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cGMP-dependent protein kinase ||
promotes hypertrophic differentiation
of murine chondrocytes
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cGMP-dependent protein kinase II (cGKII; encoded by PRKG2) is a serine/threonine kinase that is critical for
skeletal growth in mammals; in mice, cGKII deficiency results in dwarfism. Using radiographic analysis, we
determined that this growth defect was a consequence of an elongated growth plate and impaired chondrocyte
hypertrophy. To investigate the mechanism of cGKII-mediated chondrocyte hypertrophy, we performed a
kinase substrate array and identified glycogen synthase kinase-3f (GSK-30; encoded by Gsk3b) as a principal
phosphorylation target of cGKIL In cultured mouse chondrocytes, phosphorylation-mediated inhibition of
GSK-30 was associated with enhanced hypertrophic differentiation. Furthermore, cGKII induction of chon-
drocyte hypertrophy was suppressed by cotransfection with a phosphorylation-deficient mutant of GSK-3.
Analyses of mice with compound deficiencies in both protein kinases (Prkg27/-Gsk3b*") demonstrated that
the growth retardation and elongated growth plate associated with ¢cGKII deficiency were partially rescued by
haploinsufficiency of Gsk3b. We found that f-catenin levels decreased in Prkg2/- mice, while overexpression

of ¢GKII increased the accumulation and transactivation function of f3-catenin in mouse chon

ruprugenitor

ATDCS cells. This effect was blocked by coexpression of phosphorylation-deficient GSK-3f. These data indi-
cate that hypertrophic differentiation of growth plate chondrocytes during skeletal growth is promoted by

phosphorylation and inactivation of GSK-3f by ¢GKII.

Introduction

Skeletal growth is achieved by endochondral ossification in the
growth plate cartilage, with orderly columnar arrays of resting,
proliferative; and hypertrophic zones of chondrocytes. During
the process, chondrocytes undergo proliferation; hypertrophic
differentiation, and apoptosis, each of which is regulated by dis-
tinct molecular signaling systems (1). Among them, C-type natri-
uretic peptide (CNP; encoded by Nppc), a humoral factor that can
regulate a variety of homeostatic processes by binding the mem-
brane-bound guanylyl cyclase-coupled receptor B (GC-B; encoded
by Npr2); has been shown to play important roles in skeletal
growth, because mice deficient in either gene exhibit impaired
skeletal growth (2, 3). Loss-of-function mutations in Npr2 also
show dwarfism'in patients kriown as acromesomelic dysplasia,
type Maroteaux (4), demonstrating the importance of CNP/GC-B

Nonstandard abbreviations used: ALP, alkaline phosphatase; Bad, BCL2-antagonist
of cell death; cdc25, cell division cycle 25 homolog; ¢GK, cGMP-dependent protein
kinase; cGKII-Akinase, truncated ¢GKII protein that lacks the kinase domain; CNP,
C-type natriuretic peptide; COL10, type X collagen; GC-B, guanylyl cyclase-coupled
receptor B; GSK-38, glycogen synthase kinase-3f; GSK-3$54, phosphorylation-defi-
cient mutant of GSK-3p with a serine-to-alanine substitution; PLK, polo-like kinase;
pIORSK, 90-kDa ribosomal protein $6 kinase; PTH, parathyroid hormone; PTHtP,
parathyroid hormone-related protein; TCF, T cell factor; VASP, vasodilator-stimu-
lated phosphoprotein.
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signaling in the skeletal growth of humans as well. This signal-
ing causes the intracellular accumulation of ¢cGMP, which then
activates cGMP-dependent protein kinases (cGKs) (5). In mam-
malian cells, there are 2 ¢cGK isoforms, cGKI and ¢GKII (encoded
by Prkgl and Prkg2, respectively), which show distince distribu-
tions and functions (6, 7). Although both are expressed in growth
plate cartilage, PrkgZ / mice show postnatal dwatfism with about
20%-30% reduction in the length of limbs and trunk (6), while
Prkgl/= mice show a normal skeleton (8), indicating that only
cGKILis indispensable for skeletal growth.

¢GKII'is a membrane-bound serine/threonine kinase with a
cGMP-binding domain and a catalytic domain in the C terminus
(7): In' addition to growth retardation resulting from ¢GKII defi-
ciency in mice; our previous positional cloning analysis identified
a deletion in Prkg2, the rat gene encoding cGKI], in the Komeda
miniature rat [shikawa (KMI), a naturally occurring mutant rat,
which also exhibited dwarfism with 20%-30% shorter long bones
and vertebrae (9). The deletion resulted in a frame shift and a pre-
mature stop codon, predicting a truncated c¢GKII protein that
lacks the kinase domain (cGKII-Akinase). KMI rats show an elon-
gated growth plate; whose height is about 2.5-fold chat of WT lit-
termates. This is caused by the existence of an abnormal interme-
diate layer between the proliferative and hypertrophic zones with
accumulation of few proliferative or hypertrophic chondrocytes,
which indicates that the kinase activity of ¢GKII is necessary for
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hypertrophic differentiation of growth plate chondrocytes (9).
To investigate the mechanism underlying cGKII kinase activity
in chondrocyte hypertrophy, in the present study we performed
a screen of its potential phosphorylation targets and identified
glycogen synthase kinase-3p (GSK-3p; encoded by Gsk3b) as a sig-
nificant phosphorylation target of cGKII Because the phosphory-
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Figure 1

Skeletal abnormality in Prkg2-- mice. (A) Gross appear-
ance and radiographs of femurs, tibias, lumbar vertebrae,
and skulls of WT and Prkg2-- littermates at 8 weeks of
age. (B) Time course of H&E staining of the growth plates
in proximal tibias of the 2 genotypes from 0-8 weeks of
age. Vertical black bars indicate the height of the growth
plates. (C) H&E staining, BrdU labeling, and in situ hybrid-
ization of COL10 of the tibial growth plates in 2-week-old
littermates. (D) H&E and Safranin-O stainings, BrdU label-
ing, and COL10 immunostaining of the growth plates in the
fourth lumbar vertebra of 2-week-old littermates. (C and
D) Blue, red, green, and yellow bars indicate proliferative
zone, abnormal intermediate layer, hypertrophic zone, and
primary spongiosa, respectively. Boxed regions in H&E
and COL10 panels are shown at higher magnification to
the right. Scale bars: 50 um.

