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Mechanical stress to bone plays a critieal role in main-
taining bone mass and strength. However, the molecular
mechanism of mechanical stress-induced bone forma-
tion is not fully understood. In the present study, we
demonstrate that FosB and its spliced variant AFosB,
which is known to increase bone mass by stimulating
bone formation in vive, is rapidly induced by mechani-
cal loading in mouse hind limb bone in vivo and by fluid
shear stress (FSS) in mouse calvarial osteoblasts in vitro
both at the mRNA and protein levels. FSS induction of
FosB/AFosB gene expression was dependent on
gadlinium-sensitive Ca** influx and subsequent activa-
tion of ERK1/2. Analysis of the mouse FosB/AFosB gene
upstream regulatory region with luciferase reporter
gene assays revealed that the FosB/AFosB induction by
F3S occurred at the transcriptional level and was con-
ferred by a short fragment from —603 to —327. DNA
precipitation assays and DNA decoy experiments indi-
cated that ERK-dependent activation of CREB binding
to a CRE/AP-1 like element {(designated “CREZ2”) at the
position of —413 largely contributed to the transcrip-
tional effects of FSS. These results suggest that AFosB
participates in mechanical stress-induced intracellular
signaling cascades that activate the osteogenic program
in osteoblasts.

Mechanical stress to bone plays a eritical role in maintaining
bone mass and strength. Reduced mechanical loading because of
long-term bed rest or immobilization, or microgravity conditions
in space, has been shown to cause significant bone loss and
mineral changes. Evidence from human and animal studies has
indicated that impaired bone formation significantly contributes
to such unloading associated osteoporesis (1-3). Therefore, it is
an important task for us te elucidate the mechanism by which
mechanical loading induces hone formation to understand the
pathophysiology and to establish an effective treatment of osteo-
porosis caused by reduced mechanical loading.
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Bone cells have the ability to sense mechanical loading to
activate multiple intracellular signaling pathways and tran-
scription of various genes, Although the molecular device and
the cellular repertoire in bone responsible for sensing such
mechanical stimuli in vive has not been precisely determined,
it has been proposed that mechanotransduction in bone is
mediated by changes in extracellular fluid flow caused by dy-
namic loading, which engenders fluid shear stress (FSS} to
bone cells, particularly osteocytes that are a terminally differ-
entiated form of osteoblasts embedded in calcified bone (4, 5).
Consistently, FSS has been shown to elicit a divergent array of
intracellular signaling pathways including intracellular eal-
cium rise, activation of enzymes such as protein kinase B/Akt,
mitogen-activated protein kinase family, and activation of
transcription factors such as AP-1 (activator protein-1) and
CREB (cyclic AMP response element-binding protein) in cells of
the osteoblast lineage (6-8). Downstream of such signaling
events is induction of various gene expression including extra-
cellular matrix proteins such as type I collagen and osteopen-
tin, and growth factors such as insulin-like growth factor-I (7).
However, the molecular mechanisms as well as relevance to
bone formation of such gene induction by mechanical stress in
bone cells are largely unknown.

One of the earliest transcriptional events caused by mechan-
ical loading in bene cells is induction of c-Fos (9), a proto-
oncogene that belongs to the AP-1 transeription factor family
consisting of three Fos and four Jun family members. As a
prototype of “immediate early genes,” ¢-Fos expression is
known to be rapidly and transiently induced by various stimuli
including serum and growth factors {10-12). Induetion of ¢-Fos
expression by mechanical force has also been demonstrated in
non-bone cells such as cardiae, muscle, and endothelial cells
(13). Because mechanical loading induces several AP-1-respon-
sive genes presumably involved in bone formation, ¢-Fos has
been assumed to play a role in induction of such AP-1 target
genes, thereby contributing to mechanical stress-induced bone
formation. However, ubiquitous overexpression of e¢-Fos in
transgenic mice resulted in development of osteosarcoma with-
out evidence for increased bone formation (14). Therefore, al-
though ¢-Fos may stimulate proliferation and/or survival of the
osteoblast lineage cells, it is not able to induce bone formation
when overexpressed alone in bone cells.

Another “immediate early gene” type member of the Fos
family is FosB. Recently, transgenic mice overexpressing

! The abbreviations used are: FSS, fluid shear stress; AP-1, activator
protein-1; CREB, cyclic AMP response element-binding protein; ERK,
extracellular signal-regulated kinase; COX, cyclooxygenase; SRE, se-
rum response element; RT, reverse transcription; CDODN, circular
dumbbell decoy oligonucleotides; BAPTA-AM, 1,2-bis(2-aminophe-
noxy)-ethane-N,N.N' N'-tetraacetic acid, tetraacetoxymethyl ester:
MEM, minimal essentiz] medium,
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AFosB (15-17), a short splicing isoform of FosB gene, have been
reported to exhibit a progressive increase in bone mass because
of enhanced bone formation (18). Expression of AFosB was
observed within the osteoblast lineage and regulated in a dif-
ferentiation-associated manner, and the effects of AFosB over-
expression on osteoblasts appeared to be cell-autonomous and
reversible (18, 20). These results indicate that expression of
AFosB alone is sufficient to induce bone formation, and further
imply that AFosB may be involved in signaling pathways in-
duced by osteogenic stimuli such as mechanical loading.

In the present study, we investigated a potential role of
AFosB in mechanical stress-induced bone formation. The re-
sults indicated that FosB/AFosB gene expression in bone cells
was induced by mechanical stress both in vitro and in vivo. The
induction occurred in a manner dependent on gadolininm
(Gd? *)-sensitive Ca®* influx and ERK (extracellular signal-
regulated kinase) but independent of prostaglandin production,
and involved a transcriptional mechanism with a major contri-
bution of CREB. Our results suggest that AFosB acts as a
downstream effector of mechanical loading and participates in
mechanical stress-induced osteogenic signaling pathways.

EXPERIMENTAL PROCEDURES

Materials—A selective cyclooxygenase (COX)-2 inhibitor, JTE-522
{21, 22), was a kind gift from Japan Tobacco Ine. (Osaka, Japan).
Indomethacin, nifedipine (L-type Ca*" channel blocker), BAPTA-AM
(intracellular Ca®* chelator), A23187 (calcium ionophore), bucladesine
(dibutyryl cAMP), U0126 (ERK inhibitor), and 8B203580 (p38 kinase
inhibitor) were purchased from Calbiochem. pAP1-Luc, pCRE-Luc, and
pSRE-Luc ptasmids, which are cis-reporter plasmids containing tan-
dem consensus AP-1-binding sites, CRE (cAMP-response element), and
¢-Fos-derived SRE (serum response element), respectively, were from
Invitrogen. All chemicals for dual-luciferase reporter assays were from
Promega (Madison, WI). Antibody against FosB/AFosB was from Santa
Cruz Biotechnology (San Diego, CA). Polyelonal antibodies against
ERK1/2 and activated (phospho-) ERK1/2 were from Promega, and
anti-CREB and phospho-CREB antibodies were from New England
Biolabs {Beverly, MA), All DNA modifying enzymes used in this study
were from New England Biolabs Inc. and the other reagents were from
Sigma unless otherwise indicated.

Experimental Animals-~For in vivo experiments, 7-9-week-old ICR
male mice were purchased from Charles River Japan (Tokyo, Japan),
and were acclimatized for 1 week. The body weight of the mice ranged
from 20 to 25 g. All mice were allowed free access to food and water,
housed in stainless cages in an air-conditioned environment (tempera-
ture: 24-25 °C, humidity: 50-55%) that was illuminated from 8:00 a.m.
to 8:00 p.m. The experimental protocols in the current study have been
approved by the Institutional Animal Care and Oversight Committee
according to the guideline principles in the Care and Use of Animals.
Mechanical unloading by tail suspension and the following reloading
was performed according to the procedures described before (23, 24)
with slight modifications. Mice were anesthetized with ether and un-
loaded by suspending tails with the hind limbs being lifted off from the
ground. After tail suspension for 4 days, mice were forced to run in
rotating cages for the indicated times for reloading, sacrificed, and
analyzed for gene expression.

Cell Culture—Primary osteoblasts were prepared from calvariae of
newborn ICR mice by sequential digestion with 0.1% (w/v) type 1A
collagenase and 0.2% (w/v) dispase as previously described (25). The
osteoblasts were cultured in «-MEM supplemented with 10% fetal
bovine serum (fetal bovine serum) (Sigma), penicillin/streptomyein (In-
vitrogen) for 48 h. Before induction experiments, 1 X 10%/ml ostecblasts
were plated on culture dishes, grown to 70-80% confluence, and serum-
deprived in a-MEM with 1% fetal bovine serum for 24 h. For mechanical
loading in vitro, osteoblasts were exposed to FSS by placing 8-well
culture dishes on a horizontal shaking apparatus fixed inside the cul-
ture incubator. All the experiments in the present study were per-
formed at 100-120 rpm. The shear stress force in our system was
estimated to be slightly less than that produced by 200 rpm with a cone
viscometer, which was ~2 pascal at the edge (26), and thus theoretically
stayed within the physiological range.

Adenovirus Infection—A recombinant adenoviral vector for constitu-
tively active MEK1 (MEK®) was a kind gift from Dr. Sakae Tanaka
(University of Tokyo). Primary osteoblasts at passage two were infeeted
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with MEK®* adenoviruses at a multiplicity of infection varying from 0
to 100, At 48 h after infection, cells were harvested and examined for
expression of FosB/AFosB and other proteins by Western blot analysis,

RNA Analysis—Total RNA was extracted from tibia and femur of the
mice or cultured primary osteoblasts using TRIzol reagents (Invitro-
gen}, and mRNA expression for various genes was determined by re-
verse transcription-polymerase chain reaction (RT-PCR) or ribonucle-
ase (RNase) protection assays. For RT-PCR, 1 pg of total RNA was
reverse-transcribed using SuperScript II RT™ (Invitrogen) and ran-
dom primers (Promega Corp., Madison, WI). One of a 20-1:1 RT reaction
was used for PCR analysis. Primer sets used for amplification were as
follows: sense, 5'-aaaaggcagagetggagtegg-3', and antisense, 5'-tgtae-
gaagpectaacaacgg-3' for mouse FosB, which amplifies both the short
spliced AFosB isoform and the long FosB transcripts; and sense, 5'-
tgtetteaccaccatggagaagg-3', and antisense, 5'-gtgpatgcagggatgatgttetg-
3, for mouse GAPDH gene. The PCR c¢ycle numbers were 28 for FosBf
AFosB and 22 for GAPDIH, which were determined so that quantitative
information was not lost. Amplified products were separated on 1.5-
2.0% agarose gels and stained with ethidium bromide for visualization.
For the RNase protection assay, a fragment of mouse FosB ¢DNA
{nucleotides 1480-2051) was subcloned into pBlueScript SKII(+)
{Stratagene, La Jolla, CA). The resultant plasmid was linearized and
purified with Gel Extraction Kit (Qiagen Inc., Valencia, CA) and in vitro
transeribed to generate a ¢RNA probe using the MAXIscript in Vitro
Transcription Kit (Ambion Inc., Austin, TX). A control template for
mouse B-actin was purchased from Ambion. RNase protection assays
were performed using the RPATI Kit (Ambion) as previously described
(27). Briefly, RNA samples were incubated with [a«-**P]UTP-labeled
c¢RNA probes at 42 °C for 18 h and digested with an RNase A/T1
mixture. Non-digested RNA was precipitated, separated on a 6% poly-
acrylamide gel containing 8 M urea, transferred to 3MM Whatman filter
paper, dried, and autoradiographed.

