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INTRODUCTION
Vertebrate bones develop through membranous or endochondral
ossification. Except for craniofacial bones and the clavicle, all bones
are established through the latter process (Olsen et al., 2000;
Karsenty et al., 2009). At the onset of endochondral bone formation,
mesenchymal cells first undergo condensation, followed by
differentiation of cells within these condensations into chondrocytes.
Chondrocytes then proliferate and produce extracellular matrix to
form the primordial cartilage that prefigures the future skeletal
elements. Shortly after the formation of the primordial cartilage,
proliferating chondrocytes in the central region of the cartilage 
exit the cell cycle and differentiate into prehypertrophic, and
subsequently hypertrophic, chondrocytes. The proliferating
chondrocytes closest to the prehypertrophic chondrocytes flatten out
and form orderly columns of flat chondrocytes that continue to
proliferate. Finally, hypertrophic chondrocytes progress to terminal
maturation, following which they express matrix metalloproteinase

13 (MMP13). The terminally matured chondrocytes undergo
apoptosis. Blood vessels, along with osteoblasts, osteoclasts and
hematopoietic cells, then invade this region and form primary
ossification centers. Within these centers, the hypertrophic cartilage
matrix is degraded, the hypertrophic chondrocytes die, and bone
replaces the disappearing cartilage.

Recent molecular and genetic studies coupled with classical
histological approaches have revealed many of the factors that are
involved in endochondral bone formation (Lefebvre and Smits,
2005). For example, SOX9 is expressed in mesenchymal
progenitor cells and in chondrocytes, but its expression ceases in
prehypertrophic chondrocytes (Ng et al., 1997; Zhao et al., 1997).
SOX9 has a variety of functions in chondrogenesis: its expression
in mesenchymal progenitor cells is essential for cartilage formation
(Akiyama et al., 2002); it directly regulates cartilage-specific
matrix genes such as the 1(II) collagen chain gene (Col2a1),
aggrecan (Acan) and the 2(XI) collagen chain gene (Col11a2); it
sustains the survival of proliferative chondrocytes during
development (Ikegami et al., 2011); SOX9 overexpression in
proliferative chondrocytes suppresses their hypertrophy (Akiyama
et al., 2004); and it negatively regulates the transcription of the
gene that encodes vascular endothelial growth factor (VEGF),
which is expressed by hypertrophic chondrocytes (Hattori et al.,
2010).

Regarding the hypertrophic differentiation of chondrocytes,
several crucial transcriptional regulators have been identified.
Histone deacetylase 4 (HDAC4), a class II HDAC, represses the
expression of multiple genes through chromatin remodeling,
thereby regulating cell fate. To elucidate the specific role of
HDAC4, Hdac4-null mice have been generated and were noted to
display dwarfism and inappropriate chondrocyte hypertrophy,
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SUMMARY
Chondrocyte hypertrophy is crucial for endochondral ossification, but the mechanism underlying this process is not fully
understood. We report that salt-inducible kinase 3 (SIK3) deficiency causes severe inhibition of chondrocyte hypertrophy in mice.
SIK3-deficient mice showed dwarfism as they aged, whereas body size was unaffected during embryogenesis. Anatomical and
histological analyses revealed marked expansion of the growth plate and articular cartilage regions in the limbs, accumulation of
chondrocytes in the sternum, ribs and spine, and impaired skull bone formation in SIK3-deficient mice. The primary phenotype in
the skeletal tissue of SIK3-deficient mice was in the humerus at E14.5, where chondrocyte hypertrophy was markedly delayed.
Chondrocyte hypertrophy was severely blocked until E18.5, and the proliferative chondrocytes occupied the inside of the
humerus. Consistent with impaired chondrocyte hypertrophy in SIK3-deficient mice, native SIK3 expression was detected in the
cytoplasm of prehypertrophic and hypertrophic chondrocytes in developing bones in embryos and in the growth plates in
postnatal mice. HDAC4, a crucial repressor of chondrocyte hypertrophy, remained in the nuclei in SIK3-deficient chondrocytes, but
was localized in the cytoplasm in wild-type hypertrophic chondrocytes. Molecular and cellular analyses demonstrated that SIK3
was required for anchoring HDAC4 in the cytoplasm, thereby releasing MEF2C, a crucial facilitator of chondrocyte hypertrophy,
from suppression by HDAC4 in nuclei. Chondrocyte-specific overexpression of SIK3 induced closure of growth plates in adulthood,
and the SIK3-deficient cartilage phenotype was rescued by transgenic SIK3 expression in the humerus. These results demonstrate
an essential role for SIK3 in facilitating chondrocyte hypertrophy during skeletogenesis and growth plate maintenance.
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leading to ectopic bone formation. By contrast, the overexpression
of HDAC4 in proliferative chondrocytes inhibited chondrocyte
hypertrophy (Vega et al., 2004).

The transcription factor RUNX2 (CBFA1) is a key regulator of
osteoblast differentiation. When RUNX2-deficient mice were
generated, a lack of chondrocyte hypertrophy was found, suggesting
that RUNX2 might regulate chondrocyte hypertrophy as does
HDAC4 (Komori et al., 1997). To address this possibility, non-
hypertrophic chondrocyte-specific Runx2 transgenic mice were
generated. These animals showed ectopic chondrocyte hypertrophy
and enhanced endochondral ossification (Takeda et al., 2001).
MEF2C is a crucial transcription factor in muscle and cardiovascular
development. To clarify its role in chondrogenesis, cartilage-specific
conditional Mef2c deletion mice and cartilage-specific dominant-
negative and dominant-active MEF2C mice were generated, and
these demonstrated a positive role for MEF2C in chondrocyte
hypertrophy (Arnold et al., 2007). Genetically, the mild phenotype
in the sternum of Mef2c+/– pups was rescued by deletion of one copy
of the Hdac4 gene, demonstrating that it depends on a balance
between transcriptional activation by MEF2C and repression by
HDAC4 (Arnold et al., 2007). In addition, HDAC4 interacts directly
with RUNX2 to repress its transcriptional activity on the type X
collagen promoter (Vega et al., 2004). Therefore, HDAC4 is thought
to be a central negative regulator of chondrocyte hypertrophy.

