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Abstract

The extracellular Ca2*-sensing receptor (CaSR) plays a nonredundant role in the functions of the
parathyroid gland (PTG) and the kidney. Severe hyperparathyroidism, premature death, and
incomplete gene excision in Casr/~ mice have precluded the assessment of CaSR function in
other tissues. We generated mice with tissue-specific deletion of Casrin the PTG, bone, or
cartilage. Deletion of Casrin the PTG or bone resulted in profound bone defects, whereas deletion
of Casrin chondrocytes (cartilage-producing cells) resulted in death before embryonic day 13
(E13). Mice in which chondrocyte-specific deletion of Casrwas induced between E16 and E18
were viable but showed delayed growth plate development. Our data show a critical role for the
CaSR in early embryogenesis and skeletal development.

Introduction

Changes in the concentration of extracellular Ca?* ([Ca?*].) modulate diverse biological
activities, such as secretion, neurotransmission, muscle contraction, and coagulation (1-3).
To maintain systemic Ca2* homeostasis, land-dwelling tetrapods developed skeletons to
serve as Ca2* reservoirs, which, together with complex hormonal systems to transport Ca%*
into and out of bone, meet the body’s demands for CaZ*. Parathyroid cells (PTCs) are the
first responders in the control of systemic Ca2* homeostasis. When the [Ca?*]; falls below a
certain threshold, PTCs rapidly release parathyroid hormone (PTH), which increases bone
resorption, releasing Ca2* from the bone matrix into the circulation, and promotes renal
Ca?* reabsorption. Both actions tend to restore the serum [Ca2*] to normal. Chronically,
PTH increases 1,25-dihydroxyvitamin D3 production to enhance intestinal Ca2* absorption.
When the [Ca?*], increases, the release of PTH and the transcription of its gene are
suppressed, and the above responses are muted.

The extracellular Ca2*-sensing receptor (CaSR), a guanine triphosphate (GTP)-binding
protein (G protein)-coupled receptor (GPCR), couples changes in [Ca2*]. to signaling
responses in PTCs (2, 3). Heterozygous and homozygous inactivating mutations in Casr
cause familial benign hypocalciuric hypercalcemia (FBHH) and neonatal severe
hyperparathyroidism (NSHPT), respectively (1, 2, 4). Patients with these disorders have
mildly to severely elevated serum PTH concentrations [hyperparathyroidism (HPT)] and
high serum [Ca2*] (hypercalcemia) depending on gene-dosage effects. Despite
hypercalcemia, patients with FBHH and NSHPT have inappropriately low urinary [Ca%*]
(hypocalciuria), confirming that renal CaSRs are required for appropriate Ca2* excretion in
response to hypercalcemia. Patients with NSHPT have severe skeletal demineralization at
birth, which is thought to be due to severe HPT. The presence of CaSRs in bone and
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cartilage has, however, raised the question of whether defective signaling of CaSRs in bone
cells, chondrocytes, or both may contribute to the skeletal phenotype in NSHPT.

Studies in vitro implicate a role for high [Ca%*], in enhancing the differentiation of
osteoblasts (5, 6) and growth plate chondrocytes (GPCs) (7, 8). CaSRs are found in both cell
types (9), but it has been difficult to show a role for these receptors in skeletal development
in vivo. Although generalized Casrknockout (KO) mice (Casr’~) (10) exhibit severe rickets
and growth retardation (11), this phenotype is rescued when the Casr”/~ mice are bred with
mice lacking parathyroid glands (PTGs) (12) or with mice with an inability to synthesize
PTH (13). This finding led to the idea that HPT alone causes the skeletal abnormalities in
Casr~'~ mice and that the absence of CaSRs in bone and cartilage does not contribute to
skeletal pathology (12, 13).

A critical aspect of Casr™/~ mice that has come to light is that knockout of the receptor is
incomplete because of the alternative splicing of Casr. In the growth plate (14), skin (15),
and kidney (15) of these mice, an alternatively spliced Casrtranscript, which lacks exon 5, is
generated. The neomycin-resistance gene cassette was inserted into exon 5 to disrupt Casr
expression in this model. RNA splicing allows for the expression of a truncated CaSR
lacking 77 amino acid residues in its extracellular domain, which are encoded by exon 5
(14). Our studies (14) support the hypothesis that this spliced receptor compensates for the
absence of full-length CaSRs in tissues such as bone and cartilage in Cas//~ mice and that
this renders this knockout incomplete. Whether the compensation is partial or full has not
been established. To determine definitively the role of CaSRs in skeletal development, we
generated conditional knockouts of Casrin parathyroid, bone, and cartilage cells. Our
findings support a requirement for the CaSR in bone growth and mineralization by
modulating functions of PTCs, osteoblasts, and GPCs.

Generation of a floxed Casr mouse

We first produced mice with loxP sites flanking exon 7 of Casr, which are referred to
hereafter as floxed Casrmice. Exon 7 encodes the seven transmembrane domains and four
intracellular loops of the CaSR. The targeting strategy used to introduce loxP sequences into
129/SvJae embryonic stem (ES) cells and the generation of floxed Casrmice are described
in Materials and Methods (Fig. 1A). The complete integration of the loxP sites into the
genome of the ES cells before blastocyst injections and the generation of the resulting floxed
Casrmice were confirmed by polymerase chain reaction (PCR) analyses of genomic DNAs
with three different sets of primers (Fig. 1B; see table S1 for primer sequences). To confirm
that Cre recombinase could excise exon 7, genomic DNAs were incubated with
bacteriophage P1 Cre recombinase in vitro. As confirmed by PCR analyses, the enzyme
efficiently excised floxed Casralleles in DNA from ES cells and from heterozygous and
homozygous floxed Casrmice (Fig. 1C).

Although this knockout strategy enabled the transcription of exons 1 to 6, which encode the
extracellular domain (amino acid residues 1 to 577) of the CaSR, this truncated protein
(AExon7-CaSR) does not activate phospholipase C (PLC) as assessed by the inability of
human embryonic kidney (HEK) 293 cells expressing AExon7-CaSR complementary DNA
(cDNA) to produce [3H]inositol phosphates (InsPs) from [3H]inositol-labeled membrane
polyphosphoinositides. The AExon7-CaSR receptor fails to increase total InsP production in
response to increasing [Ca2*], to 20 mM when compared with cells expressing the full-
length [also referred to as wild-type (WT)] CaSR (fig. S1). Expression of the AExon7-CaSR
cDNA also does not interfere with the function of the full-length CaSR. When HEK 293
cells separately transfected with cDNAs encoding full-length CaSR or AExon7-CaSR were
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subsequently mixed, cultured together, and then tested for InsP responses, there was no
alteration in the sensitivity or magnitude of these responses to high [Ca%*]e in cells
expressing full-length CaSRs (fig. S1).

