
Clock Genes Influence Gene Expression in Growth Plate and
Endochondral Ossification in Mice*

Received for publication, August 7, 2012, and in revised form, August 27, 2012 Published, JBC Papers in Press, August 30, 2012, DOI 10.1074/jbc.M112.408963

Takeshi Takarada‡, Ayumi Kodama‡, Shogo Hotta‡, Michihiro Mieda§, Shigeki Shimba¶, Eiichi Hinoi‡,
and Yukio Yoneda‡1

From the ‡Laboratory of Molecular Pharmacology, Division of Pharmaceutical Sciences, Kanazawa University Graduate School,
Kanazawa, Ishikawa 920-1192, the §Department of Molecular Neuroscience and Integrative Physiology, Faculty of Medicine,
Kanazawa University, Kanazawa, Ishikawa 920-8640, and the ¶Department of Health Science, College of Pharmacy,
Nihon University, Chiba 274-8555, Japan

Background: Clock genes are expressed in different peripheral organs.
Results: Rhythmic expression was lost with Ihh in the growth plate from mice defective of BMAL1 with a small body size.
Conclusion: Endochondral ossification is under the control by clock genes in chondrocytes.
Significance: Peripheral clocks are a target for treating cartilaginous diseases relevant to abnormal postnatal chondrogenesis.

We have previously shown transient promotion by parathy-
roid hormone of Period-1 (Per1) expression in cultured chon-
drocytes. Here we show the modulation by clock genes of chon-
drogenic differentiation through gene transactivation of the
master regulator of chondrogenesis Indian hedgehog (IHH) in
chondrocytes of the growth plate. Several clock genes were
expressedwith oscillatory rhythmicity in cultured chondrocytes
and rib growth plate in mice, whereas chondrogenesis was
markedly inhibited in stable transfectants of Per1 in chondro-
cytic ATDC5 cells and in rib growth plate chondrocytes from
mice deficient of brain and muscle aryl hydrocarbon receptor
nuclear translocator-like (BMAL1). Ihh promoter activity was
regulated by different clock gene products, with clear circadian
rhythmicity in expression profiles of Ihh in the growth plate. In
BMAL1-null mice, a predominant decrease was seen in Ihh
expression in the growth plate with a smaller body size than in
wild-typemice. BMAL1 deficit led to disruption of the rhythmic
expression profiles of both Per1 and Ihh in the growth plate. A
clear rhythmicity was seen with Ihh expression in ATDC5 cells
exposed to dexamethasone. In young mice defective of BMAL1
exclusively in chondrocytes, similar abnormalities were found
in bone growth and Ihh expression. These results suggest that
endochondral ossification is under the regulation of particular
clock gene products expressed in chondrocytes during postnatal
skeletogenesis through a mechanism relevant to the rhythmic
Ihh expression.

Circadian rhythm is seen in a variety of physiological and/or
pathological processes in different organisms ranging from
bacteria to mammals. The circadian rhythmicity has been

thought to be generated at the cellular level by circadian core
oscillators expressed in the suprachiasmatic nucleus (SCN)2 of
the anterior hypothalamus, which is recognized as a region of
the central clock in the mammalian brain (1, 2). However,
recent studies have shown the expression of these core oscilla-
tors in various peripheral tissues including heart (3), adipose
tissue (4), pancreas (5), and liver (2). Accordingly, the prevailing
view is that the central SCN clock acts as a synchronizer rather
than an essential master regulator of peripheral rhythmic oscil-
lations. In peripheral tissues, oscillatory rhythmicity may be
under the direct control by clock gene products locally
expressed (6). In mice, the rhythmic transactivation of Period
(Per) gene seems to be essential for the generation of circadian
rhythms. Expression of mouse Per genes is positively regulated
by other clock gene products belonging to the basic helix-loop-
helix period/aryl hydrocarbon receptor nuclear translocator/
single minded class, which are CLOCK and brain and muscle
aryl hydrocarbon receptor nuclear translocator-like (BMAL1),
respectively. In addition, mouse PER proteins constitute multi-
meric complexes with products of Cryptochrome (Cry) genes
such as Cry1 and Cry2, which in turn negatively regulate the
gene transcription mediated by the BMAL1/CLOCK complex
after binding to BMAL1 C terminus. The PER/CRY repressor
complex is ubiquitinylated for degradation by the proteasomal
pathway, and then the BMAL1/CLOCK complex activates a
new transcriptional cycle with oscillatory rhythmicity (7–13).
Bone is precisely orchestrated by different cells through a

well organized and highly regulated mechanism, where mesen-
chymal precursor cells differentiate into skeletal elements by
forming a cartilaginous model during embryogenesis toward
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bone formation in the vertebral column and long bone (14).
Through this endochondral ossification process, the cartilagi-
nous rudiment,which is a tightly regulated area of chondrocytic
differentiation for maturation, undergoes developmental
growth during skeletogenesis. Within the cartilaginous rudi-
ment, chondrocytes differentiate, progressing through the rest-
ing, proliferating, hypertrophic, and calcifying stages, which
leads to mineralization of the cartilage matrix around the cen-
tral region of the rudiment in the area enriched of hypertrophic
chondrocytes. Shortly after the mineralization process takes
place,most hypertrophic chondrocytes undergo sustained apo-
ptosis. Upon apoptotic death of hypertrophic chondrocytes
after mineralization, osteoblasts, osteoclasts, and capillaries
begin to invade the cartilage matrix to produce new bone, lead-
ing to the longitudinal bone elongation (15). These sequential
differentiation steps are not only under the control of essential
transcription factors such as SRY-type HMGbox 9 (SOX9) and
runt-related transcription factor-2 (RUNX2) (15), but also reg-
ulated by a variety of local autocrine/paracrine factors includ-
ing parathyroid hormone-related peptide (PTHRP) (16), Indian
hedgehog (IHH) (16), and Wnt (17).
In a recent study using implanted microtransducers to doc-

ument longitudinal bone growth in an immature lamb model,
90% of bone elongation occurs during recumbency, but not
during either standing or locomotion (18).Our previous studies
have demonstrated transient up-regulation of the clock gene
Per1 expression by parathyroid hormone (PTH) in mouse
prechondrogenic cell line ATDC5 cells and in organotypic cul-
tured mouse metatarsals isolated before vascularization (19).
Although evidence is accumulating for the functional expres-
sion of clock genes in cartilage, not much attention has been
paid to the role of clock gene products in mechanisms under-
lying circadian rhythmicity of both chondrogenic differentia-
tion and longitudinal bone growth in vivo to date. In the present
study, therefore, we have investigated the possible role of clock
gene products in mechanisms underlying the regulation of cel-
lular differentiation processes in the growth plates of BMAL1-
nullmice andmice inwhich this coremolecular clock oscillator
was conditionally knocked out from chondrocytes.

