CALCIUM-REGULATING HORMONES

Vitamin D Receptor in Osteoblasts Is a Negative
Regulator of Bone Mass Control
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The physiological and beneficial actions of vitamin D in bone health have been experimentally and
clinically proven in mammals. The active form of vitamin D [1«,25(0OH),D5] binds and activates its
specific nuclear receptor, the vitamin D receptor (VDR). Activated VDR prevents the release of
calcium from its storage in bone to serum by stimulating intestinal calcium absorption and renal
reabsorption. However, the direct action of VDR in bone tissue is poorly understood because serum
Ca?* homeostasis is maintained through tightly regulated ion transport by the kidney, intestine,
and bone. In addition, conventional genetic approaches using VDR knockout (VDR-KO, VDR™/")
mice could not identify VDR action in bone because of the animals’ systemic defects in calcium
metabolism. In this study, we report that systemic VDR heterozygous KO (VDR*/:~) mice generated
with the Cre/loxP system as well as conventional VDR heterozygotes (VDR*/~) showed increased
bone mass in radiological assessments. Because mineral metabolism parameters were unaltered in
both types of mice, these bone phenotypes imply that skeletal VDR plays a role in bone mass
regulation. To confirm this assumption, osteoblast-specific VDR-KO (VDRA©*29b) mice were gen-
erated with 2.3 kb a1(l)-collagen promoter-Cre transgenic mice. They showed a bone mass increase
without any dysregulation of mineral metabolism. Although bone formation parameters were not
affected in bone histomorphometry, bone resorption was obviously reduced in VDRA©>20b mjce
because of decreased expression of receptor activator of nuclear factor kappa-B ligand (an essential
molecule in osteoclastogenesis) in VDRAPPA0b osteoblasts. These findings establish that VDR in
osteoblasts is a negative regulator of bone mass control. (Endocrinology 154: 1008-1020, 2013)

itamin D acting through its steroid hormone,

1a,25(OH) D5 exerts a wide variety of biological ac-
tions in many target organs. Studies have firmly estab-
lished the pivotal roles of 1a,25(OH),D; in calcium ho-
meostasis, mineral metabolism, associated bone
formation, and metabolism (1-3). Thus, it is well accepted
that 1a,25(OH),Dj is a positive factor for bone develop-
ment and maintaining bone mineral density (BMD) (4).
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Such beneficial action of 1a,25(OH), D5 for bone health is
supported by clinical treatment with vitamin D and the
clinical success achieved with vitamin D analogues as an-
tiosteoporotic agents (5-7). Moreover, its impact in the
cytodifferentiation of certain precursor cell types has been
demonstrated (8, 9). These biological actions of
1a,25(0OH),D; are believed to be mediated primarily
through the nuclear vitamin D receptor (VDR). VDR is a

Abbreviations: BMD, bone mineral density; ES, embryonic stem; FBS, fetal bovine serum;
RANKL, receptor activator of nuclear factor kappa-B ligand; SXA, single-energy X-ray
absorptiometry; TRAP, tartrate-resistant acid phosphatase; VDR, vitamin D receptor; VDR-
KO, VDR knockout.
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member of the nuclear hormone receptor gene family and
serves as a ligand-dependent transcription factor to tran-
scriptionally control expression of a set of target genes
(10-12).

The expected significance of VDR in the biological ac-
tions of 1a,25(OH),D; has been verified by analyses of
human mutations and genetically engineered mouse mod-
els. Rachitic abnormalities observed in patients with type
IT hereditary rickets could be recapitulated by ablation of
the Vdr gene in mice (conventional Vdr knockout [VDR-
KO] mice) (13, 14). Interestingly, rachitic abnormalities in
patients and mutant mice looked similar to those induced
by nutritional vitamin D deficiency except for alopecia.
However, 1a,25(OH),D; supplements were not effective
at ameliorating rachitic abnormalities. Moreover, im-
paired bone formation or growth in Vdr mutants could
not be rescued by 1a,25(OH),Dj; (15). However, feeding
normal diets with a reduced phosphate content and high
mineral content improved bone growth or formation in
conventional VDR-KO mice (16, 17). Those findings im-
plied that the positive effects of 1a,25(OH),D5 in bone
development and mineral deposition are mediated by in-
direct actions, such as increases in serum mineral levels.

The concept that 1a,25(OH),D; might have indirect
beneficial actions in bone homeostasis in intact animals
has been hampered by in vitro findings. In contrast to its
beneficial actions in vivo, 1a,25(OH),D5 induces receptor
activator of nuclear factor kappa-B ligand (RANKL), a
major osteoclastogenic factor, in vitro (18 -20). Thus, the
action of 1,25(OH),D; on the skeleton has been enig-
matic because of the contrast between in vivo and in vitro
findings. In skeletal tissue, the
1a,25(OH),D5 in vivo is poorly understood for several
reasons. First, activated VDR prevents calcium release
from bone to serum through its stimulation of intestinal
calcium absorption and renal reabsorption. Second, se-
rum Ca?" homeostasis is maintained as a result of tightly
regulated ion transport by the kidney, intestine, and bone.
Finally, conventional genetic approaches using VDR-KO
(VDR ") mice could not identify VDR action in bone
because of the animals’ systemic defect in calcium
metabolism.

