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The Komeda miniature rat Ishikawa (KMI) is a naturally occurring mutant caused by an autosomal recessive
mutation mri, which exhibits longitudinal growth retardation. Here we identified the mri mutation as a
deletion in the rat gene encoding cGMP-dependent protein kinase type II (cGKII). KMIs showed an expanded
growth plate and impaired bone healing with abnormal accumulation of postmitotic but nonhypertrophic
chondrocytes. Ex vivo culture of KMI chondrocytes reproduced the differentiation impairment, which was
restored by introducing the adenovirus-mediated cGKII gene. The expression of Sox9, an inhibitory regulator
of hypertrophic differentiation, persisted in the nuclei of postmitotic chondrocytes of the KMI growth plate.
Transfection experiments in culture systems revealed that cGKII attenuated the Sox9 functions to induce the
chondrogenic differentiation and to inhibit the hypertrophic differentiation of chondrocytes. This attenuation
of Sox9 was due to the cGKII inhibition of nuclear entry of Sox9. The impaired differentiation of cultured
KMI chondrocytes was restored by the silencing of Sox9 through RNA interference. Hence, the present study
for the first time shed light on a novel role of cGKII as a molecular switch, coupling the cessation of
proliferation and the start of hypertrophic differentiation of chondrocytes through attenuation of Sox9
function.
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Skeletal growth is determined mainly by the process of
endochondral ossification in the cartilaginous growth
plate, which consists of the resting, proliferative, and
hypertrophic zones of chondrocytes, typically in orderly
columnar arrays. In this process, chondrocytes that arise
from mesenchymal cells undergo proliferation, terminal
differentiation into hypertrophic cells, and synthesis of
the cartilage matrix, which finally calcifies and is re-
placed by bone (Kronenberg 2003). The start of hypertro-
phic differentiation occurs concurrently with the cessa-
tion of chondrocyte proliferation. To date, several mo-
lecular signalings have been implicated in the switching
between proliferation and terminal differentiation in
other cell types (Sorrentino et al. 1990; Umek et al. 1991;
Tao and Umek 2000); however, the molecular mecha-
nism that couples the cessation of proliferation and the

start of hypertrophic differentiation of chondrocytes re-
mains an enigma.

The Komeda miniature rat Ishikawa (KMI), which was
discovered in a closed colony of Wistar rats and was es-
tablished as a segregating inbred, is a naturally occurring
dwarf mutant caused by an autosomal recessive muta-
tion mri (Serizawa 1993). Homozygous mutants (mri/
mri) were born and grew normally until 3–4 wk of age,
when they gradually started to develop longitudinal
growth retardation without other organ abnormalities.
In the present study we identified the mri mutation as a
deletion in the rat gene encoding cGMP-dependent pro-
tein kinase type II (cGKII) by a positional candidate clon-
ing strategy. cGKII is a membrane-bound kinase which is
activated by intracellular cGMP, and is known to be ex-
pressed abundantly in the intestinal mucosa, kidney,
lung, brain, and cartilage (Ruth 1999; Hofmann et al.
2000). This study further investigated the cellular and
molecular mechanisms underlying the impairment of
endochondral ossification by the cGKII deficiency.
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Results

Longitudinal growth retardation in KMI (mri/mri)

KMIs developed dwarfism with short limbs and trunk
compared to the wild-type littermates (Fig. 1A). Growth
curves indicated that KMIs started to show the axial
growth retardation postnatally at 4 wk of age, although
there was no difference between wild-type and heterozy-
gote (+/mri) rats in either sex, confirming an autosomal
recessive inheritance (Fig. 1B). The trunk of the KMIs
was about 30% shorter than those of wild-type and +/mri
littermates at 10 wk of age. Skeletal X-ray analysis at
this age revealed no appreciable changes between wild
type and KMI in the width of calvarium, which is formed
through intramembranous ossification; however, the
longitudinal lengths of femora, tibiae, and vertebrae, all
of which are formed through endochondral ossification,
were 20%–30% shorter in KMI than in wild type (Fig.
1C,D). In the long bones of KMI, the height of the
epiphyseal growth plate was greater than that in wild
type, indicating that the growth retardation in KMI re-
sulted from the impairment of endochondral ossification
in the growth plate.

Positional cloning of the mri mutation

We first genotyped simple sequence length polymor-
phism (SSLP) markers throughout the rat genome on the

backcross progeny and detected putative linkage at the
D14Rat6 marker on rat chromosone 14. Further genetic
mapping localized the mri locus to a 1.2-cM interval on
rat chromosome 14 flanked by markers D14Rat5 and
D14Rat80. Comparative mapping analysis revealed that
the region was orthologous to the regions on mouse
chromosome 5 and human chromosome 4, in which sev-
eral candidate genes including Bmp3 and cGKII (also
known as Prkg2) were identified (Fig. 2A). Although the
Bmp3 gene encoding a bone morphogenetic protein
(BMP) first drew our attention, our studies revealed this
gene unlikely to be causative of the KMI phenotype. The
expression of the Bmp3 gene was not different between
wild type and KMI, and the sequencing analysis showed
only a few silent variants (data not shown). Furthermore,
the Bmp3 null mice are reported to exhibit normal body
size but increased bone density (Daluiski et al. 2001),
which is different from the KMI phenotypes.