EXPERIMENTAL PROCEDURES

Animal Maintenance—The protocol employed here meets
the guideline of the Japanese Society for Pharmacology andwas
approved by the Committee for Ethical Use of Experimental
Animals at Kanazawa University (permit numbers: 71061 and
71066). Mice were maintained for 1 week under controlled
temperature and humidity with a 12-h light/12-h dark cycle
with access to standard laboratory food and water ad libitum.
Total RNA was extracted from the rib growth plate at different
diurnal times, where zeitgeber time (ZT) 0 is defined as the time
of light-on and ZT12 is defined as the time of light-off, respec-
tively. C57BL/6J strain mice defective of BMAL1 (Bmal1�/�)3
were originally generated by Dr. Shimba (Nihon University,

Chiba, Japan) (20), and heterozygotes were intercrossed to
obtain animals with three different genotypes in Kanazawa
University. Bmal1�/fl mice (21) were obtained from The Jack-
son Laboratory (Bar Harbor, ME). �1(II)-collagen-Cre mice4
(22) were a generous gift from Dr. G. Karsenty (Department of
Genetics and Development, Columbia University, New York,
NY) through Professor Shu Takeda (Department of Internal
Medicine, Keio University School of Medicine, Tokyo, Japan).
Bmal1�/flmice and �1(II)-collagen-Cremice were backcrossed
with C57BL/6J at least seven and six times, respectively.
Immunohistochemistry—Tibial sections prepared from

1-day-old neonatal mice were fixed with 4% paraformaldehyde
in phosphate-buffered saline (PBS) for 20 min, washed with
PBS, treated with 0.3% H2O2 in methanol for 30 min, and
washed with 70% ethanol for 5 min. After washing with PBS,
sections were subjected to blocking with PBS containing 1%
bovine serum albumin and 0.1% Triton X-100 at room temper-
ature for 1 h. Sections were then reacted with an antibody
against BMAL1 (Santa Cruz Biotechnology, Santa Cruz, CA) or
CLOCK (Santa Cruz Biotechnology) diluted at 1:200 with the
same blocking buffer at room temperature overnight followed
by reaction with a biotinylated anti-goat IgG antibody at room
temperature for 30 min and subsequent incubation with
VECTASTAIN Elite ABC reagent (Vector Laboratories, Burl-
ingame, CA) for 1 h. Finally, immunostaining was done using
0.05% diaminobenzidine and 0.03% H2O2.
Cell Culture—For the culture of chondrocytes, cartilages

were isolated from neonatal mouse ribs followed by incubation
at 37 °C for 1.5 h in Dulbecco’s modified Eagle’s medium
(DMEM) containing 0.3% collagenase (Wako, Osaka, Japan)
and subsequent digestion with DMEM containing 0.3% colla-
genase for 6 h. Supernatants obtained by the second digestion
were collected and centrifuged at 250� g for 5min. The result-
ant pellets were suspended in DMEM containing 10% fetal
bovine serum (FBS). Cells were plated at a density of 1 � 104
cells/cm2 in appropriate dishes and then cultured for different
periods at 37 °C under 5% CO2. After 1 day in culture, culture
medium was changed to DMEM containing 10% FBS and 50
�g/ml ascorbic acid, 1 mM pyruvate, and 1 mM cysteine for
subsequent culturing for different periods. Culture medium
was changed every 2 days. Chondrogenic ATDC5 cells were
purchased from the RIKEN Cell Bank. ATDC5 cells were cul-
tured in Dulbecco’s modified Eagle’s medium and Ham’s F-12
medium (DMEM/F12) (Invitrogen) containing 5% FBS. For
induction of differentiation, culture medium were replaced
with medium containing 10 �g/ml transferrin, 30 nM sodium
selenite, and 10 �g/ml bovine insulin (Sigma).
To evaluate the possible circadian rhythmicity of Ihh expres-

sion in primary cultured costal chondrocytes, cells were pre-
pared from ribs of neonatalBmal1�/�mice followed by culture
for 14 days and subsequent exposure to 100�Mdexamethasone
(Dex) for 2 h to synchronize cellular differentiation stages dur-

3 Throughout this manuscript, the following designations were used for
mouse strains: Bmal1�/�, mice defective of BMAL1; Bmal1�/�, wild-type
mice; Bmal1fl/fl, mice harboring a floxed allele of BMAL1; Bmal1cho

�/�, mice
deficient of BMAL1 from chondrocytes.

4 Throughout this manuscript, the following designations were used: �1(II)-
collagen-Cre mice, Cre recombinase transgenic mice under the control of a
�1(II)-collagen promoter; �1(II)-collagen-Cre;Bmal1�/� mice, Cre recombi-
nase transgenic mice under the control of a �1(II)-collagen promoter, har-
boring a wild-type allele of Bmal1.
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ing culture. After medium change, total RNA was extracted for
determination of Ihh levels every 4 h for 48 h after the addition
of Dex by real time-based reverse transcription polymerase
chain reaction (RT-PCR) analysis described below. For the
analysis of cells with homologous biological activities rather
than primary cells, prechondrogenic ATDC5 cells were simi-
larly exposed to 100 �M Dex for 2 h toward subsequent deter-
mination of temporal Ihh expression profiles.
RT-PCR, Northern Blotting, and Western Blotting—RT-PCR

was conducted as described previously (19, 23). Quantification
of PCR products was conducted by real time-based RT-PCR
using a MiniOpticonTM (Bio-Rad) with an iQ SYBR Green
super mix (Bio-Rad). The relative amount of each transcript
was normalized by glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH) expression in a real time-based RT-PCR. The
primer sequences are summarized in Table 1. Northern blot-
ting was conducted as described previously (24) by using
digoxigenin-labeled cRNA probes. Western blotting was done
by using antibodies against BMAL1, PER1 (Alpha Diagnostic,
San Antonio, TX), GAPDH (Cell Signaling Technology, Dan-
vers,MA),�-tubulin (Sigma), and V5 (Invitrogen), as described
previously (25).
Establishment of ATDC5 Cells Stably Transfected with

Per1—ATDC5cellswere plated at a density of 2� 104 cells/cm2

in DMEM/F12 containing 5% FBS on culture dishes (inner
diameter, 35 mm). After 24 h, cells were transfected with
pcDNA3.1 containing the full-length coding region of Per1 or
with empty vector (EV) using 2 �g of DNA and Lipofectamine
(Invitrogen) andPlus reagent (Invitrogen). After 24 h, and every
48 h thereafter for 2 weeks, culturemediumwere replaced with
DMEM/F12 containing 5% FBS and 500 �g/ml G418 (Invitro-
gen). Pools of 28 clones of ATDC5 cells resistant to G418
(ATDC5-PER1) were isolated for further studies. Pools of
clones between passages 2 and 5 were used for these
experiments.
Cloning, Luciferase Assay, and Electroporation—Mouse

Clock, Per1, Per2, Cry1, and Cry2 and hamster Bmal1 expres-
sion plasmids were kindly donated by Dr. Reppert (University
of Massachusetts Medical School, Worcester, MA). Per1-Luc
reporter plasmid containing the 5�-flanking region of mouse