Protein Analysis—Preparation of nuclear extracts was described pre-
viously (25). Briefly, 1-2 X 107 cells were collected, washed twice with
ice-cold phosphate-buffered saline, incubated in ice-cold hypotonic
buffer (10 mM HEPES-KOH, pH 7.2, 10 mm KCI, 0.1 mm EDTA, 0.1 mM
EGTA, 0.75 mM spermidine, 0.15 mM spermine, 1 m dithiothreitol, 0.5
mM phenylmethylsulfonyl flueride, 1X protease inhibitor mixture
(Sigma), and 10 myM Na,MoO,) for 10 min, vortexed for 10 s, and
centrifuged at 15,000 X g at 4 °C for 60 s. The pellet was resuspended
in NLB buffer (20 mM HEPES-KOH, pH 7.2, 0.4 M NaCl, 1 mm EDTA,
1 mm EGTA, 1 mu dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride,
1% Pretease inhibitor mixture (Sigma), and 10 mM Na,MoO,), placed on
ice for 15 min, and centrifuged at 4 °C at 15,000 X g for 10 min. The
supernatant was saved as nuclear extracts. Total cell lysates were
prepared using 1% Cell Lysis Buffer (Cell Signaling Technology Inc.,
Beverly, MA) according to the manufacturer’s instructions. The nuclear
extracts and total cell lysates were stored at —80 °C until use. For
Western blot analysis, 30 pg of protein was separated on a 5-20%
gradient SDS-PAGE and transferred to polyvinylidene difluoride mem-
brane {Millipore Corp.). The membrane was rinsed and blocked with 5%
nonfat skim milk or 2% bovine serum albumin (fraction V from Sigma)
in Tris-buffered saline {TBS) with 0.1% Tween 20 for 2 h at room
temperature, blotted sequentially with primary antibodies, then with a
horseradish-conjugated secondary antibody for 1 h, and the protein
bands were visualized with an ECL detection system {Amersham
Biosciences).

Cloning of the Mouse FosB (ene Promoter—Fragments of mouse
FosB gene {GenBank™ number AF093624) upstream regulatory region
from nucleotides —1000 to +307 (1.0K), ~603 to +307 (0.6K), and —327
to +307 (0.3K) (with the transcription start site being numbered +1)
were cloned from a mouse genomic library (Toyebo Co., Ltd., Osaka,
Japan) by PCR with the following primer sets: sense, 5'-acgggtacct-
taptctecggtteggagaac-3', and antisense, 5'-acgaagcttttagtctceggtieg-
gagaac-3', for LOK; sense, 5'-ctaattgegtcacaggaactee-3', and antisense,
acgaagettttagtctecgpttepgagaac-3’ for 0.6K; and sense, 5'-ageggtac-
ceagggteacactatggpeapggt-3°, and antisense, 5'-acgaagettttagteteeggties-
gagaa-3’, for 0.3K. PCR products were purified, digested with Kpnl/
Xhol {1.0K and 0.3K) or Smal/XhoI) {0.6K), and subcloned into a
[uciferase reporter plasmid pGL3-basic {Promega, Madison, WI), which
lacks eukaryotic promoter and enhancer sequences. From the luciferase
vector containing the longest 1.0-kb promoter, a series of mutant plas-
mids were generated by site-directed mutagenesis using the
QuikChange™ Site-directed Mutagenesis Kit (STRATAGENE) with
mutagenic primers including 5'-ccttatatCC-3’ for SRE mutation (g547¢
and g548¢) and 5'-tgGCAca-3' for CRE2 mutation (¢656g, g55Tc, and
t558a). All the constructs were verified by sequencing.

Dual Luciferase Assay—Osteoblasts were seeded in 6-well culture
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FiG. 1. In vive and in vitro induction of FosB/AFosB gene expression at mRNA and protein levels by mechanical stress in bone cells.
For ir vivo experiments (A and C), 7-9-week-old ICR male mice were tail suspended for 4 days and were reloaded in a rotating cage for the indicated
times. Mice were sacrificed, and total RNA and total cell lysate was extracted from tibiae and femurs and analyzed for mRNA (A) and protein (C)
expression of FosB/AFosB gene by RNase protection assay and Western blot analysis, respectively. In vifro experiments were performed by
culturing mouse calvarial osteoblasts for 48 h and then exposing them to FSS for the indicated times. Expression of FosB/AFosB gene expression
was analyzed at both mRNA (B} and protein {D) levels by RT-PCR and Western blot analysis, respectively.

plates at 50% confluence and cultured in a-MEM supplemented with
10% fetal bovine serum. After 18-24 h, the cells were co-transfected
with 1 ug of chimeric luciferase reporter plasmids and 0.025 ug of
pRL-TK Renilla luciferase plasmids (Promega} using GenePorter 2
Transfection Reagents (Gene Therapy Systems, Inc., San Diego, CA)in
Opti-MEM gupplemented with 1% fetal bovine serum. At 6 h after
transfection, the medium was replaced by 2 ml of Opti-MEM supple-
mented with 1% fetal bovine serum, and the cells were incubated for an
additional 24 h, The iransfected cells were then treated with various
reagents and/or exposed to FSS by placing the culture plates on a
shaking apparatus at 100 to 120 rpm. For dual luciferase assays, the
cells were washed twice with PBS and lysed with 100 ul of passive cell
lysis buffer (Promega). Luciferase activities were measured with lumi-
nometer (ATTO, Tokyo, Japan) by mixing 50 pl of luciferase substrate
solution (Promega) with 10 ul of cell Iysates, Transcriptional activity
was normalized for Renilla luciferase activity or protein concentrations.

Electrophoretic Mobility Shift Assay—Electrophoretic mobility shift
assay was performed as previously described (25). Radiolabeled double-
stranded oligonucleotide probes were prepared by annealing comple-
mentary cligonucleotides end-labeled with [o-*?P)JdATP and DNA po-
lymerase I fragment (Klenow) (New England Biolabs). The labeled
probes were purified by Sephadex G-25 eolumns (Quick Spin Columns,
Roche Molecular Biochemicals), diluted with distilled water, and 3 x
10* ¢pm was incubated with nuclear extracts {10 ug) and 4 pg of
poly(dI-dC}poly(dI-dC} in a total volume of 20 pl of 1/2 X NLB buffer
at 4 °C for 30 min. For competition analysis, a hundred times molar
excess of cold oligonucleotide probes were added to the electrophoretic
mobility shift assay reaction. Resolution was accomplished by elec-
trophoresing 15 pl of the reaction mixture on 4.5 to 5.0% polyacryl-
amide gels using 0.25X TBE buffer (22.3 mM Tris-HCI, 22.3 mM boric
acid, and 0.25 my EDTA, pH 8.0). Gels were then transferred onto
3MM filter paper and dried, and protein-DNA complexes were
visualized by autoradiography.

DNA Precipitation Assay—DBiotinylated double-stranded aligenucleo-
tide probes containing three tandem repeats of SRE/CRE2 (-437 to
—401) or CRE1 (—488 to —481) sequences were prepared by annealing
complementary oligonucleotides followed by ethanel precipitation. The
annealed probes (100 pmol) were incubated with 100 ug of nuclear
extracts and 15 pg of poly(dI-dC)ypoly(dIl-dC) in 500 pl of NLB100 buffer
(20 mm HEPES-KOH, pH 7.2, 0.1 M NaCl, 1 mM EDTA, 1 mM EGTA, 0.5
mM dithisthreitol, 1 mM phenylmethylsulfonyl fluoride, protease inhib-
itor mixture {(Sigma), 20 mm sodium fluoride, and 1 my VO, for 4 °C
with gentle agitation, and then with streptavidine-conjugated magnetic
beads (Magnotex-SA, TaKaRa, Japan) at 4 °C for 30 min, DNA-protein
complexes bound to magnetic beads were collected by placing the reac-
tion tubes on a magnetic stand and washed with ice-cold NLB100 buffer
for four times. After the final wash, beads were collected and resu-
pended in 2X sample buffer. Sequence-specific DNA-bound proteins
were separated on a SDS-polyacrylamide gel and detected by Western

A
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reloading - + - +
fosB —
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fosB —
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F1G. 2. Induction of FosB/AFosB mRNA is independent of pros-
taglandin production, A, 7-9-week-cld ICR male mice were first tail
suspended for 4 days and orally given 10 mgkg of indomethacin or
vehicle. After 1 h, mice were reloaded in a rotating cage for 30 min and
sacrificed, and expression of FosB/AFosB and B-actin mRNA in tibiae
and femurs wag analyzed by RNase protection assay. B, mouse calvarial
osteoblasts were pretreated with 1 mM indomethacin or a selective
COX-2 inhibitor, JTE-522, 30 min prior to FSS. Cells were then exposed
to ¥8S for 30 min, and mRNA expression of FosB/AFosB and GAPDH as
an internal centrol was examined by RT-PCR.

blotting. For competition analysis, 100 times molar excess of nen-
labeled bictinylated double-stranded oligonucleotide probes were added
to the DNA-protein reactions.

Decoy Oligonucleotides—An SRE/CRE2 “circular dumbbell” decoy
oligonucleotide (CDODN) (28, 29) containing the SRE/CRE2 se-
quences in the FosB promoter region {(5'-ataaggagctegectitttttgge-
pagctecttatatggetaattgepteacagetttttttectgtgacgeaattagecat-3')  was
synthesized to form a double-stranded DNA oligomer with the both
ends hinged by a stretch of seven Ts. This structure has been dem-
onstrated to confer resistance to endogenous nucleases (29). As con-
trols, we also synthesized mutant CDODNs including: Scramble, 5'-
taacgacteggtagtitttttctacegagtegttaattgectgeggeagtpgatatittttteateca-
ctgeegeaggeaat-3'; SREmt, 5'-ataaCCagetegectttttttggegapetGGitata-
tggctaattgegtcacaggttttttteetgteacgeaattageeat-3'; and CRE2mt, 5'-a-
taaggagctegectttttiiggegagetecttatatgpetaattgGCAcacaggttttettectgt-
gTGCeaattageeat-3'. After self-annealing and ligation, the CDODNs
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F16. 3. FSS-induced FosB/AFosB induction is dependent on ERK. A, primary calvarial osteoblasts were pretreated with 10 uv U0128, 10
uM SB203580, or a vehicle for 30 min. Cells were then exposed to FSS for 30 min and analyzed for FosB/AFosB and GAPDH mRNA expression by
RT-PCR. Control is a negative control without FSS. B, to evaluate ERK activation by FSS, cells were exposed to FSS for the indicated times, lysed,
and examined by Western blot analysis using antibodies against phosphorylated (pERK1/2} and total ERK1/2, C, primary osteoblasts were infected
with an adenovirus expressing constitutively active MEK1 (MEK“*) (44} at increasing multiplicity of infection for 48 h, and analyzed for

FosB/AFosB, MEK1, and B-actin expression by Western blotting.
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Fig. 4. FSS-induced FosB/AFosB in-
duction was dependent on Ca?* in-
flux through a Gd**.sensitive cation
channel. Mouse calvarial osteoblasts
were pretreated with vehicles, 10 pM nife-
dipine, 10 uM gadolinium chloride (Gd**),
2.5 mM EGTA, or 50 M BAPTA-AM for 30
min and then exposed to FSS for 30 min. B
Levels of FosB/AFosB and GAPDH mRNA
expression and ERK phosphorylation
were determined by RT-PCR (A) and
Waestern blot analysis, respectively (B).