With regard to the regulation of HDAC4 activity in chondrocyte
hypertrophy, a recent study proposed that phosphatase PP2A,
which is activated by the PTHrP-cAMP-PKA cascade in
chondrocytes, dephosphorylates HDAC4 to turn on its activity and
to potentiate its localization in nuclei, thereby inhibiting
chondrocyte hypertrophy (Kozhemyakina et al., 2009). However,
the regulatory mechanisms that suppress the transcriptional
repression activity of HDAC4 in chondrocytes have not been
reported so far.

Salt-inducible kinase 3 (SIK3, also known as QSK) is a member
of the 5�-AMP-activated protein kinase (AMPK) family. SIK3
belongs to the SIK subfamily, which also includes SIK1 (also
known as MSK or SNF1LK) and SIK2 (also known as QIK)
(Katoh et al., 2004). Mammalian SIK1 and SIK2 are currently
being characterized in terms of their function in various biological
processes and molecular regulatory mechanisms. Recently, fly
SIK3 (the homolog of mouse SIK2) was shown to sequester
HDAC4 in the cytoplasm and to regulate the energy balance in the
Drosophila fat body (Wang et al., 2011). Compared with SIK1 and
SIK2, the function of SIK3 is poorly understood. To understand
SIK3 function in vertebrates, we generated SIK3-deficient mice.
The SIK3-deficient mice showed various phenotypes, including
bone abnormalities (this study) and impaired cholesterol
metabolism (T.U., Y. Itoh, O. Hatano, A. Kumagai, M. Sanosaka,
T. Sasaki, S.S., J. Doi, K. Tatsumi, K. Mitamura et al.,
unpublished). Here, we report a role for SIK3 in skeletal
development. By performing anatomical and histological analyses,
we clarified that the bone abnormalities in SIK3-deficient mice are
due to impaired chondrocyte hypertrophy. We also demonstrated
that SIK3 binds directly to HDAC4 and has the capacity to anchor
HDAC4 in the cytoplasm. Together, our results establish SIK3 as
an essential factor for chondrocyte hypertrophy.

MATERIALS AND METHODS
Generation of Sik3 knockout mice and embryos
The Sik3 knockout strategy and targeting vector design are shown in
supplementary material Fig. S1. Briefly, the PGK-neo cassette was inserted
in place of exon 1 of Sik3. The successful targeting of embryonic stem cells

was confirmed by Southern blot analysis, and the cells were injected into
C57BL/6N blastocysts. To obtain SIK3-deficient embryos, Sik3
heterozygous male and female mice were mated and wild-type littermates
were used as controls.

Generation of Col11a2-hSIK3 transgenic mice
The 2(XI) collagen gene-based expression vector 742LacZInt contains
the mouse Col11a2 promoter (–742 to +380), an SV40 RNA splice site,
the lacZ reporter gene, SV40 polyadenylation signal and a 2.3 kb
segment of the first intron of Col11a2 as an enhancer (Tsumaki et al.,
1996). To create the human SIK3 (hSIK3) transgene, the hSIK3 fragment
was cloned into the expression vector, replacing the lacZ gene, to create
Col11a2-hSIK3. Transgenic mice were produced by microinjection of
the linearized insert into the pronuclei of fertilized eggs from F1 hybrid
mice (C57BL/6 � DBA), as described previously (Hiramatsu et al.,
2011). Transgenic mice were identified by PCR assays on genomic DNA
extracted from the tail. The mice were backcrossed at least eight times
to the C57BL/6N strain.

All experiments were approved by the Institutional Animal Care and
Use Committee (IACUC) of Osaka University Graduate School of
Medicine and the Osaka University Living Modified Organism (LMO)
Experiments Safety Committee.

Cartilage and bone staining
For whole-mount skeletal analysis, mice or embryos were skinned, the
internal organs and as much connective tissue as possible, including
muscles and tendons, were removed, and the specimens fixed overnight in
pure ethanol. The specimens were stained with Alcian Blue and Alizarin
Red for 48 hours for embryos or 72 hours for adult mice. After staining,
embryos were incubated in 20% glycerol in a 1% KOH solution and adult
specimens were incubated in 3% KOH solution at 37°C for 1 day to
remove soft tissue. To improve transparency, specimens were cleared in
50% glycerol in a 0.5% KOH solution at 37°C for 2 days, which was then
replaced with 80% glycerol solution for completion of the reaction.

Sectioning and staining
For juvenile and adult mouse samples, specimens were fixed in 10%
phosphate-buffered formalin at 4°C for 16-24 hours, followed by
decalcification with saturated EDTA solution for 4 days. For embryonic
samples, specimens were fixed in 4% PFA in PBS at 4°C for 16 hours,
followed by decalcification with saturated EDTA solution for 1 day, except
for specimens younger than E18.5 and samples used for von Kossa
staining. The samples were embedded in paraffin, sectioned at 3 m, and
then subjected to Safranin O and Fast Green staining or von Kossa staining
according to standard protocols.

Immunofluorescent and immunohistochemical staining
Antibodies used for the immunofluorescent analysis of section samples
were as follows: mouse anti-type I collagen (Abcam, 1:500), mouse anti-
type II collagen (Thermo Scientific, 1:500), mouse anti-type X collagen
(Quartett, 1:100), goat anti-MMP13 (Millipore, 1:100), rabbit anti-SOX9
(Santa Cruz Biotechnology, 1:100), mouse anti-PCNA (Santa Cruz, 1:100),
rabbit anti-SIK3 (Abcam, 1:100), rabbit anti-HDAC4 (Abcam, 1:100),
rabbit anti-MEF2C (Abcam, 1:100), Alexa Fluor-conjugated secondary
antibodies (Invitrogen, 1:500) and an HRP-labeled secondary antibody (GE
Healthcare, 1:500).