Per1 gene (�1803/�40) was kindly provided by Dr. Paolo
Sassone-Corsi (University of California, Irvine, CA). Reporter
plasmids for mouse Ihh promoter were prepared as follows.
Mouse Ihh promoter was at first obtained by cloning with the
forward primer 5�-CTCGAG(XhoI site)-GTGACTTTC-
CACAAGCACCCA-3� (�2380 to �2361) and the reverse
primer 5�-AAGCTT(HindIII site)-CGGACTCAAGGGAC-
CCGCGG-3� (�61 to�80) withmouse tail genomicDNA. The
mouse Ihh promoter fragment (�2380 to�80) was cloned into
the promoterless pGL-3 basic vector (Promega, Madison, WI)
to create the recombinant plasmid �2380/�80 Ihh-Luc. The
deletion mutant of Ihh promoter plasmid was made from the
recombinant plasmid �2380/�80 Ihh-Luc (�1792/�80 IHH-
Luc and �1129/�80 Ihh-Luc) by using restriction enzyme and
T4 DNA polymerase. Reporter vectors were co-transfected
with a SV40-Renilla luciferase construct into ATDC5 cells or
human embryonic kidney (HEK293) cells using Lipofectamine
and Plus reagent. Two days after transfection, cells were lysed,
and luciferase activity was determined using specific substrates
in a luminometer according to the manufacturer’s protocol
(Promega). Transfection efficiency was normalized by deter-
mining the activity of Renilla luciferase. Transfection was also
conducted into ATDC5 cells by the electroporation method
using theNucleofectorTM according to themanufacturer’s pro-
tocol (Lonza, Walkersville, MD) as needed.
Determination of Matrix Proteoglycan Synthesis, Alkaline

Phosphatase (ALP) Activity, and Cell Proliferative Activity—
For the measurement of matrix proteoglycan synthesis, cells
were fixed with 10% formalin and stained with 1% Alcian blue
8GS solution (Sigma). Staining intensity was finally quantified
using the computer program Scion Image. Determination of
ALP activity was done as described previously (24). In brief,
cells were solubilized with 0.1% Triton X-100 followed by
determination of the ALP activity in lysates using p-nitrophe-
nol phosphate as a substrate. Protein concentration was deter-
mined with a Bio-Rad protein assay kit (Bio-Rad). Cell prolifer-
ation analysis was performed by determining the reduction
of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) as described previously (26).

TABLE 1
Primers used for RT-PCR analysis in this study

Genes Upstream (5�-3�) Downstream (5�-3�)

Real time PCR
Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
Per1 CAGGCTAACCAGGAATATTACCAGC CACAGCCACAGAGAAGGTGTCCTGG
Bmal1 TGACCCTCATGGAAGGTTAGAA GGACATTGCATTGCATGTTGG
Clock TGCTTCCTGGTAACGCGAGAAAGA AGGAATGTGGGTTTCCAGTCCTGT
Sox9 CGACTACGCTGACCATCAGA AGACTGGTTGTTCCCAGTGC
Runx2 CCGCACGACAACCGCACCAT CGCTCCGGCCCACAAATCTC
Ihh TGGACTCATTGCCTCCCAGA CAAAGGCTCAGGAGGCTGGA
Col II TGAAGACCCAGACTGCCTCAA AGCCGCGAAGTTCTTTTCTCC
ColX TTCTGCTGCTAATGTTCTTGACC GGGATGAAGTATTGTGTCTTGGG
ptwrp CATCAGCTACTGCATGACAAGG GGTGGTTTTTGGTGTTGGGAG
ptcw1 GATGGGCCTCATTGGGATC AAAGGCCAAAGCCACGTG

Genotyping for BMAL1 knockout mice
Wild-type allele CAAACCTGGTCGTCTGGAAT GTCCTCCCCAAAAGGTGAAT
Mutant allele GGGGATTTCCATCTGTGTTTAC CTCATCTGCTTATCTGCTCTGGGG

Genotyping for conditional BMAL1 knockout mice
Floxed allele ACTGGAAGTAACTTTATCAAACTG CTGACCAACTTGCTAACAATTA
�allele CTCCTAACTTGGTTTTTGTCTGT CTGACCAACTTGCTAACAATTA
Cre recombinase CCTGGAAAATGCTTCTGTCCGTTTGCC GAGTTGATAGCTGGCTGGCAGATG
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Lentivirus (LV) Production for Infection of Primary Cultured
Chondrocytes—The LV backbone vector and three helper plas-
mids (pRSV-REV, pMDLg/pRRE, and vesicular stomatitis virus
G protein-expressing plasmid) were kindly provided by Dr.
Südhof (Stanford University, Palo Alto, CA). A short hairpin
sequence targeting the mouse Per1 mRNA (5�-TCGACC-
CCCGAATACACACTTCGAAATTCAAGAGATTTCGAA-
GTGTGTATTCGGTTTTTGGAAAT-3�) was inserted into
the XhoI-XbaI sites downstream of the H1 promoter. Full-
length cDNAs for mouse BMAL1 and mouse CLOCK were
cloned into LV backbone vector. LVwas produced as described
previously (27). LV vector, pRSV-REV, pMDLg/pRRE, and
vesicular stomatitis virus G protein-expressing plasmid were
co-transfected into HEK293T cells (RIKEN, Saitama, Japan) at
10, 2.5, 5, and 3 �g of DNA per 56.7-cm2 culture area, respec-
tively, using the calciumphosphatemethod. At 24 h after trans-
fection, the HEK293T culture medium was replaced with
DMEM containing 10% FBS followed by culture for 48 h and
subsequent collection of culturemedium.The collected culture
mediumwas centrifuged at 500� g for 5 min, and the superna-
tant containing LV particles was directly added to the culture
medium for primary chondrocytes. Cultured chondrocytes
were infected on day 6 for the analysis on day 14. All experi-
mental steps were performed under the level II bio-safety
conditions.
Chromatin Immunoprecipitation (ChIP) Assay—ATDC5

cells were treated with formaldehyde for cross-linking followed
by sonication in lysis buffer containing several protease inhibi-
tors (1 mM phenylmethylsulfonyl fluoride, 1 �g/ml aprotinin,
and 1 �g/ml pepstatin). Immunoprecipitation was performed
with the anti-CLOCK antibody followed by extraction of DNA
with phenol/chloroform. PCR was performed using sequences
found in the 5�-flanking region (�2400 to �2175, upstream
5�-GGATTGAACCCAAGGCTTTTT-3�, downstream, 5�-
AGATCTTTAGAAACTGACATT-3�;�1281 to�1092, upstream
5�-GGTTTCCTTTGGTAGAGGAA-3�, downstream, 5�-CTCCG-
TAGGTGAGAGACTCC-3�) ofmouse Ihh as primers.
In Situ Hybridization Analysis—Neonatal mouse tibiae were

fixed with 10% formalin neutral buffer solution followed by
decalcification with 20% EDTA and subsequent immersion in
30% sucrose. Tibiae were then dissected for frozen sections
with a thickness of 10�min a cryostat. In situhybridizationwas
carried out as described previously (25) by using digoxigenin-
labeled cRNA probes. Staining intensity was finally quantified
using the computer program Scion Image.
Data Analysis—Results are all expressed as the mean � S.E.,

and statistical significance was determined by two-tailed and
unpaired Students’ t test or one-way analysis of variance with
Bonferroni’s/Dunnett’s post hoc test.