To confirm the physiological role of the CaSR in PTCs, which was demonstrated previously
in Casr'~ mice (10), and to examine the contribution of HPT mediated by PTC-specific
deletion of Casrto skeletal development in vivo, we bred floxed Casrmice with mice
expressing Cre recombinase cDNA under the control of the P7H promoter (PTH-Cre)(16) to
produce PTC-specific Casr KO mice. Heterozygous (PT CasPVT/Aflox pT_Het) and
homozygous KO (PTCasrAfloxX/Aflox pT_KO) mice were born in the expected Mendelian
ratios. Control littermates had one or two floxed Casralleles and no PTH-Cre transgene.
Whereas PT-Het mice developed normally, the growth of PT-KO mice was severely
blunted, and they died within 2 weeks of birth, with weights about 45% of those of control
and PT-Het mice (Fig. 2A and Table 1). Analyses of genomic DNA confirmed that the
genotypes were correct (Fig. 2B) and that excision of exon 7 (AExon 7) was restricted to
PTGs and had not occurred in bone, cartilage, or other tissues (Fig. 2C). Western blotting
showed that the abundance of full-length CaSR protein had been reduced by about 70% in
PTGs from PT-Het mice and by more than 95% in PTGs from PT-KO mice compared with
that in control mice (Fig. 2D). A band of about 90 kD corresponding to the AExon7-CaSR
protein was detected in PT-Het and PT-KO PTGs, but not in the PTGs of control littermates
(Fig. 2D).

Quantitative real-time PCR (qPCR) performed with primers targeted to the junction of exons
6 and 7 of Casrconfirmed strong knockdown of Casrmessenger RNA (mRNA) (by about
90%) in the PTGs of PT-KO mice (Fig. 2E). We observed a greater (about twofold)
abundance of Casr mRNA in the PTGs of PT-Het mice compared with that in control mice,
which is indicative either of an increased rate of Casrtranscription or of the stabilization of
CasrmRNA in response to hypercalcemia or another biochemical abnormality in these mice.
This is further supported by the increased abundance of AExon7-CaSR mRNA in the PT-
KO mice, as detected by gPCR with primers specific for the junction of exons 2 and 3 of
Casr (Fig. 2E). Despite the increased abundance of mRNA, the abundance of AExon7-CaSR
protein in PTGs of PT-KO mice was about 10% of that of full-length CaSR protein in the
PTGs of control mice (Fig. 2D), which suggests that the truncated protein has a reduced
half-life compared with that of the full-length protein.

The abundance of PTH mRNA in PTGs from PT-Het and PT-KO mice was significantly
increased compared with that of control mice (Fig. 2E), compatible with the elevated
concentrations of serum PTH and serum CaZ* observed in vivo (Table 1). There was a clear
effect of gene dosage as evidenced by the occurrence of mild HPT in PT-Het mice and
severe HPT in the PT-KO mice (Table 1). In contrast to the hypocalciuria of Casr”/~ mice
(10), PT-Het and PT-KO mice had urinary [Ca?*] about 25% and 380% higher than that of
control mice, respectively (Table 1). As expected, intact renal CaSRs promoted Ca2*
excretion in the normal physiologic response to hypercalcemia.

Knockout of Casr in PTCs retards skeletal development

Whole-mount alizarin red (AR) and Alcian blue (AB) staining of 2-week-old mice showed
that PT-KO mice had multiple rib and tibial fractures and smaller and severely
undermineralized skeletons compared with those of control and PT-Het littermates (Fig.
3A). To further confirm the reduced mineral content of their skeletons, we performed micro-
computed tomography (iCT) on the femurs of PT-KO mice to quantify precisely the
amount of mineral present by measuring the density of hydroxyapatite, the dominant form of
bone mineral. Three-dimensional (3D) reconstructed images from the wCT scans revealed
poorly mineralized matrix and the lack of secondary ossification centers in the epiphyses
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(tracing in red) compared with the femurs of control mice (Fig. 3B). Histological analyses of
bone sections after von Kossa (VK) staining (to detect phosphate-containing minerals) and
safranin O (SO) counterstaining (to detect proteoglycan) showed substantially reduced
mineral deposition in trabecular (Tb) and cortical (Ct) bones in PT-KO mice compared with
those in control mice (Fig. 3C). Goldner trichrome staining of adjacent sections revealed
excessive undermineralized osteoid (pink) mixed with mineralized matrix (green) in PT-KO
mice (Fig. 3C), which was suggestive of defective bone formation.

To determine whether these defects were due to delayed osteoblast differentiation, function,
or both, we examined the expression of genes encoding osteoblast-specific markers and
regulators of differentiation. The expression of both early and late osteogenic genes,
including osterix(OSX), type I collagen[ Col(1)l, alkaline phosphatase(ALP), dentin matrix
protein 1(DMPI), osteocalcim{ OCN), and sclerostil( SOST), was profoundly decreased in
the bones of 14-day-old PT-KO mice compared with those of control mice (Fig. 3D),
indicating a delay in osteoblast differentiation. We found that the expression of CasrmRNA
was more than 70% lower in the bones of PT-KO mice than in those of control mice (Fig.
3D), despite our inability to document any excision of Casrin bone (Fig. 2C). These data
suggest that the severe HPT and hypercalcemia that were due to PTC-specific knockout of
Casraffected early skeletal development. This likely occurred because of increased PTH
receptor signaling that was accompanied by reduced Casrexpression in the bones of the PT-
KO mice.

The bones of PT-Het mice were indistinguishable from those of control mice at 2 weeks of
age, as assessed by whole-mount staining, pCT scans, and gPCR analyses. The abundance
of CasrmRNA in the bones of PT-Het mice was equivalent to that of control mice. Mild
osteopenia (reduced bone mineral density) was, however, evident in PT-Het mice by 6
months of age, as demonstrated by wCT of Tb bone in the distal femur and of Ct bone at the
tibia—fibula junction (TFJ) (Fig. 3, E and F). The trabecular bone volume (BV), an index of
the amount of bone mineral present in a given tissue volume (TV), was significantly
decreased when expressed as the ratio of Th.BV to TV (Fig. 3F). Tb thickness (Th) and Th
numbers (N) were also reduced. These findings could be due to decreased bone formation by
osteoblasts, increased bone resorption by osteoclasts, or a combination of the two. Th
connectivity density (CD) and Th spacing (Sp), which reflect the state of the Th
microarchitecture, in the PT-Het mice were not significantly different from those of control
mice (Fig. 3F). In the other bone compartment, namely, Ct bone, Ct. TV Ct.BV and Ct.Th
were also significantly decreased in PT-Het mice compared with those of control mice (Fig.
3F), indicating that the smaller bones of the PT-Het animals had thinner cortices. Thus,
long-term albeit mild HPT has cumulative, age-dependent effects on skeletal homeostasis.