We then performed an RT–PCR analysis of the cGKII
gene, and found that the cGKII transcript from the brain
of the KMI mutant was shorter than that from wild type
(Fig. 2B). Sequencing analysis disclosed that exon 3 of the
cGKII gene was directly spliced onto exon 6 (Fig. 2C).
This 220-bp deletion spanning exons 4 and 5 resulted in
a frame shift and a premature stop codon, predicting a
truncated product that lacks the entire kinase domain
(Fig. 2D). We further carried out inter-exon PCR between
exons 3 and 6 of the genomic DNA, and found an ∼5-kb

Figure 1. Longitudinal growth retardation in KMI (mri/mri). (A) Gross appearance of wild-type (WT) and KMI littermates at 10 wk
of age. (B) Growth curves of wild-type (WT; +/+), heterozygote (+/mri), and homozygote (KMI, mri/mri) rats determined by the total
axial length (from nose to tail end). The symbols of +/mri are behind those of wild-type rats. Data are expressed as means
(symbols) ± S.E.M. (error bars) for 12 rats/group. (C) Plain X-ray images of heads (top left), lumbar vertebrae (top right), femora (bottom
left), and tibiae (bottom right) of wild-type (WT) and KMI littermates at 10 wk. Arrowheads indicate the expanded growth plates in
KMI. (D) Bone lengths of wild type (WT), +/mri, and KMI at 10 wk. (CL) Naso-occipital length of the calvarium; (CW) maximal
interparietal distance of the calvarium; (VL) fifth lumbar vertebral length; (FL) femoral length; (TL) tibial length. Data are means
(bars) ± S.E.M. (error bars) for 12 rats/group. (*) P < 0.05 vs. wild type.
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deletion in the cGKII gene of KMI (Fig. 2E). Sequencing
analysis identified the breakpoints in introns 3 and 5,
both of which had a common sequence, “AGAGCC”
(Fig. 2F), creating a deletion from intervening sequence
(IVS)3+1303 to IVS5−2448 (Fig. 2G). To confirm that this
deletion in the cGKII gene was responsible for the KMI
phenotype, we designed PCR primers to detect this ge-
nomic deletion, and found complete cosegregation of the
genotypes KMI (mri/mri), wild type (+/+), and +/mri with
the phenotypes (Fig. 2H). To test whether the mri muta-
tion in the cGKII gene resulted in loss of its function,
tissue extract from brain that is known to express high
levels of cGKII was assayed for the kinase activity. The
in vitro kinase assay revealed that the wild-type extract
showed a significant increase in the kinase activity by
the stimulation with the cGMP analog 8-bromo-cGMP;
however, the increase was not observed in the KMI ex-
tract (Fig. 2I). Taken together, these results strongly sug-
gested that the deletion in the cGKII gene resulted in
loss of its function and caused dwarfism in KMI.

Abnormal endochondral ossification in the growth
plate and the fracture callus of KMI

We first investigated the expression pattern of cGKII in
the proximal growth plates of the wild-type and KMI
tibiae at 10 wk of age. Immunohistochemical analysis of
the wild-type growth plate revealed that cGKII was ex-
pressed predominantly in the late proliferative and pre-
hypertrophic chondrocytes, preceding the start of hyper-
trophic differentiation; however, no immunoreactivity
for cGKII was observed in the KMI growth plate (Fig. 3A,
�-cGKII).

To elucidate the cellular mechanisms underlying the
dwarfism due to the cGKII dysfunction in KMI, we per-
formed histological analyses of the growth plates. At
birth, growth plates showed no discernible difference be-
tween wild type and KMI (Fig. 3A, HE, E18.5). Pathologi-
cal changes gradually became evident postnatally after
4–5 wk of age, and at 10 wk the height of the KMI growth
plate was about 2.5-fold greater than that of wild type

Figure 2. Identification of the mri mutation. (A) Comparative mapping of the mri region in the rat, mouse, and human choromo-
somes. The mri locus, which was mapped to a 1.2-cM interval between markers D14rat5 and D14rat80, is shown as a bold line. (B)
RT–PCR products of the rat cGKII from the brains of wild-type (WT) and KMI littermates. (C) Sequence analysis of transcript of the
cGKII gene from the KMI mutant. Exon 3 is directly spliced onto exon 6, with the boundary indicated by the arrowhead. The frame
shift causes amino acid substitutions and a premature stop codon. (D) Schematic representation of the prematurely truncated cGKII
protein in the KMI mutant. Nucleotide sequence analyses of the cDNA identified a 220-bp deletion (676–895) corresponding to exons
4 and 5. (E) Interexon PCR between exons 3 and 6 using the genomic DNA from wild type (WT) and KMI indicated an ∼5-kb deletion
in the KMI. (F) Sequence analyses of genomic DNA of wild type (WT) and KMI identified breakpoints in introns 3 and 5 (arrowheads).
A common sequence, “AGAGCC”, was found at the two breakpoints. (G) Schematic representation of the mri mutation as an ∼5-kb
deletion in the cGKII gene. Sequence analyses disclosed the deletion from IVS3+1303 to IVS5−2448 in KMI. (H) Genotyping of KMI
(mri/mri), wild-type (WT; +/+), and +/mri rats. A longer amplicon (530 bp) was amplified from wild-type allele, and a shorter amplicon
(378 bp) from the mutated allele. (I) Lack of cGMP-dependent protein kinase activity of the KMI brain extract determined by the in
vitro kinase assay in the presence and absence of 8-bromo-cGMP. Data are means (bars) ± S.E.M. (error bars) of six samples/group. (*)
P < 0.01, significant effect of 8-bromo-cGMP.
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(665 ± 47 µm vs. 255 ± 34 µm, mean ± S.E.M., n = 8, re-
spectively), although the columnar structure was rela-
tively preserved (Fig. 3A, HE). This increase was due to
an intermediate layer of accumulated abnormal chondro-
cytes in the KMI growth plate (Fig. 3A, HE, black bar).
Although the cell size of chondrocytes in the KMI hy-
pertrophic zone seemed somewhat smaller than that in
wild type, matrix mineralization determined by von
Kossa staining appeared normal in KMI (Fig. 3A, von
Kossa).

To further characterize the abnormal chondrocytes in
the intermediate layer of the KMI growth plate, we ex-
amined cellular proliferation by the the uptake of BrdU.
In wild type, chondrocytes in the proliferating zone and
bone marrow cells in the primary spongiosa were ac-
tively proliferating as detected by the BrdU uptake (Fig.
3A, BrdU). In KMI, the number of BrdU-positive cells

was slightly decreased in the proliferating zone, and
more importantly, no uptake was observed in the inter-
mediate layer, suggesting that these abnormal chondro-
cytes were postmitotic. We next examined the distribu-
tions of alkaline phosphatase (ALP) and type X collagen
(COL10) as markers of prehypertrophic and hypertrophic
chondrocytes, respectively. Histochemical analyses of
the wild-type growth plate revealed that these markers
were expressed immediately after the BrdU uptake had
disappeared, confirming the coupling of the cessation of
proliferation and the start of hypertrophic differentiation
(Fig. 3A, ALP and �-COL10). In the KMI growth plate,
however, the intermediate layer was stained by neither
of the markers, indicating that these abnormal chondro-
cytes had not started hypertrophic differentiation. In ad-
dition, expression of p57Kip2, a key regulator of cell-cycle
arrest and differentiation of chondrocytes (Yan et al.