We established previously a genetic approach using the
Cre-loxP system (21) to selectively ablate Vdr to accu-
rately assess VDR function in a given tissue or cell type.
During our characterization of Vdr floxed mice (Vdr ab-
lated in the whole body, designated as systemic VDR-KO
[VDR®""E7] mice), we found that systemic heterozygous
VDR-KO (VDR ™E7) mice exhibited increased bone mass
without endocrine mineral metabolism being affected.
This bone phenotype was also seen in heterozygous mu-
tant mice in which Vdr was ablated by a conventional

direct action of
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approach (VDR*/7). Furthermore, osteoblast-specific
VDR-KO mice (VDRAC¥A0%) exhibited similar increases
in bone mass and mineral density with decreased bone
resorption. Together with the data from in vitro coculture
assays of osteoblasts and osteoclasts, the current findings
demonstrate that VDR in extraskeletal tissues is a positive
regulator of bone mass control, whereas skeletal VDR
serves as an attenuator of bone growth and remodeling.

Materials and Methods

Generation of systemic and osteoblast-specific
VDR-KO mice

A genomic DNA fragment of Vdr was isolated from a TT2
embryonic stem (ES) cell (22) genomic library by using a rat Vdr
c¢DNA as a probe. The targeting vector was created by inserting
a single loxP site and the tk-neo cassette with two loxP sites into
the Sphl site and the BamHI site, respectively. Targeted TT2 ES
cells, identified by Southern blot analysis, were electroporated
with the Cre expression vector to excise the tk-neo cassette and
obtain the VDR targeted clones. The targeted TT2 ES clones,
identified by Southern blot analysis, were aggregated with single
eight-cell embryos from CD-1 mice to generate chimeras, as de-
scribed previously (14, 23). Floxed VDR mice (VDR***), orig-
inally in a hybrid C57BL/6 and CBA genetic background, were
backcrossed into a C57BL/6] background. Floxed VDR mice
were crossed with CMV-Cre transgenic mice [CMV-Cre&'?,
C57BL/6] background] (24) to generate CMV-Cre?/
VDRE""* and then crossed with C57BL/6] wild-type mice to
remove the CMV-Cre transgene. VDR™ /" mice were crossed to
generate systemic VDR-KO mice (VDR™~"=7). Mouse a1(I)-col-
lagen promoter-Cre transgenic mice [Collal-Cre™?] (25),
originally on a FVB genetic background, were backcrossed into
a C57BL/6] background. VDR™#* mice were crossed with
Collal-Cre™” mice to generate Collal-Cre#'?/VDR"*'*.
Osteoblast-specific VDR-KO mice (VDRACY29% Collal-
Cre#"9/VDR**"2) were obtained by crossing Collal-Cre&"?/
VDR™#* male mice with VDR™?* female mice. Offspring were
genotyped either by Southern blotting or by PCR using a specific
pair of primers. The following sets of primers were used: WT
(491 bp) and L2 (575 bp), 5'-CAACCTTGGTGAGCTGAGTT-
TAC-3" and 5'-CACAGCAGGAGTGGGATTACTGATATT-
3';L- (338 bp), 5'-AAAGACACTGGCTGCCAACC-3" and 5'-
TGACAGTGCCCTGTTCTTCC-3'. Cre transgenes (507 bp)
were detected by PCR using a specific pair of primers, 5'-TTC-
CCGCAGAACCTGAAGATGTTCGCG-3" and 5'-CAT-
CAGCTACACCAGAGACGGAAATCC-3'. All mice were
housed in a specific-pathogen-free facility under climate-con-
trolled conditions with a 12 h light/dark cycle and were provided
with water and standard diet (CE-2, CLEA Japan, Tokyo, Japan)
or high calcium diet (CE-2 supplemented with 2% calcium,
1.25% phosphate and 20% lactose, CLEA Japan) ad libitum. All
animals were maintained according to the protocol approved by
the Animal Care and Use Committee of the University of Tokyo.

20z Iudy 60 U0 1s9nB AQ BEEEZHZ/B00 L/E/HS L /BIOIME/OPUS/LI0D"ANO"OILISPEDE)/:SARY WO.) PAPEOUMOQ



1010 Yamamoto et al Osteoblast-Specific VDR-KO Mice

Serum biochemistry

Serum levels of calcium, phosphate, PTH, and 1,25(OH),D
were measured at a commercial laboratory (SRL, Tokyo, Japan).
Serum FGF23 levels were determined using FGF-23 ELISA Kit
(Kainos Laboratories, Tokyo, Japan).