lation of GSK-3f at Set9 is known to cause its inactivation (10),
we further examined the functional involvement of GSK-3f in the
cGKlI-induced hypertrophic differentiation of chondrocytes and
investigated the underlying mechanism. Our results demonstrated
that cGKII promotes chondrocyte hypertrophy and skeletal growth
through phosphorylation and inactivation of GSK-3p.
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Results

Growth plate abnormality in Prkg2-/~ mice. Prkg2~/~ mice showed post-
natal dwarfism with short limbs and trunk compared with WT
littermates (Figure 1A), as previously reported (6). Radiographic
analysis at 8 weeks of age revealed that the lengths of femur, tibia,
and vertebra, which are known to be primarily formed through
endochondral ossification, were shorter in Prkg2~~ mice. The lon-
gitudinal length of the Prkg2~/- skull was also shorter, while the
width was comparable to WT.This finding is probably attribut-
able to 2 types of the skull growth via endochondral ossification
and intramembranous ossification (11), although this needs to
be further investigated: The time course of histological observa-
tion of the tibial growth plate revealed that the height was greater
in Prkg2~/- than WT mice from 2 to 4 weeks after birth but was
restored to a level comparable to that of WT mice by 8 weeks of age
(Figure 1B). As previously observed in KMI rats (9), growth plate
elongation during these ages was caused by an abnormal inter-
mediate layer between the proliferative and hypertrophic zones,
with accumulation of few proliferative or hypertrophic chondro-
cytes, as determined by BrdU uptake and expression of type X col-
lagen (COL10), respectively (Figure 1C). The growth plate of the
Prkg2-/- vertebral bones also contained the abnormal intermedi-
ate layer, which was intermittently focal in the elongated growth
plate (Figure 1D). These results indicate that cGKII is necessary for
hypertrophic differentiation of growth plate chondrocytes during
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Figure 2

Identification of GSK-38 as a principal phosphorylation
target of cGKH during chondrocyte hypertrophy. (A) RT-
PCR of 8 candidate genes that were identified by the
serine/threonine kinase substrate array (Supplemental
Table 1) in cultured ATDCS cells in the prehypertrophic
or hypertrophic differentiation stage. (B) COL10 promoter
activity, as assessed by transfection of the 8 candidate
genes or the empty vector (EV) in HuH-7 cells with the
luciferase reporter gene construct containing a cloned
4.5-kb promoter fragment of COL10. Data are mean + SD
fold change relative to empty vector. *P < 0.01 versus
control. (C) In vitro kinase assay of the phosphorylation of
recombinant GSK-3p at Ser9 by recombinant cGKIil with
or without cGMP. Proteins were incubated in the presence
of ATP, and the reaction products were analyzed by |1B
using the same antibody to Ser9-phosphorylated GSK-38
(p-GSK-3p5¢%) as that used in Supplemental Table 1.
(D) Phosphorylation of endogenous GSK-38 at Ser9
and GSK-3a at Ser21 by cGKIl with or without cGMP
in ATDCS5 cells. Whole-cell lysates were incubated with
recombinant ¢cGKIl.or cGMP in the presence of ATP, and
the reaction products were analyzed as in C. (E) Local-
ization of ¢cGKIl, total GSK-38, and Ser9-phosphorylated
GSK-3p, as assessed by immunohistochemistry in the
growth plate of proximal tibia in a 2-week-old mouse. Spe-
cific stainings were confirmed by immunohistochemistry
by respective nonimmune serums (nonimmune control).
Blue, green, and yellow bars indicate proliferative zone,
hypettrophic zone, and primary spongiosa, respectively.
Scale bars: 50 um.

endochondral ossification for longitudinal growth of limbs and
trunk not only in rats, but also in mice.

Phosphorylation targets of cGKII in chondrocyte bypertroply. To inves-
tigate the mechanism underlying ¢GKII activity in hypertrophic
differentiation of chondrocytes, we performed a screen of its phos-
phorylation targets by in vitro kinase assay using a serine/threo-
nine kinase substrate array. From 87 candidate peptides containing
serine/threonine phosphorylation sites, we identified 8 substrates
that were most strongly phosphorylated by ¢GKII: caspase-9, BCL2-
antagonist of cell death (Bad), polo-like kinase (PLK), 90-kDa ribo-
somal protein S6 kinase (p90RSK), eNOS, GSK-3p, vasodilator-stim-
ulated phosphoprotein (VASP), and cell division cycle 25 homolog
(cdc25) (Supplemental Table 1; supplemental material available
online with this article; doi:10.1172/JCI35243DS1). All of these
molecules were confirmed to be expressed in mouse chondrogenic
ATDCS cells in the prehypertrophic or hypertrophic differentia-
tion stage (Figure 2A). However, a luciferase reporter assay revealed
that GSK-38 markedly suppressed COL10 promoter activity,
while fione of the other candidates had a significant effect (Figure
2B). These data suggest that GSK-3p might be functionally involved
in chondrocyte hypertrophy, although involvement of the other fac-
tors cannot be ruled out. Direct phosphorylation of recombinant
GSK-3f at Ser9, the crucial site for inactivation of GSK-38 (10), by
recombinant cGKII protein was confirmed by in vitro kinase assay
using the same antibody as the screening array above, and the phos-
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phorylation was enhanced by the addition of c<GMP (Figure 2C).
Furthermore, endogenous GSK-38 in cell Iysates of ATDCS cells was
phosphorylated at Ser9 by recombinant cGKII protein, which was fur-
ther enhanced by the addition of cGMP. On the other hand, GSK-3a,
the closely related isoform of GSK-3f, was not phosphorylated
by cGKII, nor were protein levels of GSK-3p and GSK-3a, altered
by c¢GKII or cGMP (Figure 2D). Immunohistochemistry revealed
that ¢GKII, total GSK-3p, and Ser9-phosphorylated GSK-38 were
colocalized in prehypertrophic chondrocytes of the growth plate,
implicating the interaction of these molecules in vivo as well (Figure
2E). Compared with the respective nonimmune controls, the local-
ization of Ser9-phosphorylated GSK-3 appeared to be restricted
to those cells that also produced c¢GKII, whereas total GSK-3f3 was
more broadly distributed, which supports the notion that cGKII is
an important regulator of GSK-3f phosphorylation.