GAPDH

were introduced into osteoblasts by GenePorter 2 Transfection Re-
agents according to the manufacturer’s instruction.

RESULTS

In Vive Mechanical Forces and in Vitro FSS to Osteoblasts
Induce FosB/AFosB Gene Expression at Both the mRNA and
Protein Levels—We first investigated whether or not expres-
sion of the FosB/AFosB pene in bone is induced by mechanical
loading in vivo. Seven- to 9-week-old ICR male mice were tail
suspended for 4 days to reduce the background expression, and
then mechanically reloaded in rotating cages. As shown in Fig.
1A, expression of (long)} FosB and AFosB mRNA in tibiae and
femurs was undetectable in tail-suspended mice, but was in-
duced as early as 30 min after mechanical reloading and
reached the maximum within 2 h. In the in vitro experiments
shown in Fig. 1B, primary osteoblasts derived from newborn
mouse calvariae were subjected to FSS on a shaking apparatus.
As a result, we observed that FosB/AFosB mRNA was induced
by FSS in primary osteoblasts, recapitulating the in vive in-
duction in reloaded mice. These results are consistent with an
assumption that the in vive mechanical forces caused FSS to
bone cells of the osteoblast lineage, leading to increased expres-
sion of FosB/AFosB, To confirm that the induction of FosB/
AFpsB mRNA by FSS leads to an increase in the amount of

0 05 2 0 05 2 0 05 2

g 05 2

(-]
N e &S >
o<s" ° ‘6‘0\ \?'&Q S A V?&
d < & & < )
'4 pa r———— - ———

their protein products, nuclear extracts were obtained from
cells that had been exposed to F535 and were analyzed for
FosB/AFosB protein expression by Western blotting, The re-
sults indicated that FosB (50 kDa) and AFosB (32 kDa) pro-
teins were both induced either by mechanical loading in vive or
FSS in vitro in a time-dependent manner (Fig. 1, C and D).
These findings were similarly observed in other osteoblastic
cell lines such as a murine calvarial cell line, MC3T3-E1, and a
murine bone marrow stromal cell line, ST-2 (data not shown).
Therefore, induction of FosB/AFosB gene expression by me-
chanical stress occurs at hoth the mRNA and protein levels in
cells of the osteoblast lineage.

Induction of FosB/AFosB mRNA Is Independent of Prosta-
glandin Production—Previous reports suggest that prosta-
glandins are important mediators of mechanical stress-induced
bone formation. Mechanical stress has been shown to cause
activation of a constitutive type of prostaglandin G/H synthase
(COX-1) and transcriptional up-regulation of an inducible iso-
form (COX-2) (8, 30), and both events would lead to increased
production of prostaglandins, especially the E series that have
been shown to induce ¢-Fos (31). To determine whether FSS-
induced FosB/AFosB expression is mediated by prostaglandins,
tail-suspended mice were subcutaneously injected with indo-
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FiG. 5. Induction of FesB/AFosB gene transcription by FSS occurs through a short region containing SRE and two CREs in a
manner dependent on Ca®** and ERK. 4, a chimeric luciferase reporter plasmid including the 5'-flanking region of the mouse FosB/AFosB gene
(L.OK) was transiently transfected into primary osteoblasts. Cells were then exposed to FSS for the indicated times and transcriptional activity was
measured by dual-luciferase assay. Data were corrected for Renilla luciferase and expressed as a mean of four independent experiments with an
errer bar of 8.D. in arbitrary units, **, significantly different (p < 0.05) from FSS {-}. *, significantly different (p < 0.01) from FSS (-). B,
osteoblasts transfected with the FosB/AFosB gene promoter construct {— 1.0K) were exposed to FSS in the presence of vehicle, 10 pM U01286, 10 um
gadolinium chloride, or 50 ps BAPTA-AM for 6 h, and transeriptional activity was measured by dual luciferase assay. Data were expressed as a
mean of four independent experiments with an error bar of S.D. in -fold induction by FSS, *, significantly different (p < 0.01) from the vehicle
control. C, various deletion constructs (—1.0K, -0.6K, and —0.3K) were transfected into primary osteoblasts, and analyzed for transcriptional
response to FSS. Potential transcription factor binding sites are shown. Data were corrected for Renilla luciferase and expressed as a mean of four
independent experiments with an error bar of 8.D. in arbitrary units. *, significantly different {(p < 0.01) from FSS (-).

methacin, a general COX inhibitor (both COX-1 and COX-2),
prior to reloading, and FosB/AFosB mRNA induction in tibiae
and femurs was analyzed by RNase protection assay. As shown
in Fig. 24, FosB/AFosB mRNA induction was not blocked by
indomethacin. Similarly, pretreatment with either indometha-
cin or a selective COX-2 inhibitor, JTE-522, had no major
effects on FSS-induced FosB/AFosB expression in osteoblasts
in vitro (Fig, 2B). These results indicated that mechanical
stress-induced FosB/AFopsB induction was independent of pros-
taglandin production both in vive and in vitro.

FS88-induced FosB/AFosB mRNA Expression Is Dependent
on ERK—We then attempted to delineate the intracellular
signaling pathways leading to FosB/AFosB induction. We first
investigated involvement of the mitogen-activated protein ki-
nase family members including ERK, p38 kinase, and ¢-Jun
N-terminal kinase, which have been suggested to link FSS to
various gene inductions (32, 33), Primary osteoblasts were
exposed to an ERK1/2 inhibitor, U0126, or p38 kinase inhibitor,
$B203580, and then subjected to FSS, As shown in Fig, 34,
U0126, as well as another ERK inhibitor PD98059 (data not
shown), completely abolished FosB/AFosB mRNA induction,
whereas SB203580 had no effects. Consistent with a critical
role of ERK, we found that FSS activated ERKL/2 as early as 15
min as shown by Western blot analysizs using an anti-phospho-
rylated ERKV/2 antibody (Fig. 3B). Moreover, activation of
ERK1/2 by adenoviral overexpression of constitutively active
MEK]1 resulted in up-regulation of FosB/AFosB protein expres-
sion in a dose-dependent manner (Fig, 3C). In our in vitro
system, we observed little if any activation of other mitogen-
activated protein kinase family members such as p38 kinase

and ¢-Jun N-terminal kinase in response to FSS (data not
shown). These results indicated that FSS induction of FosB/
AFosB mRNA expression was dependent on ERK.
ERK-mediated FosB/AFosB Induction by FSS Is Dependent
on Gd**-sensitive Ca®* Influx~Evidence suggests that me-
chanical stress to bone causes a rapid rise in intracellular Ca®*
contcentration in bone-forming cells, one of the earliest events
that initiate divergent downstream signaling cascades in re-
sponse to mechanical stress (6—8). However, the channel re-
sponsible for the mechanical stress-induced Ca?* influx lead-
ing to bone formation in wvivo has not been precisely
determined, and the types and features of the channels thus far
reported are considerably variable depending upen the in vitro
experimental system and the output for evaluation. Accord-
ingly, several types of Ca®* channels have been implicated in
the mechanical stress-induced signaling pathways, particu-
larly L-type voltage-dependent Ca®* channel, and a hypothet-
ical mechanosensitive cation channel that is blocked by
gadlinium ions (Gd®*) (8). We therefore tested effects of various
inhibitors of Ca®* signaling on FosB/AFosB induction by FSS.
As shown in Fig. 4A, FosB/AFosB induction was completely
blocked by extracellular (EGTA) and intracellular (BAPTA-
AM) Ca®* chelators, and Gd®*, suggesting involvement of a
Gd**-sensitive Ca®* channel. Neither voltage-dependent Ca?*
channel inhibitors, nifedipine (Fig. 4A) nor verapamil {data not
shown), affected the FosB/AFosB mRNA induction. We exam-
ined the same set of inhibitors for the effects on FSS-induced
ERK activation, and obtained virtually the same results (Fig.
4B}, We also confirmed that Ca?* ionophores such as A23187
and ionomycin induced both ERK activation and FosB/AFosB
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FS5(-).

mRNA expression in osteoblasts (data not shown). Taken to-
gether, these results suggested that FSS induced FosB/AFosB
mRNA expression in a manner dependent on Ca®* influx
through a Gd®*-sensitive cation channel and the subsequent
ERK activation.

Induction of FosB/AFosB Expression by FSS Occurs at the
Transcriptional Level—To determine whether induction of
FosB/AFosB mRNA expression by FSS occurred at the tran-
scriptional level, we cloned and analyzed the mouse FosB/
AFosB gene promoter {34). A genomic fragment (—1000 to
+307) containing a TATA box and a 1.0-kb long upstream
regulatory region of the FosB gene was obtained by genomic
polymerase chain reaction and subcloned into a luciferase re-
porter vector PGL3-basic. The resultant vector pGL3-1.0K was
transfected into primary osteoblasts, and the promoter activi-
ties were measured in the absence or presence of FSS in vitro.
As shown in Fig. 5A, FSS stimulated FosB gene promoter
activity in a time-dependent manner, with a peak being ~4-fold
induction at 6 h. Censistent with the results of mRNA expres-
sion studies shewn in Figs. 3 and 4, the induction was almost
completely abrogated by an ERK inhibitor U0126, Gd®*, or an
intracellular Ca?* chelator BAPTA-AM (Fig. 5B). Thus, F85
induced FosBfAFosB gene transcription in a manner dependent
on a Gd**-sensitive cation channel and ERK.

Cyclic AMP Response Element-like Sequences (CILE2) Con-
tribute to FSS-induced FosB/AFosB Gene Transcription—We
then attempted to determine DNA elements mediating FSS-

induced FosB/AFosB gene transcription. For this purpose, we
first generated two deletion constructs, PGL-0.6K containing a
promoter fragment from 803 to +307 and PGL-0.3K contain-
ing a fragment from —327 to +307, and tested FSS effects on
promoter activities of these two deletion constructs together
with the original PGL-1.0K containing a region between
—1,000 and +327. As shown in Fig. 5C, the response was
retained in PGL-0.6K but significant induction by F83 was lost
in PGL-0.3K, indicating that the transcriptional response to
FSS was conferred by a region between —603 and —327.