Analysis of skeletal morphology

Bone radiographs of femora were taken with a soft X-ray
apparatus (TRS-1005, SOFRON, Tokyo, Japan). BMD was
measured by single-energy X-ray absorptiometry (SXA) using a
bone mineral analyzer (DCS-600EX-III; ALOKA, Tokyo, Ja-
pan). Bone histomorphometric measurements of osteoblast-spe-
cific VDR-KO mice were performed at a commercial laboratory
(Kureha Special Laboratory, Fukushima, Japan). In brief, an in-
traperitoneal injection of calcein (1.6 mg/kg body weight) was
administrated for in vivo fluorescent labeling twice at an interval
of 72 h. Mice were killed at 48 h after the second injection. Tibiae
were fixed in 70% ethanol and embedded in methyl methacrylate
without decalcification. Bone sections were prepared and sub-
jected to bone histomorphometry. Histomorphometry of the sec-
ondary spongiosa was performed with a semiautomated system
for bone analysis (Histometry RT Camera, System Supply, Na-
gano, Japan) at 400-fold magnification. Nomenclature, sym-
bols, and units are those recommended by the Nomenclature
Committee of the American Society for Bone and Mineral Re-
search (26). Histomorphometry of the proximal tibial metaph-
yses of systemic VDR-KO mice were performed for four optical
fields of the proximal border immediately adjacent to the growth
plate using the OsteoMeasure histomorphometry system (Os-
teoMetrics, Decatur, Georgia) at 200-fold magnification. Mi-
crocomputed tomographic (wCT) analysis of femora was per-
formed using a Scanco Medical wCT335 System (Scanco Medical,
Briittisellen, Switzerland) with an isotropic voxel size of 6 um
(high-resolution) for trabecular analyses and 12 um (medium
resolution) for cortical analyses according to the manufacturer’s
instructions and the recent guidelines of the American Society for
Bone and Mineral Research (27). Scans were conducted in 70%
ethanol and used an X-ray tube potential of 70 kVp, an X-ray
intensity of 0.114 mA, and an integration time of 400 ms. From
the scans of the distal femur, a region beginning proximal to the
growth plate and extending 1.73 to 2.76 mm proximally and a
region of 2.4 mm in length and the center at the midpoint of the
femur was selected for quantitative volumetric analyses of me-
taphyseal trabecular and diaphyseal cortical microstructures, re-
spectively. The image slices were reconstructed using Scanco
wCT Version 6.1 software (Scanco Medical). For tartrate-resis-
tant acid phosphatase (TRAP) staining, lumbar vertebrae were
fixed in 4% paraformaldehyde overnight and dehydrated with
graded ethanol and embedded in methyl methacrylate without
decalcification. Bone sections (4 um thick) were prepared with a
microtome (Leica RM2255, Leica Microsystems, Wetzlar, Ger-
many) and subjected to TRAP staining followed by counterstain-
ing with hematoxylin.

Real-time RT-PCR

Total RNA was extracted with TRIzol (Invitrogen, Life Tech-
nologies, Carlsbad, California) and subsequently treated with
DNase I (TAKARA BIO INC, Otsu, Japan). First-strand cDNA
was synthesized from total RNA using PrimeScript RT Master
Mix (TAKARA BIO INC) and subjected to real-time RT-PCR
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using SYBR Premix Ex Taq II (TAKARA BIO INC) or KAPA
SYBR Fast qPCR Kits (KAPA Biosystems, Boston, Massachu-
setts) with Thermal Cycler Dice (TAKARA BIO INC) accord-
ing to the manufacturer’s instructions. Primers were pur-
chased from TAKARA BIO INC or Operon Biotechnologies
(Tokyo, Japan) (23).

Cell culture

Primary osteoblasts were isolated from calvariae of 2-day-old
mice according to a method reported previously (28). Calvariae
were cut into small pieces and embedded in a type I collagen gel
(Cellmatrix Type I-A, Nitta Gelatin Inc, Osaka, Japan). After 4
days of culture, osteoblasts grown from the calvariae were iso-
lated by digestion of collagen gels with collagenase (Wako,
Osaka, Japan) and suspended in «MEM containing 10% fetal
bovine serum (FBS) and cultured until confluent. Primary osteo-
blasts were then differentiated in «MEM containing 10% FBS,
50 pg/mL ascorbic acid, and 10 mM B-glycerophosphate for 7
days or cocultured with bone marrow macrophages in eMEM
containing 10% FBS supplemented with 10~ % M 1¢,25(OH),D;
(Cayman Chemical, Ann Arbor, Michigan) for 7 days.

Isolation of the osteocyte fraction

Osteocytes were isolated from calvariae as reported previ-
ously (29) with modification. Briefly, calvariae were dissected
from 12-day-old mice and subjected to six sequential, 30-minute
digestions in PBS containing 0.05% trypsin, 0.53 mM EDTA,
and 1.5 U/mL collagenase-P (Roche Applied Science, Mann-
heim, Germany) at 37°C. Cell fractions four to six were collected
and suspended in high glucose DMEM containing 10% FBS.
Cells were centrifuged and resuspended in TRIzol for RNA
extraction.

Statistical analysis

Data were analyzed by two-tailed Student # test. For all
graphs, data are represented as means * SD. Statistical signifi-
cance was accepted at P < .03.