Regulation of chondrocyte bypertrophy by GSK-3p. In the 3-dimen-
sional cultures of ATDCS cells and primary costal chondrocytes
in alginate beads, LiCl, a selective inhibitor of GSK-38, stimulated
the expression of chondrocyte hypertrophic differentiation mark-
ers COL10, alkalirie phosphatase (ALP), and MMP-13 and induced
morphological hypertrophy of the cells (Figure 3, Aand B). COL10
expression also increased in cultured primary costal chondrocytes
from Gsk3b”- mice compared with WT chondrocytes, while ALP
and MMP-13 levels were comparable between the genotypes (Fig-
ure 3C). Introduction of a constitutively active allele of ¢cGKIl into
ATDCS cells stimulated expression of hypertrophic markers, and
this was attenuated by the cointroduction of a phosphorylation-
deficient mutant of GSK-3p with a serine-to-alanine substitution
(GSK-3p5%4), which is known to have constitutive activity (Figure
3D). These data demonstrated that Ser9 phosphorylation of GSK-3f
is necessary for the induction of chondrocyte hypertrophy by
cGKIL The GSK-3p%4 introduction alone altered none of the 3
matkers (Figure 3D), which indicates that an endogenous GSK-3f3
level was sufficient for the suppression of chondrocyte hypertro-
phy in this culture system.
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Figure 3

Regulation of chondrocyte hypertrophy by GSK-38.
(A) Effects of LiCl on mRNA levels of the hypertrophic
markers COL10, ALP, and MMP-13, as assessed by
real-time RT-PCR in'ATDC5 cells cultured in-3-dimen-
sional alginate beads. (B) Effects of LiCl on the hyper-
trophic markers, as assessed by immunocytochemistry
in primary costal chondrocytes cultured in 3-dimen-
sional alginate beads. For morphological comparison,
sections of the representative colonies containing
4 cells were selected. Scale bars: 10 um. (C) mRNA
levels of the hypertrophic markers, as assessed by
real-time RT-PCR in cultured costal chondrocytes from
WT and Gsk3b+- mice. (D) mRNA levels of the hyper-
trophic markers in stable lines of ATDCS cells retrovi-
rally transfected with the constitutively active form of
cGKIl (CA-cGKII), GSK-3B5%, or the control GFP (-).
Data are mean = SD of the relative amount compared
with: control or WT. *P < 0.01 versus control or WT.
#P < 0.01 versus constitutively active cGKil alone.

LiCl

Mechanism underlying cGKII/GSK-38 signaling in chondrocyte hyper-
trophy. We further examined the molecular mechanism whereby
GSK-3p phosphorylation by ¢GKII regulates hypertrophic dif-
ferentiation of chondrocytes. Because GSK-3f is known to be a
negative regulator of B-catenin through its phosphorylation and
degradation (10), we compared the localization of B-catenin,
Ser9-phosphorylated GSK-3f, and total GSK-3f in the growth
plates of WT and Prkg2~~ litctermates. In the WT growth plate,
B-catenin as well as both GSK-3f proteins were localized mainly
in the cytoplasm of prehypertrophic chondrocytes (Figure 4A).
cGKII deficiency caused similar decreases in f-catenin and Ser9-
phosphorylated GSK-3 levels with little effect on the total GSK-3p
level in the abnormal intermediate layer. In cultured ATDCS cells,
cGKIL induced cytosolic accumulation of B-catenin after stimu-
lation by 8-bromo-cGMP, while cGKII-Akinase had a minimal
effect (Figure 4B). Overexpression of constitutively active cGKII
enhanced the promoter activity of the B-catenin target T cell fac-
tor (TCF), which ' was markedly suppressed by cotransfection of
GSK-3p5% (Figure 4C). Again; GSK-3p54 alone did not have an
effect, which indicates that an endogenous GSK-3f level is suf-
ficient for B-catenin suppression. We next examined the involve-
ment of a scaffolding peptide, Axin, which is known to associate
with GSK-3f:and promotes effective phosphorylation and deg-
radation of B-catenin under conditions of Wnt stimulation (10).
IP/IB analysis using HEK293 cells transfected with Myc-tagged
Axin and c¢GKII revealed that ¢cGKII formed a complex with Axin
and phosphorylated GSK-3f not only in the whole-cell lysates, but
also in the IP with Axin, suggesting some interaction between Set9
phosphorylation'and coupling with Axin in regulation of GSK-3p
by ¢GKII (Figure 4D).

In our previous study, we showed that ¢cGKII caused attenuation
of Sox9 transcriptional function through inhibition of nuclear
entry (9). Because Sox9 is known not only to induce chondrogenic
differentiation of mesenchymal cells, but also to prevent hyper-
trophic differentiation of chondrocytes (12), this may contribute
Volume 118 - Number7
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to the mechanism whereby cGKII promotes chondrocyte hyper-
trophy. However, inhibition of Sox9 nuclear entry by ¢GKII was
independent of phosphorylation of Sox9 itself, because ¢GKII
inhibited not only the nuclear entry of the WT Sox9, but also
that of the phosphorylation-deficient Sox9 mutants with serine-
to-alanine substitutions at putative phosphorylation sites Ser64
and Ser181 (Figure SA), which suggests that other phosphoryla-
tion targets of cGKII are important. We therefore examined the
involvement of GSK-3f phosphorylation in the inhibition of Sox9
nuclear entry by ¢cGKII. Neither addition of the GSK-3f inhibitor
LiCl nor overexpression of GSK-38594 altered c¢GKII-dependent
inhibition of Sox9 nuclear entry, which indicates that the inhibi-
tory effect of cGKII was independent of GSK-3f phosphorylation
by cGKII (Figure 5B).