Impaired postnatal growth and skeletal development in mice with osteoblasts deficient in

Casr

To determine the role of the CaSR in osteoblasts, we generated osteoblast-specific Casr KO
mice by breeding floxed Casrmice with mice expressing the Cretransgene driven by the
2.3-kb Col(1) a.; subunit promoter [2.3Col(I)- Cre], which is expressed in the early- and late-
stage cells of the osteoblast lineage (17). Genomic analyses by PCR confirmed the excision
of exon 7 of Casrin bones from either heterozygous (C0!-Bone CasMVT/Aflox COL_-Het) or
homozygous KO (C0l-Bone casrAflox/Aflox  cO|-KO) mice, but not from those of control
littermates (fig. S2).

COL-Het mice grew and developed similarly to their control littermates. Deletion of both
alleles of the Casrgene in osteoblasts, however, profoundly blocked postnatal growth and
skeletal development in the COL-KO mice. This was evident by 3 days of age, and by day
20, the body weights of COL-KO mice were about 30% of those of control and COL-Het
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littermates (Fig. 4A). Whole-mount AR and AB staining showed that the COL-KO mice had
smaller and severely undermineralized skeletons compared with those of control mice,
which was visible by 5 days (Fig. 4B). The skeletons and body weights of COL-Het mice
were comparable with those of control littermates through the first 3 weeks of age (Fig. 4, A
and B). Most COL-KO mice had rib and long bone fractures and died within 3 weeks of
birth. Undermineralization of the skull (Fig. 4C, arrowheads), vertebrae (double arrows),
and long bones (arrows) of COL-KO mice was confirmed by wCT analyses. The latter
studies showed markedly decreased Th.BV, Th.BV/TV, Th.Th, and Tb.N in the distal
femurs of COL-KO mice compared with those of control mice, which suggests the impaired
ability of osteoblasts to form bone in the skeletons of COL-KO mice. This was supported by
the finding of a decreased Th.CD and increased Th.Sp, hallmarks of osteopenia and
aweakened Tb architecture or structure, in the COL-KO mice. In addition, the reduction in
cortical parameters (Ct.TV, Ct. BV, and Ct.Th) at the TFJ in COL-KO mice compared with
control mice (Fig. 4D) indicated that the impact of Casrknockout was general and evident at
different skeletal sites and different types of bone. Consistent with the wCT data was the
histological staining for mineralization, which showed that bones from COL-KO mice
contained large quantities of undermineralized osteoid (pink by Goldner staining), which
was mixed with normally mineralized matrix (green by Goldner, black by VK staining) (Fig.
4E).

Consistent with poor mineralization, as assessed by histological analyses, gPCR showed the
markedly decreased expression of genes encoding both early and late markers of osteoblast
differentiation, such as Col(l), ALP, DMPI1, OCN, and SOST, in bones from 7-day-old
COL-KO mice compared with those of control mice (Fig. 4F). However, OSX expression in
the COL-KO mice was comparable with that of control mice, indicating that the changes due
to deletion of Casroccurred after the expression of OSX. Similar changes in gene expression
as well as bone histology were also evident in newborn mice (<1 day old) (fig. S3), which
suggests that skeletal defects developed prenatally. In addition to changes in the abundance
of markers of differentiation, Casrknockout in osteoblasts significantly suppressed the
expression of the gene encoding insulin-like growth factor 1 (IGF-1) (Fig. 4F), a growth
factor critical for osteoblast survival and differentiation, suggesting that the CaSR may
modulate osteoblast differentiation by altering the local abundance of IGF-1. Although
cyclin D1 (CCNDI) expression was significantly increased in COL-KO mice compared with
that in control mice, the expression of the genes encoding the prosurvival factors B cell
lymphoma/leukemia 2 (Bcl-2) and Bcl-2— like 1 (Bcl-2L1) (18, 19) was profoundly
suppressed. We also found increased expression of interleukin-1(/L-10), an inducer of
apoptosis in other cells (20), in COL-KO compared with that in control mice (Fig. 4F).
These observations suggested the increased occurrence of apoptosis, which was confirmed
by the detection of enhanced terminal deoxynucleotidyl transferase—-mediated deoxyuridine
triphosphate nick end labeling (TUNEL) staining in apoptotic osteoblasts and osteocytes in
sections from COL-KO mice compared with those from control mice (Fig. 4G).

Because the expression of Co/(/)is low in tissues such as liver, skin, testis, ovary, and
kidney (17), we considered the possibility that the early death of the COL-KO mice might
be due to reduced Casrexpression in other tissues. To address this, we used a different
targeting strategy to generate osteoblast-specific Casr KO mice. We bred floxed Casrmice
with mice expressing the Cretransgene controlled by an OSX promoter [ OSX-Cre](21).
OSX expression is restricted to osteoblasts and their precursors and occurs before the
expression of Col(l) but after that of Runx2(21). The OSX-Cre construct induces Cre-lox
recombination in osteoblasts during embryonic development and early postnatal life (21).

Genomic DNA analyses showed that excision of exon 7 of Casrin heterozygous
(Osx-Bone casWT/ATIoX | 0SX-Het) and homozygous KO (O9-Bone caspAflox/Aflox 9gx-KO)
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mice occurred only in bone and not in other tissues (Fig. 5A) and did not occur in bone from
control mice. As was seen in COL-KO mice, knockout of both Casralleles in OSX-KO
osteoblasts profoundly blocked postnatal growth and skeletal development (Fig. 5, B to D).
Reduced bone formation and mineralization, confirmed by the alterations in .CT
parameters, were evident in both Tb and Ct bones in 4-week-old OSX-KO mice. They
showed decreased Th.BV, Th.BV/TV, Th.Th, Th.N, and Th.CD and increased Th.Sp in the
distal femur and decreases in Ct.TV and Ct.BV at the TFJ (Fig. 5, C and D). Phenotypic
abnormalities were also evident in newborn mice (<1 day old) with decreased expression of
the genes encoding the osteoblast markers Co/(l)and OCN in bones from newborn OSX-KO
mice by gPCR (Fig. 5E). Taken together, these data support a role for the CaSR in
modulating the growth and differentiation of osteoblasts, a paradigm essential for orderly
postnatal skeletal development.

Delayed growth plate development and embryonic death following GPC-specific deletion

of Casr

Studies with mouse GPCs support roles for high [Ca2*]. and the CaSR in promoting
differentiation (8, 14). To determine the role of CaSR in the growth plate in vivo, we
targeted chondrocytes by breeding floxed Casrmice with mice expressing the Cretransgene
under the control of the type // collagen a ;subunif Col(11)] (Cart) promoter [ Col(1])- Cre]
(22). No homozygous knockout (CartCasrAfloX/Aflox  Cart-KO) mice were born alive from 35
litters (~350 pups). In addition, no Cart-KO mouse embryos were detectable at E14 to E16
from 8 litters or at later time points. In 56 embryos from 6 litters at the E12 to E13 stage,
only two Cart-KO embryos of confirmed genotype were found, indicating that most of these
embryos died earlier (fig. S4). Skeletons from the two surviving E12.5 Cart-KO embryos
were shorter than those of control and heterozygous (C3CaSRWT/AfloX Cart-Het)
littermates and had poorly mineralized rib cages, calvariae, and long bones (as demonstrated
by lack of AR staining) (Fig. 6A). These data suggest that blocking Casrexpression in
Col(1l)-expressing cells severely impedes viability beyond E12 to E13 and inhibits early
steps in cartilage and bone mineralization.