RESULTS

Rhythmic Expression of ClockGenes in Chondrocytes—In cul-
tured costal chondrocytes from rib cartilage of neonatal Std-
ddYmice, constitutive mRNA expression was seen for all clock
genes examined irrespective of culture durations of 7 or 21 days
on RT-PCR analysis performed at 32 cycles (Fig. 1A). These
included Bmal1, Clock, Per1, Per2, Per3, Cry1, Cry2, the basic
helix-loop-helix proteins differentiated embryo chondrocyte 1

(Dec1) and Dec2, D site of albumin promoter-binding protein
(Dbp), and Rev-erb�. 3-week-old male mice were bred under
12-h light and dark cycle conditions for a week followed by
extraction of total RNA from rib growth plates at different
times after the final light cycle initiation for real time-based
RT-PCR analysis on Per1,Bmal1, andClock. Statistically signif-
icant rhythmicity was found with expression profiles of both
Per1 and Bmal1 in mouse rib growth plates with maximum
expression at ZT12 for Per1 and ZT4 for Bmal1, respectively
(Fig. 1B). By contrast, no significant rhythmic expression was
observed in Clock in mouse rib growth plates.
Chondrogenic Differentiation in ATDC5 Cells Stably Trans-

fectedwith Per1—ChondrocyticATDC5cellswere stably trans-
fected with pcDNA3.1 containing the full-length coding
region of Per1. Several different clones transfected with Per1
showed markedly elevated expression of Per1 (ATDC5-
PER1) when compared with cells transfected with EV alone
(ATDC5-EV). Among different clones of stable transfectants
in ATDC5 cells, relative high expression was seen in both #9
and #28 clones cultured for 2 days for Per1 mRNA (Fig. 2A)
and PER1 protein (Fig. 2B), respectively. As PER1 negatively
regulates gene transactivation mediated by the BMAL1/
CLOCK complex endowed to bind to an E-box element in
the 5�-flanking region of the target genes (28), we next com-
pared the luciferase activity of Per1-Luc reporter, containing
three E-box elements in Per1 promoter, between ATDC5-EV
and ATDC5-PER1 cells. Individual stable transfectants were
transiently transfected with Per1-Luc in either the presence
or the absence of expression vectors of BMAL1 and CLOCK
followed by determination of luciferase activity 48 h after
transfection. Luciferase activities were significantly lower
in ATDC5-PER1#28 cells, but not in ATDC5-PER1#9 cells,
in the absence of the BMAL1/CLOCK complex than in
ATDC5-EV cells (Fig. 2C). Although the introduction of
BMAL1/CLOCK more than sextupled the luciferase activity
in ATDC5-EV cells, stable overexpression of PER1 signifi-
cantly inhibited the luciferase activity elevated by the intro-
duction of BMAL1/CLOCK irrespective of the clones
examined.
In ATDC5-PER1#9 and -#28 cells cultured for 14 and 21

days, significant inhibition was seen in the matrix proteoglycan
synthesis evaluated by Alcian blue staining when compared
withATDC5-EV cells (Fig. 2D). The activity of ALP wasmark-
edly increased in proportion to increasing culture days from
14 to 21 days in ATDC5-EV cells, whereas ALP activity was
significant lower in ATDC5-PER1#9 cells cultured for 21
days and ATDC5-PER1#28 cells cultured for 7–14 days than
in ATDC5-EV cells, respectively (Fig. 2E). In stable PER1
transfectants cultured for 14 days, a marked decrease was
invariably observed in mRNA expression of chondrogenic
differentiation markers including type II collagen (Col II)
and type X collagen (Col X) (Fig. 2F), which are both known
to be highly expressed by proliferating to prehypertrophic
chondrocytes and preferentially expressed by hypertrophic
chondrocytes, respectively. In ATDC5-EV cells cultured
from 7 to 14 days, a marked increase was seen in Ihh levels,
but not in Sox9 and Runx2 levels, during the culture (Fig.
2G). In ATDC5-PER1#9 and ATDC5-PER1#28 cells, how-
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ever, Ihh levels were drastically decreased during the culture
for 14 days, but not for 7 days, when compared with those in
ATDC5-EV cells with Sox9 and Runx2 levels being
unchanged irrespective of the culture period.
To confirm the involvement of PER1 in chondrogenesis in

vitro, an attempt was made to determine expression profiles of
different chondrogenic marker genes in primary cultured rib
chondrocytes infected with short hairpin RNA (shRNA) for
PER1.To examine the validity of the twodifferent types of PER1
shRNA LV vectors, LV-Per1 shRNA (type 1) and LV-Per1
shRNA (type 2), HEK293T cells were transfected with
V5-tagged Per1 expression vector in either the presence or the
absence of two types of LV vectors for Per1 shRNA followed by
determination of expression levels of V5-PER1 by Western
blotting. A significant decrease was seen in V5-PER1 expres-
sion in cells transfected with LV-Per1 shRNA (type 2), but not
in those with LV-Per1 shRNA (type 1) (Fig. 2H). Chondrocytes
cultured for 6 days were thus infected with LV-Per1 shRNA
(type 2) for 1 day followed by culture in DMEM/F12 containing
5% FBS for an additional 7 days and subsequent determination
of mRNA expression by real time-based RT-PCR. Per1mRNA
was significantly decreased in chondrocytes infected with LV-
Per1 shRNAwhen comparedwith cells infectedwith LV-empty

(Fig. 2I), whereas infection of LV-Per1 shRNA failed to signifi-
cantly affect mRNA expression of Col II, Col X, Sox9, Runx2,
and Ihh in primary chondrocytes (Fig. 2J).
Possible Involvement of Clock Genes in Ihh Transactiva-

tion—BMAL1 is shown to orchestrate a heterodimer with
CLOCK for DNA binding toward the transactivation of target
genes, such as Per and Cry, whose products are endowed to
inhibit gene transactivation mediated by the BMAL1/CLOCK
heterodimer (7, 8, 10, 13). Chondrogenic ATDC5 cells were
electroporated with expression vectors of Bmal1 and Clock
in either the presence or the absence of the expression vector
of Per1 using NucleofectorTM prior to plating on dishes fol-
lowed by determination of different cellular differentiation
markers 10 days later. Real time-based RT-PCR analysis
clearly confirmed a significant increase in Ihh expression in
cells transfected with Bmal1/Clock, whereas further co-in-
troduction of Per1 significantly prevented the increase by
Bmal1/Clock with a concomitant inhibition by Per1 alone
(Fig. 3A).
Promoter regions of Ihh gene were subjected to Database of

Transcriptional Start Sites (DBTSS) and TRANSFAC database
searches. A database analysis revealed that 2.5 kb of the
5�-flanking region of the mouse Ihh gene contains three puta-