We next assessed involvement of other putative signaling sys-
tems in ¢GKII action on chondrocyte hypertrophy. Although
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Figure 4
Mechanism underlying cGK!I/GSK-3p signaling in chondrocyte hyper-
trophy. (A) Localization of B-catenin, Ser9-phosphorylated GSK-38,
and total GSK-3B, as assessed by immunohistochemistry in the growth
plates of the proximal tibias of WT and Prkg2-- mice at 2 weeks of
age. Blue, red; green; and yellow bars indicate proliferative zone,
abnormal intermediate layer; hypertrophic zone, and primary spon-
giosa, respectively. Scale bars: 50 um. (B) Time course of B-catenin
protein level after stimulation by 8-bromo-cGMP, as assessed by 1B
in the cytosolic fraction of ATDCS cells with retroviral introduction of
cGKIi or cGKll-Akinase. (C) Promoter activity of the B-catenin target
TCEF, as assessed by luciferase (Luc) assay using TOPflash and FOP-
flash reporter plasmids in HEK293 cells transfected with constitutively
active cGKIl, GSK-38%%, or the control GEP (-). Data are mean + SD
fold change compared with control (~/=). *P.< 0.01 versus control.
#P <'0.01 versus constitutively active cGKIl alone. (D) Physical asso-
ciation of cGKIl and GSK-38 with Axin by IP/IB analysis. HEK293 cells
were transfected with Myc-tagged Axin (Myc-Axin) and/or ¢cGKIl, and
an-aliquot of the cell lysates underwent IP with the high-affinity anti—
c-Myc:antibody=coupled agarose as described: in:Methods. The IP
(Myc) or the whole-cell lysates underwent IB with an antibody to cGKIl,
Ser9-phosphorylated GSK-3p, GSK-38, or Myc.

Runx2 has previously been shown to be an important transcrip-
tion factor that induces hypertrophic differentiation of chondro-
cytes (13), its expression was visible in the abnormal intermediate
layer of the Prkg2 /- growth plate (Supplemental Figure 1A). In
addition, neither the mRNA level nor the subcellular localization
of Runx2 was altered by cGKII overexpression in cultured ATDCS
cells (Supplemental Figure 1, B and C).

EGF signaling has also been shown to be important for chon-
drocyte differentiation and endochondral ossification in mice
and humans (14). Considering that targeted overexpression of
CNP in chondrocytes counteracts dwatfism in a mouse model of
achondroplasia with activated FGF receptor 3 (15) and that the
mutant mice exhibit an elongated growth plate similar to that
of Prkg2~/- mice (16), there might be cross-talk between cGKII
and FGF signaling. Because FGF signaling stimulates MAPK or
STAT-1 signaling pathways, we examined the interaction of phos-
phorylation of Erk1, Erk2, p38 MAPK, JNK1, JNK2/3,and STAT-1.
Among these, FGF-2 most strongly phosphorylated Erkl and
Erk2; however; overexpression of ¢GKII affected none of these in
the presence or absence of FGF-2, indicating no apparent interac-
tion between cGKILand FGE;MAPK, or STAT-1 signaling (Supple-
mental Figure 2A).

Partial reversal of the skeletal abnormality in Prkg2-/- mice by GSK-3p
insufficiency. To test whether GSK-3P plays a role in mediating the
effect of cGKII-induced skeletal growth changes in vivo, we exam-
ined the effect of genetic insufficiency of GSK-38 on the skeletal
abnormality apparent in Prkg2~/- mice. Although Gsk3b7- mice
were embryonically lethal (17), Gsk3b*- mice developed and grew
normally (Supplemental Figure 3). We therefore crossed Prkg2-/-
mice with Gsk3b”~ mice to generate compound Prkg2/-Gsk3b*/~
mice. Radiographic analysis and total axial length measurement
showed that Prkg27-Gsk3b”- mice exhibited partial, but significant,
restoration (about 30%-40%) of the impaired skeletal growth of
Prkg2~-mice at 8, 12, and 16 weeks after birth (Figure 6; A-and B).
Measurement of skeletal length confirmed that the endochondral
ossification of femur, tibia, humerus, ulna, vertebra, and skull
were decreased by ¢cGKII deficiency, while skull width and clavicle
length — which are known to develop by endochondral and intra-
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Subcellular localization of Sox9. (A) Effect of cGKIil on:subcellular localization of Sox9 and the phosphorylation-deficient mutants at putative
phosphorylation sites at Ser64 (Sox9864A), Ser181 (Sox951814), or both (Sox9864A+S1814), Hel a cells were transfected with GFP, GFP-tagged
Sox9 (GFP-Sox9), or the GFP-tagged mutants in combination with cGKil or empty vector. Subcellular localization of Sox9 or the mutants was
determined by a fluorescent microscope. (B) Effect of LiCl treatment or GSK-3p39* transfection on.Sox9 subcellular localization in Hel a cells
cotransfected with GFP-tagged Sox9 in'combination with cGKII or empty vector. Scale bars: 10 um (A); 20 um (B, top); 5 um (B, bottom).

membranous ossification (11, 18) - were comparable to those of
WT littermates (Figure 6C). The genetic insufficiency of GSK-3
in the Prkg2/-Gsk3b”- mice partially, but significantly, restored the
impaired skeletal growth (about20%-40%). These findings indicate
that sufficient GSK-3f function is needed for skeletal growth and
endochondral ossification to be impaired by ¢cGKII deficiency.
Further histological analyses revealed that the elongated growth
plate and decreased COL10 expression in Prkg27~ mice were also
partially restored in the Prkg27-Gsk3b*~ mice (Figure 7, A and B).
In contrast; GSK-3f insufficiency did not alter skeletal growth
or growth plate parameters in WT or Prkg2*- mice, as shown in
Gsk3b- and compound Prkg2*~-Gsk3b*- mice, respectively (Sup-
plemental Figure 3). GSK-3p may therefore function specifically as
a mediator of ¢cGKII signaling, rather than generally in the regula-
tion of chondrocyte hypertrophy and endochondral ossification.

Discussion

Based on our previous finding that ¢GKII activity is essential for
the promotion of skeletal growth through hypertrophic differen-
tiation of growth plate chondrocytes (9), the results of our pres-
ent study initially identified GSK-38 as a likely substrate of this
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protein kinase. Figure 7C summarizes the mechanism underlying
chondrocyte hypertrophy by ¢GKII/GSK-3p signaling based on
the present and previous studies. cGKII phosphorylates GSK-3§
at Ser9 and inactivates it, which may contribute to the suppression
of B-catenin degradation, as previously reported (10). We and oth-
ers have reported that $-catenin/TCEF signaling causes stimulation
of hypertrophic differentiation of chondrocytes in vitro (19-22).
Inaddition, chondrocyte-specific inactivation of f-catenin in mice
results in dwarfism with delayed hypertrophic differentiation of
chondrocytes (23). Hence, the stabilization and accumulation of
f-catenin by cGKII/GSK-3p signaling in chondrocytes may lead to
hypertrophic differentiation, although the underlying molecular
mechanismdis still controversial.