Results

VDR~ mice exhibited typical features of
vitamin D-dependent type Il rickets

To precisely assess VDR’s function in target organs, a
Cre-loxP system was applied to generate floxed VDR mice
by introducing loxP sites in the VDR gene locus (Figure 1).
The floxed mutation was genetically transmitted, and
floxed VDR mice were born at Mendelian frequencies. No
obvious morphological abnormalities were seen even in
aged floxed mice. To examine whether the expected ex-
cision of DNA between two loxP sites by Cre recombinase
was inducible in vivo, floxed VDR mice were crossed with
Cre transgenic mice [CMV-Cre™#'?] driven by a universal
CMV promoter (24) to generate CMV-Cre™'?/VDR-/*
offspring that were then crossed with C57BL/6] wild-type
mice to remove the CMV-Cre transgene. Resultant
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Figure 1. Generation of floxed VDR (VDR"?/*) mice. A, lllustration of the targeting strategy. Black boxes and arrowheads represent exons and
loxP sites, respectively. Abbreviations: B, BamHI; E, EcoRI; Sh, Sphl; X, Xbal; Xo, Xhol. B, Southern blot analyses of embryonic stem (ES) cells.
Genomic DNA isolated from ES cells electroporated with the targeting vector (upper) and from targeted ES cells electroporated with the Cre
expression vector (lower) were digested with the indicated restriction enzymes and hybridized with the indicated probes.

VDRE""" mice were further crossed to obtain systemic
VDR-KO mice (VDR"""7).

To confirm ablation of the Vdr gene using this ap-
proach, VDR*F~ mice were compared with conven-
tional VDR-KO mice (VDR /") in regard to the expected
rachitic abnormalities (14). Conventional VDR-KO mice
exhibited typical features of vitamin D-dependent type 11
rickets, such as growth retardation, hypocalcemia, sec-
ondary hyperparathyroidism, impaired bone formation,
and alopecia (13, 14). Most of conventional VDR-KO
mice died within 15 weeks of birth (14). Similar observa-
tions were made in VDR® """ mice, including growth
retardation (Figure 2A), alopecia (Figure 2B), hypocalce-
mia, hypophosphatemia, secondary hyperparathyroid-
ism, and elevated serum levels of 1,25(OH),D (Figure 2C).
VDR* =~ mice fed a normal calcium diet were generally
debilitated with weight loss after 9 weeks and died within
15 weeks of birth. High-calcium diets prevented lethality
in VDRY* %~ mice and VDR ™/~ mice (data not shown).
Soft X-ray images (Figure 2D) and wCT analysis (Figure 2,
E and F) of femora showed impaired bone formation. Vil-
lanueva-Goldner staining (Figure 2G) and histomorpho-
metric analysis on primary spongiosa (Figure 2H) of prox-

imal tibial metaphyses showed disorganized growth plate
morphology, as well as a significant increase in osteoid
volume. These observations confirmed complete Vdr ab-
lation in VDR *~ mice, the same as observed in
VDR ™/~ mice (14).

VDR*"~ as well as VDR~ mice showed increased
bone mass without overt rachitic abnormalities
During our detailed characterization of VDRY ™/~
mice, we found that systemic VDR heterozygous KO
(VDR *E7) mice exhibited increased bone mass at the age
of 18 weeks (Figure 3, D-G). No rachitic features such as
growth retardation (Figure 2A), alopecia (Figure 3A), hy-
pocalcemia, hypophosphatemia, or elevated serum levels
of 1,25(OH),D (Figure 3B) were obvious in VDR*/"~
mice. Villanueva-Goldner staining of proximal tibial me-
taphyses (Figure 3C) and soft X-ray images of femora (Fig-
ure 3D) showed normal bone mineralization and mor-
phology, respectively. BMD analyzed by SXA (Figure 3E)
showed increased bone massin VDR */*~ mice. wCT anal-
ysis (Figure 3, F and G) also showed increased trabecular
bone volume of the distal femoral metaphyses of
VDR~ mice. Because conventional VDR-KO heterozy-
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Figure 2. VDR'™"t~ mice exhibited features typical of vitamin D-dependent type Il rickets. A,
Growth curves of mice. n = 4 for each genotype. The line of VDR:™:~ was terminated at 8

weeks because VDRt~ mice were generally debilitated with weight loss after 9 weeks and died

within 15 weeks after birth. B, Appearance of 27- (left) and 41-week-old (right) VDR~ mice
and hematoxylin and eosin staining of skin sections of 26-week-old mice fed a high-calcium diet.
C, Biochemical analysis of 6-week-old mice. n = 4 for each genotype. *P < .05 compared with
VDR™* mice. D, Soft X-ray images of femora in 6-week-old mice. E, Three-dimensional
microcomputed tomographic (wCT) images of distal femora in 6-week-old mice. Scale bar: 1
mm. F, Quantitative uCT analysis of trabecular structure on 460 microtomographic slices (2.76
mm) at the distal femur in 6-week-old mice. n = 5 for each genotype. *P < .05 compared with
VDR™* mice. G, Villanueva-Goldner staining of proximal tibiae in 6-week-old mice. Lower (left)
and higher (right) magnification images of growth plate and cancellous bone are indicated.
Mineralized bone and unmineralized osteoid are stained green and red, respectively. Scale bar:
100 um. H, Histomorphometric analysis on primary spongiosa of proximal tibial metaphyses
performed at proximal border immediately adjacent to the growth plate in 6-week-old mice.
Abbreviations: Md.BV/TV, mineralized bone volume per tissue volume; OV/Md.BV, osteoid
volume per mineralized bone volume. n = 3 for each genotype. *P < .05 compared with
VDR™"* mice.
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gous male mice generated by other
methods (13) had normal skeletal
development until 16 weeks of age
(30), we re-examined the bone phe-
notype in conventional VDR
heterozygous KO mice (VDR*'")
generated by our group (14). As re-
ported previously (14), no rachitic
features such as growth retardation
(Figure 3, H and I) or alopecia (Fig-
ure 3H) were obvious in VDR*/~
mice. Although soft X-ray images of
femora (Figure 3J) showed normal
bone morphology, even in VDR*/~
mice at the age of 16 weeks, BMD
data were higher than those of their
wild-type littermates (Figure 3K).
wCT analysis (Figure 3, L and M)
also showed increased trabecular
bone volume of the distal femoral
metaphyses of VDR~ mice. Be-
cause mineral metabolism parame-
ters and endocrine markers were un-
altered in both heterozygotes, these
bone phenotypes imply that skeletal
VDR plays a role in bone mass
regulation.