Because knockout of Casrin Col(ll)-expressing cells is lethal, we developed a tamoxifen
(Tam)-inducible knockout model [Tam-Cart cgsAflox/Aflox Tam_Cart-KO] to examine the
role of CaSR at later stages of embryonic and postnatal development of GPCs. We used
transgenic (Ca Cre-ERT@M) mice that express a fusion protein (Cre-ERT@M) of the Cre
recombinase fused to a mutated ligand-binding domain of the estrogen receptor (ERTam)
under the control of a mouse Col/(//) promoter (23). In this model, trans-location of the Cre-
ERTaM protein to the nucleus, an essential step for Cre-lox recombination, only occurs when
Tam, or its derivative 4OH-Tam, is administered to the mice (23). The ability of Tam to
specifically induce Creactivity in cartilage has been confirmed previously (23, 24). We bred
the CatCra-ERT@M mice with Cas/1o%/floX mice to obtain CartCre-ERTaM(+/-) Cag/flox/flox
mice, which were viable and fertile in the absence of Tam. We next crossed the Ca"Cre-
ERTam(*+/-) Casflox/flox mice with CasrA1ox/flox mice to obtain experimental animals: CaCre-
ERTam(+/-) Cas/flox/flox (+5004) and CasA1o%/flox (~5004) mice. Both sets of mice were
treated with either 4OH-Tam or vehicle, which resulted in the generation of three strains of
mice: induced homozygous Casr KO mice (Tam-Cart CagAflox/Aflox Tam-Cart-KO) and the
controls, Cas/1o¥/flox mice exposed to 40H-Tam and CartCre-ERTaM(*+/-) Cas/lox/flox mijce
exposed to vehicle (Fig. 6B).

To delete Casrbefore birth, pregnant mice were injected with a single dose of 40H-Tam
(1.5 mg) or vehicle at E16 to E17, and the embryos were analyzed 48 to 72 hours after
injection. The genotypes of Cart Cra-ERTaM(*+/-) CasAlox/flox gnd Cas/floX/flox mice and the
ability of 40H-Tam to induce excision of exon 7 in the former mice were confirmed by
genomic DNA analyses (Fig. 6B). Whole-mount AR and AB staining showed a ~10%
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reduction in the overall length of the skeletons of 40H-Tam-treated Tam-Cart KO mice
compared with those of treated Cas/1o%/flox control mice, which included shorter humeri,
femurs, and tibiae (Fig. 6C). Immunohistochemical analyses confirmed a marked reduction
in the abundance of the CaSR in the hypertrophic zones of tibial growth plates of 40H-
Tam-treated Tam-Cart-KO mice compared with that of treated control mice (Fig. 6D),
which was indicative of prompt (within 48-72 hours) knockdown of Casrexpression.

Further evidence of Casrknockdown was provided by gPCR analysis, which showed the
decreased expression of full-length Casr mMRNA in growth plates from 40H-Tam-treated
Tam-Cart-KO growth plates (Fig. 6F). In cartilage sections stained by VK and SO reagents,
there was ~20% expansion of the hypertrophic zone and decreased mineral deposition in
that zone in 40H-Tam-treated Tam-Cart-KO mice compared with that in treated control
mice (Fig. 6E). gPCR analyses of epiphyseal growth plates showed decreased expression of
type X collagen [ Col(X)], RUNXZ, and osteoponti{ OPN), which are markers of mature and
terminally differentiated chondrocytes, in Tam-Cart-KO compared with control mice (Fig.
6F). The expression of genes encoding early differentiation markers, such as
aggrecan(AGG) and Col(1l), was unchanged (Fig. 6F), supporting a selective delay in
chondrocyte maturation and terminal differentiation in Tam-Cart-KO mice.

Insulin-like growth factor 1 signaling is a critical pathway that promotes chondrocyte
differentiation (25). We examined whether this pathway was affected by the knockout of
Casrin the GPCs of Tam-Cart-KO mice. Immunohistochemical and gPCR analyses showed
significant reductions in the expression of /G~ 1 and /GF 1 receptor(/GF1R) mRNAs (Fig.
6F) and in the abundance of their protein products (Fig. 7A) in the growth plate of Tam-
Cart-KO mice compared with those of control mice. To test whether reduced IGF-1R
signaling affected the differentiation of GPCs, we performed in vitro knockout of /G~ 1R by
infecting GPCs from floxed /G~ 1R mice with adenoviruses expressing Cre recombinase
(Ad-Cre) or empty vector (Ad-Cont). Knockdown of /G~1R mRNA and loss of IGF-1R
protein in the Ad-Cre—infected GPCs were confirmed by gPCR (Fig. 7B) and Western
blotting (Fig. 7C), respectively. These changes were accompanied by a significant reduction
in the expression of Co/(X) mRNA (Fig. 7B) and in mineral deposition (Fig. 7D) in the Ad-
Cre—infected cells compared with that in Ad-Cont-infected cells. These data support the
concept that knockdown of Casrdelays GPC differentiation in Tam-Cart-KO mice, at least
in part by the reduction of IGF-1R signaling in these cells.

Discussion

CaSRs are broadly present in bone, brain, gut, skin, and endocrine glands, and changes in
[Ca2*], alter cell function in these tissues. Whether the CaSR is the mediator of all aspects
of CaZ*-sensing in these tissues in vivo has not been easy to address because of the lack of
suitable animal models. The floxed Casr mouse strain that we have developed is the first
model that permits tissue-specific deletion of Casr.

We showed that Cre recombinase excised floxed Casralleles in three tissues critical to Ca2*
homeostasis and skeletal development. The PTC-specific Casr KO mouse provided proof of
concept for the gene-targeting strategy we used, because these mice showed severe HPT and
hypercalcemia, despite having normal renal responsiveness to Ca2*. Heterozygous and
homozygous PTC-specific Casr KO mice showed the expected mild and severe HPT,
respectively, with a clear gene dosage effect, similar to the phenotype of generalized Casr/~
mice (10). We noted that the degree of HPT in PTC-specific Casr KO mice appeared to be
more severe than that of the generalized KO model (10), with serum PTH concentrations in
PT-Het and PT-KO mice that were ~2- to 3- and 17-fold higher, respectively, than those of
control littermates (Table 1). In contrast, the abundance of serum PTH in generalized
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Casrt!~ and Casr~'~ mice was only ~0.5- and 9.5-fold higher, respectively, than that of
control mice (10). This raises the possibility that the alternatively spliced Casr mRNA,
which lacks exon 5, might also be expressed in PTCs in the generalized Casr’~ mouse (10)
and so mediate some degree of Ca2*-sensing (10). To confirm this will require direct
comparison of the responsiveness of PTCs to Ca2* in these two mouse models, which will
be challenging. Alternatively, different breeding conditions, diets, mouse strains, and PTH
assays may explain the differences in the biochemical phenotypes.