Deparaffinized specimens were incubated in 20 mM Tris-HCl (pH 9.0)
at 70°C for 6 hours to retrieve the antigen. For detection of type II collagen,
samples were treated with 20 M proteinase K for 10 minutes at 37°C.
After blocking with 2% blocking reagent (Roche), the specimens were
stained with primary antibody at 4°C overnight, then rinsed twice with
PBS, and stained with a secondary antibody for 2 hours, followed by
nuclear counterstaining with Hoechst 33342 (Invitrogen, 1:1000) for 30
minutes or, for samples used for detection of type II collagen, with
Hematoxylin at room temperature. Specimens were observed using a
fluorescence microscope system (Eclipse Ti, Nikon) equipped with a CCD
camera (Hamamatsu Photonics). HRP labeling was visualized with DAB
reagent (DAKO).
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Cell culture, transfection, pulldown assay and imaging
293FT cells were grown in DMEM containing 10% FBS. ATDC5 cells
were grown in DMEM/F-12 medium containing 5% FBS. The Hdac4 and
Mef2c cDNAs were cloned from a primary chondrocyte cDNA pool into
the pENTR vector (Invitrogen) and their sequences confirmed. The primer
sequences used for cloning are listed in supplementary material Table S1.
Full-length Sik3 cDNA was purchased from Invitrogen. For HA-tagged
HDAC4 expression, Hdac4 cDNA was subcloned into the pCMV-HA
expression vector (Clontech). To construct an EGFP- HDAC4 fusion
expression vector, the Egfp gene was subcloned into the 5� region of the
Hdac4 gene in pENTR-Hdac4. For other expression constructs, the cDNAs
were transferred into the CMV-driven expression vector using the Gateway
system (Invitrogen). For transient transfection, Lipofectamine 2000
(Invitrogen) was used according to the manufacturer’s instructions.

The pulldown assay was performed as described previously (Takeda et
al., 2006). Briefly, transiently transfected cells were solubilized in RIPA
buffer containing protease inhibitor and phosphatase inhibitor (both Roche)
48 hours after transfection. The cell lysates in RIPA buffer were subjected
to pulldown assay with the 12CA5 anti-HA or 9E10 anti-Myc antibody
(Santa Cruz) and Protein G Sepharose beads (GE Healthcare), were
separated on a NuPAGE gel (Invitrogen) and evaluated by a western
blotting analysis with the ECL system (PerkinElmer). A ChemiDoc XRS
Plus system (BioRad) was used for image development.

For cellular immunofluorescence imaging, cells were fixed in 10% PFA
for 30 minutes at room temperature, washed twice with PBS, and then
permeabilized with 0.2BT solution (0.2% Triton X-100 and 2 mg/ml BSA
in water) for 10 minutes. The specimens were stained with anti-SIK3
antibody (1:500) for 2 hours, followed by an Alexa Fluor-conjugated
secondary antibody (1:2000) for 1 hour, and were then counterstained with
Hoechst 33342 (1:1000) for 30 minutes at room temperature. The cells
were imaged using a fluorescence microscope (Eclipse Ti) equipped with
a CCD camera (Hamamatsu Photonics).

MEF2C luciferase reporter assays were performed as described
previously (Takemori et al., 2009). The constitutively active form of SIK3
(T163E, S494A) (Katoh et al., 2006) was used in the ATDC5 cells.

Quantitative PCR
Humeri were isolated from E18.5 embryos and tissues were crushed by
vigorous shaking with beads. Total RNA was purified using an RNA
purification kit (Qiagen). For cDNA synthesis, Superscript III (Invitrogen)
was used according to the manufacturer’s protocol. The primers used are
listed in supplementary material Table S1. The PCR reaction was
performed with CYBR premix reagent (TaKaRa) and the 7900HT Fast
Real-Time PCR system (Applied Biosystems).

Statistical analysis
Statistically significant differences between groups were evaluated by
Student’s t-test. P<0.05 was considered statistically significant. The
analyses were performed using Excel (Microsoft) and Statcel3 (OMS
Publishing).

RESULTS
SIK3-deficient mice have skeletal defects
Although Sik3–/– mice were born at the expected Mendelian
frequency, 90% died on the first day after birth (T.U., Y. Itoh, O.
Hatano, A. Kumagai, M. Sanosaka, T. Sasaki, S.S., J. Doi, K.
Tatsumi, K. Mitamura et al., unpublished). The surviving SIK3-
deficient mice showed dwarfism throughout their postnatal life.
The mean weight of Sik3–/– mice was 7 g, whereas that of Sik3+/+

and Sik3+/– mice was 13 g at 3 weeks of age. Because an X-ray
analysis revealed that they had bone deformities, we focused on the
skeletal abnormality as a SIK3-deficient phenotype. Anatomical
examination of SIK3-deficient mice revealed numerous skeletal
abnormalities (Fig. 1). When each of the skeletal elements of SIK3-
deficient mice (4 months old) were compared with those of age-
matched wild-type mice, we found that they had a shorter sternum

with low mineralization (Fig. 1Aa,b), a thinner spine that was
twisted as in scoliosis (Fig. 1Ac,d), a hypoplastic pelvis (Fig.
1Ae,f), short mineralized ribs with an abnormal mass at the
junction between the bone and cartilage, which was similar in
appearance to a rachitic rosary (Fig. 1Ag-j), and shorter long bones
(Fig. 1Ak,l) with epiphyseal and metaphysial expansion of the limb
joint region (Fig. 1Am,n). In SIK3-deficient mice, delayed
membranous ossification of the skull bones was observed on
postnatal day (P) 1 (supplementary material Fig. S2A,B). The
parietal bone had an immature appearance from the juvenile stage
until 8 months of age (supplementary material Fig. S2C-H,
asterisks) and the sutures remained loosely closed throughout
adulthood (supplementary material Fig. S2C-H, arrowheads). A
large fontanelle remained open from juvenile stage until adulthood
(supplementary material Fig. S2C-H, arrows), whereas it was
already closed in 3-week-old wild-type mice. The skeletal
abnormalities, especially the rachitic rosary-like structures in the
ribs and unclosed large fontanelle, were reminiscent of rickets.
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Fig. 1. Skeletal deformity in SIK3-deficient mice. (A)Skeletal
elements from wild-type (Wt) and SIK3-deficient (KO) mice at 4 months
of age stained with Alizarin Red and Alcian Blue: sternum (a,b), spine
(c,d, front view), pelvis (e,f), ribcage (g,h, lateral view) and each
junction (i,j), elbow (k,l) and knee (m,n). (B)Histological sections from
wild-type and SIK3-deficient mice at 4 months of age (except for the rib
junction, which was examined at 3 months of age) stained with
Safranin O, Fast Green and Iron Hematoxylin: sternum (a,b), spine (c,d),
rib junction (e,f), elbow (g,h) and knee (i,j), and a higher magnification
view of articular cartilage regions of the knee (k). Arrowheads indicate
the tide line. Scale bars: 5 mm in Aa-h; 1 mm in Ai,j; 200m in B.