FIGURE 1. Rhythmic expression of clock genes in growth plates. A, mouse costal chondrocytes were cultured for 7 or 21 days followed by RT-PCR using
primers specific for each clock gene. B, mice were bred under 12-h light and dark cycle conditions for a week followed by extraction of total RNA from rib growth
plates at different times after the last light cycle initiation for real time-based RT-PCR. **, p � 0.01, significantly higher than the lowest control value for each
gene.
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tive E-box (CACGTG) elements that are a recognition site of
the BMAL1/CLOCK heterodimer. To simplify the importance
of Ihh upstream elements for Ihh expression, we next employed
a clonal cell line without any chondrocytic properties for deter-
mination of the luciferase reporter activity. In HEK293 cells

transiently transfectedwith a luciferase reporter plasmid linked
to the Ihh promoter region of �2388 to �120 bp in either the
presence or the absence of different expression vectors, intro-
duction ofBmal1/Clock led to a significant increase in the lucif-
erase activity in a manner sensitive to the prevention by co-in-
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troduction of Per1, Per2, Cry1, and Cry2 (Fig. 3B, left columns).
For identification of the promoter element responsible for the
transactivation, deletionmutants weremade from the 5�-flank-
ing region of the mouse Ihh gene for the preparation of lucifer-
ase reporter plasmid constructs with different lengths. In
HEK293 cells transfectedwith Ihh-Luc (�1792/�120) and Ihh-
Luc (�1129/�120), no significant alterations were found in
luciferase activity after the introduction of Bmal1/Clock (Fig.
3B, right columns). To determine which E-box elements are
responsible for the association with BMAL1/CLOCK complex
in the 5�-flanking region of mouse Ihh gene, we next performed
ChIP assays. In immunoprecipitates by the anti-CLOCK anti-

body from lysates of ATDC5 cells cultured for 3 days, an ampli-
fied PCR product was detected with primers for the 5�-flanking
region of �2400 to �2175 bp upstream, but not that of �1281
to �1092 bp upstream, in the Ihh gene (Fig. 3C).
An attempt was next made to evaluate the effect of overex-

pression of BMAL1/CLOCK by the LV-mediated overexpres-
sion method in primary chondrocytes. Chondrocytes cultured
for 6 days were infected with both LV-Bmal1 and LV-Clock for
1 day followed by further culture in DMEM/F12 containing 5%
FBS for an additional 7 days and subsequent determination of
mRNA levels by real time-based RT-PCR. Infection with both
LV-Bmal1 and LV-Clock led to a significant increase in Ihh

FIGURE 2. Suppression of chondrogenic differentiation in stable PER1 transfectants. A and B, ATDC5 cells were stably transfected with Per1 expression
vectors or EV followed by determination of expression levels of Per1 by real time-based RT-PCR (A) and PER1 protein by Western blotting analysis (B). C, ATDC5
cells were stably transfected with Per1 expression vectors or EV followed by transient transfection with Per1 promoter, which contains three tandem copies of
E-box element, linked to a luciferase construct in either the presence or the absence of Bmal1/Clock expression vector and subsequent incubation for 48 h. D,
ATDC5-PER1 or ATDC5-EV cells were cultured for 7–21 days followed by fixation with 10% formalin and subsequent Alcian blue staining for acidic polysac-
charide. E, stable transfectants were cultured for 14 –21 days followed by determination of ALP activity. F, total RNA was extracted from stable transfectants
cultured for 14 days followed by quantitative determination of mRNA expression for differentiation markers such as Col II and Col X with Northern blotting. G,
total RNA was extracted from each stable transfectant cultured for 7–21 days followed by determination of Sox9, Runx2, and Ihh by real time-based RT-PCR
analysis. *, p � 0.05, **, p � 0.01, significantly different from each control value obtained in ATDC5-EV cells. ##, p � 0.01, significantly different from the value
obtained in ATDC5-EV cells with Bmal1/Clock. N. D, not detectable. H, HEK293T cells were transfected with V5-tagged Per1 expression vector in either the
presence or the absence of two types of LV vectors for Per1 shRNA followed by determination of expression levels of V5-PER1 by Western blotting. I and J,
chondrocytes cultured for 6 days were infected with LV-Per1 shRNA for 1 day followed by determination of Per1 (I) and Col II, Col X, Sox9, Runx2, and Ihh (J) by
real time-based RT-PCR analysis 7 days after infection. **, p � 0.01, significantly different from each control value obtained in chondrocytes infected with
LV-empty.

FIGURE 3. Transactivation by clock proteins of Ihh. A, ATDC5 cells were transiently transfected with expression vectors of Bmal1 and Clock in either the
presence or the absence of an expression vector of Per1 followed by determination of Ihh levels 10 days after transfection with real time-based RT-PCR. B,
HEK293 cells were transiently transfected with a reporter plasmid linked to intact and mutated Ihh promoters with different lengths including �2380 to �120,
�1792 to �120, and �1129 to �120 bp in either the presence or the absence of expression vectors of Per1, Per2, Cry1, and Cry2 followed by further culture for
an additional 48 h and subsequent determination of luciferase activity. *, p � 0.05, **, p � 0.01, significantly different from each control value obtained in cells
transfected with EV. #, p � 0.05, ##, p � 0.01, significantly different from the value obtained in cells transfected with Bmal1/Clock. C, DNA-protein complex was
prepared from ATDC5 cells and treated with the anti-CLOCK antibody for ChIP assay. Typical pictures are shown in the figure, whereas similar results were
invariably obtained in at least three independent determinations. D, costal chondrocytes cultured for 6 days were infected with both LV-Bmal1 and LV-Clock for
1 day followed by determination of Ihh by real time-based RT-PCR analysis 7 days after infection. *, p � 0.05, **, p � 0.01, significantly different from each control
value obtained in chondrocytes infected with LV-empty.
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mRNA expression in comparison with that in cells with LV-
empty (Fig. 3D).
Skeletogenesis in Bmal1�/� Mice—We next examined the

skeletal growth phenotypes in BMAL1-null mice of C57BL6/J
strain. In wild-type (Bmal1�/�) tibial sections, immunoreac-
tive BMAL1 and CLOCK were highly expressed by prehyper-
trophic to hypertrophic chondrocytes with modest expression
in proliferating chondrocytes (Fig. 4A). In tibial sections from
Bmal1�/� mice, nomarked immunoreactivity was detected for
BMAL1 in any chondrocytic layers. Immunoreactive CLOCK
was similarly detected in tibial sections from Bmal1�/� and
Bmal1�/� mice. In 4-week-old Bmal1�/� mice, the body size
was apparently smaller than that in Bmal1�/� mice (Fig. 4B) as
reported previously (20, 29). Body weight was invariably lower
throughout the growth period during 3–15 weeks after birth in
male Bmal1�/� mice (Fig. 4C). In 4-week-old male Bmal1�/�

mice, marked decreases were invariably seen in the body length
measured from nose to anus and the longitudinal lengths of
both tibia and femur when compared with those in Bmal1�/�

mice (Fig. 4D). In rib growth plates isolated from Bmal1�/�

mice at 3–4 weeks old, a predominant decrease was found in
Ihh levels, but not inCol II,Col X, Sox9, and Runx2 levels, when
compared with those from Bmal1�/� mice (Fig. 4E). In tibial

sections of 1-day-old Bmal1�/� mice, a marked deterioration
was seen in ALP staining, but not in Alcian blue staining (Fig.
4F). In situ hybridization analysis clearly revealed markedly
decreased expression of Col X, Ihh, and Alp, but not Col II, in
the prehypertrophic chondrocytic layer on tibial sections from
1-day-old Bmal1�/� mice (Fig. 4G). Quantification of these in
situ hybridization data confirmed a significant decrease in anti-
sense cRNA signals detected in the prehypertrophic chondro-
cytic layer on tibial sections of Bmal1�/� mice (Fig. 4H).
Chondrogenic Differentiation in Bmal1�/� Chondrocytes—