Data from experiments performed in PT-KO mice confirmed that severe HPT impeded bone
growth and mineralization, as was seen in generalized Casr/~ mice (10). We further show
that this is accompanied by the reduced expression of genes encoding markers of osteoblast
differentiation. This recapitulates the effects of continuous PTH treatment on both the
differentiation of osteoblasts and the formation of mineralized nodules in culture (26, 27). In
contrast, the milder HPT observed in PT-Het mice produced osteopenia later in life, which is
similar to the classic presentation of primary HPT in humans. The molecular basis for the
effects of HPT on skeletal development remains to be elucidated. PTH mediates signaling
through the receptor activator of nuclear factor xB lig-and (RANK-L)/RANK/
osteoprotegerin (28, 29) and Wnt (30) pathways, obvious candidate pathways to interrogate
in the future.

We unexpectedly observed a marked reduction in the abundance of the CaSR in the bones of
PT-KO mice, which suggests that loss of CaSR signaling in that tissue may also contribute
to skeletal pathology. This idea is supported by the presence of skeletal defects in both
models of Casr KO in osteoblasts (COL-KO and OSX-KO). As well as blocking
differentiation, deletion of Casrin the bones of COL-KO mice reduced the expression of
/GF1 and increased the expression of /L-10compared with that in control mice. Because
IGF-1 signaling in osteoblasts is critical for cell survival and because /L-10is proapoptotic,
changes in the abundance of these factors in bone would be expected to promote cell death,
particularly in cells of the osteoblast lineage. This was confirmed by the presence of
increased TUNEL staining in osteoblasts and osteocytes from COL-KO mice compared with
that in control mice. Taken together, these data suggest that CaSR signaling modulates the
proliferation, survival, and differentiation of osteoblasts, potentially by altering growth and
survival factors elaborated by bone.

The embryonic lethality of the chondrocyte-specific Casr KO mouse was unexpected.
Generalized Casr'~ mice (10), which were developed by a different targeting strategy, live
for several days postnatally and survive for a longer period if HPT is prevented (12, 13).
This has been interpreted as evidence that the CaSR is not critical for embryonic
development. In light of data from the Cart-KO mouse, we suspect that alternatively spliced
CasrmRNAs, which lack exon 5, are present in the generalized Casr/~ mice and can
compensate for as yet undefined functions of CaSRs in the embryo. The delayed cartilage
maturation and mineralization observed in the two E12.5 Cart-KO embryos we studied
support a role for the CaSR in the early stages of growth plate formation. It has been
reported that Col(ll) is transiently expressed in heart valves in mice between E10.5 and
E14.5 (31). Thus, knockdown of Casrat that site might affect cardiac development and
function and lead to embryonic death, but this remains to be determined.

Because Cart-KO embryos were nonviable, we turned to an inducible KO model. Tam-
induced KO of the expression of Casrin GPCs produced a rickets-like phenotype with
expansion and reduced mineralization of the hypertrophic zone and the decreased abundance
of markers of mature, terminally differentiated chondrocytes within 2 to 3 days of exposure
to Tam. These observations are consistent with work by us and others that show that high
[Ca?*]. promotes chondrocyte differentiation and that suppressing Casrexpression with
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antisense or dominant-negative cDNA constructs blocks this effect (9, 32, 33). Furthermore,
our data indicate that reduced local IGF-1R signaling plays at least some part in delaying
GPC differentiation in the KO mice. Taken together, these data are the first to definitively
establish a role for the CaSR in Ca2* sensing in GPCs.

In summary, this study provides the first evidence supporting the direct involvement of
CaSR signaling in the differentiation of osteoblasts and GPCs and skeletal development in
vivo and suggests that inhibition of Casrexpression in bone in states of HPT maybe part of
the mechanism underlying the skeletal defects in this disorder. These floxed Casrmice will
enable future definitive assessment of CaSR function in other tissues.

Materials and Methods

Construction of the gene-targeting vector and production of floxed Casr mice

The targeting construct contained three loxP sites flanking exon 7 of Casrand the cytidine
deaminase (CD)-neomycin (NEO) gene cassette (Fig. 1A). The targeting construct was
transfected into 129/SvJae ES cells to allow homologous recombination with endogenous
Casralleles, and cells were selected with G418 and fialuridine. The resulting floxed CasrES
cells were injected into C57/BL6 blastocysts and implanted into pseudo-pregnant CD1 mice
to produce chimeric mice (University of California San Francisco Transgenic Core Facility).
Chimeras were bred with C57/BL6 mice to produce heterozygous floxed Casr (Cas/Uflox)
mice through germline transmission. CasMVUfloX mice were interbred to produce homozygous
floxed Casr (Casro¥/floX) mice. Integration of the targeting construct into the genome of
floxed CasrES cells before blastocyst injections and the genotypes of the resulting
CasrUflox and Casrf1ox/flox mice were confirmed by PCR with three sets of primers targeting
different regions of the construct (Fig. 1A; see table S1 for primer sequences), PLU/P1L,
P2U/P2L, and P3U/P3L, which amplified cDNAs with sizes of ~1800, 1050, and 167 bp,
respectively, from the floxed Casrallele. All mice were maintained under standard
conditions with free access to food and water under protocols approved by the Animal Care
Subcommittee, San Francisco Department of Veterans Affairs Medical Center.

Generation and genotyping of conditional Casr knockout mice

Mice with KO of Casrspecifically in PTCs, osteoblasts, or chondrocytes were generated by
breeding Cas/1o¥/flox mice with transgenic mice expressing Cre-recombinase under the
control of the appropriate promoter: the P7H promoter (P7TH-Cre, The Jackson Laboratory)
for PTCs, the 2.3-kb fragment of the rat Col/(/) promoter [2.3Col(1)- Cre; gift of Dr. Barbara
Kream, University of Connecticut, Farmington] or the OSX promoter [OSX-Cre, gift of Dr.
Andrew McMahon, Harvard University (21)] for osteoblasts, and the mouse Co/(1/)
promoter [Col(1/)- Cre, The Jackson Laboratory] for chondrocytes. To generate Tam-
inducible Casrknockout in cartilage, we bred the floxed Casrmice with transgenic mice
[CartCre-ERTaM; g gift of Dr. Susan Mackem, National Institutes of Health (N1H)]
expressing a fusion protein (Cre-ERT@™) of Cre recombinase and a mutated ligand-binding
domain of the estrogen receptor (ERT@™) under the control of a mouse Col/(//) promoter and
enhancer. The inducibility of Cre activity by Tam and the specific expression of the
construct in cartilage has been previously confirmed (23, 24). Mouse genotypes were
determined by PCR analyses of genomic DNAs from tail snips with primers for the Cre
transgene (Cre-1/Cre-2; see table S2), which amplified a ~500-bp cDNA and the P3U and
P3L primer set for the loxP sequence at the 3" end of exon 7, which amplified a 133-bp
DNA fragment from wild-type alleles and a 167-bp DNA from floxed Casralleles. To verify
tissue-specific gene excision, genomic DNA was isolated from the tissues specified and was
then subjected to PCR analysis with the P4/P3L primer set, which amplified a 284-bp DNA
fragment from the Casrgene allele after the excision of exon 7.