D
E
V
E
LO

P
M
E
N
T



1156

In addition, SIK3 expression was detected in the kidney and
liver, in which the effects of SIK3 deletion were also marked (T.U.,
Y. Itoh, O. Hatano, A. Kumagai, M. Sanosaka, T. Sasaki, S.S., J.
Doi, K. Tatsumi, K. Mitamura et al., unpublished). Renal disorders
produced by physical damage or chemical treatment sometimes
induce osteomalacia, accompanied by low calcium and/or low
phosphorus levels in the serum. Therefore, we measured the
concentrations of calcium and phosphorus in the serum, and found
that both were almost normal in SIK3-deficient mice
(supplementary material Fig. S3). Thus, we excluded the possibility
that the skeletal abnormalities of SIK3-deficient mice were due to
impaired metabolism of phosphorus or calcium.

Accumulation of cartilage in SIK3-deficient mice
To further investigate the bone malformation in SIK3-deficient
mice, we histologically analyzed the interior of the bones of 3-
month-old (rib) or 4-month-old (other bones) mice. Safranin O
staining revealed marked cartilage accumulation in most of the
bones of SIK3-deficient mice. In the sternum, the cartilage region
did not separate, and there was absolutely no bone marrow space
(Fig. 1Ba,b). In the spine, expanded cartilage tissue and a
malformed intervertebral disk were found (Fig. 1Bc,d). SIK3-
deficient ribs were half filled with cartilage (Fig. 1Be,f). The
epiphysis and metaphysis of the limb bones of SIK3-deficient mice
were filled with cartilage bulk and displayed small secondary
ossification centers (Fig. 1Bg-j, supplementary material Fig.

S4C,D), whereas a well-differentiated secondary ossification center
was developed in wild-type mice by 3 weeks of age. Although
separation between the articular cartilage and the growth plate
cartilage was found in 4-month-old SIK3-deficient mice, the
secondary ossification center was not well developed even by 8
months of age (supplementary material Fig. S4C-L). In the articular
cartilage of SIK3-deficient mice, the zone below the tidemark was
thickened. The Safranin O staining intensity and cell morphology
in the zone above the tidemark of articular cartilage were similar
in SIK3-deficient and wild-type mice (Fig. 1Bk). Collectively,
these findings indicate that impaired chondrocyte metabolism was
fundamental to the skeletal abnormalities of SIK3-deficient mice.

Impaired chondrocyte hypertrophy in SIK3-
deficient embryos
To pinpoint the onset of the skeletal abnormalities in SIK3-
deficient mice we next surveyed skeletal development at various
embryonic stages by Alcian Blue/Alizarin Red staining. Neither
skeletal malformation nor homeotic transformation was observed
in SIK3-deficient embryos at E14.5, indicating that Sik3 gene
deletion did not affect the chondrogenic commitment of
mesenchymal cells or skeletal patterning (Fig. 2Aa,b). In wild-type
mouse embryos, bone mineralization was indicated by Alizarin
Red staining in several skeletal elements by E15.5. Compared with
wild-type embryos, delayed mineralization of the ribs, the long
bones in the limbs and cervical bones was observed in SIK3-
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Fig. 2. Impaired chondrocyte hypertrophy in SIK3-
deficient mouse embryos. (A)Wild-type and SIK3-deficient
(KO) skeletons stained with Alizarin Red and Alcian Blue at
E14.5 (a,b), E15.5 (c,d) and E18.5 (e-l): whole skeleton (a-d),
sternum (e,f), pelvis (g,h), forelimb skeleton (i,j) and hindlimb
skeleton (k,l). (B)Histological sections from wild-type and
SIK3-deficient embryos stained with Safranin O, Fast Green
and Iron Hematoxylin (a-f) or with von Kossa and Eosin (g,h)
at E14.5 (a-d) and E18.5 (e-h). Scale bars: 1 mm in A; 200m
in B.
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deficient embryos at E15.5 (Fig. 2Ac,d). By E18.5, the
mineralization at most skeletal elements that are developed through
endochondral bone formation had progressed in wild-type
embryos. By contrast, SIK3-deficient embryos displayed delayed
bone mineralization. The sternum and vertebrae remained
uncalcified (Fig. 2Ae-h). The mineralized regions at the pelvis (Fig.
2Ag,h), the scapula and the long bones of the forelimb and
hindlimb (Fig. 2Ai-l) were markedly reduced in SIK3-deficient
embryos as compared with wild-type embryos at E18.5. By
contrast, the shape and size of the cartilage in the epiphyseal and
metaphysial regions of the limbs were almost normal in SIK3-
deficient embryos (Fig. 2B). In spite of the reduced mineralization,
the length of the long bones in the limbs was almost the same in
SIK3-deficient and wild-type embryos (supplementary material
Fig. S5A). Reflecting this finding, the body size of newborns was
indistinguishable between genotypes (supplementary material Fig.
S1C). After birth, bone elongation in the SIK3-deficient mice was
restricted, and the length of the long bones in the limbs was
obviously shortened at 6 weeks of age (supplementary material Fig.
S5A).

A further histological analysis revealed a definitive primary
defect of the cartilage in SIK3-deficient embryos. A cluster of well-
differentiated hypertrophic chondrocytes is initially observed at the
center of the humerus in wild-type embryos at E14.5. By contrast,
only a few partially differentiated chondrocytes were observed at
the center of the humerus in SIK3-deficient embryos at E14.5 (Fig.
2Ba-d). Therefore, we speculated that a disturbance of chondrocyte
hypertrophy was the point at which SIK3 deficiency affected
skeletal development. At E18.5, the first ossification center is well
formed in the central region and the cartilage region is restricted at
both ends in the wild-type mouse humerus. By contrast, the
humerus of SIK3-deficient embryos was almost completely filled
with cartilage tissue and the small first ossification center was
barely recognizable (Fig. 2Be,f).