Figure 3. Comparison of endochondral ossification in the growth plate (A) and the bone fracture callus (B,C) between wild type (WT)
and KMI. Blue, red, and green bars indicate layers of proliferative zone, hypertrophic (including prehypertrophic) zone, and primary
spongiosa, respectively. Black bar indictates the abnormal intermediate zone that is seen only in KMI. (A) Histological findings of the
proximal growth plates in wild-type (WT) and KMI tibiae at 10 wk of age unless otherwise described. (Upper panel) Immunohisto-
chemical staining with an anti-cGKII antibody (�-cGKII), hematoxylin-eosin staining of the humeral growth plates of fetal rats (HE,
E18.5), HE staining (HE), and von Kossa staining (von Kossa). (Lower panel) BrdU labeling (BrdU), alkaline phosphatase staining (ALP),
immunohistochemical stainings with anti-type X collagen (�-COL10), and anti-p57Kip2 (�-p57Kip2) antibodies. Bars, 50 µm. (B) Radio-
logical and histological findings of the fracture callus 2 wk after the surgery. After exposing the right tibiae of 10-week-old rats, a
transverse osteotomy was performed at the midshaft with a bone saw and was stabilized with an intramedullary nail. Plain X-ray
images (X-ray), HE staining (HE; inset boxes indicate the regions of the right two figures), immunohistochemical staining with an
anti-type X collagen antibody (�-COL10), and BrdU labeling (BrdU). Bars: HE, 500 µm; right two figures, 50 µm. (C) Time course of the
calcified area and the bone mineral content (BMC) of the callus at the fracture site measured by a single energy X-ray absorptiometry.
Data are mean (symbols) ± S.E.M. (error bars) of eight rats/genotype. (*) P < 0.01 vs. wild type.
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1997; Stewart et al. 2004) was limited to the boundary of
proliferative and hypertrophic zones in the wild-type
growth plate (Fig. 3A, �-p57Kip2), whereas in KMI the
p57Kip2-expressing cells were broadly and sporadically
scattered in the intermediate layer, suggesting a loss of
synchronized withdrawal from the cell cycle of the chon-
drocytes. Hence, the intermediate layer chondrocytes
were abnormal cells that had ceased proliferation but
had not started hypertrophic differentiation.

To examine whether cGKII has an important role gen-
erally for endochondral ossification, we compared the
healing process of bone fracture produced by a transverse
osteotomy and stabilized with an intramedullary nail at
the midshaft of tibiae of wild type and KMI (Shimoaka et
al. 2004). X-ray analysis 2 wk after the fracture showed
substantial calcified callus formation in wild type,
which was rarely seen in KMI (Fig. 3B, X-ray). Time
course analyses of the calcified area and the bone min-
eral content (BMC) of the callus measured by a bone
densitometer revealed the impairment of endochondral
ossification in KMI at 2 wk and thereafter (Fig. 3C). His-
tological analysis at 2 wk confirmed that endochondral
ossification was present in the wild-type fracture callus;
in KMI, however, massive uncalcified cartilagenous cal-
lus remained, although intramembranous ossification
from the periosteum was normally seen (Fig. 3B, HE).
When distributions of hypertrophic and proliferating
chondrocytes were examined by the COL10 immuno-
staining and the BrdU uptake, respectively, the two kinds
of cells were located adjacent to each other in the wild-
type callus, indicating the tight coupling between prolif-
eration and hypertrophic differentiation in this model as
well (Fig. 3B, �-COL10 and BrdU). In the KMI callus,
there was an intermediate layer with an accumulation of
abnormal cells that were stained by neither marker (Fig.
3B, black bars), as observed in the growth plate.

Taking these histological findings together, the cessa-
tion of proliferation and the start of hypertrophic differ-
entiation, which were tightly coupled under normal con-
ditions, were dissociated in both the growth plate and
the fracture callus of KMI. The cGKII dysfunction was
therefore shown to impair the synchronized switching
from proliferation to hypertrophic differentiation of
chondrocytes in the endochondral ossification.

Functions of cultured chondrocytes from KMI
growth plate

To investigate the mechanism underlying the abnormal-
ity of chondrocytes due to the cGKII deficiency, ex vivo
cultures of primary chondrocytes isolated from the
proximal growth plates of the wild-type and KMI tibiae
were performed. We first compared the time course of
cell proliferation determined by the growth curve for 8 d,
and found no significant difference between wild-type
and KMI chondrocytes (Fig. 4A). However, after 5 d of
culture when the chondrocytes became confluent, the
cell shape by the phase contrast image was different be-
tween wild type and KMI: The former was hexagonal
whereas the latter showed a spindle-shape appearance

(Fig. 4B). ALP staining revealed that the KMI chondro-
cytes were less differentiated than wild type. In addition,
a real-time RT–PCR analysis revealed that the expres-
sion of COL10, a marker for hypertrophic differentiation,
was down-regulated in cultured KMI chondrocytes com-
pared to wild-type chondrocytes. To confirm the contri-
bution of cGKII to these abnormalities, cGKII was intro-
duced into cultured KMI chondrocytes using an adeno-
virus vector carrying the cGKII gene (Ax-cGKII). As a
result, the suppression of all of these differentiation
markers in the KMI culture was restored to those similar
to the wild-type culture, although introduction of the
same adenovirus vector without the cGKII gene (Ax-vec-
tor) did not affect them (Fig. 4B).