It has been suggested that FosB and ¢-Fos genes have
evolved from a common ancestor gene by gene duplication (34).
Accordingly, these genes have a similar genomic organization
and are subject to a similar mode of transcriptional regulation
as an immediate early gene, and most of the critical DNA
elements in the ¢-Fos gene promoter are also conserved in the
upstream regulatory region of the FosB gene (11, 12). We found
that such key elements were present in the FosB/AFosB pro-
moter region between 607 and —327 that we have identified
to confer the shear stress response: an upstream CRE or AP-1
like sequences from —479 to —470 that we designated CREL,
and SRE from —428 to —419 with an immediately downstream
CRE or AP-1 from —413 to —407 (we designated SRE/CREZ2)
(Fig. 5C). We therefore examined whether each of these ele-
ments, whose counterparts in the e-Fos gene have been shown
to play an important role in its transeriptional regulation, were
able to respond to F'SS, When an oligonucleotide corresponding
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Fic. 7. FSS causes phosphorylation of CREB, which binds to the CRE2 sequences, in a Ca®*- and ERK-dependent manner. Primary
osteoblasts were subjected to FSS for the indicated times, Total cell Iysates (A-C) or nuclear extracts (D-E) were prepared and analyzed by Western
blot using antibodies against phosphorylated or total CREB (A-C) or analyzed for DNA binding by DNA precipitation followed by immunoblotting
with phospho-CREB antibody. A, effect of FSS was compared with that of treatment with 100 nM A23187. B, FSS was applied in the presence of
vehicle alone, 25 my EGTA, or 50 uM BAPTA-AM. C, FSS was applied in the presence of vehicle alone or 10 uM U0126. D, nuclear extracts from
cells subjected to FSS were analyzed for binding of phosphorylated CREB to CRE1 or SRE/CRES oligonucleotide probes by DNA precipitation
assay, E, DNA precipitation assay for phospho-CREB binding to SRE/CRE2 were performed in the presence of free competitors including intact
(W), SRE-mutated (Sm1), or CRE-mutated (Cm) SRE/CREZ2 oligonucleotides.

to CRE1 was subloned into a reporter construct and tested for
its transcriptional activity, neither the wild type nor a mutant
construct showed a significant response to FSS (Fig. 64). In
contrast, SRE/CRE2 showed an ~4-fold induction by FSS,
which was comparable with the induction observed with the
longest 1.0-kb promoter (Fig. 8B). Mutational analysis indi-
cated that none of three different mutations within the SRE
sequences caused any major effects, whereas disrupting muta-
tions in the CRE2 sequences caused an almost complete loss of
response {Fig. 68). These results indicate that the CRE2 se-
quences play a role in transcriptional induction of the FosB/
AFosB gene by FSS,

Binding of Activated CREB to the CREZ2 Element Is Critical
to Transcriptional Induction of FosB/AFosB Gene by FSS—Qur
results have demonstrated that SRE/CRE2 sequences alone
can confer an FSS response to a comparable extent to the
full-length promoter and further suggest that the factor bind-
ing to the CRE2 site is eritical to the transeriptional induction.
We therefore examined whether CREB is activated and binds
to this element in response to FSS. The results indicated that
FSS, as well as a caleium ionophore, A23187, did induce CRER
phosphorylation in osteoblasts (Fig. 74), which occurred in a
manner dependent on Ca?* and ERK (Fig. 7, B and C). More-
over, DNA precipitation assays revealed that phosphorylated
CREB induced by FSS did bind to the SRE/CRE2 sequences,
but not to the CRE1 site (Fig. 7D). We also confirmed that
binding of activated CREB to the SRE/CREZ site occurred in a
manner dependent on the CRE2 sequences by competition
analysis (Fig. 7E). Taken together, these results suggest that
F38 induces FosB/AFosB gene expression by activating CREB
in a Ca?*- and ERK-dependent manner, which then interacts
with CRE2 to promote gene transcription.

Although our results demonstrate a role of CREB activation
and subsequent binding to the CRE2 site, its relative importance

in the context of full-length promoter remained obscure, There-
fore, we applied an oligonucleotide decoy strategy to determine
contribution of the SRE/CRE2 sequences to the transcriptional
induction by FSS. We utilized circular dumbbell decoy oligonu-
cleotides (CDODN) to inhibit binding of transcription factors to
the SRE/CREZ sequences. CDODN have been demonstrated to
show efficient cellular uptake and increased stability (28, 29). We
first confirmed by DNA precipitation assay that SRE/CRE2
CDODN actually bound activated CREB, whereas scrambled
CDODN did not (Fig. 84). Introduction of SRE/CRE2 CDODN
into ostecblasts caused a dose-dependent inhibition of transerip-
tional induction by FSS. The maximal dose (10 ug/ml) caused
nearly complete inhibition, indicating a major contribution of the
transcription factors binding to the SRE/CREZ2 site (Fig. 8B).
Consistent with a critical role for CREB binding to the CRE2 site,
we further demonstrated by mutant CDODN that the ability of
SRE/CRE2 CDODN to inhibit F8S-induced FosB/AFosB gene
transcription was dependent on the CRE2 sequences (Fig. 8C):
an SRE-mutated SRE/CRE2 CDODN were still able to block the
FSS response, whereas a CRE-mutated CDODN lost the ability
to block FosB gene transeription. Moreover, we generated mu-
tant promoter construets in which either or both of the SRE and
CRE2 sites were disrupted by site-directed mutagenesis and
demonstrated that disruption of the CREZ site in the context of
the full-length promoter resulted in a significant reduction in the
FSS response, whereas disruption of the SRE site showed a
minimal effect (Fig. 8D). We therefore conclude that the CRE2
sequences at —407 in the upstream regulatory region of the
FosB/AFosB gene make a major contribution to the transerip-
tional response to FSS in osteoblasts,

DISCUSSION

In the present study, we have demonstrated that FSS to
ostecblasts induces FosB/AFosB gene expression via a Ca2*/
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0.01) from the wild type (w¢) promoter.

ERK/CREB signaling pathway at the transcriptional level in
vitro. FSS.activated CREB stimulated FosB/AFosB gene tran-
scription through interaction with the CRE2 element, which
appeared largely responsible for the FSS effect as demon-
strated by DNA decoy experiments. Consistent with the direct
transcriptionat effect, induetion of FosB/AFosB gene expression
by mechanical forces was independent of prostaglandins known
to induce e-Fos. We also confirmed that mechanical loading to
hone caused accumulation of the AFosB protein in vive. Be-
cause transgenic overexpression of AFosB has been shown to
stimulate bone formation and thereby cause osteosclerosis in
mice (18), increased expression of AFosB should contribute to
mechanical stress-induced bone formation (Fig. 9).

AFosB is a C-terminal truncated FosB gene product gener-
ated by alternative splicing (15-17). Altheugh physiclogical
roles for AFosB are not fully understood, it has been proposed
that AFosB is a molecular mediator of long-term neural and
behavioral plasticity (35-37). In contrast to other Fos family
members that are transiently induced in brain by various acute
stimuli including electrical stimulation, stress, and psycho-
tropie drugs, AFosB has been demonstrated to accumulate in
specific regions of the brain after chronic administration of
drugs of abuse and compulsive running (37). Moreover, in vive
overexpression of AFosB in brain resulted in augmented loco-
motor responses to cocaine administration and enhanced re-
warding effects of cocaine and morphine, suggesting a role for
AFo0sB in drug addiction (35). Directly relevant to our current
study is the extremely stable nature of the AFosB protein (37).
Based on the analogy of mechanical effect on bone to drug
addiction in the sense that both are intermittent and repetitive
in nature and are dependent on its magnitude and frequency

(8), we propose that AFosB may also act as a molecular medi-
ator of the mechanical loading effect on bone, which accumu-
lates an intermittently loaded mechanical stress and further
enhances mechanosensitivity, Validity of such a hypothesis is
currently being tested in our laboratory.

A sipnaling pathway that involves Ca?*, ERK, and CREB
has already been described in other cell lineages (38-40). As a
mechanism of ERK-dependent CREB activation, p90 ribosomal
86 protein kinase 1, a downstream effector of ERK, has been
suggested to directly phosphorylate and activate CREDB in hu-
man airway epithelial cells (41). And, although roles for CREB
in bone formation remain to be established, a recent report has
demonstrated that CREB is involved in transcriptional induc-
tion of cyclooxygenase-2 gene expression by FSS in a mouse
osteoblastic cell line, acting in concert with C/EBP and AP-1
(30). Therefore, it is likely that the ERK/CRER pathway, which
induces multiple transcriptional targets, constitutes a signifi-
cant part of divergent intracellular signaling events induced by
mechanical loading that leads to enhanced bone formation,

Initial characterization of the FosB/AFosB gene promoter
(34) has revealed that the upstream regulatory region of the
FosB/AFosB gene shares most critical transeription factor bind-
ing sites with that of ¢-Fos gene (11, 12); SRE and immediate
downstream CRE/AP-1-like elements, which we designated
CRE2 in the current paper, intervened by 6 nucleotides. Qur
results indicate that shear stress response elements in the
FosB/AFusB promoter are present in a short region between
—607 and —~327 containing the above assumingly impertant
sequences. This region considerably overlaps with recently re-
ported mechanoresponsive regions in the ¢-Fos promoter (42).
Because induction of FosB/AFosB gene transcription was de-
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pendent on ERK, we initially reasoned that ERK activation of
the TCEF/SRF complex, which plays a major role in ¢-Fos gene
regulation, would also be a critical determinant of FosB/AFosB
responses to the mechanical stress. The role of SRF has already
been suggested in stretch-induced ¢-Fos gene transcription in
cardiomyocytes (43). And we found that FSS indeed activated
transcription driven by the ¢-Fos gene-derived authentic SRE
in our experimental system {data not shown). Consistently,
SRE/CREZ2, a stretch of sequences spanning both SRE and the
immediate downstream CRE/AP-1 (CRE2) site, appeared effec-
tive and important in FSS responses of the FosB/AFosB gene
promoter. In contrast to ¢-Fos SRE, however, disruption of SRE
by substitutional mutation did not cause any appreciable ef-
feets on SRE/CRE2-driven transcription. These somewhat sur-
prising results may be consistent with a previous report that
FosB SRE is weaker than that of ¢-Fos {34). Our experiments
with CDODN further demonstrated that a wild type and SRE-
mutated SRE/CRE2 CDODN equally inhibited transecriptional
activity of the long FosB/AFosB promoter. Therefore, FosB/f
AFosB gene seems to be subject to a distinet mode of transerip-
tional regulation compared with the ¢-Fos gene. Although the
mechanisms by which AFosB stimulates bone formation re-
main to be elucidated, the unique mode of transeriptional reg-
ulation and the extraordinarily stable nature of AFosB will
form a molecular basis to develop a new osteotropic drug that
targets selective induction of AFesB in bone.
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Abnormal Skeletal Muscle Development with
Deregulated Expression of Myoregulatory
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Although rachitic/osteomalacic myopathy caused by im-
paired vitamin D actions has long been described, the molec-
ular pathogenesis remains elusive. To determine physiologi-
cal roles of vitamin D actions through vitamin D receptor
{VDR) in skeletal muscle development, we examined skeletal
muscle in VDR gene deleted (VDR —/-) mice, an animal model
of vitamin D-dependent rickets type II, for morphological
changes and expression of myoregulatory transcription fac-
tors and myosin heavy chain isoforms, We found that each
muscle fiber was small and variable in size in hindlimb skel-
etal muscle from VDR ~/- mice, although overall myocyte
differentiation occurred normally. These abnormalities were
independent of secondary metabolic changes such as hypocal-
cemia and hypephosphatemia, and were accompanied by ab-

errantly high and persistent expression of myf53, myogenin,
E2A, and early myosin heavy chain isoforms, which are nor-
mally down-regulated at earlier stages. Moreover, treatment
of VDR-positive myoblastic cells with 1,25(0H),D; in vitro
caused down-regulation of these factors. These results sug-
gest that VDR plays a physiological role in skeletal muscle
development, participating in temporally strict down-regula-
tion of myoregulatory transcription factors. The present
study can form a molecular basis of VDR actions on muscle
and should help further establish the physiological roles of
VDR in muscle development as well as pharmacological
effects of vitamin D on muscle functions. (Endocrinology 144:
5138-5144, 2003)