To characterize the cartilage tissue that accumulated in the
humerus of SIK3-deficient embryos, we examined the expression
of several structural markers of cartilage (types I, II and X
collagen) at E18.5. We confirmed that the accumulated cartilage
tissue was type I collagen-negative and type II collagen-positive,
indicating that the tissue was bona fide cartilage tissue, consistent
with the intense Safranin O staining (supplementary material Fig.
S6A). Type X collagen, a hypertrophic structural marker, was only
weakly detected at the center of the SIK3-deficient humeri,
reflecting a disturbance in chondrocyte hypertrophy
(supplementary material Fig. S6A). A further analysis based on cell
morphology revealed that the round chondrocyte zone was of
normal length but that there was an extended flat columnar
chondrocyte zone and post-flat chondrocyte zone in SIK3-deficient
compared with wild-type humeri at E18.5 (supplementary material
Fig. S7). By assessing the expression of PCNA, it was confirmed
that most of the accumulated flat chondrocytes were in a
proliferative state (supplementary material Fig. S8).

In spite of the disruption of chondrocyte hypertrophy,
significant mineralization, as confirmed by von Kossa staining,
was observed at the bone collar of the humerus in SIK3-deficient
embryos at E18.5, and it was apparently thicker than that in
wild-type embryos (Fig. 2Bg,h). A real-time RT-PCR analysis
showed that the genes encoding the mineralization factors ANK
and ENPP were expressed at E18.5 in SIK3-deficient humerus,
although the expression levels were slightly reduced
(supplementary material Fig. S5B). The expression levels of the
genes encoding the vascularization factors VEGF and VEGFR

and the hypoxia inducible factors HIF1 and HIF2 (EPAS1 –
Mouse Genome Informatics) were similar in wild-type and
SIK3-deficient humeri (supplementary material Fig. S5B). A
similar phenomenon has been reported in Sox9 transgenic
embryos, in which chondrocyte hypertrophy was suppressed
(Akiyama et al., 2004; Hattori et al., 2010). These findings
suggest that there is a system that compensates for bone
mineralization in cases of disruption of endochondral skeletal
development. We also performed the TUNEL assay to determine
whether apoptosis was occurring in the accumulating cartilage
tissue in SIK3-deficient embryos and juvenile mice. Few
TUNEL-positive cells were detected in the accumulating
cartilage tissue of E18.5 and juvenile specimens (supplementary
material Fig. S8), suggesting that the accumulated chondrocytes
in SIK3-deficient mice were not actively removed but remain
alive until entry into hypertrophy upon differentiation.

Although the SIK3-deficient humerus was filled with
chondrocytes at E18.5 (Fig. 2Be,f), first and secondary ossification
centers were eventually formed (supplementary material Fig. S4)
and mineralization occurred (Fig. 1A) with increasing age. These
results suggested that the chondrocyte hypertrophy program was
diminished rather than completely abolished. In order to clarify
whether the post-hypertrophic program was still functional, we
analyzed the expression of MMP13, a post-hypertrophic marker
(Mitchell et al., 1996), and of SP7 (osterix), an osteogenesis marker
(Nakashima et al., 2002), in juvenile epiphyseal tibia specimens.
Consistently, expression of these markers was observed, although
their expression patterns were somewhat disorganized compared
with the wild-type tissues (supplementary material Fig. S6B).
Taken together, it was concluded that the major effect of SIK3
deficiency on skeletal development was disruption of chondrocyte
hypertrophy.

Expression of SIK3 in hypertrophic chondrocytes
Based on a histological analysis, we revealed that SIK3 deficiency
results in the disruption of chondrocyte hypertrophy (Figs 1, 2). To
address the endogenous SIK3 expression pattern in cartilage tissue,
we performed immunofluorescent staining for SIK3 in wild type.
Consistent with the histological results, endogenous SIK3 was
detected in both prehypertrophic and hypertrophic chondrocytes,
and it was localized in the cytoplasm of cells in the humerus at
E18.5 (Fig. 3Aa,b), scapula at E15.5 (Fig. 3Ac,d) and growth plate
of the knee at 3 weeks of age (Fig. 3Ae,f).

Previously, it was revealed that HDAC4 and MEF2C are central
regulators of chondrocyte hypertrophy and skeletogenesis and that
HDAC4 functions as a transcriptional repressor for MEF2C and
RUNX2 (Vega et al., 2004; Arnold et al., 2007). Other studies have
also reported interactions between SIK1/2 and HDACs (van der
Linden et al., 2007; Takemori et al., 2009). We therefore
hypothesized that SIK3 might exert its effect via HDAC4 to
regulate the activities of MEF2C and RUNX2 in chondrocyte
hypertrophy. To evaluate this hypothesis, we first
immunohistochemically analyzed the expression of SOX9,
HDAC4 and MEF2C (as a representative target of HDAC4) in the
wild-type humerus at E15.5 (Fig. 3B). As previously reported,
SOX9 was detected in the proliferative and in some of the
prehypertrophic chondrocytes and was undetectable in hypertrophic
chondrocytes (Fig. 3Bc,d). Expression of MEF2C and HDAC4 was
detected in both the prehypertrophic and hypertrophic chondrocyte
regions (Fig. 3Be-h). The expression of SIK3 was exclusive to cells
that also expressed SOX9 and was similar to that of HDAC4 (Fig.
3Bi,j).
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We also found that there was a shift in the subcellular localization
of HDAC4 to the cytoplasm in hypertrophic chondrocytes, where the
expression of MEF2C was strong in the nuclei. The translocation of
HDAC4 was observed at the hypertrophic chondrocyte zone in the
humerus of E15.5 and E18.5 embryos and in the growth plate of 3-
week-old wild-type mice (Fig. 3C). By contrast, HDAC4
translocation to the cytoplasm was seldom observed in chondrocytes
at the corresponding region in SIK3-deficient embryos and mice.
However, although the location was not synchronized, significant
MEF2C-positive cells were observed at the edge of the accumulated
cartilage in SIK3-deficient humeri, despite the fact that chondrocyte
hypertrophy had not progressed (Fig. 3Dd-f). We therefore
concluded that the HDAC4 remaining in the nuclei of the SIK3-
deficient chondrocytes continued to repress MEF2C activity,
resulting in the blockage of chondrocyte hypertrophy. Taken together,
these data indicated that SIK3 is required for HDAC4 translocation
to the cytoplasm during chondrocyte hypertrophy.