Genetic rescue of impaired skeletal growth in Prkg2~~ mice by
suppression of GSK-3p was significant, but incomplete (Figures
6 and 7). This might be because GSK-3f haploinsufficiency was
inadequate to fully overcome the deficiency of ¢GKIL Indeed, cul-
tured Gsk3b*~ chondrocytes showed higher COL10 expression, but
similar ALP and MMP-13 expression, compared with WT cells,
while LiCl clearly increased all hypertrophic markers in the ATDCS
cell culture (Figure 3, A and C). We cannot exclude the possibil-
2511
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ity, however, of involvement of other mechanisms in the actions of
cGKII on chondrocyte hypertrophy. Although our previous study
showed that ¢GKII phosphorylated Sox9, an inhibitor of chondto-
cyte hypertrophy, and suppressed its nuclear entry (9), the present
study revealed that the subcellular translocation was not medi-
ated by the phosphorylation of Sox9 itself or of GSK-3p (Figure 5).
Besides Sox9 and GSK-3f, VASP and cysteine- and glycine-rich pro-
tein 2 have previously been reported as phosphorylation targets of
¢GKII in other types of cells (24). However, our luciferase assays
failed to show regulation of COL10 transcription by either‘gene
(Figure 2B and Supplemental Figure 2B}, suggesting the existence
of other phosphorylation targets of cGKII in the regulation of Sox9
translocation associated with chondrocyte hypertrophy. In addi-
tion, because Sox9 has previously been reported to physically inter-
act with B-catenin and to compete with its binding to TCF (23), the
downstream pathways of ¢cGKII through GSK-3fand Sox9 might
interact at the level of B-catenin during chondrocyte hypertrophy.

Chondrocyte hypertrophy in the growth plate is a rate-limit-
ing step for longitudinal skeletal growth (25), because this step
has been shown to be responsible for 40%-60% of endochondral
ossification, with the remainder caused by chondrocyte prolifera-
tion and matrix synthesis (26). Sox9 is a representative regulator
of this step, as are Runx2 (1, 13) and parathyroid hormone/para-
thyroid hormone-related protein (PTH/PTHP) (1, 27), uncovered
via recent advances in molecular genetics. The present study failed
to find interaction between ¢GKII and Runx2 (Supplemental Fig-
ure 1). Although PTH/PTHrP has previously been shown to be a
potent inhibitor of chondrocyte hypertrophy by the findings in
deficient and transgenic mice (1, 27), our previous study revealed
that neither expression levels of PTHrP and PTH/PTHTrP recep-
tor nor cAMP accumulation by PTH stimulation was altered by
¢GKII deficiency in chondrocytes (9). Hence, cGKII may regulate
chondrocyte hypertrophy by a mechanism independent of those of
Runx2 and PTH/PTH{P.
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VA

Figure 6
Genetic:-rescue: of growth retardation in
Prkg2-- mice by GSK-38 insufficiency. (A)
Radiographs of WT, Prkg2--, and Prkg2--
Gsk3b+- littermates.at 8 weeks of age. (B)
Time course of total axial length (from nose
to tail end) of the 3 genotypes from 3 1o 16
weeks of age. The recovery by the GSK-38
insufficiency in the Prkg2-- mice was
43.2%; 31.4%, and 41.9% at 8, 12, and 16
weeks, respectively. (C) Length of bones
of the 3 genotypes at 8 weeks of age. Per-
cent recovery was 21.7%, 18.3%; 24.3%,
16.2%, 24.3%, and 42.6% in femur, tibia,
humerus, ulna, vertebra, and skull length,
respectively. Data are mean + SD for 4-9
mice per genotype. *P. < 0.05 versus WT.
#P < 0.05 versus Prkg2-+-.
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In line with the view that ¢GKIl is a downstream mediator of
CNP, Nppc”- and Npr2-7/- mice also exhibit dwarfism (2). However,
unlike Prkg2-~ mice, which have an elongarted growth plate with an
abnormal intermediate layer, both Nppc/- mice and Npr27/- mice
showed thinned growth plates with chondrocytes arranged in a
regular columnar array. This may indicate the involvement of other
signaling pathways in CNP/GC-B-mediated endochondral ossi-
fication. In fact; the intracellular accumulation of cGMP catised
by CNP/GC-B signaling activates not only ¢GKII, but also other
downstream mediators, such as ¢GKI, cyclic nucleotide phospho-
diesterases, and cGMP-regulated ion channels (5, 28). Although
no skeletal abnormality has been reported in Prkgl~~ mice (8), it
would be helpful to investigate whether mice doubly deficient for
¢GKlI and cGKII mimic the phenotype of Nppc7~ or Npr2~- mice.
In addition, targeted overexpression of CNP in growth plate chon-
drocytes was reported to restore the achondroplastic bone with
FGF receptor 3 mutation through inhibition of the MAPK path-
way (15), which we found in the present study to be unrelated to
cGKII (Supplemental Figure 2A). Furthermore, cGKII functions
as an effector of cGMP that is activated not only by CNP, but also
by nitric oxide and other types of natriuretic peptides (S, 7, 28).
Although the fact that CNP was unable to affect chondrocyte dif-
ferentiation of skeletal growth in the absence of ¢cGKII either in
vitro or in vivo indicates a crucial role of ¢cGKII in CNP signaling
(29), CNP and c¢GKII are unlikely to function with a one-to-one
correspondence during endochondral ossification.