HE ACTIVE FORM of vitamin D, 1a,25-dihydroxyvita-
min D [1,25(0OH),D], is a major calcium-regulating hor-
mone that is indispensable for maintenance of calcium and
bone homeostasis and acts through binding to the vitamin D
receptor (VDR) that belongs to the nuclear receptor super-
family. Various disorders with impaired vitamin D actions,
including vitamin D deficiency, genetic defects in the vitamin
D-activating enzyme, 25-hydroxyvitamin D le-hydroxylase,
or in the vitamin D receptor (VDR) lead to rickets or osteo-
malacia characterized by hypocalcemia, hypophosphatemia,
secondary hyperparathyroidism, and bone abnormalities
due to mineralizing defects (1-3). Moreover, VDR is known
to be expressed in a wide spectrum of tissues unrelated to
calcium and bone metabolism, and accordingly, vitamin D
has been shown to modulate fundamental cellular processes
such as proliferation, differentiation, and survival of various
cell lineages in vitro (4, 5). However, physiological relevance
of such vitamin D effects in vivo has not yet been established,
nor has the role of VDR,

Clinical evidence suggests that vitamin D may play a role in
muscle metabolism and function. Progressive weakness and
wasting of skeletal muscle have been demonstrated in patients
with rickets or osteomalacia (6, 7). In addition, it has been shown
that VDR is expressed at particular stages of differentiation

Abbreviations: 1,25(0H),D, 1,25-Dihydroxyvitamin D; MHC,
myosin heavy chain; SSC, sodium chloride-sodium citrate; VDR,
vitamin D receptor.

frommyoblasts to myotubes (8-10), implying that skeletal mus-
cle may potentially be a physiological target of 1,25(OH),D.
However, the mechanism of rachitic/ osteomalacic myopathy is
not fully understood, and it is currently unclear whether muscle
abnormalities in those patients are a direct consequence of im-
paired vitamin D actions in muscle or a result of secondary
systemic changes such as hypocalcemia, hypophosphatemia,
and elevated PTH levels in the circulation,

To address these issues in vivo, we examined morpholog-
ical abnormalities of skeletal muscle in VDR gene-null mu-
tant (VDR —/—) mice that recapitulated a human disease of
vitamin IJ resistance, vitamin D-dependent rickets type II
(11). At the same time, we investigated expression of myo-
genic regulatory factors such as Myf5, myogenin, MyoD,
MRF4, and E2A (12, 13) that play critical roles in myoblast
differentiation and skeletal muscle development. We also
examined myosin heavy chain (MHC) isoforms including
embryonic, neonatal, and adult fast types (14) as differenti-
ation markers that are expressed in a stage-specific manner
during muscle development. In addition, we examined
1,25(0OH),D effects on expression of these genes by a mouse
myoblast cell line, C2C12, to analyze direct vitamin D actions
onmuscle cells in vitro. We hereby present evidence that VDR
plays a pivotal role in the maintenance of homeostasis in fully
differentiated skeletal muscle cells, supporting our hypoth-
esis that muscle is a direct physiological target of VDR-
dependent vitamin D actions.
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Materials and Methods
Animals and cell cultures

Generation of VDR gene deleted mice has been described (11). C2C12,
a mouse myoblast cell line, was purchased from Riken cell bank
(Tsukuba, Japan) and maintained in DMEM supplemented with 10%
fetal bovine serum and penicillin/streptomycin {Life Technologies,
Rockville, MD}. For experiments, 80% confluent C2C12 cells were
treated with vehicles alone or 10 nm 1,25{OH),D, for 48-96 h and
harvested for further analysis.

Chemicals and antibodies

All the reagents were obtaired from Sigma {5t. Louis, MO) unless
otherwise indicated. Antibodies against Myf5, MyoD, MRF4, E2A, Id1,
and Id2 were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA), those against myogenin and MHC of embryonic type from Amer-
ican Research Products, Inc. (Belmont, MA), and those against MHC of
neonatal and adult fast type from Medac Diagnostika (Hamburg,
Germany).

Histological analysis

Samples were isolated from hindlimb skeletal muscle of 3- and 8-wk-
old VDR knockout (—/-) mice and wild-type control littermates, rap-
idly frozen in liquid nitrogen-cooled isopentane (2-methylbutane), sec-
tioned, and stored in liquid nitrogen. Muscle tissue sections were
subjected to hematoxylin/eosin staining as follows. Serial sections of
frozen muscle with 6-um thickness were first incubated with Mayer’s
hematoxylin solution for 5 min, washed in distilled deionized water, and
then incubated with 0.5% eosin solution for 3 min. Sections were washed
three times in distilled deionized water and once in ethanol, dehydrated,
and mounted. Diameters of muscle fibers were measured in photomi-
crographs of hematoxylin/eosin-stained muscle tissue sections.

Immunostaining

Serial sections of frozen muscle with 6-um thickness were fixed for
20 min with PBS containing 4% paraformaldehyde and first incubated
with a primary antibody at room temperature for 1 h. Sections were
washed three times in PBS, incubated with biotin-conjugated secondary
antibodies for 1 h, and then with ABC solution (Vector Laboratories,
Burlingame, CA) diluted 100-fold in PBS. For detection, the samples
were incubated for 5-20 min with 0.5 mg/ml diaminobenzidine solution
or p-nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate so-
lution {Life Technologies, Rockville, MD), washed twice in distilled
deionized water, mounted, and observed under a microscope.

TABLE 1. List of PCR primers used in this study
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RT-PCR analysis

Total RN A from skeletal muscle tissues and C2C12 cells were isolated
by using RiNeasy Mini Kit ((IAGEN GmbH, Hilden, Germany) or
TRIzel reagent (Invitrogen, Carlsbad, CA). One microgram tofal RNA
was reverse-transcribed by incubating in a 20-ul reaction containing
random primers (Promega; 0.5 mg/ml, 2 pl), reverse transcriptase buffer
(Promega; 2 pl), deoxynucleoside triphosphates (2.5 mm each), 20 U
RNase inhibitor (Promega), and 20 U reverse transcriptase (Promega) for
10 min at room temperature, 60 min at 42 C, and 5 min at 95 C. PCR was
performed using various sets of primers shown in Table 1. One micro-
liter of 20 ul reverse transcription reactions was denatured for 2 min at
95 C, followed by 28-33 cycles (except for 23 cycles with glyceraldehyde-
3-phosphate dehydrogenase) of amplification: 2 min at 95 C, 30 sec at
57-61 C, and 30 sec at 72 C. PCR products were electrophoretically
separated on 2% agarose gels and visualized with ethidium bromide
staining,.

Northern blot analysis

Total RNA (20 ng) was separated on a 1% agarose gel containing 6%
formaldehyde and transferred to HYBOND+ nylon membrane (Amer-
sham, Little Chalfont, Buckinghamshire, UK) by capillary action in 20%
sodium chloride-sodium citrate {(SSC) buffer (3 M NaCl, 0.3 M sodium
citrate, pH 7.0}. RNA was cross-linked to the membranc using the UV
Cross-Linker (model CX-2000, UVP, Upland, CA}. An equal amount of
RNA loading and transfer was confirmed by ethidium bromide staining
and UV visualization of ribosomal RNAs (data not shown}. Hybridiza-
tion was performed with a nonisotopic digoxigenin labeling system
using DIG PCR Probe Synthesis Kit and DIG Easy Hyb (Roche Diag-
nostics, Indianapolis, IN). Briefly, the membranes were first prehybrid-
ized in the DIG Easy Hyb buffer for 30 min at 42 C, then hybridized in
DIG Easy Hyb buffer with an appropriate probe generated by DIG PCR
Probe Synthesis Kit for 16 h at 42 C, washed twice in 2x S8C/0.1%
sodium dedecyl sulfate at room temperature for 5 min and twice in 0.2%
55C/0.1% sodium dedecy! sulfate at 50 C for 15 min, and exposed to
films. PCR primers used to generate cDNA probes for Northern blot
analysis were as follows: 5'-gcatgcaaggtgtgtaagaggaag-3' and 5'-ggct-
gttttetggacatcaggaca-3' for myogenin (593 base); 5'-aagagaggtatcctgac-
cctgaag-3' and 5'-cttgatcticatggtgctaggage-3' for B-actin (801 base); and
5'-aaccaagctttcgagacgctcaag-3' and 5'-aaaagaacaggeagaggagaacec-3' for
Myf5 {664 base). The expected size of the obtained cDNA probes is
shown in parentheses. In some experiments, poly A* RNA was obtained
with PolyATract mRNA Isolation systems (Promega) following the
manufacturer’s instruction and analyzed by Northern blot analysis.

Gene Primer Accession no.