SIK3 forms a complex with HDAC4 to regulate its
subcellular localization
To address how SIK3 regulates the subcellular localization of
HDAC4, we performed a co-immunoprecipitation assay to
determine whether they form a complex. The co-

immunoprecipitation assay with knee lysates from 2-week-old mice
indicated that a complex was indeed formed between HDAC4 and
SIK3 (Fig. 4A). To further analyze the regulation of HDAC4 by
SIK3 in vitro, HA-tagged HDAC4 and SIK3 expression vectors
were co-transfected into 293FT cells, lysed, and assayed with an
anti-HA antibody. This confirmed that HDAC4 and SIK3 form a
complex (Fig. 4B). Using this system, we explored the binding
domains of SIK3 and HDAC4 required for complex formation, and
identified the kinase domain (amino acids 1-270) of SIK3 and the
central region (amino acids 351-620) of HDAC4 as binding
domains (supplementary material Fig. S9).

We next examined whether this interaction affects the subcellular
localization of HDAC4. To monitor HDAC4 localization, an
EGFP-tagged HDAC4 expression vector was transfected into
293FT cells with or without the SIK3 expression vector, and GFP
was observed by fluorescence microscopy. In agreement with the
expression pattern of endogenous SIK3 in hypertrophic
chondrocytes (Fig. 3B), the overexpressed SIK3 was detected in
the cytoplasm (Fig. 4C). When GFP-HDAC4 was overexpressed
alone, GFP fluorescence was observed in the nucleus (Fig. 4D,
upper panel). By contrast, when SIK3 was co-expressed, GFP
fluorescence was observed in the cytoplasm (Fig. 4D, bottom
panels). These results indicated that SIK3 can alter the localization
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Fig. 3. Expression patterns of SIK3 and chondrocyte
hypertrophic factors. (A)Immunofluorescent staining for
SIK3 (red) in the humerus (a,b), scapula (c,d) and growth
plate of the proximal tibia of 3-week-old (e,f) wild-type
mice. Nuclei were counterstained with Hoechst 33342
(blue). SIK3 expression was detected in prehypertrophic
and hypertrophic chondrocytes and was localized in the
cytoplasm in all tissues analyzed. (B)A comparison of the
expression patterns of SIK3 and chondrocyte hypertrophic
factors in the humerus of wild-type embryos (E15.5).
Bright-field views of a section stained with Safranin O, Fast
Green and Hematoxylin are shown (a,b). Serial sections
were stained with anti-SOX9 (c,d), anti-MEF2C (e,f), anti-
HDAC4 (g,h) or anti-SIK3 (i,j) antibodies and an Alexa
Fluor-conjugated secondary antibody. Scale bars: 200m.
(C)Immunofluorescent staining for HDAC4 in the humerus
at E15.5 (a,b) and E18.5 (c,d) and in the growth plate of
the proximal tibia at 3 weeks of age (e,f) of wild-type
(a,c,e) and SIK3-deficient (b,d,f) mice. Arrowheads indicate
cells in which HDAC4 was excluded from the nucleus.
However, HDAC4 persisted in the nucleus in the SIK3-
deficient specimens. (D)Immunofluorescent staining for
MEF2C in the humerus at E18.5 in wild-type (a,b) and
SIK3-deficient (d,e) embryos. Semi-serial sections were
stained with Safranin O, Fast Green and Hematoxylin (c,f).
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of HDAC4 from the nucleus to the cytoplasm. We also performed
a MEF2C luciferase reporter assay to monitor whether the HDAC4
translocation induced by SIK3 might relieve MEF2C activity from
suppression by HDAC4. When MEF2C was co-expressed with
HDAC4, the MEF2C reporter activity was suppressed. In addition,

when SIK3 was co-overexpressed recovery of the luciferase
activity was observed, although the recovery was not complete
(Fig. 4E). In ATDC5 cells, a prechondrogenic cell line,
constitutively active forms of SIK3 (T163E, S494A), but not wild-
type SIK3, showed HDAC4 inhibitory activity, suggesting that
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Fig. 4. Interaction of SIK3 with HDAC4 regulates its subcellular localization. (A)Co-immunoprecipitation of SIK3 with HDAC4. Knee tissue
from 2-week-old mice was lysed and endogenous HDAC4 immunoprecipitated. Co-immunoprecipitated SIK3 was detected. Hc, IgG heavy chain;
Lc, IgG light chain. (B)Pulldown assay of SIK3 with HA-HDAC4. 293FT cells were transiently transfected with expression vectors carrying SIK3 and
HA-tagged HDAC4. Pulled-down samples (PD) and whole cell lysates (input) were subjected to SDS-PAGE followed by immunoblotting with the
indicated antibodies. Left and right panels show the pulldown assay and the transiently expressed proteins, respectively. PCNA was monitored as a
loading control. (C)SIK3 immunofluorescence. 293FT cells were transiently transfected with a SIK3 expression vector and stained 24 hours after
transfection using an anti-SIK3 antibody followed by an Alexa Fluor-conjugated secondary antibody. A SIK3 signal was detected in the cytoplasm of
transfected cells, whereas there was no substantial signal in non-transfected cells. (D)Translocation of HDAC4 by SIK3. A GFP-HDAC4 expression
vector was transfected with or without a SIK3 expression vector into 293FT cells. When EGFP-HDAC4 was transfected alone, GFP fluorescence was
detected in the nuclei (top panels). When EGFP-HDAC4 and SIK3 were co-transfected, GFP fluorescence was detected in the cytoplasm (bottom
panels). Nuclei were counterstained with Hoechst 33342. (E)MEF2C transcriptional activity in 293FT cells. 293FT cells were transiently transfected
with a MEF2C-luciferase reporter plasmid and an expression vector encoding MEF2C without (basal control) or with expression vectors for HDAC4
and/or wild-type SIK3. The luciferase activity was measured 48 hours after transfection. (F)MEF2C transcriptional activity in ATDC5 cells. ATDC5
cells were transiently transfected with a MEF2C-luciferase reporter plasmid and an expression vector encoding MEF2C without (basal control) or
with expression vectors for HDAC4 and/or wild-type SIK3, or with a constitutively active form of SIK3 (T163E, S494A). Error bars indicate s.d.
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ATDC5 cells lack factors that are required for the activation of
SIK3 (Fig. 4F). Overall, these findings indicated that SIK3 anchors
HDAC4 in the cytoplasm, thereby allowing MEF2C to be active.