Selective ablation of Vdr in
osteoblasts in mice with normal
mineral metabolism

To directly assess the function of
VDR in bone, Vdr was selectively ab-
lated in osteoblasts by crossing the
floxed VDR mice with al(I)-colla-
gen promoter-Cre transgenic mice
[Collal-Cre™”] driven by an os-
teoblast-specific 2.3 kb mouse a1(I)-
collagen promoter (25). The loxP ex-
cision in osteoblasts was confirmed
by X-gal staining of the whole em-
bryo and bone sections of mice gen-
erated by crossing Collal-Cre"s'?
mice with tester mice carrying an
lacZ transgene (25). Osteoblast-se-
lective  Cre recombination in
Collal-Cre™”/VDR"*"? mice was
tested by Southern blot analysis of
gDNA prepared from various tissues
from these mice. As shown in Figure
4A, DNA excision was seen exclu-
sively in calvaria and long bones,
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Figure 3. VDR™~ as well as VDR~ mice exhibited increased bone mass. A, Appearance of 18-week-old VDR*’* and VDR*"~ mice. B,
Biochemical analysis of 18-week-old mice. n = 4 for each genotype. C, Villanueva-Goldner staining of proximal tibial metaphyses in 18-week-old
mice. #Indicates connective tissues. D, Soft X-ray images of femora in 18-week-old mice. Body weight-matched male littermates were analyzed. E,
Bone mineral density (BMD) of each of 20 equal longitudinal divisions of femora from 18-week-old mice. Body weight-matched male littermates
were analyzed. n = 4 for each genotype. *P < .05 compared with VDR™* mice. F and G, Three-dimensional microcomputed tomographic (uCT)

images of trabecular bone (F) and quantitative analysis of trabecular bone volume (G) on 400 microtomographic slices (2.4 mm) at the distal

1013

femoral metaphyses in 18-week-old mice. Body weight-matched male littermates were analyzed. Scale bar: 1 mm. n = 4 for each genotype. *P <
.05 compared with VDR*'* mice. H, Appearance of 9-week-old VDR*'* and VDR™~ mice. |, Growth curves of mice. n = 5 for each genotype. J,
Soft X-ray images of femora in 16-week-old mice. Body weight-matched male littermates were analyzed. K, BMD of each of 20 equal longitudinal
divisions of femora from 16-week-old mice. Body weight-matched male littermates were analyzed. n = 4 for each genotype. *P < .05 compared
with VDR*/* mice. L and M, Three-dimensional uCT images of trabecular bone (L) and quantitative analysis of trabecular bone volume (M) on 400
microtomographic slices (2.4 mm) at the distal femoral metaphyses in 16-week-old mice. Body weight-matched male littermates were analyzed.
Scale bar: 1 mm. n = 6 for each genotype. *P < .05 compared with VDR*’* mice.
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Figure 4. Normocalcemia and normophosphatemia in VDRA®A9 mice. A, Southern blot
analysis of gDNA prepared from the indicated tissues of VDRAOb/AOb mice. Genomic DNA was
digested with BamHI and Xbal and hybridized with probe A in Figure 1A. B and C, Vdr gene
expression in primary osteoblasts prepared from calvariae of newborn mice (B) and in an
osteocyte-rich fraction prepared by sequential enzymatic digestion of calvariae of 12-day-old
mice (C). Expression was assessed by real-time RT-PCR and normalized to that of Gapdh. n = 3

type in bone at 8 weeks of age (31).
Although soft X-ray images of fem-
ora showed normal bone morphol-
ogy (Figure 5A), BMD analyzed by
SXA (Figure 5B) showed increased

bone mass in VDRACYA0l mice

for each genotype. Data are means * SD of duplicate wells. *P < .05 compared with VDR'?12

mice. D, Gene expression of Cyp24aT in primary osteoblasts prepared from calvariae of newborn
mice treated with vehicle or 1a,25(0H),D5 (1078 M). Expression was assessed by real-time RT-
PCR and normalized to that of Gapdh. n = 3 for each genotype. Data are means *+ SD of
duplicate wells. *P < .05 compared with VDR'?"*? mice. E, Gene expression of VDR and Cyp27b1
in kidneys of 16-week-old mice. Expression was assessed by real-time RT-PCR and normalized to
that of Gapdh. n = 4 for each genotype. Data are means = SD of duplicate wells. F, Growth
curves of mice. n = 5 for each genotype. G, Biochemical analysis of 16-week-old mice. n = 6 for

each genotype.