Myfb F: 5'-tgtatccectcaccagaggat-3' 58-78; XM192677

R: 5'-ggctgtaatagttoctccacetgtt-27 442-419; XM192677
Myogenin F: 5'-gagcgegatcteccgetacagagg-3’ 470-492; NM031189

R: S'-ctggcttgtggcageccagg-3' 849-830; NM031189
E2A (E12) F: 5'-agacgaggacgaggacgaccttc-3’ 130-152; D29919
E2A (E47) F: 5'-ccagcagtacagatgaggtgoetg-3' 1660-1682; AF352579
E2A (common} R: 5'-acgccagacaccttcteoctecte-3' 426-404; D29919/

1954-1832; AF352579

1d F: b'-gcctgttctecaggatcatgaaggt-3' 71-94; XM203819

R: 5'-tgcaggtcecctgatgtagtegatt-3' 382-359; XM203819
MyoD F: 5'-ctcctttgagacagcagacgactt-3° 254-277; M84918

R: 5'-aaatcgcattggggtttgagectg-3° 1134-1111; M84918
MRF4 F: 5'-gagggtgcggatttcctgegeace-3’ 571-548; NM008657

R: 5'-aagggctgaggcatccacgtttge-3' 664-641; NM008657
MHCneonatal F: 5'-acgcaatgctgaggctgttaaagg-3' 5729-5753; KM204651

R: 5'-agtaaacccagagaggcaagtgac-3’ 370-346; M12289
VDR F: 5'-cctcactggacatgatggaaccg-3' 668-690; NM009504

R: 5'-gatgtaggtctgcagegtgttgg-3' 1194-1172; NM009504
G3PDH F: 5'-tgaaggtcggtgtgaacggatttgge-3' 51-76; NM0(8084

R: 5'-catgtaggccatgaggtccaccac-3’ 1033-1010; NM008084

F, Forward; R, reverse.
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Results
Abnormal skeletal muscle development in VDR —/ — mice

To test a hypothesis that VDR has a physiological role in
skeletal muscle development, we first examined skeletal
muscle tissues from VDR —/— mice for morphological ab-
normalities. As previously described (11}, the VDR —/~
mice grow normally until weaning and thereafter develop
various metabolic abnormalities including hypocalcemia,
hypophosphatemia, secondary hyperparathyroidism, and
bone deformity as typical features of rickets. At the age of 3
wk, there were no significant differences between VDR -~/ ~
and VDR+/+ mice in body weight or serum concentrations
of calcium, phosphate, alkaline phosphatase, 25(0OH)D,
24,25(OH)D or 1,25(0H),;D. To exclude any deleterious ef-
fects of such secondary systemic metabolic changes on mus-
cle, we analyzed 3-wk-old mice just before weaning that
showed no apparent biochemical or morphological abnor-
malities. As shown in Fig. 1, each muscle fiber obtained from
quadriceps femoris muscle of VDR ~ /- mice (Fig. 1A) ap-
peared smaller than that of wild-type (VDR+/+) mice (Fig.
1B) at 3 wk. Quantitative analysis showed that skeletal mus-
cle cell diameters in VDR —/— mice at 3 wk were signifi-
cantly decreased by approximately 20% on the average and
appeared to be more widely distributed compared with those
in wild-type mice (Fig. 2). The morphological changes were
more prominent in §-wk-old VDR —/— mice (Fig. 1C) com-
pared with VDR+/+ controls of the same age (Fig. 1D),
suggesting either a progressive nature of the abnormalities
caused by the absence of VDR or additive effects of systemic
metabolic changes already present at this age. Neither de-
generative nor necrotic changes were observed in VDR — / —
skeletal muscle. Similar results were obtained with biceps
femoris, medial gastrocnemius, anterior tibial, and soleus
muscles, indicating that the muscle abnormalities in
VDR —/— mice occurred diffusely without any preference to
type [ or type II fibers. These results demonstrate that VDR
is involved in physiological regulation of skeletal muscle
development. Our observations further suggested that al-
though overall differentiation steps into myocytes occurred
normally, the absence of VDR caused abnormalities probably
in late stages of myocyte maturation and/or in metabolism
of mature myocytes.

Fig. 1. Morphological abnormalities of skeletal muscle
tissue from VDR -/~ mice. Three- or 8-wk-old VDR ~/-
and +/+ (wild-type littermate) mice were euthanized, and
quadriceps femoris muscle tissues were obtained. Fresh-
frozen sections were stained with hematoxylin/eosin as de-
scribed in Materials and Methods and observed under mi-
croscope. Scale bar, 20 pm. A, Three-week-old VDR —/-
mice; B, 3-wk-old VDR +/+ mice; C, 8-wk-old VDR —/-
mice; D, 8-wk-old VDR +/+ mice. Similar changes in mus-
cle fiber size were also observed in biceps femoris, medial
gastrocnemius, anterior tibial, and soleus muscles (data
not shown).

Endo et al. * Role of VDR in Skeletal Muscle Development

Deregulated expression of myogenic regulatory factors in
VDR —/— mice

To obtain insight into the mechanism of muscle abnor-
malities observed in VDR —/— mice, we examined expres-
sion of myogenic differentiation factors including MyoD
family of transcription factors with muscle contractile pro-
teins, i.e. embryonic, neonatal, and adult fast (type II) iso-
forms of MHC. Immunohistochemical analysis of quadriceps
femoris muscle from 3-wk-old mice revealed persistently
increased expression of myf5 (Fig. 3A), E2A (Fig. 3B), and
myogenin (Fig. 3C), all of which were minimally expressed
in muscle from VDR +/+ mice at this age (Fig. 3, F-H). No
apparent differences were observed in expression of MyoD
(Fig. 3, D and I) and MRF4 (Fig. 3, E and J). Consistent with
the deregulated expression of myogenic transcription factors
that control muscle phenotype, we also observed aberrantly
increased expression of embryonic (Fig. 4A) and neonatal
type MHC (Fig. 4B) in the cytoplasm of small muscle fibers
of quadriceps femoris muscle from 3-wk-old VDR —-/-
mice, whereas type II (adult fast) MHC expression in
VDR —/— muscle was the same as VDR +/+ controls (Fig.
4, Cand F). At the age of 8 wk, although the embryonic MHC
had disappeared, persistent expression of neonatal MHC
was still detectable in VDR —/— mice (data not shown).
There were no differences in expression levels of Id1 and 1d2,
known targets of vitamin D (15) in either 3- or 8-wk-old mice
(data not shown). All the above findings were confirmed at
the mRNA level as shown in Fig. 5: expression of myf5,
myogenin, E12 and E47, both of which are produced from the
same E2A gene, and neonatal MHC mRNA was higher in
VDR — /- mice than that of VDR + /+ mice at 3 and 8 wk.
VDR mRNA was only detectable in 3-wk-old wild-type mus-
cle under our experimental conditions. These results are con-
sistent with the notion that the absence of VDR disturbs the
coordinate pattern of expression of myogenic transcription
factors during myocyte development, causing altered levels
of differentiation-associated, lineage-specific gene expres-
sion and thereby morphological abnormalities. The possi-
bility that these alterations were secondary effects of sys-
temic changes appeared unlikely, because abnormalities in
both morphology and MyoD family expression were ob-
served already in 3-wk-old VDR -/ - mice and also in mice
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counts

Fic. 2. VDR —/- muscle fibers are small and variable in
size. Diameter of muscle fibers in 3-wk-old VDR —/— (A} and
VDR +/+ (B) mice was measured in microphotograph of the
hematoxylin/eosin-stained tissue sections. Two hundred
cells were randomly counted, and data were expressed in
histogram and as mean size * sb, *, Significantly different
from VDR +/+ wild-type littermates.

Fic. 3. Immunchistochemical analysis of MyoD family :
transcription factors in skeletal muscle tissues of 3-wk-old ¥
mice. Quadriceps femoris muscle tissue sections of 3-wk-old

VDR —/- (A-E}and VDR +/+ (F-J) mice were analyzed by

immunohistochemistry for expression of Myf5 (A and F),
E2A (B and G), myogenin (C and H), MyoD (D and I), and
MRF4 (E and J) as described in Materials and Methods.
Expression of myf5, E2A, and myogenin was only detectable
in VDR —/- muscles, which was mostly localized in nuclear
and perinuclear regions. Virtually the same results were
cbtained in biceps femoris, medial gastrocnemius, anterior
tibial, and soleus muscles (data not shown).

fed with high-calcium diet to rescue the phenotype of rickets
that showed normal circulating levels of calcium, phosphate,
and PTH (Ref. 11 and data not shown).

1,25(0H),D; down-regulates myf5 and myogenin expression
by myoblasts in vitro

Our results suggest that temporally strict down-regulation
of myogenic differentiation factors requires the presence of
VDR. Therefore, we finally examined whether or not
1,25(0OH},D, was able to directly down-regulate MyoD fam-
ily gene expression in myocyte-lineage cells in vitro. C2C12
myoblasts were grown to 80% confluence and then treated
with 10 nam 1,25(0OH),D; or a vehicle alone in the presence of
10% charcoal-treated fetal bovine serum for 48-96 h. During
this phase of initial differentiation, less than 5% of myotubes
appeared (data not shown). There were no apparent differ-
ences in the overall differentiational process between vehi-
cle-treated and 1,25(OH),Ds-treated cells. As shown in
Fig. 6A, VDR mRNA was found to be expressed at constant
levels throughout the experimental period. In control cells,
myf5 was already expressed in growing cells, and the level
of expression stayed the same. In contrast, expression of

100
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8 10
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myogenin and neconatal type MHC showed a gradual in-
crease in a time-dependent manner. Treatment with 10 nm
1,25(0OH}),D; for 48 h caused a decrease in the steady-state
levels of myf5, myogenin, and neonatal MHC, and the
1,25(OH), D5 effects lasted up to 96 h (Fig. 6A). The effects on
myogenin and myf5 expression were also confirmed quan-
titatively by Northern blot analysis (Fig. 6, B and C). Thus,
these in vitro results using myoblast cultures have in large
part recapitulated our in vive findings and are in agreement
with our hypothesis that 1,25(OH),D participates in physi-
ological regulation of muscle development, particularly
playing a role in temporally strict down-regulation of some
myogenic differentiation factors through VDR.

Discussion

Defects in VDR-dependent vitamin D actions cause rickets
or osteomalacia. Although rachitic or osteomalacic myop-
athy has long been described, the molecular pathogenesis
remains elusive. One of the central questions to be answered
is whether the myopathy is caused by impairment of direct
VDR-dependent actions of active vitamin D on muscle or by
secondary metabolic changes including hypocalcemia, hy-
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Fi1G. 4. Immunochistochemical analysis of MHC isoforms in skeletal
muscle tissues of 3-wk-old mice. Quadriceps femoris muscle tissue
sections of 3-wk-old VDR —/- (A-C) and VDR +/+ (D~F) mice were
analyzed by immunohistochemistry for expression of MHC of embry-
onic type (A and D), neonatal type (B and E), and adult fast type (type
II)(C and F), as described in Materials and Methods. In the lower half
of panels A and D, nenspecific staining of the intercellular space
without specific primary antibodies (2° only) is shown. Also note that
in panels C and F, some type I fibers scattered in the field are devoid
of staining in contrast to the diffuse cytoplasmic staining of surround-
ing type Il fibers. Scale bar, 40 um.

pophosphatemia, and hyperparathyroidism. Some clinical
studies have indicated that the extent of hypocalcemia
and/or hypophosphatemia does not correlate well with the
severity of myopathy and that correction of hypocalcemia
does not lead to a cure of the muscle symptoms (16}, which
supports an invelvement of direct VDR actions. However,
others have demonstrated that PTH excess leads to similar
muscle atrophy and weakness causing increased intracellu-
lar calcium (17) and impaired production of contractile pro-
teins (18). Efforts to obtain conclusive results have been ham-
pered by an inability to test direct effects of VDR in human
muscles and absence of appropriate animal models of rickets
for this purpose.