Costal chondrocytes were prepared from ribs of neonatal
Bmal1�/� or Bmal1�/� mice as usual for the culture for 3–21
days. Western blotting analysis clearly confirmed the complete
absence of BMAL1 from Bmal1�/� chondrocytes with a
decreased level in Bmal1�/� chondrocytes irrespective of the
culture period from 3 to 21 days (Fig. 5A). In Bmal1�/� chon-
drocytes cultured for 14 days,moreover, a slight but statistically
significant decrease was seen in Per1 expression with concom-
itant significant increases in both Per2 and Cry1 levels, but not
Cry2 (Fig. 5B). However, BMAL1 deficiency did not signifi-
cantly affect cellular proliferation as determined by MTT
reduction in chondrocytes cultured for 3 days (Fig. 5C). In
chondrocytes from Bmal1�/� mice, a marked increase was

FIGURE 4. Phenotypes in Bmal1�/� mice. A, tibiae were isolated from Bmal1�/� or Bmal1�/� mice at 1 day of age followed by immunohistochemical analysis
using an antibody against BMAL1 or CLOCK. Typical micrographic pictures are shown in the figure, whereas similar results were invariably obtained in at least
three independent determinations. Scale bars, 100 �m. B, general appearance of 4-week-old male Bmal1�/� and Bmal1�/� mice. C, body weight curves of male
Bmal1�/� and Bmal1�/� mice. D, body and bone lengths in 4-week-old male Bmal1�/� and Bmal1�/� mice. E, rib growth plates were isolated from Bmal1�/�

and Bmal1�/� mice followed by determination of expression levels of Col II, Col X, Sox9, Runx2, and Ihh by real time-based RT-PCR. F and G, tibiae were isolated
from Bmal1�/� and Bmal1�/� mice at 1 day after birth followed by sectioning for Alcian blue and ALP staining (F) or in situ hybridization using cRNA probes (G)
for Col II, Col X, Ihh, and Alp. H, quantitative data are shown with mRNA expression in the panel. *, p � 0.05, **, p � 0.01, significantly different from each control
value obtained in Bmal1�/� mice. Scale bars, 100 �m.
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seen in the matrix proteoglycan synthesis evaluated by Alcian
blue staining in proportion to the duration of culture from 3 to
14 days (Fig. 5D). In costal chondrocytes from Bmal1�/� mice,
the temporal increase was markedly suppressed for Alcian blue
staining throughout the culture period from7 to 21 days.Quan-
titative densitometry confirmed a slight but statistically signif-
icant attenuation ofAlcian blue staining inBmal1�/� chondro-
cytes cultured for 7–21 days (Fig. 5D). Although ALP activity
was markedly increased in proportion to the culture period
from 3 to 21 days in cultured chondrocytes from Bmal1�/�

mice, knock-out of BMAL1 led to a significant inhibition of the
temporal increase in ALP activity in chondrocytes cultured for
7–21 days (Fig. 5E). No significant differencewas found in Sox9,
Runx2, and Pthrp levels between Bmal1�/� and Bmal1�/�

chondrocytes cultured for 7–21 days, whereas a marked
decrease was induced in bothCol X and Ihh levels in Bmal1�/�

chondrocytes cultured for 14–21 days when compared with
those in Bmal1�/� chondrocytes, with a significantly increased
Col II level in cells cultured for 21 days only (Fig. 5F). However,
no significant alterations were seen in Alcian blue staining (Fig.
5G), ALP activity (Fig. 5H), and Col II, Col X, Ihh, Sox9, and
Runx2 expression (Fig. 5I) between Bmal1�/� and Bmal1�/�

chondrocytes cultured for 14 days.
Circadian Rhythmicity of Ihh Expression in Growth Plate—A

clear 24-h rhythmicity was found in Ihh levels in the rib growth
plate isolated every 4 h fromyoung (3-week-old)male ddYmice
throughout a single 24-h period with maximum expression at
ZT4 (Fig. 6A), in line with the aforementioned expression pro-
files of Bmal1. Similar rhythmicity was also seen for mRNA
levels of the IHH target gene Patched homolog-1 (Ptch1) in the
rib growth platewith a peak at ZT8 (Fig. 6B). However, IHHwas
not detected in the rib growth plate isolated every 4 h from
young mice by Western blotting analysis using the anti-IHH
antibody (data not shown). In rib growth plates isolated from
Bmal1�/� mice at ZT12, Per1 levels were significantly higher
with significantly lower Ihh levels than in those at ZT4 (Fig. 6C).
In rib growth plates isolated at ZT4 and ZT12 from Bmal1�/�

mice, by contrast, no significant rhythmic alternations were
observed in expression profiles of both Per1 and Ihh.

Wenext attempted to demonstrate the circadian rhythmicity
of Ihh expression in primary cultured costal chondrocytes pre-
pared from ribs of Bmal1�/� mice. Cells were cultured for 14
days followed by exposure to 100 �M Dex for 2 h and subse-
quent determination of Ihh levels every 4 h for 48 h by real
time-based RT-PCR analysis. Contrary to the rib growth plate
in vivo, however, no clear rhythmicity was found in Ihh expres-
sion by cultured costal chondrocytes within 48 h after the addi-
tion of Dex in vitro (Fig. 6D). To further evaluate the in vitro
rhythmicity in chondrocytic cells with synchronized cellular
biological activities during culture, prechondrogenic ATDC5
cells were next exposed to 100 �M Dex for 2 h followed by

determination of Ihh expression every 4 h as well. Prior expo-
sure to Dex led to the oscillatory expression of Ihh in ATDC5
cells within 48 h (Fig. 6E), in contrast to primary cultured chon-
drocytes enriched with diverse cell populations with different
cellular differentiation stages.
Phenotypes of Chondrocyte-specific BMAL1-deficient Mice—