The abnormal elongation of the Prkg2~~ mouse growth plate was
apparent from 2 to 4 weeks after birth, but not before or after these
ages (Figure 1B). This observation suggests some compensatory
mechanisms for ¢GKII deficiency. Besides signaling via Runx2,
PTH/PTHIP, and the CNP-related factors described above, GSK-30.
(the other GSK-3 in mammals) might substitute for GSK-38,
because it was not found to be a phosphorylation target of ¢cGKII
(Figure 2D). Although there was no compensatory upregulation in
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Figure 7

Genetic rescue of growth plate abnormality in Prkg2--
mice by GSK-3 insufficiency. (A) H&E staining; Safra-
nin-O staining, BrdU labeling, and immunohistochemical
staining of COL10 in the tibial growth plates of 3-week-
old mice of the 3 genotypes. Blue, red, green, and yel-
low bars indicate proliferative zone, abnormal interme-
diate layer, hypertrophic zone, and primary spongiosa,
respectively. Boxed regions in COL10 panels are shown
at higher magnification to the right. Scale bars: 50 um.
(B) Height of the growth plates of the 3 genotypes. The
percentage recovery by the GSK-3p insufficiency was
36.0%. Data are mean + SD of 4 mice per genotype.
*P < 0.05 versus WT. #P < 0.05 versus Prkg2-. (C) Sche-
matic of the mechanism whereby cGKIi promotes growth
plate chondrocyte hypertrophy during skeletal growth.

GSK-3p%%, indicating the mediation of GSK-3§
phosphorylation at Ser9 in ¢cGKII/B-catenin signal-
ing (Figure 4C). Conversely, several reports showed
that GSK-3f inactivation causing B-catenin induc-
tion by Wnt stimulation depends not on Ser9 phos-
phorylation, but rather on coupling with the scaf-
folding protein, such as Axin (34, 35). The present
study, however, showed that ¢cGKII formed a complex
with Axin and further phosphorylated GSK-38 that
bound to Axin (Figure 4D), suggesting some inter-
action between Ser9 phosphorylation and coupling
with Axin in the regulation of GSK-3p by ¢GKIL In
fact, a previous report proposed that Wntsignaling,
similar to insulin/Akt signaling, induces GSK-38
phosphorylation via the interaction between the
signaling pathways both in neuronal PC12 cells and
in human embryonic kidney 293T cells (36). While
these findings imply a possible link between ¢cGKII/
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GSK-3 levels in cells lacking either GSK-3a or GSK-38, functional
redundancy of the 2 GSK-3 homologs in f-catenin/TCF-mediated
transcription was previously shown using an allelic series of embry-
onic stem cell lines (17, 30). In fact, Gsk3b*~ mice (Supplemental
Figure 3) and Gsk3a47- mice (31) showed normal skeletal develop-
ment and growth: Gsk3b~~ mice developed relatively normally
until late gestation, when massive liver apoptosis causes embry-
oniclethality (17); the implication of this finding is that GSK-3a
can compensate for GSK-3p deficiency in eatly stages of mouse
development, but cannot substitute for it in all respects. Hence,
the age-dependent balance between GSK-3c and GSK-3p might
explain the temporary growth plate abnormality in Prkg2~- mice.
GSK-3§ is known to be active under resting conditions and
inactivated upon stimulation by several signaling pathways, such
as Wnt and insulin/Ake; however, the role of phosphorylation of
GSK-3p remains controversial (32, 33). Our present results led
us to propose c¢GKII as a novel regulator of GSK-3f and showed
that the B-catenin activity enhanced by ¢GKII was suppressed by
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f-catenin and canonical Wnt/B-catenin signaling, we
note that there is no direct evidence of ¢GKII being
involved in the canonical Wnt pathway. We there-
fore believe that cGKII/B-catenin signaling, which is
dependent on GSK-3f phosphorylation, may have a
mechanism that is; atleast in part, distinct from that
of Writ/B-catenin signaling. Further studies will be
needed to clarify the details of GSK-3f-related signaling not only
in chondrocytes, but also in other cells.

We conclude that ¢cGKII promotes chondrocyte hypertrophy and
skeletal growth through phosphorylation and inactivation of GSK-3f.
For the application of this intracellular signaling to yield novel
therapeutics for skeletal disorders, we are now developing a gene
transfer system using biocompatible polyplex nanomicelles (37,
38). Further understanding of the molecular signaling related to
the ¢cGKII/GSK-3p axis, in combination with other putative signal-
ing systems, will greatly assist in unraveling the molecular network
that modulates endochondral ossification and skeletal growth.

Methods
Animals. The Prkg2~~ mice and Gsk3b"~ mice were maintained in a C57BL/6
background. To generate Prkg2/-Gsk3b*~ mice, Gsk3b*/- mice were mated with
the homozygous Prkg2-- mice to obtain Prkg2*”-Gsk3b”- mice, which were then
mated with each other. All experiments were performed on male mice and were
approved by the Animal Care and Use Committee of the University of Tokyo.
Volume 118~ Number 7
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Radiological and bistological analyses. Plain radiographs were taken using
a soft X-ray apparatus (Softex CMB-2; Softex). For histological analy-
ses, skeletons were fixed in 4% paraformaldehyde, decalcified with 10%
EDTA, embedded in paraffin, sectioned in 5-pum slices, and stained with
H&E or Safranin-O, according to standard procedures. For BrdU label-
ing, mice were injected intraperitoneally with BrdU (25 pg/g body weight)
2 h prior to sacrifice, and the sections were stained with a BrdU staining
kit (Zymed Laboratories) according to the manufacturer’s instructions.
In situ hybridization with nonradioactive probes was performed as pre-
viously described (39). For immunohistochemistry, antibodies to ¢GKII,
Ser9-phosphorylated GSK-38, MMP-13, Runx2 (1:50; Santa Cruz Biotech-
nology Inc.), GSK-3f (1:200; Chemicon), COL10 (1:1000; LSL), §-catenin
(1:100; Cell Signaling Technology), and respective nonimmune serums
were used, and the signal was derected with an HRP-conjugated secondary
antibody. For fluorescent visualization, a secondary antibody conjugated
with Alexa Fluor 488 (Invitrogen) was used.