We have recently generated VDR gene deleted mice as
an animal model of type II vitamin D-dependent rickets,
VDR —/— mice almost completely recapitulated the human
disease and showed most of the characteristic abnormalities
including hypocalcemia, hypophosphatemia, secondary hy-
perparathyroidism, increased serum levels of 1,25D and al-
kaline phosphatase, decreased 24,25-dihydroxyvitamin D,
and osteopathy {11). A unique feature in these model mice
is that they grow normally and show no bone or metabolic
abnormalities until they are weaned, presumably due to high
calcium content or other critical nutrients in the breast milk.
In the present study, we took advantage of this feature and
were able to demonstrate that the absence of VDR causes
muscle abnormality independently of secondary effects of
systemic metabolic changes. Three lines of evidence from the
present study support physiological roles of direct VDR ac-
tions on skeletal muscle: firstly, VDR —/— mice developed
apparent morphological abnormalities in skeletal muscle
and a deregulated pattern of muscle gene expression before
weaning; secondly, the same changes were still observed in
clder rescued VDR — /- mice fed with high calcium diet; and
thirdly, direct negative regulatory effects of 1,25(OH),D on
muscle gene expression were at least in part reproduced in
cultured myoblasts in vitro. Thus, our results suggest that the
skeletal muscle is a direct physiological target of VDR actions
and that the absence of VDR in sity caused muscle abnor-
malities in VDR —/— mice, although secondary changes
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F16. 5. Expression of MyoD family and MHC mRNA in skeletal
muscle from VDR ~/~ and +/+ mice. Expression of my{5, myogenin,
E2A, neonatal type MHC, and VDR mENA in hindlimb skeletal mus-
cle was analyzed by RT-PCR in 3- and 8-wk-old VDR —/— and +/+
mice as described in Materials and Methods. For each PCR, a negative
control without reverse transcriptase is also shown.

such as hypocalcemia, hypophosphatemia, and hyperpara-
thyroidism may contribute in an additive and /or modula-
tory manner.

As a clue to the mechanism whereby the absence of VDR
caused skeletal muscle abnormalities, we found prolonged
up-regulation of a certain subset of myogenic regulatory
factors: myf5, myogenin, and E2A. The transcription factors
of the MyoD family play pivotal rcles in muscle cell differ-
entiation. During muscle differentiation, the four members of
the family thus far identified, myf3, MyoD, myogenin, and
MRF4, show a temporal and sequential pattern of expression
that is subject to complex mutual regulation and exhibit
distinct but overlapping functions that are not yet completely
understood (12, 19). Expression of muscle-specific genes in-
cluding MHC subtypes is under the control of the MyoD
family members (20-23). Although we currently have no
evidence for a direct link between deregulated expression of
myogenic transcription factors and the muscle phenotype
observed in VDR ~/— mice, it is plausible to assume that
aberrant up-regulation of myf5, myogenin, and E2A leads to
abnormal expression of MHC and muscle atrophy, because
it appears that a strictly regulated, coordinate pattern of
expression of the MyoD family defines the program of myo-
cyte differentiation and maturation. Such an assumption is
further supported by a previous report that transgenic myo-
genin overexpression in differentiated postmitotic muscle
fibers in mice resulted in grossly normal muscle develop-
ment but higher rates of neonatal mortality, probably due to
mildly impaired muscle function (24).

The molecular mechanism by which myogenic transcrip-
tion factors including myf5, myogenin, and E2A are aber-
rantly and persistently up-regulated is currently unknown.
However, it is of note that, in the course of muscle differ-
entiation, these genes are normally down-regulated during
the stages in which VDR is expressed (25). We therefore
assume that VDR is involved in transcriptional down-regu-
lation of these genes during the process of physiclogical
muscle differentiation. Our in vitro observations that
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Fic. 6. Down-regulation of myf5, myogenin, and MHC neonatal type mRNA by 1,25D3 in C2C12 myoblastic cell line. A, 80% confluent C2C12
cells were treated with a vehicle alone or 10 nM 1,25D3 for indicated times and analyzed for mRNA expression of myf5, myogenin, MHC neonatal
type, VDR and glyceraldehyde-3-phosphate dehydrogenase by RT-PCR as deseribed in Materials and Methods. For each PCR, a negative control
without reverse transcriptase is also shown. B, The same RNA samples as panel A were analyzed for myogenin and actin mRNA expression
by Northern blot analysis as described under Materials and Methods to show quantitative difference. C, Poly A* RNA was purified as described
under Materials and Methods and analyzed for expression of myf5, myogenin, and actin mRNA by Northern blot analysis.

1,25(0OH),D was able to down-regulate my£5, myogenin, and
neonatal MHC mRNA expression in C2C12 myoblasts fur-
ther support this idea. However, we have not been able to
identify known negative vitamin D response elements (26—
28) in the promoter region of myf5 and myogenin genes.
Further functional analysis of the promoters of MyoD family
members may elucidate the down-regulatory mechanism of
these genes through VDR,

Our findings may be clinically relevant to the musculo-
skeletal health in the aged, because vitamin D insufficiency
has been shown to be associated with lower muscle strength
and increased falling tendency in adults. Conversely, sup-
plement of native vitamin D or treatment with active vitamin
D has been reported to improve muscle functions and protect
from falling events and falling-associated fractures (29-33}.
Whether the beneficial effects of vitamin D treatment occur
via direct VDR actions on skeletal muscle cells or indirect
mechanisms remains unclear. Interestingly, however, abnar-
mal expression of MyoD family members and MHC isoforms
has been reported in various models of immobilization and
denervation (34-38). Considering the plasticity and highly
adaptive nature of muscle fibers, it is conceivable that re-
programming and adaptations of muscle fibers may occur
under various pathological conditions, particularly in elderly
patients, and that these processes may be modulated by
VDR-dependent vitamin D actions.

In summary, we have shown that VDR gene deleted mice
exhibit abnormal skeletal muscle development. These ab-
normalities occur independently of secondary metabolic
changes such as hypocalcemia and hypophosphatemia and
are accompanied by deregulated expression of myogenic
transcription factors and MHC isoforms. These effects ap-
pear to involve direct vitamin D actions on muscle through
VDR, because similar effects were reproduced by treatment
of VDR-positive myoblastic cells with 1,25(0H),D in vitro.
The present study can form a molecular basis of VDR actions
on muscle and should help further establish the physiolog-
ical roles of VDR in muscle development as well as phar-
macological effects of vitamin D on muscle functions.
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The PTH/PTHrP receptor (PTHR1) plays an essential role in
skeletal development and mediates many other functions of
PTH and PTHrP. Human PTHR1 gene transcription is con-
trolled by three promoters, P1-P3. The most proximal pro-
moter, P3, is active in bone and osteoblast-like cell lines and
accounts for the majority of renal transeripts in adults. We
have identified a tetranucleotide repeat (AAAG)n polymor-
phism in the P3 promoter. In 214 unrelated Japanese, the
repeat number (n) ranged from 3-8, with the AAAGS allele
being the most frequent (59%). In 55 unrelated Caucasians, n
ranged from 5-7, and the frequency of the AAAGS allele was
78%. The most frequent genotypes in a cohort of 85 young
(18-20 yr) female Japanese were 5/5, 5/6, and 6/6. The 6/6 ge-
notype was associated with greater height (5/5 vs. 6/6; P < 0.02)
and lower urinary deoxypyridinoline and pyridinoline (P <
0.02), which are markers of bone resorption. The height of an

additional 71 healthy female Japanese subjects, aged 14-17 yr,
having genotype 5/5, 5/6, or 6/6 was also in the order of geno-
type 5/5 < 5/6 < 8/6 (5/5 vs. 6/6, P < 0.05). There was no signif-
icant difference in lumbar and femoral bone mineral density
between genotypes, Likewise, there was no difference in ¢ir-
culating intact PTH levels between groups. The activity of P3
promoter-luciferase reporter constructs in transcription as-
says in 2 human osteoblast-like cell-lines varied according to
repeat number, with AAAGS being the least active. In conclu-
sion, the P3 promoter (AAAG)n polymorphism is frequent in
both Japanese and Caucasians and has potential as a linkage
marker for the PTHR1 locus. In addition, it may influence the
expression of the receptor in target tissues and have func-
tional consequences on the developing skeleton. (J Clin En-
docrinol Metab 87: 1791-1798, 2002)

PTH AND THE hormonally active metabolite of vitamin
D, 1,25-dihydroxyvitamin D, are the principal regula-
tors of calcium homeostasis. PTH exerts its calciotropic ef-
fects by acting on target tissues, bone and kidney (1). The
PTHIP, originally discovered as the cause of hypercalcemia
of malignancy, is a second member of the PTH family (2).
PTHrP acts in many tissues as an autocrine/paracrine factor
to regulate both cell proliferation and differentiation. In the
bone growth plate, PTHrP regulates the differentiation of
prehypertrophic chondrocytes into hypertrophic chondro-
cytes and inhibits their apoptosis, which precedes bone syn-
thesis in the process of endochondral bene formation (3).

The actions of both PTH and PTHrP are mediated through
the PTH/PTHIrP receptor (PTHR1) with similar efficacy (4).
This receptor belongs to the vast family of G protein-coupled
receptors containing seven transmembrane domains. Bind-
ing of ligand(s) can stimulate the production of intracellular
cAMP and IP3 (5).

We have cloned and characterized well conserved pro-
moters (P’1 and P2) of the mouse and human PTHR1 gene

Abbreviations: BLC, Blomstrand lethal chondrodysplasia; BMD, bone
mineral density; PTHR1, PTH/PTHrP receptor.

(6—8) and, more recetitly, have identified and characterized
a third promoter, P'3, that is highly expressed in the human,
but not in the mouse (9). The human P3 promoter is (G+C)
rich and contains Spl consensus binding sequences as well
as an A-rich sequence. The P3 promoter in the human PTHR1
gene is the main promoter in kidney and bone (9).

Recently, we have identified an (AAAG)n polymorphism in
the P’3 promoter region of the PTHR1 gene (10). As the PTHR1
plays major roles in mediating both endocrine PTH actions in
bone and kidney and also the paracrine/autocrine PTHrP ac-
tion in endochondral bone growth (2), we examined the fre-
quency of this polymorphism and its relation to adult height,
bone mineral density (BMD), bone resorption markers, and
PTH levels in a Japanese population. We found that this poly-
morphism is prevalent in both Japanese and Caucasians and
that there are significant relationships between adult height and
bone resorption markers and the repeat number.

Subjects and Methods
Subjects
Eighty-five healthy Japanese women, aged 18-20 yr (height sp score,

—2.2to +2.4; body mass index, 18.4-27.3), were recruited (group A}). All
of them had regular menses and undertock normal physical activity,
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After overnight fasting, blood was drawn between (700-0800 h for
measurement of biochemical parameters and DNA isolation, and the
second voided morning urine was collected. Lumbar and femeral neck
BMDs were measured by dual energy x-ray absorptiometry using QDR-
1000 (Hologic, Inc, Waltham, MA) as previously described (11).
Genomic DNA was also obtained from 129 healthy Japanese (group B)
and 55 normal Caucasians {group C) for analysis of the PTHRI gene
polymorphism. Among group B, we analyzed height in 71 healthy
female subjects, aged 14-17 yr, with genotypes 5/5, 5/6, and 6/6. In-
formed consent was obtained from each participant.