Sci Signal. Author manuscript; available in PMC 2013 January 08.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Chang et al.

Page 10

Whole-mount AR and AB staining

Mice were skinned, eviscerated, and fixed in ethanol (95%) for 2 to 5 days. Tissues were
then defatted in acetone for 2 days, stained in AR/AB solution [AB (0.015%), AR (0.005%),
acetic acid (0.05%), and ethanol (75%)] for 5 days, cleared in KOH (1%) in glycerol
(gradually increased from 0% to 20%, 50%, and 80% with 2-day intervals between steps),
and stored and visualized in 100% glycerol (34).

Von Kossa and Goldner staining

Cell culture,

Femurs and tibiae were isolated, fixed in 10% phosphate-buffered formalin, dehydrated,
defatted, and embedded in plastic (methyl methacrylate, Sigma, St. Louis, MO). For
detection of phosphate-containing minerals, 4-.m sections were stained with VK reagents
by a standard protocol (35) [silver nitrate (1%) in H,O for 10 min in the dark; a mixture of
sodium carbonate (5%) and formaldehyde (10%) in H,O for 2 min; and a mixture of sodium
thiosulfate (10%) and potassium ferricyanide (0.05%) in HoO for 20 s; with washes in tap
water between steps], followed by counterstaining with SO (0.01%) in H,O for 20 min. To
distinguish between mineralized matrix and unmineralized osteoid, sections were stained
with Goldner trichrome reagents [in H»O, picric acid (1%) at 37°C for 2 hours; fuchsin (1%)
for 15 min; phosphomolybdic acid (6%) for 5 min; and light green (4%) for 15 min; with
washes in tap water between steps].

transfection, and [3H]InsP assay

HEK 293 cells were cultured and transfected with WT-CaSR-green fluorescent protein
(GFP), AExon7-CaSR-GFP, WT-CaSR, AExon7-CaSR, or empty pcDNAS3.1 vector cDNAS
(10 pg/construct) as described (36). Twenty-four hours after transfection, cells were replated
on coverslips for confocal microscopy, six-well dishes for [3H]InsP assays, and 10-cm
dishes for protein lysates and cultured for an additional 48 hours. For coculture experiments,
cells separately transfected with WT-CaSR or with AExon7-CaSR cDNAs were mixed in a
1:1 ratio and cocultured for 48 hours before the start of InsP assays. Twenty-four hours after
re-plating, HEK 293 cells expressing WT-CaSR or AExon7-CaSR cDNAs and a mixture of
cells expressing each of these constructs were labeled with [3H]myoinositol (2 w.Ci/ml) for
18 to 24 hours (36). Cells were exposed to conditions of differing [Ca?*], for 60 min at 37°C
after pre-treatment for 10 min with 10 mM LiCl. Total [3H]InsP was quantified after anion-
exchange chromatography and is presented as the fold increase over the basal amount of
[3H]InsP under conditions of 0.5 mM Ca?* and 0.5 mM Mg?2*.

Immunocytochemistry and Western blotting

For fluorescent microscopy, HEK 293 cells transfected with WT-CaSR-GFP or AExon7-
CaSR-GFP and grown on coverslips were fixed with 4% paraformaldehyde, mounted on
glass slides with Gel Mount (Biomeda, Foster City, CA), and examined with a Leica TCS
confocal microscope (Laboratory for Cell Imaging, San Francisco Department of Veterans
Affairs Medical Center). Tibiae from E18 to E19 Tam-Cart-KO and control embryos were
dissected, fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS), decalcified in
10% EDTA in PBS for 24 hours, and cut into 4-um sections. Immunoreactivity in these
sections was detected with a custom-made rabbit polyclonal anti-CaSR antibody (100 nM)
raised against an intracellular epitope of the receptor (36) and horseradish peroxidase
(HRP)—conjugated goat antirabbit immunoglobulin G antisera, and signals were developed
by a 3,3-diaminobenzidine (DAB) substrate. Sections were counterstained with aqueous
hematoxylin. Proteins from total cell lysates of HEK 293 cells expressing WT-CaSR-GFP or
AExon7-CaSR-GFP and from concentrated culture media bathing the cells were
electrophoresed on SDS—polyacrylamide gel electrophoresis gels and transferred to
nitrocellulose membranes (36). Membranes were incubated with anti-GFP (50 nM) antibody

Sci Signal. Author manuscript; available in PMC 2013 January 08.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Chang et al.

Page 11

and the appropriate HRP-conjugated secondary antibodies. Signals were detected with a
SuperSignal chemiluminescence substrate and developed on Kodak x-ray film.

Microcomputed tomography

To quantify the amount of mineral deposited by mature osteoblasts in the bone matrix, we
performed pCT scans at two anatomical sites: the distal femur, a site rich in Tb bone, and
the TFJ, a site rich in Ct bone, as described (35). Femurs and tibiae were isolated, fixed in
10% phosphate-buffered formalin for 24 hours, and then switched to 70% ethanol. Bones
were then scanned in a tube containing 70% ethanol by a Scanco vivaCT 40 scanner (Scanco
Medical, Basserdorf, Switzerland). To assess Tb bone in the distal femoral metaphysis, 100
serial cross-sectional scans (1.05 mm) of the secondary spongiosa were obtained from the
end of the growth plate, extending proximally with 10.5-ium voxel size and 55-kV x-ray
energy. For the Ct bone scans, 100 serial cross sections (1.05 mm) of the tibia were obtained
from the TFJ, extending proximally with 10.5-ium voxel size and 55-kV x-ray energy. For
analysis of wCT images, thresholds were applied to segment or separate the mineralized
bone matrix from soft tissue. Linear attenuation was calibrated with hydroxyapatite as the
standard. Image analysis and 3D reconstructions were performed with the manufacturer's
software (SCANCO Medical AG, Bassersdorf, Switzerland).

Quantitative real-time PCR assays

RNA samples isolated from the PTGs of 2-week-old mice, from the humeral cortices of 14-
and 21-day-old mice after the bone marrow was flushed out, or from epiphyseal growth
plates from E18 to E19 embryos were reverse-transcribed into cDNA and subjected to qPCR
(7, 8). Expression of the following genes was determined: Casrand PTH for PTGs;
osteogenic markers [OSX, Col(l), ALP, DMP1, OCN, SOST] and Casrand the growth
regulatory factors /GF1, CCND1, Bcl-2, Bel-2L 1, and /L-10for bone; and chondrogenic
markers [AGG, Col(ll), Col(X), OPN, and RUNXZ] and IGF1, IGF 1R, and Casrfor
cartilage. Tagman assay— based sets of primers and probes for mouse Casr (spanning exons
6 and 7), PTH, CCND1, DMP1, and SOST were obtained from Applied Biosystems (Foster
City, CA). Cyber green—based sets of primers and probes for Bcl-2, Bel-2L 1, /L-10, and
GAPDH were purchased from SuperArray (Frederick, MD). Tagman-based sets of primers
and probes for OSX, Col(l), ALP, OCN, Casr (spanning exons 2 and 3), AGG, Col(l]),
Col(X), IGF1, IGF1R, RUNX2, OPN, and L19were custom-made by Integrated DNA
Technologies (Coralville, 1A) according to published sequences (table S2).