We next examined the involvement of cGKII in the
putative signalings which regulate hypertrophic differen-
tiation of chondrocytes (Fig. 4C,D). PTH/PTHrP via the
cAMP-dependent protein kinase (PKA) is known to be a
major signal in the inhibition of chondrocyte hypertro-
phy (Chung and Kronenberg 2000). PTHrP and PTH/
PTHrP receptor levels were similar between the wild-
type and KMI cultures, and PTH/PTHrP signaling deter-
mined by the dose-response effect of PTH on cAMP
accumulation was not enhanced in the KMI chondrocyte
culture compared to the wild-type culture, indicating
that the impaired differentiation of the KMI chondro-
cytes is not due to a defect of the inhibition by cGKII on
the PTH/PTHrP signaling (Fig. 4C). C-type natriuretic
peptide (CNP) is also known to be a positive regulator of
endochondral ossification and a putative ligand for cGKII
(Chusho et al. 2001; Miyazawa et al. 2002). Addition of
CNP failed to rescue either the impaired ALP activity or
the COL10 expression in the KMI chondrocyte culture
(Fig. 4D), indicating that cGKII plays a role in CNP-me-
diated chondrocyte differentiation. On the other hand,
BMP-2 potently increased these differentiation markers,
suggesting that the BMP signaling molecules Smads and
Runx2 may be independent of the cGKII signaling (Fig.
4D). These results demonstrate that cGKII is not in-
volved in the two major signalings of chondrocyte hy-
pertrophy: PTH/PTHrP and BMP.

cGKII as an attenuator of Sox9 function

We further examined the involvement of cGKII in the
function of Sox9, a transcription factor that is known to
be essential for chondrogenic differentiation of mesen-
chymal cells (de Crombrugghe et al. 2001). Sox9 also
functions as a potent inhibitor of the hypertrophic dif-
ferentiation of chondrocytes (Akiyama et al. 2002), and
the expression disappears at the hypertrophic zone in the
growth plate (Huang et al. 2000). In line with previous
studies, our immunohistochemical study confirmed the
lack of Sox9 localization in the hypertrophic zone of the
wild-type growth plate; however, nuclear localization of
Sox9 was clearly visible in the abnormal intermediate
layer of the KMI growth plate (Fig. 5A).

To assess the possible interaction between cGKII and
Sox9, we performed transfection experiments with plas-
mids encoding cGKII and/or Sox9 in cell culture sys-
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tems. Initially, to know the effects of cGKII and Sox9 on
the hypertrophic differentiation of chondrocytes, we ex-
amined the COL10 expression in cultured mouse chon-
drogenic ATDC5 cells (Fig. 5B; Shukunami et al. 1996).
In the monolayer culture, the baseline of the COL10
level was low and little altered by the Sox9 transfection;
however, in the three-dimensional culture, ATDC5 cells
differentiated into hypertrophic chondrocytes with
COL10 expression in the presence of insulin, as reported
previously (Seki et al. 2003). The Sox9 transfection was
confirmed to reduce the COL10 mRNA level, and the
cotransfection with cGKII restored it to the control level.
In addition, transfection with Sox9 was also confirmed
to show an ∼10-fold increase in the type II collagen
(COL2) mRNA level in human nonchondrogenic hepa-
toma HuH-7 cells, and cotransfection with cGKII signifi-
cantly suppressed the Sox9-induced COL2 expression
(Fig. 5C). These results suggest a novel function of cGKII
as an attenuator of the Sox9 actions: inhibition of hyper-
trophic differentiation and stimulation of chondrogenic
differentiation. We further examined the effects of mu-
tated cGKII: one derived from KMI (cGKII-KMI) and the
other lacking the entire kinase domain (cGKII-�kinase)
in the respective cultures (Fig. 5B,C). Neither of the mu-
tant cGKIIs restored the Sox9-inhibited COL10 level nor
suppressed the Sox9-induced COL2, implicating that the
kinase activity of cGKII was indispensable for the at-
tenuation of the Sox9 function. Hence, we next exam-

ined the involvement of phosphorylation of Sox9 in the
action of cGKII. The consensus amino acid sequence for
phosphorylation by cGKII is RRXS/TX where either S or
T is the phosphorylation site (Hofmann 1995), and a
single consensus sequence was detected at Ser 181 (S181)
in the human Sox9. Immunoblot analysis with a phos-
phorylation-specific antibody revealed that the cGKII co-
transfection stimulated the phosphorylation of trans-
fected Sox9 at S181 in HuH-7 cells (Fig. 5D, top panel).
To learn the functional relevance of the Sox9 phosphory-
lation by cGKII, we generated a phosphorylation-defi-
cient Sox9 vector (Sox9S181A) by introducing serine-to-
alanine substitutions at S181. The Sox9S181A transfec-
tion induced the COL2 expression to a level similar to
that of the wild-type Sox9 in HuH-7 cells (Fig. 5D, bot-
tom panel). Interestingly, the cGKII cotransfection de-
creased the COL2 induction by the Sox9S181A similarly
to that by the wild-type Sox9, indicating that the phos-
phorylation of Sox9 itself is dispensable for the attenua-
tion of the Sox9 function by cGKII.

To clarify the mechanism underlying the attenuation
of the Sox9 signaling by cGKII, we examined the subcel-
lular localization of Sox9. Fluorescent images of HeLa
cells transfected with the plasmid encoding GFP-Sox9
revealed that Sox9 is predominantly localized in the
nucleus, in agreement with previous reports (Fig. 6A;
Huang et al. 2001). When cGKII was cotransfected, Sox9
became localized not only in the nucleus, but also in the

Figure 4. Functions of cultured chondro-
cytes from wild type and KMI. (A) Growth
curves of wild-type (WT) and KMI chondro-
cytes isolated from the growth plate. Data
are mean (symbols) ± S.E.M. (error bars) of
six dishes/genotype. Lack of significant dif-
ference between the genotypes was con-
firmed in five independent experiments. (B)
Differentiation of wild-type (WT) and KMI
chondrocytes determined by the phase con-
trast image, ALP staining, and COL10
mRNA level determined by real-time quan-
titative RT–PCR cultured for 5, 21, and 28
d, respectively. As a rescue experiment, an
adenovirus vector carrying the cGKII gene
(Ax-cGKII) or that without the cGKII gene
(Ax-vector) was introduced into KMI chon-
drocytes. (Top panel) The cGKII mRNA
level is shown by RT–PCR. COL10 mRNA
levels are mean (bars) ± S.E.M. (error bars)
of the relative amount of mRNA compared
to that of wild type of six wells/group. (*)
P < 0.05 vs. wild type. (C) PTH/PTHrP sig-
naling determined by the dose-response ef-
fects of PTH (10−11 to 10−6 M) on cAMP
accumulation in wild-type (WT) and KMI
chondrocytes. Data are mean (symbols) ±
S.E.M. (error bars) of the percentages of

