is likely to be due to the deficit
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of anabolic signaling of endogenous IGF-I. Interestingly,
PTH increased the IGF-I protein level in the culture medium
of primary osteoblasts (Fig. 1A) but did not affect the serum
IGF-I level in vivo (Fig. 5), indicating the importance of local
action of IGF-I as an autocrine/paracrine factor for bone
formation rather than its systemic action as a hormone. This
result is consistent with previous reports that disruption of
IGF-I genes, specifically in liver, decreased serum IGF-I by
80% but caused no skeletal abnormality (36, 37). Because the
remaining 20% IGF-I in serum is probably derived from
several tissues, including bone, it is not surprising that PTH
treatment did not increase circulating levels of IGF-L. The
findings that PTH anabolic effects can be suppressed by an
IGF-I-neutralizing antibody in osteoblast cultures in the
present and previous studies (11, 12) also support the idea
that the PTH-induced bone formation involves increased
local production, but not increased circulating levels, of
IGE-L.

The requirement of IGF-I/IRS-1 for mediating the anabolic
effects of bone regulatory hormones may not be unique to
PTH, because previous findings have revealed that many of
the major hormones exert significant effects on IGF-I expres-
sion. GH is a well-known stimulus of IGF-I production in a
variety of tissues, including bone, and exerts its effects on
bone mainly through IGF-I mediation (38). Estradiol, another
important regulator of skeletal metabolism, has been shown
to increase IGF-I production, and IGF-I receptor-blocking
antibodies inhibited the proliferative effect of estradiol in rat
osteoblasts (39, 40). Similarly, other hormones with potent
effects on bone, such as thyroid hormone and androgens,
alter IGF-I levels in bone in a manner consistent with IGF-I
playing a role in the actions of these hormones on bone (41,
42). Although these studies did not examine the involvement
of IRS-1 or IRS-2 in their anabolic actions, it is possible that
the IGF/IRS pathway might be a common signaling for ac-
tions of these major hormones in bone, Further understand-
ing of the molecular mechanism by which the hormones
induce IGF-I and the intracellular signaling that lies down-
stream of IGF-I/IRS in osteoblasts will greatly help to elu-
cidate the complex network of bone formation under sys-
temic regulations.
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