To further confirm the aforementioned regulation by BMAL1
expressed by chondrocytes of endochondral ossification during
skeletogenesis, we generated mice deficient of BMAL1 from
chondrocytes (�1(II)-collagen-Cre;Bmal1fl/fl � Bmal1cho�/�)
by crossing �1(II)-collagen-Cre mice (�1(II)-collagen-Cre;
Bmal1�/�) with mice harboring a floxed allele of Bmal1
(Bmal1fl/fl). Genotyping for �allele confirmed the validity of
�1(II)collagen-Cre-driven deletion of Bmal1 allele in cartilage
(Fig. 7A), whereas BMAL1 was completely absent from cul-
tured costal chondrocytes of Bmal1cho�/� mice for 7 days (Fig.
7B).MaleBmal1cho�/�mice indeed showed a smaller body size
at 4 weeks after birth (Fig. 7C). Significant decreases were also
seen in the body weight (Fig. 7D), body length (Fig. 7E), and
bone lengths of femur and tibia (Fig. 7F) in 4-week-old male
Bmal1cho�/� mice when compared with Bmal1fl/fl and �1(II)-
collagen-Cre;Bmal1�/� mice. In rib growth plates from these
Bmal1cho�/� mice, a significant decrease was found in Ihh lev-
els when comparedwith those from controlmice defined as the
random mixture of Bmal1�/�, Bmal1fl/fl, and �1(II)-collagen-
Cre;Bmal1�/� mice (Fig. 7G).

DISCUSSION

The essential importance of the present findings is that
clear circadian rhythmicity was seen in expression profiles of
the master regulator gene of chondrogenesis Ihh in the
mouse rib growth plate in association with rhythmic expres-
sion profiles of clock genes such as Per1 and Bmal1. In rib
growth plates isolated frommice defective of BMAL1, more-
over, rhythmic expression was entirely lost for both Per1 and
Ihh. These findings give rise to an idea that chondrogenic
differentiation is under the control by clock genes constitu-
tively expressed by chondrocytes through a mechanism
related to direct regulation of the transactivation of Ihh as
illustrated in Fig. 8. Period proteins are known to be synthe-
sized through gene transactivation mediated by the positive
BMAL1/CLOCK complex at upstream E-box elements, but
known to inhibit the gene transactivation as a negative feed-
back loop together with CRY proteins after the accumulation
in the cytoplasm for subsequent translocation into the
nucleus. Both PER and CRY repressor members are polyu-
biquitinylated for degradation by the proteasome pathway,
which in turn releases the inhibition by the negative PER/
CRY complex of gene transactivation mediated by the posi-
tive BMAL1/CLOCK complex. This positive and negative
feedback loop occurs at 24-h cycle rhythmicity (7–13). PER1

FIGURE 5. Suppression of chondrogenic differentiation in Bmal1�/� mice. A, costal chondrocytes were prepared from the ribs of Bmal1�/�, Bmal1�/�, and
Bmal1�/� mice followed by culture for several days and subsequent determination of BMAL1 expression by Western blotting. B, costal chondrocytes were
prepared from homozygous Bmal1�/� mice followed by culture for 14 days and subsequent determination of expression levels of Per1, Per2, Cry1, and Cry2.
C–F, costal chondrocytes were also cultured for 3–21 days for subsequent determination of MTT reduction (C), Alcian blue staining (D), ALP activity (E), and
expression levels (F) of Col II, Col X, Ihh, Sox9, Runx2, and Pthrp. **, p � 0.05, **, p � 0.01, significantly different from each control value obtained in chondrocytes
isolated from Bmal1�/� mice. N. D, not detectable. G–I, costal chondrocytes were prepared from heterozygous Bmal1�/� mice followed by culture for 3–21
days and subsequent determination of Alcian blue staining (G), ALP activity (H), and expression levels (I) of Col II, Col X, Ihh, Sox9, and Runx2.
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would interfere with rhythmic promotion by the BMAL1/
CLOCK complex of the transcription of Ihh at the upstream
E-box element in growth plate chondrocytes toward disturb-
ance of chondrogenesis. Accordingly, rhythmic expression
of Ihh could lead to oscillated rhythmic bone elongation
through endochondral ossification during skeletogenesis.
Although several independent laboratories including ours
have already demonstrated the functional expression of
clock genes by cells outside the CNS, this is the first direct
demonstration of rhythmic expression of different clock
genes, such as Per1 and Bmal1, by chondrocytes from the rib
growth plate of mice under postnatal development. To our
knowledge, rhythmic expression of Ihh was for the first time
demonstrated in the rib growth plate in a manner dependent
on BMAL1 in vivo in this study as well.

Nevertheless, longitudinal bone growth is shown to predom-
inate during recumbence rather than locomotion in an imma-
ture lamb model (18). Longitudinal bone elongation occurs at
the growth plate seen between epiphysis and metaphysis of long
bones through a process referred to as endochondral ossification,
in whichmatured chondrocytes are replacedwith osteoblasts and
osteoclasts toward bone orchestration after apoptotic cell death as
a consequence of the progression of chondrogenic differentiation
from proliferation and hypertrophy to secretion of the extracellu-
larmatrix. Therefore, the present results obtained in Bmal1�/�

mice argue in favor of an idea that longitudinal bone elonga-
tion would be concurrently regulated by the rhythmic
expression of clock gene products by chondrocytes. Longi-
tudinal bone elongation is governed at the growth plate not
only by cell autonomous sequential steps including tran-

FIGURE 6. Rhythmic expression of Ihh in rib growth plate. A and B, mice were bred under 12-h light and dark cycle conditions for a week followed by
extraction of total RNA from the rib growth plates different times after the last light cycle initiation and subsequent determination of Ihh (A) and Ptch1 (B) levels
with real time-based RT-PCR. **, p � 0.01, significantly higher than the lowest control value. C, rib growth plates were isolated from Bmal1�/� and Bmal1�/�

mice at ZT4 and ZT12 followed by determination of Per1 and Ihh levels by real time-based RT-PCR. D, costal chondrocytes were prepared from the ribs of
neonatal Bmal1�/� mice followed by culture for 14 days and subsequent exposure to 100 �M Dex for 2 h. Cells were then subjected to determination of Ihh
levels every 4 h for 48 h after Dex real time-based RT-PCR. E, prechondrogenic ATDC5 cells were exposed to 100 �M Dex for 2 h followed by determination of
Ihh expression every 4 h. *, p � 0.05, **, p � 0.01, significantly different from the value obtained in samples isolated at ZT4. NS, not significant.
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scriptional network and local autocrine/paracrine system,
but also by circulating endocrine factors including growth
hormone, insulin-like growth factor-1 (IGF1), glucocorti-
coid, thyroid hormone, and adrenaline (26, 30). Among these
endocrine factors, growth hormone is a determinant of lon-
gitudinal bone elongation by way of a local direct action at
the growth plate as well as by transformation into IGF1 in the

liver (30) after the rhythmic secretion from the anterior pitu-
itary in a manner highly related to the sleep cycle (31). The
fact that most endocrine systems are undoubtedly under the
control by the central circadian clock in SCN gives rise to
speculation that the present growth retardation could be
brought about by dysfunctions of the central clock due to the
absence of BMAL1 from SCN neurons in Bmal1�/� mice,