maximal cAMP activation for six wells/genotype. Lack of significant difference between the genotypes was confirmed in three
independent experiments. The PTHrP and PTH/PTHrP receptor (PPR) mRNA levels are shown by RT–PCR as an inset. (D) Effects of
CNP (100 nM) and BMP-2 (100 ng/mL) on the ALP activity and COL10 mRNA level determined by real-time quantitative RT–PCR
in the wild-type (WT) and KMI chondrocyte cultures for 21 and 28 d, respectively. Data are mean (bars) ± S.E.M. (error bars) of six
wells/group. (*) P < 0.01 vs. wild type.
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cytoplasm. Addition of leptomycin B, an inhibitor of
CRM-1-dependent nuclear export (Gasca et al. 2002),
failed to restore the altered localization of Sox9, suggest-
ing that cGKII attenuated the nuclear entry of Sox9
rather than enhanced its export from the nucleus. As
cGKII also altered the subcellular localization of phos-
phorylation-deficient Sox9 (Sox9S181A) in a similar man-
ner, phosphorylation at S181 was shown to be dispens-
able for this regulatory mechanism. Interestingly, the
subcellular localization of Sox5 and Sox6, critical part-
ners of Sox9, was not affected by cGKII (Fig. 6A). The
altered subcellular localization of Sox9 was confirmed by
an immunoblot analysis: the cGKII cotransfection in-
creased the Sox9 protein level in the cytoplasmic frac-
tion although it decreased that in the nuclear fraction
(Fig. 6B). To determine whether or not the attenuated
Sox9 signaling by cGKII was attributable to the de-
creased nuclear entry of Sox9, we fused Sox9 with SV40-
derived nuclear localization signal (Sox9-3xNLS),
thereby forcing Sox9 to localize in the nucleus. The
cGKII cotransfection was unable to keep the Sox9 in the

cytoplasm in HeLa cells (Fig. 6C, left panel). In this con-
dition, the inhibitory effect of cGKII on the Sox9-in-
duced COL2 expression was greatly alleviated, indicat-
ing that cGKII attenuated the Sox9 function mainly, if
not exclusively, by interfering with its nuclear entry (Fig.
6C, right panel). To further examine the change of Sox9
subcellular localization in the KMI chondrocytes, we ad-
enovirally transduced cultured primary chondrocytes
from wild-type and KMI growth plates with GFP-Sox9.
Treatment with the cGMP analog 8-bromo-cGMP inhib-
ited nuclear entry of Sox9 in wild-type cells, whereas it
did not in KMI cells. CNP, a putative upstream molecule
of cGKII, showed a similar effect on the Sox9 subcellular
localization in wild-type cells, but not in KMI cells (Fig.
6D). Finally, we examined the effects of the silencing of
Sox9 through RNA interference (RNAi) on the cultured
growth plate chondrocytes from KMI (Fig. 6E). The im-
paired differentiation of KMI chondrocytes determined
by the ALP staining and the COL10 mRNA level was
reversed by the retrovirus-mediated introduction of Sox9
RNAi. Taken together, these results demonstrate that

Figure 5. Regulation of Sox9 function and phosphorylation by cGKII. (A) Immunohistochemical stainings with an anti-Sox9 antibody
in the growth plates of the proximal tibiae of wild type (WT) and KMI at 10 wk of age. Inset boxes in the middle two panels indicate
the regions of the respective right panels. Blue, black, red, and green bars indicate layers of proliferative zone, abnormal intermediate
zone, hypertrophic zone, and primary spongiosa, respectively. Bar, 50 µm. (B) COL10 mRNA levels by the transfection with the
plasmid encoding Sox9 determined by real-time quantitative RT–PCR in cultured ATDC5 cells cotransfected with the empty vector
(control), the expression vectors of cGKII (1, 3 and 10 µg), cGKII-KMI (10 µg), and cGKII-�kinase (10 µg) in the monolayer culture
(Mono) and three-dimensional alginate beads culture (3D) in the chondrogenic medium with insulin. Data are mean (bars) ± S.E.M.
(error bars) of six wells/group. (#) P < 0.01, significant inhibition by Sox9. (*) P < 0.01, significant stimulation by cGKII. (C) Induction
of COL2 mRNA by the Sox9 transfection determined by real-time quantitative RT–PCR in cultured HuH-7 cells cotransfected with
the empty vector (control), the expression vectors of wild-type cGKII (cGKII), the mutated cGKII lacking exons 4 and 5 (cGKII-KMI),
and that lacking the kinase domain (cGKII-�kinase). Data are mean (bars) ± SEM (error bars) of six wells/group. (#) P < 0.01, significant
stimulation by Sox9. (*) P < 0.01, significant inhibition by cGKII. (D, top) Immunoblotting with an anti-phosho-Sox9 antibody (�-
pSox9) in cultured HuH-7 cells transfected with wild-type Sox9 or phosphorylation-deficient Sox9 (Sox9S181A). Blottings with anti-�-
actin (�-actin) were used as loading control. (Bottom) Induction of COL2 mRNA by the transfection with Sox9 or Sox9S181A determined
by real-time quantitative RT–PCR in cultured HuH-7 cells in combination with the cGKII expression vector (+) or the empty vector
(−). Data are mean (bars) ± S.E.M. (error bars) of six wells/group. (#) P < 0.01, significant stimulation by Sox9. (*) P < 0.01, significant
inhibition by cGKII.
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the cGKII dysfunction in KMI impaired the hypertrophic
differentiation of chondrocytes through enhancement of
the Sox9 signaling.