Forced SIK3 expression in cartilage causes closure
of the growth plate in adulthood
The expression of SIK3 in hypertrophic chondrocytes and impaired
chondrocyte hypertrophy in SIK3-deficient embryos and mice
indicate that SIK3 is indispensable for chondrocyte hypertrophy.
We generated transgenic mice overexpressing human SIK3 (hSIK3)
specifically in chondrocytes under the control of Col11a2
promoter/enhancer sequences (Tsumaki et al., 1996; Murai et al.,
2008; Hiramatsu et al., 2011) to confirm the role of SIK3 in
cartilage by a gain-of-function approach and to clarify that the
phenotype of bone malformation in SIK3-deficient mice was really
due to the cartilage tissue.

We previously demonstrated that GFP fluorescence driven by
this system is detected only in the cartilage tissue during
embryogenesis (Hiramatsu et al., 2011) and in both the articular
and growth plate cartilage in adulthood (data not shown). To
confirm the expression of the hSIK3 transgene using this system,
costal cartilage was harvested from postnatal pups at the P2 stage
and subjected to SDS-PAGE, followed by immunoblotting with a
SIK3 antibody (supplementary material Fig. S10). Although a
dramatic effect of SIK3 overexpression was not observed during
embryogenesis or during the juvenile period in Col11a2-hSIK3
transgenic mice, we did observe the disappearance of the growth
plate in the hind limbs with aging (Fig. 5A).

Generally, the growth plate is thought to comprise continually
metabolizing chondrocytes, which are balanced in proliferation and
differentiation (i.e. hypertrophy). Based on our findings, we

speculated that the disappearance of the growth plate in cartilage-
specific hSIK3 transgenic mice occurred because the overexpressed
SIK3 slightly accelerated the differentiation of chondrocytes at the
growth plate, leading to chronic and excessive usage of
chondrocytes and resulting in loss of the growth plate structure in
older mice. Consistent with this hypothesis, the length of the long
bones was reduced at 6 months of age (Fig. 5B) and the spongy
bone structure was also beginning to disappear by 8 months of age
in the Col11a2-hSIK3 transgenic mice (Fig. 5A). Thus, we
concluded that the disappearance of the growth plate in cartilage-
specific hSIK3 transgenic mice was a predictable phenotype for the
gain-of-function approach for SIK3. In addition, the Col11a2-
hSIK3 transgenic/SIK3-deficient offspring displayed efficient
rescue of the impaired chondrocyte hypertrophy phenotype at
E16.5 (Fig. 5C, top panels) and at E18.5 (Fig. 5C, bottom panels).
Nevertheless, despite the restoration of the bone phenotype, the
lethality of SIK3 deficiency for newborn mice was not recovered,
suggesting that bone deformity is not the primary cause of their
postnatal death. Taken together, these results confirmed that the
role of SIK3 in chondrocytes is to induce the progression of
chondrocyte hypertrophy and that the impaired skeletal
development of SIK3-deficient mice is due to the cartilage tissue.

DISCUSSION
Our study revealed that SIK3 is a crucial regulator of
chondrocyte hypertrophy and identified the transcriptional
regulator, HDAC4, as a target of SIK3 in chondrogenesis. SIK3-
deficient mice displayed multiple phenotypes, including bone
malformation with dwarfism, and these were concluded to be
due to impaired chondrocyte hypertrophy. The abnormalities of
the bone that develops via endochondral bone formation in
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Fig. 5. Effects of forced expression of SIK3 in
cartilage tissue. (A)Histological sections of the knee
joint of wild-type and Col11a2-hSIK3 transgenic mice
stained with Safranin O and Fast Green. At 3 months
of age, the growth plate of the transgenic mice
appeared normal (a,b). By 6 months, the growth
plate was starting to disappear (c,d) and by 8 months
of age it had completely disappeared and the spongy
bone was also starting to disappear (e,f). By contrast,
the growth plates persisted in wild-type mice until
they were 8 months of age. Arrowheads indicate the
residual growth plates. (B)A comparison of the
length of femur and humerus between wild-type and
hSIK3 transgenic (Tg) mice at 6 months of age. The
hSIK3 transgenic mice had shortened long bones.
Error bars indicate s.d. (C) Transgenic rescue of SIK3.
A Sik3+/– female mouse was mated with a Sik3+/–;
Col11a2-hSIK3 transgenic male mouse and the
embryos were dissected at E16.5 (a-c) or E18.5 (d-f).
Chondrocyte accumulation in the SIK3-deficient
proximal humerus was substantially restored by the
Col11a2-hSIK3 transgene. Scale bars: 500m in A;
200m in C.
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SIK3-deficient embryos were similar to those of cartilage-
specific Hdac4 transgenic embryos (Vega et al., 2004).
Furthermore, our results showed that SIK3 forms a complex with
HDAC4 and anchors it in the cytoplasm, thereby relieving
MEF2C from transcriptional repression by HDAC4 in the nuclei.
In conclusion, the regulation of HDAC4 by SIK3 is a crucial
mechanism for the progression of chondrocyte hypertrophy
during skeletal development (Fig. 6).

Expression of SIK3 in chondrocytes
SIK3-deficient mice were generated to better understand the
physiological role of SIK3. We identified bone deformity with
dwarfism as one of the phenotypes of SIK3-deficient mice. We
found strong expression of SIK3 from prehypertrophic to
hypertrophic chondrocytes during chondrogenesis and in the
postnatal growth plate, suggesting the importance of SIK3 in
chondrocyte hypertrophy. Indeed, SIK3-deficient embryos
displayed impaired chondrocyte hypertrophy, which resulted in
bone abnormalities. Furthermore, cartilage-specific hSIK3
transgenic mice showed unnatural closure of the growth plate. As
a result of our gain-of-function approach, it was demonstrated that
the expression of additional SIK3 hastened chondrocyte
hypertrophy and led to the depletion of non-hypertrophic

chondrocytes, which are normally necessary to maintain the growth
plate structure. Although the SIK3 expression pattern was
consistent with its function in chondrocytes, further questions also
arose. For example, it is unclear how and which transcription
factor(s) regulate SIK3 expression in chondrocytes. So far, there
have been few studies, but we intend to address this question in
future studies to obtain a deeper understanding of the mechanism
responsible for endochondral bone development.