whereas no obvious excision was detected in other tissues,
including kidney and intestine, where VDR is a significant
regulator of mineral metabolism. The level of Vdr mRNA
expression was reduced in primary osteoblasts prepared
from calvariae of newborn Collal-Cre”/VDR" %12
mice when assessed by real-time RT-PCR (Figure 4B).
However, no obvious reduction of Vdr mRNA expression
was observed in an osteocyte-rich fraction prepared by
sequential enzymatic digestion of calvariae of 12-day-old
mice (Figure 4C). Partial VDR inactivation was confirmed
by assessing 1a,25(OH),D;-induced Cyp24al mRNA ex-
pression in primary osteoblasts from Collal-Cre®€?/

when compared with their body
weight-matched control littermates
(VDR™#"2) at 16 weeks of age. uCT
analysis (Figure 5, C and D) showed
increased trabecular bone volume of
the distal femoral metaphyses of
VDRACY20b mice at 16 weeks of
age. However, no significant differ-
ences was observed in cortical thick-
ness of the femoral midshaft of VDRA*C*A00 mice at 16
weeks of age (Figure 5, C and D) or in trabecular bone
volume of the distal femoral metaphyses at 4 (Figure 5, E
and F) or 9 weeks (Figure 5, G and H) of age.

Apparent increased bone mass with decreased
bone resorption in VDRA%?A%b mjce
Histomorphometric analyses on secondary spongiosa
of the proximal tibial metaphyses of 16-week-old mice
revealed significant decreases in parameters of bone re-
sorption, such as the numbers of osteoclasts and osteoclast
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Figure 5. VDRA%A% mjce exhibit increased bone mass. A, Soft X-ray images of femora in 16-week-old mice. Body weight-matched male
littermates were analyzed. B, Bone mineral density (BMD) of each of 20 equal longitudinal divisions (left) and of three regions (distal: division 1-7;
middle: division 8—13; proximal: division 14-20, right) of femora from 16-week-old mice. Body weight-matched male littermates were analyzed.

n = 4 for each genotype. *P < .05 compared with VDR*?"2 mice. C to H, Three-dimensional microcomputed tomographic (wCT) images (upper
panels in C, E, G) and quantitative analysis of trabecular bone volume (D, F, H) on 400 (upper panels in C and D), and 288 (E and F), 376 (G and H)
microtomographic slices (2.4, 1.73, 2.26 mm, respectively) at the distal femoral metaphyses and three-dimensional wCT images (lower panels in C)
and quantitative analysis of cortical structure on 200 microtomographic slices (2.4 mm) at the femoral midshaft (D) in 16- (C and D), 4- (E and F),
and 9-week-old mice (G and H). Body weight-matched male littermates were analyzed. Scale bar: 1 mm. n = 6 (C and D) or n = 4 (E-H) for each

genotype. *P < .05 compared with VDR"?:2 mice.

surface in VDRAO”29% mice compared with those in

VDR E2_whereas no statistically significant differences
were found in parameters of bone formation, such as os-
teoblast surface, mineral apposition rate, bone formation
rate, and mineralizing surface per bone surface (Figure
6A). TRAP staining of lumbar vertebrae in 16-week-old
mice also showed decreased bone resorption
VDRAOY29b mice (Figure 6B).

n

Osteoblastic VDR-mediated vitamin D action in
osteoclastogenesis through gene induction

To further assess the reasons of the increased bone mass
caused by the decreased bone resorption in VDRAC?A0b

mice, we examined the expressions of marker genes asso-
ciated with osteoblast/osteoclast development, as well as
Fgf23. Among the tested markers in the tibia of
VDRACYA0b mice (Figure 7A), a significant decrease was
found in the mRNA level of RANKL (Tnfsf11), which is
akey factor for osteoclastogenesis expressed in osteoblasts
(19, 32),chondrocytes (33, 34), and osteocytes (34, 35), as
well as gene expressions of nuclear factor of activated T
cells (Nfatcl), c-fos, and Trap. Although decreased ex-
pression of Fgf23 in bone and reduced concentration of
Fgf23 in the serum of chondrocyte-specific VDR-KO mice
were reported (33), gene expression of Fgf23 (Figure 7A)
in bone and the concentration of Fgf23 in serum (Figure
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Figure 6. Increased bone mass with decreased bone resorption is apparent in VDRA?A% mijce.
A, Bone histomorphometric analysis of proximal tibial metaphyses of 16-week-old mice.
Abbreviations: BFR/BS, bone formation rate per bone surface; BV/TV, bone volume per tissue
volume; ES/BS, eroded surface per bone surface; MAR, mineral apposition rate; MS/BS,
mineralizing surface per bone surface; N. Oc/B.Pm, osteoclast number per bone perimeter; Ob.S/
BS, osteoblast surface per bone surface; Oc.S/ BS, osteoclast surface per bone surface; OS/BS,
osteoid surface per bone surface; O.Th, osteoid thickness; Tb.N, trabecular number; Tb.Sp,
trabecular separation; Tb.Th, trabecular thickness. Body weight-matched male littermates were
analyzed. n = 5 for each genotype. *P < .05 compared with VDR""2 mice. B, Tartrate-resistant
acid phosphatase (TRAP) staining of lumbar sections of 16-week-old mice. Scale bar: 50 um.