Discussion

Although postproliferative chondrocytes immediately
undergo hypertrophic differentiation during endochon-
dral ossification, little has been known about the mo-
lecular mechanism that couples the cessation of prolif-
eration and the start of hypertrophy. The present study
for the first time identified a novel role of cGKII as a
molecular switch for the coupling. The study began with
the identification of a mutation in the cGKII gene caus-
ing the longitudinal growth retardation of a rat dwarf
model, KMI. Analyses of the growth plate and the bone
fracture callus of KMI revealed that the cessation of pro-
liferation and the start of hypertrophic differentiation of
chondrocytes were dissociated. Cultures of KMI chon-
drocytes confirmed that the cGKII dysfunction impairs
the synchronized switching from proliferation to hyper-
trophic differentiation. This KMI chondrocyte abnormal-

ity may be due to the sustained activity of Sox9, as cGKII
was shown to function as an attenuator of Sox9 mainly
by inhibiting its nuclear entry.

Physiological function of cGKII

In mammalian cells, at least three receptors for cGMP
are present, that is, cGMP-regulated PDEs, cyclic
nucleotide-gated cation channels, and cGKs (Ruth 1999).
Mammalian cGKs exist as two isoforms, cGKI and cGKII
(Hofmann et al. 2000). Whereas the cGKI is expressed at
high levels in all types of smooth muscle, platelets, and
cerebellar cells, cGKII is expressed in the intestinal mu-
cosa, juxtaglomerular cells of the kidney, and chondro-
cytes (Pfeifer et al. 1996). The widespread expression of
cGKs is mirrored by the diversity of their functions,
which establish these enzymes as major mediators of the
cGMP signaling cascade. Studies on the ablation of the
genes disclosed the pivotal tasks of these enzymes under
in vivo conditions (Pfeifer et al. 1996, 1998). cGKII-defi-
cient (cGKII−/−) mice were reported to develop dwarfism
postnatally, which was caused by a severe defect in en-

Figure 6. Regulation of Sox9 function and
subcellular localization by cGKII. (A) Fluores-
cent images of HeLa cells cotransfected with
cGKII and Sox9, Sox5, or Sox6. Cells were
transfected with plasmids encoding GFP,
GFP-tagged Sox9 (GFP-Sox9) in the presence
and absence of a nuclear export inhibitor lep-
tomycin (LMB; 2 ng/mL), and GFP-Sox9S181A,
GFP-Sox5, and GFP-Sox6 in combination
with the cGKII expression vector or the
empty vector (control). (B) Subcellular local-
ization of Sox9 in HeLa cells by immunoblot-
ting. GFP-Sox9 was cotransfected with the
cGKII expression vector or the empty vector
(control). The Sox9 protein levels in the total
cell lysate (T), cytoplasmic fraction (C), and
nuclear fraction (N) were determined by im-
munoblotting with an anti-GFP antibody (�-
GFP). Blottings with anti-�-actin (�-actin)
were used as loading controls. (C, left) Fluo-
rescent images of HeLa cells transfected with
the nuclear-localizing Sox9 vector. Three tan-
dem repeats of SV40-derived nuclear localiz-
ing signal (NLS) were introduced into the
GFP-Sox9 vector (GFP-Sox9-3xNLS). Cells
were transfected with the GFP-Sox9-3xNLS
in combination with the cGKII expressing
vector or the empty vector (control). (Right)
Induction of COL2 mRNA by the GFP-Sox9-
3xNLS transfection determined by real-time
quantitative RT–PCR in cultured HuH-7 cells
cotransfected with the cGKII expression vec-

tor (+) or the empty vector (−). Data are mean (bars) ± S.E.M. (error bars) of six wells/group. (#) P < 0.01, significant stimulation by
GFP-Sox9-3xNLS. (D) Fluorescent images of wild-type (WT) and KMI growth plate chondrocytes transduced with GFP-Sox9 adenovirus
vector. Primary chondrocytes were cultured in the presence and absence of 8-Bromo-cGMP (100 µM) or CNP (100 nM). (E) Effects of
the silencing of Sox9 through RNAi on the ALP staining and the COL10 mRNA level determined by real-time quantitative RT–PCR
in the KMI chondrocyte culture for 21 and 28 d, respectively. The Sox9 RNAi was introduced into KMI chondrocytes using an
retrovirus vector carrying the Sox9 RNAi gene (Rx-Sox9RNAi). Retrovirus vector without the the Sox9 RNAi gene (Rx-vector) was
used as control. Data are mean (bars) ± S.E.M. (error bars) of six wells/group. (*) P < 0.01 vs. wild type.
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dochondral ossification at the growth plates (Pfeifer et al.
1996). Although the phenotypes were quite similar to
those of KMI, the abnormal population of chondrocytes
in the cGKII−/− growth plate was though to constitute a
hypertrophic zone with patches of nonhypertrophic cells
intermingled with hypertrophic chondrocytes. Our more
detailed histological examination of the KMI growth
plate clearly showed that these cells were postmitotic
but nonhypertrophic chondrocytes. Further examina-
tions of the cGKII−/− growth plate would probably reveal
similar findings confirming the unique role of cGKII in
the coupling of chondrocyte proliferation and differen-
tiation.

cGKII and CNP signaling

CNP is a positive regulator of endochondral ossification
through the intracellular accumulation of cGMP, which
activates different signaling mediators such as cyclic
nucleotide phosphodiesterases, cGMP-regulated ion
channels, and cGKs (Fowkes and McArdle 2000). Among
them, cGKII is reported to play a critical role in the CNP
action on endochondral ossification, because targeted ex-
pression of CNP in the growth plate chondrocytes failed
to rescue the skeletal defect of cGKII−/− mice (Miyazawa
et al. 2002). This notion was supported by the present
findings that CNP neither reverses the impaired differ-
entiation (Fig. 4D) nor inhibits the Sox9 nuclear entry
(Fig. 6D) in cultured KMI chondrocytes. However, there
is a marked difference between CNP−/− and cGKII−/−

mice in the histology of the growth plate (Pfeifer et al.
1996; Chusho et al. 2001): the growth plate of the former
is reduced in height with the chondrocytes arranged in a
regular columnar array, whereas that of the latter is in-
creased in height. This may indicate the involvement of
other signaling pathway(s) in the CNP-mediated endo-
chondral ossification. In fact, a recent report showed that
targeted overexpression of CNP in chondrocytes pre-
vented the shortening of achondroplastic bones through
inhibition of the mitogen-activated protein (MAP) ki-
nase pathway of activated fibroblast growth factor recep-
tor 3 signaling in the growth plate (Yasoda et al. 2004). In
addition, the possibility of the involvement of cGKI can-
not be ruled out, although no skeletal abnormality has
been reported in cGKI−/− mice (Pfeifer et al. 1998). It
would be helpful to investigate whether mice doubly de-
ficient for cGKI and cGKII mimic the phenotype of
CNP−/− mice.