Cell cultures. ATDCS cells were grown and maintained in DMEM and
F12 at a 1:1 ratio with 5% FBS. To induce hypertrophic differentiation,
the ATDCS cells were cultured in the presence of insulin, transferrin and
sodium selenite (ITS) supplement (Sigma-Aldrich) for 21 d as described
previously (40). We confirmed COL10 expression by real-time RT-PCR and
used the cells whose stage of differentiation was assumed to be prehyper-
trophic or hypertrophic. Primary chondrocytes were isolated by digestion
of E18.5 costal cartilage. Primary chondrocyres, HuH-7 cells, HEK293 cells,
and Hela cells were cultured in high-glticose DMEM with 10% FBS. Three-
dimensional alginate bead cultures of primary costal chondrocytes and
ATDCS cells were performed with or without LiCl (8 mM) for 72 hyand the
cells were analyzed as described previously (21). For immunocytochemistry
of primary costal chondrocytes, the cell colonies were fixed with 4%
paraformaldehyde, embedded in paraffin, sectioned in 5-pum slices; and
underwent immunostaining for COL10 and MMP-13 as described above.
For ALP staining, sections were fixed in 70% ethanol and stained for 10 min
with a solution containing 0.01% Naphthol AS-MX phosphate disodium
salt (Sigma-Aldrich), 1% N, N-dimethyl-formamide (Wako Pure Chemical
Industries Ltd.), atid 0.06% fast blue BB (Sigma-Aldrich).

In vitro kinase assay. ATDCS cells were cultured in the presence of ITS for
21 d to differentiate into prehypertrophic or hypertrophic chondrocytes,
as described above. The whole-cell lysate of the differentiated cells was pre-
pared using Cell Lysis Buffer (Cell Signaling Technology). The cell lysate or
recombinant GSK-3p (Upstate Biotechnology Inc.) was incubated with
recombinant ¢cGKII (Sigma-Aldrich) in a reaction buffer (Cell Signaling
Technology) containing 1.6 mM ATP and 100 uM 8-bromo-cGMP (Bio-
mol)at 30°C for 30 min. An equal amount of protein (15 jg) was subjected
to SDS-PAGE and transferred onto nitrocellulose membranes. IB was
then performed using primary antibodies to Ser9-phosphorylated GSK-38
(Cell Signaling Technology), GSK-3p (Chemicon), Ser21-phosphorylated
GSK-3a and GSK-3a (Cell Signaling Technology), and B-actin (Sigma-
Aldrich). The membrane was incubated with HRP-conjugated antibody
(Promega), and the immunoreactive proteins were visualized with ECL
Plus (Amersham Biosciences).

Plasmids and viral vectors. cDNA of caspase-9 (GenBank accession no.
NM_001229.1), Bad (NM_007522.2), PLK (NM_011121.3), p90RSK
(NM_009097.4), eNOS (NM_000603.3), GSK-3p (NM_002093.2),
VASP (NM_009499.1), cdc25 (NM_009860.2), and cysteine- and gly-
cine-rich protein 2 (CSRP2; NM_007792.3) was ligated into pCMV-HA
(Invitrogen). cDNA of rat ¢cGKII (NM_013012.1; nucleotides 48-2,333)
was ligated into pcDNA4HisA (Invitrogen). A PCR-amplified fragment
{nucleotides 48-1,403) was used to construct the cGKII-Akinase plasmid.
Plasmids encoding constitutively active human c¢GKII were kindly pro-
vided by B.M. Hogema (Erasmus University Medical Center, Rotterdam,
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The Netherlands; ref. 41). Axinl (NM_003502.2) was subcloned into
pCMV-Myc (Invitrogen) to introduce Myc epitope tags. cDNA of Sox9
(NM_000346.2) and Runx2 (NM_009820.3) was ligated into pEGFPC1
(Clontech) to generate GFP-tagged plasmids. To create phosphoryla-
tion-deficient mutants, GFP-tagged Sox9 plasmid and GSK-3f plasmid
were subjected to site-directed mutagenesis using the inverse PCR tech-
nique. All constructs were verified by sequencing. ¢cGKII, cGKII-Akinase,
GSK-385%, and control GFP retrovirus vectors were constructed using
pMx vector and plat-E cells as described previously (42).

Gene transfection. For the transient transfection, a total of 1 pg plas-
mid DNA was transfected using Fugene6 (Roche). For cotransfection,
all plasmids were added in an equal ratio. Total RNA was'isolated 72 h
after the transfection and used for the subsequent assays. For fluorescent
detection, HeLa cells were transiently transfected, and fluorescent images
were taken 24 h after transfection. To investigate the interaction of cGKII
and MAPK/STAT signaling, ATDCS cells were transfected with ¢GKII or
the empty vector, and FGF-2 (1 ng/ml) was added 72 h after transfection.
IB was then carried out using primary antibodies to p-Erk1/2, Erk1/2,
p-p38MAPK, p38MAPK, p-JNK2/3,JNK2/3, pJNK1,JNK1, p-STAT1, and
STAT1 (Cell Signaling Technology) as described above.

Real-time RT-PCR. Total RNA was reverse-transcribed with Multi-
Scribe RT (Applied Biosystems Inc.). Semiquantitative RT-PCR was
performed within an exponential phase of the amplification, with the
following primer sequences: caspase-9 forward, 5'-CGATGCAGGGT-
GCGCCTAGTGA-3'; caspase-9 reverse, 5" TGACCAGCTGCCTGGCCT-
GATC-3'; Bad forward, 5'-CCAGGTCTCCTGGGGAGCAACATTC-3;
Bad reverse, 5'-AGCTCCTCCTCCATCCCTTCATCC-3'; PLK forward,
5"-TGGCACTCCTAACTACATAGCTCCTGAGG-3"; PLK reverse,
5'-CGGAGGTAGGTCTCTTTTAGGCACGA-3'; p90RSK forward,
S'-GATTCTTCTGCGGTATGGCCA-3'; p90RSK reverse, 5'-TGCCG-
TAGGATCTTATCCAGCA-3"; eNOS forward, 5'-CTCGAGTGGTTTGCT-
GCCCTTG-3'; eNOS reverse, 5'-CAGGTCCCTCATGCCAATCTCTGA-3';
GSK-3f forward, 5'-CCAGTATAGATGTATGGTCTG-3"; GSK-3f reverse,
S“CTTGTTGGTGTTCCTAGG-3'; VASP forward, 5'-TTCCAGCCGGGC-
TACTGTGATG-3"; VASP reverse, 5'-CGGCCAACAACTCGGAAGGAGT-3';
cdc25 forward, 5'-GCACTGGAAAGGGTGGAGAGACTGG-3'; cdc25
reverse, S-CCTCTTCACTTGCAGGTGGGATAGG-3" Runx2 forward,
5'-CCCAGCCACCTTTACCTACA-3"; Runx2 reverse, 5" TATGGAGT-
GCTGCTGGTCTG-3'. Real-time RT-PCR was performed on an ABI
7700 Sequence Detection system {Applied Biosystems) using Quanti-
Tect SYBR Greent PCR Master Mix (Qiagen) with B-actin as the internal
control and the following primer sequences: COL10 forward, 5'-CATA-
AAGGGCCCACTTGCTA-3'; COL10 reverse; 5'-TGGCTGATATTCCT-
GGTGGT-3"; ALP forward, 5'-GCTGATCATTCCCACGTTTT-3';
ALP reverse, 5'-CTGGGCCTGGTAGTTGTTGT-3'; MMP-13 forward,
5'-AGGCCTTCAGAAAAGCCTTC-3'; MMP-13 reverse, 5'-TCCTTG-
GAGTGATCCAGACC-3'; B-actin forward; S'"-AGATGTGGATCAG-
CAAGCAG-3'; B-actin reverse, 5'-GCGCAAGTTAGGTTITGTCA-3". All
reactions were run in triplicate.