FIGURE 7. Phenotypes in Bmal1cho
�/� mice. A, several tissues including bone, cartilage, brain, intestine, kidney, liver, and lung were isolated from Bmal1cho

�/�

mice followed by extracting DNA and subsequent PCR genotyping for �allele. B, costal chondrocytes were prepared from the ribs followed by culture for 7 days
for determination of BMAL1 expression by Western blotting. C, general appearance of 4-week-old male �1(II)-collagen-Cre;Bmal1�/� and Bmal1cho

�/� mice.
D–F, body weight (D), body length (E), and bone length (F) in 4-week-old male Bmal1�/�, Bmal1fl/fl, �1(II)-collagen-Cre;Bmal1�/� and Bmal1cho

�/� mice. *, p �
0.05, **, p � 0.01, significantly different from each control value obtained in Bmal1fl/fl or �1(II)-collagen-Cre;Bmal1�/� mice. G, rib growth plates were isolated
from Bmal1cho

�/� and control mice grouped by the random mixture of Bmal1�/�, Bmal1fl/fl, and �1(II)-collagen-Cre;Bmal1�/� followed by determination of
expression levels of Ihh by real time-based RT-PCR. *, p � 0.05, **, p � 0.01, significantly different from each control value obtained in control mice.
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but not by the impairment of the putative peripheral clock
located in chondrocytes. However, the present findings in
Bmal1cho�/� mice clearly ruled out this possibility. In brain-
rescued Bmal1�/� mice generated by mating between
Bmal1�/� mice and Scg2::tTA; tetO::Bmal1 double trans-
genic mice, moreover, circadian rhythm is fully recovered
with the wheel running task impaired in Bmal1�/� mice, but
not with the growth retardation measured by body weight
(29). The possibility that longitudinal bone elongation is
under the oscillatory control with chondrocytic circadian
rhythmicity during postnatal skeletogenesis is thus not neg-
ligible at present.
One possible interpretation for the discouraging findings on

Col II expression in BMAL1-null mice is that COL II is prefer-
entially expressed at an early differentiation stage with IHH at a
later stage during chondrogenesis (15). In addition, possible
artifacts and/or pitfalls would be at least in part responsible for
the paradoxical data between Per1 and Ihh levels, in addition to
Per1 promoter activity, in different stable PER1 transfectant
clones in terms of the transfection and subsequent cloning
techniques employed in this study. From this point of view, the
in vivo results obtained from mice deficient of BMAL1 specifi-
cally in chondrocytes (Bmal1cho�/�) are quite noteworthy for
confirmation of the pivotal role of BMAL1 expressed by chon-
drocytes in association with IHH in endochondral ossification
during postnatal skeletogenesis. Taken together, the possibility
that the chondrocytic circadian clock would play a pivotal role
in the diurnal and nocturnal regulation of longitudinal bone
elongation during postnatal skeletogenesis through a mecha-
nism relevant to the rhythmic expression by chondrocytes of
the autocrine factor IHHhighly responsible for chondrogenesis
is not ruled out so far. The differential circadian rhythmicity of
Ihh expression would be due to the higher diversity and hetero-
geneity of cell populations in primary chondrocytes rather than
cloned chondrogenic cell lines.
In our previous study, different clock genes, such as Per,

Bmal1, Clock, and Cry, are constitutively expressed by chon-
drogenic ATDC5 cells together with direct stimulation by
PTH of Per1 expression through the protein kinase
A/cAMP-responsive element-binding protein signaling

pathway (19). As PER1 is translocated into the nucleus to
inhibit gene transactivation by the BMAL1/CLOCK het-
erodimer as a negative feedback loop after the accumulation
in the cytoplasm (7, 8, 10, 13), PER1 transiently up-regulated
by PTH would negatively regulate the transactivation medi-
ated by the BMAL1/CLOCK complex of different chondro-
cytic marker genes through the E-box element located at
5�-flanking region in chondrocytes. A database analysis
indeed revealed the presence of three putative E-box ele-
ments within 2.5 kb of the 5�-flanking region of Ihh gene:
�2334/�2329, �1420/�1415, �1249/�1244. By contrast,
IHH is locally produced by prehypertrophic to early hyper-
trophic chondrocytes to play a role as a master regulator of
bone development, coordinating chondrocytic proliferation
and differentiation (32, 33), as well as osteoblastic differen-
tiation (34), through activation of the receptor, Patched-1. In
CFK-2 chondrogenic cells, indeed, overexpression of IHH
leads to up-regulation of the expression of different chon-
drocytic differentiation markers including ALP, COL II, and
COL X (32). In IHH-null mutant mice, profound defects are
found in chondrocytic proliferation and differentiation, in
addition to impaired osteoblastic formation (33). Chondro-
cyte-specific deletion of IHH leads to complete recapitula-
tion of all skeletal defective features observed in IHH-null
mice (35). From the present findings in luciferase reporter
and ChIP assays, it is conceivable that circulating PTHwould
induce PER1 expression through the cAMP/cAMP-respon-
sive element-binding protein cascade in hypertrophic chon-
drocytes under regulation by the central clock in SCN, which
in turn leads to the interference with transactivation by the
BMAL1/CLOCK complex of Ihh for subsequent disturbance
of chondrogenic differentiation mediated by IHH under the
regulation by the peripheral clock in chondrocytes.
The present findings that PER1 shRNA failed to induce

any significant changes in chondrogenic cellular differentia-
tion processes could be accounted for by taking into consid-
eration the fact that overflowed PER1 is highly responsible
for negative regulation of the transactivation mediated by
the BMAL1/CLOCK complex (7, 8, 10, 13). The fact that
PER1 induced by light causes the reset of the central clock at
SCN (11) would raise the possibility that PTH may entrain
the peripheral clock expressed by chondrocytes in the
growth plate to rhythmically synchronize and coordinate
sequential chondrogenic differentiation processes toward
refined longitudinal bone elongation over whole body. It is
noteworthy that the pancreatic islet has a self-sustained
molecular clock system endowed to coordinate insulin
secretion with the sleep-wake cycle without inputs from the
central clock (36). The circadian rhythmicity mediated by
the chondrocytic peripheral clock expressed at the growth
plate in longitudinal bone elongation during skeletogenesis
in vivo, however, remains to be elucidated in future studies
despite several enduring technical difficulties.
It thus appears that clock genes are functionally expressed by

chondrocytes to rhythmically regulate Ihh expression in the
mouse rib growth plate. The present study would not only pro-
mote our understanding of the peripheral circadian clock for
longitudinal bone elongation during skeletogenesis, but also

FIGURE 8. Schematic representation of proposal. In the growth plate, chon-
drogenic differentiation would be under the oscillatory regulation by IHH
expressed with circadian rhythmicity mediated by a mechanism relevant to
the chondrocytic clock genes toward the diurnal and nocturnal longitudinal
bone growth during skeletogenesis.
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open a newwindow for the therapy and treatment of a variety of
cartilaginous diseases relevant to abnormal development and
maturation of chondrocytes in human beings.
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