Culture, adenoviral infection, and AR staining of floxed IGF-1R GPCs

Statistics

Growth plate chondrocytes isolated from 2- to 4-day-old floxed /G~ 1R mice (37) were
cultured and infected with replication-deficient adenoviruses [~16 plaque-forming units
(PFU)/cell] carrying cDNA encoding the bacterial Cre recombinase (Ad-Cre) or no insert
(Ad-Cont) as described (38). RNA and cell lysates were isolated 48 to 72 hours post-
infection to assess the expression of /G~ 1R and a4 (X)as described above. Alizarin red
staining was performed on infected cultures grown in medium containing 2.0 mM Ca2* for
14 days to assess mineralization (8).

Data from two groups were represented as mean = the standard error of the mean and
compared by unpaired Student’s #test. Significance was assigned for £< 0.05 or £<0.01.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Generation of floxed Casrmice. (A) The gene-targeting strategy used to introduce loxP
sequences to flank exon 7 of Casrrequired a construct containing three loxP sites flanking
exon 7 of the Casrgene and the cytidine deaminase (CD)-neomycin (NEO) gene cassette.
This construct was trans-fected into 129/SvJae ES cells to allow homologous recombination
with endogenous Casralleles. The resulting floxed Casr-containing ES cells were injected
into C57/BL6 blastocysts to produce chimeric mice that were bred to obtain heterozygous
(CasrUfloxy and homozygous (CasA1o%/floxX) mice. (B) PCR analyses of genomic DNAs from
floxed Casr-containing ES cells before blastocyst injection and from the tails of CasAUWt
(WT), heterozygous CasPUflox (Het), and homozygous Casr1oX/floX (Hom) mice were
performed with specific primers (see Materials and Methods) to confirm integration of the
targeting sequences. (C) PCR analyses of genomic DNAs from (B) after incubation with
(+Cre) or without (—=Cre) bacteriophage P1 Cre recombinase in vitro for 30 min. The 284-bp
band represents the DNA fragment due to excision of exon 7 (AExon7).
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Fig. 2.

Heterozygous and homozygous deletion of the Casrgene in parathyroid cells (PTCs)
produces mild and severe hyperparathyroidism (HPT), respectively. (A) Two-week-old PT-
KO (PTCaSRAflox/Afloxy mice showed severe growth retardation, with body weights about
45% of that of their control and PT-Het (PTCaSRWT/AfloX) [ittermates. (B) PCR analyses of
genomic DNAs confirmed the expression of the Cretrans-gene and floxed Casralleles in
PT-Het and PT-KO mice. The control mice used in this experiment were CaSRflox/flox
which do not express Cre. (C) PCR analyses of genomic DNAs from tissues of PT-KO mice
confirmed the deletion of exon 7 only in PTGs. (D) Western blotting of PTG lysates showed
the decreased abundance of full-length CaSR protein (WT, 120 to 250 kD) by ~70% and
>95% in the PT-Het and PT-KO mice, respectively, compared with control littermates. PTG
ly-sates from PT-Het and PT-KO mice contained the AExon7-CaSR (AExon7) protein
(about 90 kD), which was encoded by exons 1 to 6. (E) gPCR analyses with primers
flanking the junctions of either exons 6 and 7 (E6-7) or exons 2 and 3 (E2-3) of Casrand
primers specific for PTH mRNA were presented as the percentage of expression of the gene
encoding the mitochondrial ribosomal protein L19 (**~P < 0.01, 7= 4 to 6 mice).
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Fig. 3.