cGKII and PTH/PTHrP signaling

Targeted expression of a constitutively active PTH/
PTHrP receptor delays endochondral ossification
through ligand-independent constitutive cAMP accumu-
lation and the subsequent cAMP-dependent protein ki-
nase (cAK) activation (Schipani et al. 1997). The growth
plate histology of the transgenic mice expressing a con-
stitutively active PTH/PTHrP receptor is characterized
by the irregular and broadened zone lacking the COL10

expression, which is similar to that of KMI and cGKII−/−

mice. In the present study, however, neither the expres-
sion levels of PTHrP and PTH/PTHrP receptor nor the
cAMP accumulation by PTH stimulation was enhanced
in the cultured KMI chondrocytes. It is therefore specu-
lated that the cGKII and PTH/PTHrP/cAK signaling
pathways independently coordinate to control the rate of
chondrocytic differentiation as an accelerator and a de-
celerator, respectively.

Regulation of Sox9 actions by cGKII

In addition to its essential roles in early mesenchymal
condensation and development of premature chondro-
cytes, Sox9 is reported to prevent hypertrophic differen-
tiation of chondrocytes (de Crombrugghe et al. 2001;
Akiyama et al. 2002). Although the present findings
demonstrated that cGKII maintains the hypertrophy by
attenuating the Sox9 activity, the molecular mechanism
remains to be clarified in more detail. The fact that
cGKII lacking the kinase activity did not suppress the
Sox9 function suggests that phosphorylation by cGKII is
required for the regulation of Sox9 activity. Although
cGKII enhanced the phosphorylation of Sox9 at S181,
which has been known to be a phosphorylation target for
PKA signaling (Huang et al. 2000), the attenuation of
Sox9 by cGKII was not dependent on the phosphoryla-
tion at this site (Fig. 5D). Along with S181, Ser 64 (S64) is
also known to be a phosphorylation target for PKA
(Huang et al. 2000); however, this site does not contain
the consensus sequence for phosphorylation by cGKII
(RRXS/TX). In addition, cGKII suppressed the COL2 in-
duction in cultured HuH-7 cells transfected with a phos-
phorylation-deficient Sox9 vector at this site (Sox9S64A)
as with the wild-type Sox9 or Sox9S181A (data not
shown), indicating that the direct phosphorylation of
Sox9 is dispensable for its attenuation by cGKII. Several
lines of evidence indicated that transcriptional factors of
the Sox family are regulated by subcellular distribution
(Sudbeck and Scherer 1997; Harley et al. 2003). The pres-
ent findings also indicate that cGKII attenuates the Sox9
function at least in part by inhibiting its nuclear entry.
Because this cGKII effect was seen in cells transfected
with the phosphorylation-deficient Sox9, the phosphory-
lation and the nuclear entry of Sox9 were independent,
although both were affected by cGKII. Hence, there seem
to be other phosphorylation target molecules that medi-
ate cGKII signaling. Sox genes including Sox9 require
partner molecules that enhance or suppress transcrip-
tional activities. For example, Sox5 and Sox6 coopera-
tively work with Sox9 and activate several cartilage ma-
trix genes (Lefebvre and deCrombugghe 1998); however,
our computer search found no amino acid sequence in
Sox5 or Sox6 for a cGKII phosphorylation site like S181
in Sox9. Furthermore, our results revealed that their sub-
cellular localizations were not altered by cGKII (Fig. 6A),
suggesting that it is unlikely that Sox5 and Sox6 are the
direct target of cGKII. It was recently revealed that the
dimerization of Sox9 is critical for its several target
genes. Sox9 contains a dimerization domain and binds
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cooperatively as a dimer in the presence of the DNA
enhancer element in genes involved in chondrocyte dif-
ferentiation, such as COL9, COL11, and CD-Rap (Sock
et al. 2003). Because in vitro-transcripted Sox9 was un-
able to form a DNA-dependent dimer (Lefebvre et al.
1998), there must be cofactor(s) that mediate the dimer-
ization of Sox9. Although phosphorylation of these part-
ner molecules remains to be resolved, one of these mol-
ecules might be a direct or indirect phosphorylational
target of cGKII.

cGKII, a molecular switch from proliferation to hyper-
trophic differentiation of chondrocytes, could be a novel
therapeutic target for disorders of skeletal growth and
regeneration. Because cGKII is an intracellular kinase,
we are planning to apply the gene transfer system that
we are now intensively working on (Itaka et al. 2002) for
bone regenerative medicine. Otherwise, a small com-
pound that modulates cGKII activity in vivo would be a
good candidate for a new therapeutic drug.

Materials and methods

Genetic mapping

Heterozygous (BN × KMI-mri/mri) F1 rats were backcrossed to
KMI-mri/mri homozygous rats to obtain backcross progeny (241
homozygotes among 475 backcross progeny). Animals were
genotyped with SSLP markers (Rat Genome Database, http://
rgd.mcw.edu). The segregation patterns of the markers were
analyzed with the Map Manager computer program. The rat–
mouse–human comparative map was constructed based on the
data obtained from the following databases: RatMap (http://
ratmap.gen.gu.se), Mouse Genome Informatics (http://www.
informatics.jax.org), and University of California at Santa Cruz
Genome Browser (http://genome.ucsc.edu).

Positional candidate cloning of the mri locus

Total RNA from rat intestine was prepared and subjected to
RT–PCR using specific primers to amplify overlapping products
that cover the coding region of the rat cGKII gene. Genomic
DNA was isolated from rat liver, and interexon PCR was carried
out with primers as follows: 5�-CTTATCACAGACGCCCT
GAATAAGAAC-3� and 5�-CACTTCCAAGCAGTCAATAAT
CTTGGT-3�. The amplified pruducts were sequenced using ABI
PRISM 310 Genetic Analyzer (Applied Biosystems).