Biochemical parameters

In group A, we measured serum PTH, urinary deoxypyridinoline,
and pyridinoline as markers for parathyroid function and bone resorp-
tion, respectively, and we alsc measured serum calcium, phosphorus,
alkaline phosphatase, and 1,25-dihydroxyvitamin D. Serum PTH was
measured in two assays by a midregion-specific RIA (High Sensitive
PTH, Yamasa Shoyu Co. Ltd., Chiba, Japan) and an immunoradiometric
assay (Intact PTH, Nichols Institute Diagnostics, San fuan, CA). Urinary
deoxypyridinoline and pyridinoline were measured by HPLC and were
expressed as a ratio of urinary creatinine (deoxypyridinoline/ creatinine,
pyridinoline/creatinine; nanomoles per mmol). Serum calcium and
phosphorus were measured colorimetrically in a Hitachi 764 autoana-
lyzer (Hialeah, FL).

DNA isolation and PCR amplification

DNA was isolated from peripheral blood using standard procedures,
and nested PCR was employed for amplification of the minima! region
of the P3 promoter including the A-rich region (Fig. 1A). PCR was
performed using 20 ng genomic DNA or 0.4 pl of the first PCR product,
15 pmol of each primer, 200 pmol/liter dNTP's, 1.5 mmol/liter MgCl,,
4% dimethylsulfoxide, 1 X Expand HF buffer, and 1 U enzyme mix of
the Expand High Fidelity PCR System (Roche Molecular Biochemicals,
Tokyo, Japan) in a total volume of 20 xl. The sequences of the forward
primer and reverse primer for the first PCR are: P3(—254), 5'-AATAA-
CAGGTTCCTGCGCGC-3"; and P3R{+205), 5-GGGTGCAGAGCT-
GCGTCAGG-3', respectively. Samples were cycled at 95 C for 50 sec, 65
C for 1 min, and 72 C for 1 min for 15 cycles, and then at 95 C for 50 sec,
63 C for 1 min, and 72 C for 1 min and 15 sec for 25 cycles, followed by
10 min at 72 C. The sequences of the forward primer and reverse primer
for the second PCR are: P3{—175), 5'-GAAGCCACAGCTCCCATTTC-

A
Transcription start sites
AAAG repeat l'IT—’ Aii
+1 +268
—lp 1st PCR D
-154 —p- i +205
-175 znd PCR 34

B

(AAAG)S : 154bp
AAAG)T : 150bp
(AAAG)6 : 146bp
{AAAG)S : 142bp
(AAAG)3 : 134bp

M 33 35 55 56 66 &7 7T 7B M

Fic. 1. PCR amplification of the region of the PTHR gene containing
the AAAG repeat polymorphism. A, Promoter P3 of the PTHR gene
and downstream sequence with the indicated positions of PCR prim-
ers. The positions of the AAAG repeat sequence, the transcription
initiation start site (+1), and the ATG initiation codon (+268) are
shown. B, Gel electrophoresis (8% polyacrylamide) of the products
amplified by nested PCR from human genomic DNA. M, Markers,
PCR products from eight different individual DNAs containing AAAG
repeats 3—8. The genotypes of PCR preducts are indicated.
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3'; and P3R(-34), 5'-TGCCTCGGAGCGAAGAAATC-3', respectively.
Samples were cycled at 95 C for 50 sec, 64 C for 30 sec, and 72 C for 20
sec for 40 cycles, followed by 6 min at 72 C. The final PCR products were
separated on an 8% polyacrylamide gel (Fig. 1B) and were purified with
a Qia~-Quick gel extraction kit (QIAGEN, Hilden, Germany). Nucleotide
sequencing was performed on several different samples from each in-
dividual using a model 373A automated sequencer (PE Applied Bio-
systems, Foster City, CA) with a Tag DyeDeoxy terminator cycle se-
quencing kit (PE Applied Biosystems} to confirm the AAAG repeat
number.

Construction of PTHR promoter-luciferase reporter vectors
and transient transfection

The sequences of the forward primer and reverse primer of the PCR
are P3(—181), 5'-CGCGGATCCTGGGGCGAAGCCACAGCTCC-3 and
P3R{+205}, 5'-GCTCTAGAGGGTGCAGAGCTGCGTCAGG-3, respec-
tively (underlined sequences represent restriction enzyme sites added to
facilitate subcloning}. The PCR conditions were as described above.
Samples were cycled at 95 C for 50 sec, 69 C for 1 min, and 72 C for 1
min for 15 cycles, and then at 95 C for 50 sec, 67 C for 1 min, and 72 C
for 1 min 15 sec for 25 cycles, followed by 10 min at 72 C. PCR products
were subcloned into the pBluescript SK™ plasmid and sequenced {T7
sequencing kit (Pharmacia Biotech, Uppsala, Sweden)]. The PCR frag-
ments that included different (AAAG)n repeats (wheren = 3, 5,6, 7, or
8) were inserted into the polylinker of the luciferase reporter plasmid
pXP2 (9). Human osteosarcoma Sa052 and HOS cell lines were prop-
agated in DMEM (Life Technologies, Inc,, Tokyo, Japan) in 10% FBS (Life
Technologies, Inc.). Cells were seeded in six-well plates at approximately
35% confluence, and the next day transfections were performed with
Effectene Transfection Reagent (QIAGEN, Tokyo, Japan) using 0.6 pg
luciferase reporter plasmid DNA and 0.2 pg B-galactosidase expression
vector P610AZ. Cells were harvested 48 h later, and extracts were pre-
pared by lysing cells in 250 ul reporter lysis buffer (Promega Corp.,
Tokyo, Japan), of which 50 ul were used for both §-galactosidase assay
(for normalization of transfection efficiency) and luciferase assay
{Promega Corp.). Results are the mean * sgM of three independent
experiments.

Statistical analysis

Statistical significance was determined by one-way ANOVA and
Fisher’s protected least significance difference using StatView J 4.02
software (Abacus Concepts, Inc., Berkeley, CA), and the data are pre-
sented as the mean * sp unless otherwise noted.

Results

The (AAAG)n polymorphism in Japanese and
Caucasian populations

In the Japanese population (groups A and B} the following
allele frequencies were found: n = 3, 1.9%; n =4, (%; n = 5,
59.3%; n = 6, 36.2%; n = 7, 2.3%; and n = 8, 0.2%. The
genotype frequencies were 3/3, 0.5%; 3/5, 1.9%; 3/6, 0.9%;
5/5,35.0%; 5/6,44.0%; 5/7,2.8%; 6/6, 13.1%; 6/7, 1.4%; and
7/8, 0.5%, with a heterozygote frequency of 32.7%. In the
Caucasian population (group C) the allele frequencies were:
n =5, 782%; n = 6, 20.0%; and n = 7, 1.8%. The genotype
frequencies were: 5/5, 63.6%; 5/6,29.1%; 6/6, 3.6%; and 6/7,
3.6%, with a heterozygote frequency of 59.5%. Thus, the
AAAGS is the most common in both populations and is more
frequent in Caucasians.

Genotype, anthropometric eharacteristics, and
serum biochemistries

The genotypes 5/5,5/6, and 6/6 comprise 92% of Japanese
individuals (see above). The genotypes, height, weight, and
serum biochemistries of group A subjects are shown in Table
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Fic. 3. Comparison of (AAAGn polymorphism genotype and bio-
chemical markers of bone resorption. A, Urinary deoxypyridinoline
(nanomoles per mmol creatinine, mean = spk: 5/5, 10.95 = 2.71; 5/6,
10.96 *+ 2.41; and 6/6, 8.29 = 2.44. B, Urinary pyridinoline (nanomoles
per mmol Cre; mean * sp): 5/5, 41.93 = 8.06; 5/6, 40.08 *+ 7.81; and
6/6, 20.68 = 5.67,

BMD shortly after achieving peak bone mass between ge-
notypes (Fig. 4).

Effect of AAAG repeat number on PTHR P3 promoter
activity in vitro

The activities of PTHR1 P3 promoter-luciferase constructs
representing all identified polymorphic variants were ana-
lyzed by transiently transfecting recombinants into hurnan
osteoblast-like 5a05-2 and HOS cell lines. Significant differ-
ences were observed in promoter activity between various
constructs {(Fig. 5) demonstrating that the AAAG repeat
number influences the P3 promoter activity. Promoter ac-
tivity was inversely related to repeat numbers from 3-6, and
an increase in transcriptional activity was noted for AAAGS.

Discussion

The P3 promoter in the human PTHR1 gene is active in
target tissues, bone and kidney. In the present study we

Minagawa et al. » AAAG Polymorphism in PTHR1 Gene

A

4
3 . -
S :
e 2 R .
@ "' -
e 17 . Bl .
= - K: ~
ol | ——————y =
@ “waa? * :
£ . )
aL .
e . . .
g =2 " o. .
2 .
3 -3 :

-4- 5/5 5/6 6/6

AAAG repeat genotype
B

3—
o .
52 ¢ :
CV‘: . .
a : -
z211 v S :
2 . fer :
= 1 ) —_—
gog s o -
~ . Tyer o
o ’
Z 1 : .
2 : ':
=] .
24
[

-3 5/5 5/6 6/6

AAAG repeat genotype

Fic. 4. Comparison of (AAAG)n polymorphism genotype and lumbar
spine BMD and femoral neck BMD. A, Lumbar spine BMD: 5/5,
1.008 + 0.105 g/cm?, 5/6, 1.010 = 0.097 g/em?; and 6/6, 1.010 = 0.127
g/em®. B, Femoral neck BMD: 5/5, 0.958 * 0.118 g/em?; 5/6, 0.964 =
0.094 gfem?; and 6/6, 0.982 = 0,116 g/em?, There were no significant
differences in lumbar spine (A) and femoral neck (B) BMD between
genotypes {see also Table 1).

identified a tetranucleotide repeat {AAAG)n polymorphism
in this promoter region in both Japanese and Caucasians,
with the AAAGS allele being the most frequent in both. The
5/6 genotype comprises 44% of Japanese subjects and is
predominant, whereas the genotype 5/5 accounts for 64% of
Caucasians. Thus, this polymorphism is frequent, and it
could be a useful tool in linkage analysis of quantitative traits
to the PTHR1 locus. .

Qur previous studies have shown that the AAAG repeat
region represses P3 promoter activation in gene transfer ex-
periments performed in human osteoblast-like Sa0S-2 and
HOS cells (12). In the present study the functionality of the
expansion and contraction of the AAAG repeat number was
demonstrated in vitro by transfecting P3 promoter/reporter
constructs into 5a05-2 and HOS cells. Promoter function
varied according to repeat number, with the AAAG6 variant
exhibiting the least activity. If this finding is reflected by the
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