Molecular mechanisms by which SIK3 exerts its
activity in chondrocytes
One of the major findings of this study is that SIK3 regulates the
subcellular localization of HDAC4, a negative transcriptional
regulator of MEF2C and RUNX2 activity during chondrocyte
differentiation, i.e. hypertrophy. For the first time, we revealed
that SIK3 was strongly expressed from prehypertrophic to
hypertrophic chondrocytes, in which HDAC4 was also
expressed. In addition, we found that HDAC4 localization was
shifted to the cytoplasm in wild-type chondrocytes, but that this
seldom occurred in SIK3-deficient chondrocytes. In response to
HDAC4 translocation, wild-type chondrocytes began
hypertrophy. By contrast, chondrocyte hypertrophy was severely
inhibited in spite of sufficient MEF2C expression in SIK3-
deficient cartilage tissue. However, flat chondrocytes continued
proliferating, maintaining their columnar structure and causing
chondrocyte accumulation during development. These results
suggested that SIK3 is required for proper chondrocyte
hypertrophy and that its role is to change the subcellular
localization of HDAC4 from the nucleus to the cytoplasm during
chondrocyte differentiation.

Several studies have reported that SIK1 and SIK2 directly
regulate HDACs (van der Linden et al., 2007; Takemori et al.,
2009). Fly SIK3 (the homolog of mouse SIK2) has recently been
shown to sequester HDAC4 in the cytoplasm and to regulate the
energy balance in the Drosophila fat body (Wang et al., 2011).
We therefore hypothesized that mouse SIK3 directly regulates
HDAC4. Indeed, we confirmed that SIK3 and HDAC4 form a
stable complex by performing a pulldown assay. We found that
the subcellular localization of SIK3 in chondrocytes in vivo was
the cytoplasm. In fact, we did not find any nuclear localization
signal in its sequence, and the SIK3 that was ectopically
expressed in the 293FT cells was detected in the cytoplasm. By
contrast, HDAC4 was detected in both the cytoplasm and the
nucleus in proliferative chondrocytes, whereas it was localized
in the cytoplasm in hypertrophic chondrocytes. It is also known
that HDAC4 shuttles between the cytoplasm and nucleus.
Considering these findings, it appears that when SIK3 is present
in the cytoplasm, HDAC4 is anchored there. Consistent with this
idea, we demonstrated that GFP-HDAC4, which was localized
in nuclei when expressed alone, was localized in the cytoplasm
when SIK3 was co-expressed in 293FT cells. Furthermore,
anchoring HDAC4 to the cytoplasm by SIK3 co-expression
allowed reactivation of the MEF2C repressed by HDAC4 in
nuclei in vitro.

It is thought that the role of SIK3 during chondrocyte
differentiation is to exclude HDAC4 from the nucleus, thereby
allowing MEF2C to be transcriptionally active in the nucleus to
induce progression of the chondrocyte hypertrophy program. We
found that constitutively active forms of SIK3 (T163E, S494A),
but not wild-type SIK3, inhibited HDAC4 activity in ATDC5
cells, suggesting the presence of other factors that are needed for
SIK3 activation. Previously, LKB1 (STK11 – Mouse Genome
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Fig. 6. Model depicting the role of SIK3 in chondrocyte
hypertrophy. (Top) When SIK3 is absent, HDAC4 remains in the
nucleus and epigenetically and mechanically represses MEF2C. (Bottom)
Once SIK3 is induced, SIK3 binds to HDAC4 and anchors it in the
cytoplasm, thereby allowing MEF2C to become active in the nucleus
and facilitating the progression of the chondrocyte hypertrophic
program. Question marks indicate possible phosphorylation activities
opposing to PP2A, but not tested.
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Informatics) was shown to be an activator of SIK3, and it
phosphorylates SIK3 at Thr163 (Lizcano et al., 2004), raising the
possibility that LKB1 might be a regulator of SIK3. The mild
cartilage phenotype in Col11a2-hSIK3 transgenic mice compared
with that in Mef2c transgenic or HDAC4-deficient mice might
indicate that the presence of additional factors is required for the
activation of Sik3 in chondrocytes. In the hSIK3 transgenic
growth plate, we did not see obvious changes in HDAC4
localization (data not shown) in spite of the presence of growth
plate abnormalities. A possible explanation for this discrepancy
is that the changes might have been too faint to be detected by
immunofluorescence microscopy. It is also possible that other
undefined mechanisms act downstream of SIK3, in parallel to
HDAC4. Col11a2-hSIK3 transgenic mice showed early closure
of the growth plates. Growth plate disappearance has been
reported in mice in which IHH (Maeda et al., 2007) and the
PTH/PTHrP receptor (Hirai et al., 2011) were deleted
postnatally. Because IHH and PTH/PTHrP regulate chondrocyte
hypertrophy, SIK3 might be localized and controlled by these
signaling molecules during the progression of chondrocyte
hypertrophy. The SIK3-deficient cartilage phenotype was
rescued by Col11a2-hSIK3 transgene expression, suggesting that
the impaired skeletal development in SIK3-deficient mice is
primarily due to the cartilage tissue. It is also possible that
changes in cholesterol metabolism and malnourishment
phenotypes in the SIK3-deficient mice (T.U., Y. Itoh, O. Hatano,
A. Kumagai, M. Sanosaka, T. Sasaki, S.S., J. Doi, K. Tatsumi, K.
Mitamura et al., unpublished) affect chondrocyte differentiation,
as cholesterol signaling stimulates chondrocyte hypertrophy
(Woods et al., 2009) and because malnourishment phenotypes,
including lipodystrophy, hypolipidemia and hypoglycemia,
should affect skeletal growth. The SIK3-deficient bone
phenotypes displayed at adulthood in this study might have
occurred due to a combination of direct SIK3 disruption in
chondrocytes and indirect SIK3 disruption due to metabolic
changes.

Previously, PP2A was proposed as a regulator of HDAC4 by
localizing it in the nucleus, thereby prohibiting chondrocyte
hypertrophy (Kozhemyakina et al., 2009). However, no opposing
mechanisms have been suggested. Our present findings are
therefore the first to indicate that SIK3 has an antagonistic role in
HDAC4 regulation during chondrogenesis. Although we did not
perform an in-depth analysis of the underlying mechanism(s) of
action in this study, we did observe impaired skull bone
development, which occurs through membranous ossification,
suggesting that SIK3 is involved in membranous ossification as
well. Further studies are needed to better understand the functions
of SIK3 in skeletal development, including the generation of
conditional knockout mice.
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