4G) were not altered in VDRAC?A0? mice. Moreover, we

examined gene expression of RANKL and osteoprote-
gerin (Opg, Tnfrsf11b, soluble decoy receptor of RANKL)
in cultured osteoblasts. As shown in Figure 7B, the nRNA
level of RANKL and the RANKL/Opg ratio, an index of
osteoclastogenic stimulus, were significantly decreased in
osteoblasts of VDRAOYA9Y  mice treated with
1a,25(OH),D5. On the other hand, the mRNA level of
RANKL in the osteocyte fraction obtained from

MSI/BS (%)
O =2 NWMAOOON
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VDRACY20b mice was not altered
(Figure 7C). Thus, the observed de-
crease in bone resorption in
VDRAOYA0b mice is attributable to
lowered osteoclastogenesis caused
by the reduced level of RANKL ex-
pression in osteoblasts. To verify this
idea, we examined whether osteo-
blast and osteoclast precursor cells
derived from calvaria and bone mar-
row of VDRAC”29% mjce could dif-
ferentiate in response to known in-
ducers, such as ascorbic acid and
B-glycerophosphate  (osteoblasts)
and macrophage-colony stimulating
factorand RANKL (osteoclasts) (19,
36-38). In the presence of such in-
ducers, both osteoblastogenesis (Fig-
ure 7D) and osteoclastogenesis (Fig-
ure 7E) appeared indistinguishable
between  cells derived from
VDRAOY20b and VDR 2 mice.

We then tested the osteoblastic ac-
tion of 1a,25(OH), D5 in an osteoclas-
togenesis assay using a coculture sys-
tem in the presence of 1a,25(OH), D,
a known inducer of osteoclast differ-
entiation (19, 36, 37). When osteo-
blast precursor cells derived from cal-
varia and osteoclast precursor cells
from bone marrow of VDR**? mice
were cocultured with 1a,25(OH), D5,
TRAP-positive staining was detected
in multinuclear osteoclasts. However,
the osteoblast and osteoclast precur-
sor cells from VDRACYA0b
partially impaired in the response to
1a,25(0OH),Dj; in the induction of os-
teoclastogenesis (Figure 7F). These re-
sults suggest that osteoblastic VDR
mediates the 1¢,25(OH),D; action
for osteoclastogenesis, presumably
through induction of RANKL gene
expression. Taken together, these results suggest that VDR in
intact bone is a negative regulator of bone mass through its
stimulation of bone resorption via potentiation of RANKL-
induced osteoclastogenesis.

mice were

Discussion

1a,25(OH),Dj; is one of the best established hormones for
enhancing bone health. Nutritional and pharmacologic
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Figure 7. Osteoblastic VDR mediates 1,25(0H),D5 action in osteoclastogenesis through gene induction. A, Gene expression in tibiae of 16-week-
old VDR and VDRAOPA% mjce. Expression was assessed by real-time RT-PCR and normalized to that of Gapdh. n = 3 for each genotype. Data
are means *+ SD of duplicate wells. *P < .05 compared with VDR mice. B, Gene expression of RANKL (left) and Opg (middle) and RANKL/Opg
ratio (right) in primary osteoblasts prepared from calvariae of newborn mice treated with vehicle or 1a,25(0H),D5 (1078 M). Expression was
assessed by real-time RT-PCR and normalized to that of Gapdh. n = 3 for each genotype. Data are means =+ SD of duplicate wells. *P < .05
compared with VDR?"*2 mice. C, RANKL gene expression in osteocyte-rich fractions prepared by sequential enzymatic digestion of calvariae of 12-
day-old mice. Expression was assessed by real-time RT-PCR and normalized to that of Gapdh. n = 3 for each genotype. Data are means = SD of
duplicate wells. D, ALP staining of primary osteoblasts differentiated by 50 ug/mL ascorbic acid and 10 mM B-glycerophosphate for 7 days. E,
Osteoclast formation in vitro. Bone marrow macrophages were cultured in the presence of 20 ng/mL macrophage-colony stimulating factor and
100 ng/mL RANKL. After 4 days, the number of TRAP-positive multinucleated cells (MNCs) (left) per well was counted (right). n = 6 for each
genotype. F, Primary osteoblasts and bone marrow macrophages were cocultured with 1,25(0H),D5 (108 M). After 7 days, cells were fixed and
stained for TRAP (left). Magnified views of TRAP-positive cells in left panels are indicated (middle). The number of tartrate-resistant acid
phosphatase (TRAP)-positive MNCs per well was counted (right). n = 3 for each genotype. *P < .05 compared with VDRL?? mice.