Animals were genotyped with primers as follows: common
forward, 5�-TGTATTTTCCCGTCCGACAC-3�; wild-type re-
verse, 5�-TCCTTCGATGCCACCGTAAT-3�; and KMI reverse,
5�-CAGAGTACGCTAGGTTCCAAGG-3�.

In vitro kinase assay

Wild-type and KMI brain extracts (40 µg) were prepared using
T-PER (Pierce). Kinase activity was determined by the phos-
phorylation of biotinylated substrate peptide (250 µM, Biotynyl-
RKISASEFDRPLR-OH, Bachem) in the presence of PKI (2 µM,
Sigma) and 8-bromo-cGMP (100 µM) for 30 min at 30°C using
the AUSA Universal Protein Kinase Assay Kit (TRANSBIO).

Histological analysis

Tissues were fixed in 4% paraformaldehyde and decalcified in
10% EDTA, if necessary, then embedded in paraffin and cut into

6-µm sections. Hematoxylin eosin (HE) staining and von Kossa
staining were done according to the standard procedure. For
enzyme histochemistry, ALP was visualized using X-phosphate
and NBT (Roche). For immunohistochemistry, sections were
incubated with primary antibody at 4°C overnight. Primary an-
tibodies were purchased from Santa Cruz Biotechnology. Signal
was detected with HRP-conjugated secondary antibody. For
fluorescent visualization, a secondary antibody conjugated with
Alexa 488 (Molecular Probes) was used.

In vivo BrdU labeling

Animals were injected intraperitoneally with BrdU (Sigma), 25
µg per gram body weight 2 h prior to sacrifice. Incorporated
BrdU was detected using a BrdU immunostaining kit (Roche).

Fracture model

A fracture was generated on the mid-part of the tibiae of 10-
week-old animals (n = 10/group). Animals were sacrificed 2 wk
after the surgery. Fracture callus was quantitated as described
(Shimoaka et al. 2004).

Analysis of growth plate chondrocytes

Growth plate chondrocytes were isolated from the tibiae of
4-week-old animals as described (Klaus et al. 1991). Cells were
cultured in Dubecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS). For cellular
proliferation assay, 1 × 105 cells were plated on a 6-cm dish and
counted after designated periods. To assess differentiation, cells
were incubated for a designated period with hBMP-2 (100 ng/
mL) and CNP (100 nM) when needed. They were stained for
ALP, and ALP activity was quantitated as described (Shimoaka
et al. 2004). RNA was isolated and subjected to semiquantita-
tive RT–PCR analysis. Primer information will be provided
upon request.

Plasmids and viral vectors

cDNA of rat cGKII (nucleotides 48–2333) was ligated into
pcDNA4HisA (Invitrogen). A PCR-amplified fragment (nucleo-
tides 48–1403) was used to construct the cGKII-�kinase vec-
tor. Full-length human Sox5, Sox6, and Sox9 were ligated into
pEGFPC1 (Clontech) to generate GFP-tagged plasmids. To cre-
ate amino acid change (S181A and S64A), GFP-Sox9 plasmid
was subjected to site-directed mutagenesis using the inverse
PCR technique. To construct nuclear-localizing GFP-Sox9 vec-
tor (Sox9-3xNLS), a three-tandem repeat of SV40-derived
nuclear localizing signal was ligated into pEGFPC1. All con-
structs were verified by sequencing. cGKII and GFP-Sox9 ad-
enovirus vectors were constructed using the Adeno-X Expres-
sion System (BD Biosciences), according to the manufacturer’s
protocol. RNAi sequence was designed for the rat Sox9 gene
(nucleotides 190–219, AB073720.1) as described (Kawasaki and
Taira 2003) and ligated into piGENEtRNA vector (iGENE
Therapeutics). RNAi sequence combined with promotor was
then inserted into pMx vector (Kitamura 1998), and retroviral
vector was generated using plat-E cells (Morita et al. 2000).

Cell culture and transient transfection

HuH-7 and HeLa were cultured in DMEM supplemented with
10% FBS. ATDC5 was maintained as described (Shukunami et
al. 1996). For transient transfection, a total of 1 µg plasmid DNA
was transfected using FuGENE6 (Roche). In cotransfection, all
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plasmids were added in an equal ratio. 8-bromo-cGMP (100 µM,
BioMol) was added 4 h after transfection. Total RNA was iso-
lated 72 h after transfection and subjected to real-time PCR
analysis. For fluorescent detection, HeLa cells were transiently
transfected and fluorescent images were taken 24 h after trans-
fection. Cells were incubated with 2.5 ng/mL leptomycin B
(Sigma) for the last 3 h when required. For the differentiation
assay, ATDC5 cells were transiently cotransfected with Sox9
vector (3 µg) and a designated amount of cGKII vector. Two days
after transfection, a three-dimensional alginate beads culture
was performed as described (Seki et al. 2003) in the presence of
8-bromo-cGMP (100 µM) and ITS supplement (Sigma). RNA
was isolated 7 d after transfection and subjected to real-time
PCR analysis.

Western blotting

Samples were prepared using M-PER (Pierce) or NE-PER (Pierce)
supplemented with Na3Vo4 (2 mM), NaF (10 mM), and aprotinin
(10 µg/mL) following the manufacturer’s protocol. An equal
amount (20 µg) of protein was subjected to SDS-PAGE, and
transferred onto PVDF membranes. Anti-EGFP antibody (Clon-
tech) and anti-Sox9 (pS181) phosphospecific antibody (BioSource)
were used. The membrane was incubated with HRP-conjugated
secondary antibody (Promega). Immunoreactive proteins were
visualized by ECL (Amersham).

PTH-induced cAMP accumulation

Cells were preincubated with 8-bromo-cGMP (100 µM) for 30
min, then challenged with increasing concentrations of PTH
(Sigma) and incubated at 37°C for 30 min in the presence of
IBMX (2 mM). Intercellular cAMP was measured using the
cAMP Biotrack EIA system (Amersham) following the manu-
facturer’s protocol.

Statistical analysis

Means of groups were compared by ANOVA, and significance
of differences was determined by post-hoc testing with
Bonferroni’s method.
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