Knockout of Casrin PTCs impedes skeletal development. (A) Whole-mount AR and AB
staining showed a smaller skeleton with fractures in the ribs and tibiae (see insets) of 14-
day-old PT-KO (P7 CasrAfloxAflox) mice, but not in PT-Het (PTCaSRWT/Aflox) orcontrol
mice. (B) Reconstructed 3D nCT images of femurs from 14-day-old PT-KO mice showed
severely undermineralized matrix compared with those of control mice. (C) Histological
analyses of femurs from PT-KO mice showed reduced mineralization and osteoid
accumulation. Consecutive plastic-embedded femur sections from 14-day-old control and
PT-KO mice stained with VK reagents and counterstained with SO or Goldner reagents
were visualized at 5x magnification. Boxes in the right panels are enlarged regions of
interest (reproduced at 20%). Scale bars: 800 wm at 5x; 200 pum at 20%. (D) Gene expression
studies indicated the delayed differentiation of osteoblasts in bones from PT-KO mice
compared with that of control mice. gPCR analyses of genes encoding osteoblast markers
were performed on RNA isolated from humeral cortices (no marrow) of 14-day-old mice.
All measurements of gene expression are presented as the percentage of L19expression (*P
< 0.05, **P< 0.01; n= 6 to 8 mice). Expression of OSX; Col(l), ALP, DMP1, OCN, and
SOSTin PT-KO mice was reduced by 36%, 48%, 48%, 43%, 91%, and 74%, respectively,
compared with that in control mice. PCR analyses with primers flanking the junctions of
exons 6 and 7 (E6-7) or exons 2 and 3 (E2-3) of Casrshowed reductions in both transcripts
in bone in which the PTH-Cre transgene was not expressed. (E) Reconstructed 3D uCT
images of Tb bone in distal femurs and Ct bone at the TFJ of 6-month-old control and PT-
Het mice. Scale bars: 1 mm for all panels. (F) nCT parameters assessed were BV, BV/TV,
Th, N, CD, and Sp for Th bone and TV, BV, and Th for Ct bone (defined in Results; *P<
0.05, **P<0.01; n= 6 to 8 mice).
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Knockout of Casrin osteoblasts, driven by 2.3Col(1)- Cre, blocked growth and skeletal
development. (A) Body weights of control (n = 8), heterozygous (C01-5976CaspNT/Aflox
COL-Het, 7= 12), and homozygous KO (C0l-BonecasAfloxiAflox cOL-KO, 7= 9) mice
from birth until postnatal day 20. Because the weights of control and Het mice were
indistinguishable, they were combined and are presented as Cont+Het. COL-KO mice
exhibited growth retardation, which was evident by postnatal day 3. (B) Whole-mount AR
and AB staining showed that the skeletons of COL-KO mice were smaller than those of
control and heterozygous mice at postnatal day 5. (C) Reconstructed 3D nCT images of
skeletons from 20-day-old mice showed severe undermineralization in COL-KO mice,
evident in the skull (arrowheads), vertebrae (double arrows), and long bones (arrows). (D)
iCT parameters of Tb bone in the distal femur (Th.BV, Th.BV/TV, Th.Th, Th.N, Tb.CD,
and Th.Sp) and Ct bone at the TFJ (Ct.TV, Ct.BV, and Ct.Th) of 20-day-old control and
COL-KO mice showed statistically significant reductions in all parameters except Tb. Sp,
which was markedly increased—all of which were confirmatory of reduced bone mass and
microarchitecture (**£< 0.01; n=6 mice). (E) Histological analyses of femurs from COL-
KO mice showed poor mineralization and osteoid accumulation compared with those of
control mice. VK+SO and Goldner staining were performed on consecutive plastic-
embedded sections from 7-day-old control and COL-KO femurs and visualized at 5x
magnification. Boxes in the right panels are enlarged regions of interest (reproduced at 20x%).
Scale bars: 500 pm (5x%); 125 um (20x). (F) The expression of genes encoding osteoblast
markers indicated delayed differentiation in COL-KO mice compared with that in control
mice. qPCR analyses of samples isolated from humeral cortices (no marrow) from 14-day-
old mice with primers specific for OSX, Col(l), ALP, DMP1, OCN, SOST, IGF1, CCNDI,
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Bel-2, Bel-2L 1, and /L-10were performed. Results are presented as the percentage of
expression of L19or glyceraldehyde 3-phosphate dehydrogenase( GAPDH) (**P<0.01; n=
6 to 9 mice). Reductions (percent decrease in COL-KO mice compared with control mice) of
54%, 35%, 47%, 77%, 79%, and 22% were seen in the expression of Col(l), ALP, DMPI,
OCN, SOST, and IGF1, respectively. (G) TUNEL staining of femoral cortex from 7-day-
old control and KO mice with hematoxylin counter-staining. TUNEL-positive cells are
indicated by brown DAB stain (arrowheads) (/7= 8 sections from four mice).
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Knockout of floxed Casrin osteoblasts by OSX-Creresults in retarded growth and altered
gene expression. (A) PCR analyses of genomic DNAs confirmed that deletion of exon 7
occurred only in bone from homozygous Os%-Bone cgsAflox/Aflox (95X -K0) mice and not in
other tissues. (B) One-month-old OSX-KO mice were growth-retarded compared with
control mice. (C) nCT images of trabecular (Th) and cortical (Ct) bones in the distal femur
and TFJ, respectively, showed severely under-mineralized matrix in 4-week-old KO mice
compared with that in control mice. Scale bars: 1 mm for all panels. (D) nCT parameters
assessed included BV, BV/TV, Th,N,CD, and SpforThbone and TV, BV, and Th for Ct bone
in 4-week-old control and OSX-KO mice. (*P< 0.01; n= 6 for KO and n= 12 for control
mice). (E) Analysis of gene expression by qPCR in samples isolated from humeral cortices
(no marrow) of newborn mice indicated delayed differentiation of osteoblasts in OSX-KO
mice compared with that of control mice, with 55% reduced expression of Co/(/) and 35%
reduced expression of OCN. Results are presented as the percentage of L19expression (*P<
0.05, n=4to 6 mice).
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Fig. 6.

Knockout of Casrin chondrocytes blocks embryonic development and cartilage maturation.
(A) Whole-mount AR and AB staining shows that the skeletons of Cart-KO
(CartcasrAflox/Aflox) mice are smaller and undermineralized compared with those of their
heterozygous (CatCasANVT/AfIoX) and control littermates at E12.5. (B to F) Tamoxifen (Tam)-
induced knockdown of the Casrin cartilage produces small, undermineralized skeletons in
E18-19 Tam-Cart cagAflox/Aflox (Tam-Cart-KO) embryos. (B) PCR analysis of genomic
DNAs from embryos with (+) or without (=) exposure to 40H-Tam for the expression

ofthe T8MCre transgene, homozygous floxed Casr (fl-Casy) alleles, and sequences lacking
exon 7 (AExon7). (C) Whole-mount AR and AB staining of E19 embryos showed smaller
skeletons, including humeri, femurs, and tibiae in Tam-Cart-KO compared with those of
control mice. (D) Immunohistochemical staining of CaSR, depicted by brown DAB staining,
in the proximal tibial growth plates from E18 to E19 Tam-Cart-KO and control mice. PZ,
proliferation zone; MZ, maturation zone; HZ, hypertrophic zone. (E) VK and SO staining of
plastic sections of proximal tibial growth plates from E18 to E19 Tam-Cart-KO and control
mice. The histogram presents HZ widths in proximal tibial growth plates from control and
Tam-Cart-KO mice (*P< 0.01; 7= 4 mice). (F) Gene profiling in the epiphyseal growth
plates indicates a delay in cell maturation and differentiation in Tam-Cart-KO mice
compared with that in control mice. qPCR was performed on epiphyseal growth plate
samples from E18 to E19 Tam-Cart-KO and control mice with primers specific for early
[AGG and Col(1l)] and late [ Col(X), OPN, and RUNXZ] chondrocyte markers and for
IGF1, IGF1R, and Casr. Results are presented as the percentage of L19expression (*P<
0.05, **P < 0.01; n= 6 mice).
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Fig. 7.

Knockout of Casrin chondrocytes blocks the expression of /GF-1and /GF-1R and delays
cell differentiation. (A) Immunohistochemical staining of IGF-1 and IGF-1R, depicted by
brown DAB staining, in the proximal tibial growth plates from E18 to E19 Tam-Cart-KO
and control mice. (B) In vitro knockout of /GF-1R was performed by infecting floxed
IGF-1R-containing GPCs with Ad-Cre (Cre) or, as a control, Ad-Cont (Cont) viruses (16
PFU/cell). Expression of /GF-1Rand Col(X) mRNAs was assessed by gPCR 72 hours
postinfection. (C) Western blots were incubated with antisera against the p subunit of
IGF-1R to confirm the knockdown of IGF-1R in GPCs infected with Ad-Cre (Cre)
compared with that in Ad-Cont (Cont) viruses. (D) AR staining was performed and
guantified by absorbance to assess mineralization in cultures infected with Ad-Cre (Cre) or
Ad-Cont (Cont) viruses and grown in media containing 2.0 mM Ca2* for 14 days (**P<
0.001; n=13).
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Concentrations of serum PTH, serum Ca2*, and urinary Ca2* and weights of PT-KO (KO), PT-Het (Het), and
control (Cont) littermates.

Cont (n=19mice) Het (n=13mice)

KO (n =11 mice)

Serum [PTH] (pg/ml) 52.7+ 1.6 170+ 274" 959 +122%
Fold over control +2.3 +17.2
Serum [Ca?*] (mg/dl) 11.6+0.1 134+02% 16.4+05%
% Change over control +16 +40
Urine [Ca2*] (mg/dl) 28+04 35+05" 13.4+29%
% Change over control +25 +380
Body weight (g) 87+03 8405 38+047
% Change vs. control -56

*
P<0.01.
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