202 1udy 60 U0 1sanb Aq 6££EZHZ/8001/€/¥S | /9101HE/O0PUS /WO dNO°DlWapede//:sd]Y WOl papeojumoq



1018 Yamamoto et al Osteoblast-Specific VDR-KO Mice

treatments with natural and synthetic vitamin D-related
compounds have successfully potentiated bone quality
and mass (5-7). Nevertheless, the skeletal actions of
1a,25(0OH),D5 remain enigmatic because pioneering
works showed that 1a,25(OH),D; stimulates bone re-
sorption in a variety of in vitro culture systems of bone
tissues and cells (19, 36-38). On the other hand, there are
reports that 1a,25(OH),D; produces rapid biological re-
sponses that involve opening of chloride and calcium
channels to activate exocytosis of bone matrix proteins
such as osteocalcin (39,40). However, because of a lack of
experimental evidence in animals, it has not been verified
that 1,25(OH),D5 acts directly on skeletal tissues as a
negative effector. In the current study, we confirmed the in
vitro findings in intact mice using genetic approaches to
ablate VDR. The heterozygous VDR mutant mice
(VDR*7) ablated by the Cre-loxP system exhibited in-
creased bone mass and BMD without any overt rachitic
abnormalities (Figure 3). This bone phenotype previously
was overlooked in our original description of conven-
tional VDR-KO heterozygotes (VDR ™*/~) and was attrib-
uted to individual differences related to insufficient back-
crossing of genetic background.

Selective ablation of Vdr in osteoblasts resulted in in-
creased bone mass and BMD in the absence of systemic
defects in 16-week-old mice (Figure 5), although a recent
study reported that late osteoblast/osteocyte-specific VDR
knockout mice using Dmp1-Cre mice did not exhibit an
abnormal bone phenotype at 8 weeks after birth (31). This
inconsistency might be caused by the ages at which the
animals were examined because VDRAC?A00 mijce also
did not show a significant bone phenotype at 4 or 9 weeks
after birth when compared with control littermates (Fig-
ure 5, E-H). These findings suggest that activated VDR in
intact bone (presumably in osteoblasts) is a negative reg-
ulator of bone mass and mineral deposition in mature and
nongrowing mice. On this point, there is a limitation in
this study; we could not clarify different significance of
VDR function in osteoblast between young and old mice.
In addition, although these skeletal phenotypes have not
yet been reported in humans, it would be interesting to
assess bone phenotypes in humans bearing mutations in
VDR, which presumably lead to partial dysfunction of
VDR.

The function of skeletal VDR remains elusive since the
current study uncovered the physiological impact of VDR
in osteoblasts but not in osteoclasts. Furthermore, osteo-
blasts are functionally different, depending on the stages
of cellular differentiation (41). The other transgenic
mouse lines expressing Cre in osteoblasts of various dif-
ferentiation stages will be useful to define osteoblastic
VDR function when the mice are analyzed at maturity.

Endocrinology, March 2013, 154(3):1008-1020

From the current findings, RANKL appears to mediate, at
least in part, the osteoblastic functions of activated VDR
in osteoclastogenesis, although osteoblasts and other
types of cells can produce RANKL and facilitate osteoclas-
togenesis (33-35). From this point of view, there is one
possibility to explain why young VDR*©¥20% mijce did
not exhibitincreased bone mass, although osteoblasts pre-
pared from neonatal calvariae of these mice impaired to
express RANKL in response to 1a,25(OH),D5. During
maturation, there is the greatest osteoclastic bone resorp-
tion at primary spongiosa. At that time, most RANKL
might be produced by chondrocytes in growth plate,
rather than osteoblasts (33-35). In addition, it is conceiv-
able that osteoclastic VDR plays a role in bone remodeling
(42) based on the mutual interactions in function and cy-
todifferentiation between osteoblasts and osteoclasts (43—
45). Nevertheless, the current findings force us to recon-
sider the bone phenotype observed in conventional Vdr
null mutant mice (13, 14). The observed impairments in
bone mass and remodeling are unlikely to be entirely at-
tributed to the absence of VDR in the whole body, espe-
cially because of reduced calcium absorption from the in-
testine and secondary hyperparathyroidism. In this
respect, to avoid systemic influences, as mentioned, mouse
lines with selectively ablated Vdr in a specific type of bone
cells will be useful for examining these ideas. From the
current observations, the absence of Vdr might increase
bone mass in vivo associated with reduction of RANKL
gene expression. In addition, it was reported that overex-
pression of Vdr solely in mature osteoblasts driven by the
human osteocalcin promoter led to increased bone mass
because of inhibition of osteoclastogenesis associated with
an altered OPG response and resulting imbalances in
RANKL/OPG production (46). Increased bone mass
caused by a deficiency at an early differentiation/matura-
tion stage and an excess of Vdr in late stage osteoblasts
indicates that an adequate protein level of VDR in osteo-
blasts might support maintenance of bone homeostasis via
transcriptional regulation of each differentiation/matura-
tion stage-specific target gene.

In summary, we present in vivo evidence that VDR in
osteoblasts is a negative regulator of bone mass. Although
10,25(OH),D; and its derivatives are commonly used as
antiosteoporotic drugs, side effects, such as hypercalcemia
and hypercalciuria, occasionally occur in such patients
(47). Here, we show that osteoblast-specific ablation of
VDR resulted in a bone mass increase without any dys-
regulation of mineral metabolism. Thus, we propose os-
teoblastic VDR, instead of 1a,25(OH),D; and its deriv-
atives, as a novel therapeutic target for osteoporosis.
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