Luciferase reporter gene assay. The human COL10 promoter regions from
-4,459 bp relative to the transcriptional start site were cloned into the
pGL3-Basic vector (Promega). The TOPflash system (Upstate Biotechnol-
ogy Inc.) was used according to the manufacturer’s protocol. The lucif-
erase assay was performed with a dual-luciferase reporter assay system
(Promega) using a GloMax 96 Microplate Luminometer (Promega).

IP and IB assay. IP was performed with ProFound Myc Tag IP/Co-IP kits
(Pierce) according to the manufacturer’s protocol. Samples were prepared
using M-PER or NE-PER (Pierce) supplemented with 2 mM Na;VO, and
10 mM NaF according to the manufacturer’s protocol. Cell lysates were
incubated with the high-affinity anti-c-Myc antibody-coupled agarose
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at 4°C overnight. Immunocomplexes were washed 3 times with cold
wash solution. c-Myc-tagged proteins were eluted, and an equal amount
of each eluted sample (15 ug) was subjected to SDS-PAGE, transferred
onto nitrocellulose membranes, and subjected to IB using primary
antibodies to ¢GKII (Santa Cruz Biotechnology Inc.), GSK-3f and Ser9-
phosphorylated GSK-3p (Chemicon), and Myc tag (Upstate Biotechnol-
ogy Inc.). Immunoreactive proteins were visualized as described above.

Statistics. Means of groups were compared by ANOVA, and significance of
differences was determined by post-hoc testing by the Bonferroni method.
A Pvalue less than 0.05 was considered significant.
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The Distinct Role of the Runx Proteins in Chondrocyte
Differentiation and Intervertebral Disc Degeneration

Findings in Murine Models and in Human Disease
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Objective. Runx2 is a transcription factor that
regulates chondrocyte differentiation. This study was
undertaken to address the role of the different Runx
proteins. (Runxl, Runx2,; er Runx3) in chondrocyte
differentiation using chondrocyte-specific Runx-
transgenic mice, and to study the importance of the QA
domain of Runx2, which is involved in its transcrip-
tional activation.

Methods. Runx expression was analyzed in the
mouse embryo by in situ hybridization: Overexpression
of Runxl, Runx2 (lacking the QA domain [AQA]), or
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Runx3 was induced in chondrocytes in vivo, to produce
a(DII-Runxl, «a(1)II-Runx2AQA, and «(1)II-Runx3
mice, respectively, for histologic and molecular analy-
ses. Runx expression was also examined in an experi-
mental mouse model of mechanical stress-induced in-
tervertebral disc (IVD) degeneration and in human
patients with IVD degeneration.

Results. Runx1 expression was transiently ob-
served in condensations of mesenchymal cells, whereas
Runx2 and Runx3 were robustly expressed in prehyper-
trophic chondrocytes. Similar to «(1)II-Runx2 mice,
a(D)I-Runx2AQA  and: a(1)I1-Runx3 mice developed
ectopic mineralization of cartilage, but this was less
severe . in the a(1)II-Runx2AQA mice. In contrast,
«a(1)I-Runx1 mice:displayed no signs of ectopic miner-
alization. Surprisingly, a(1)II-Runxl and «(1)II-Runx2
mice developed scoliosis dute to IVD degeneration, char-
acterized by an accumulation of extracellular matrix
and ectopic chondrocyte -hypertrophy. During mouse
embryogenesis; Runx2, but not Runxl or Runx3, was
expressed in the IVDs. Moreover, both in the mouse
model of IVD degeneration and in human patients with
IVD degeneration, there was significant up-regulation of
Runx2 expression.

Conclusion. Each Runx protein has a distinct, yet
overlapping, role during chondrocyte differentiation.
Runx2 contributes to the pathogenesis of IVD degener-
ation.

Cells of the chondrocyte lineage play critical roles
at several stages of endochondral ossification (1). Chon-
drocytes are the first skeletal-specific cell type that can
be identified in the condensations of mesenchymal cells
that precede the development of skeletal elements (2).
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At these initial stages of development, chondrocytes
actively divide or proliferate, and express a specific
molecular marker, «1(II) collagen. Around embryonic
day 14.5 of mouse development, chondrocytes in the
center of these mesenchymal condensations become
hypertrophic and form 2 distinct cell populations: pre-
hypertrophic chondrocytes that continue to express
al(1I) collagen, and hypertrophic chondrocytes that exit
the cell cycle and express al(X) collagen as a specific
molecular marker (3). Hypertrophic chondrocytes re-
place the extracellular matrix with one that is permissive
to vascular invasion; this allows the entry of osteoblastic
cells. Subsequently, and at either end of a given skeletal
element, chondrocytes organize into columns, forming
growth-plate cartilage, which is responsible for linear
skeletal growth (1).

Major progress has been made, over the last
decade, in our understanding of the transcriptional
control of chondrocyte differentiation .. (2). Work . in
multiple laboratories has. established the critical role of
Sox9 (4), along with Sox5 and Sox6 (5), in the differen-
tiation of nonhypertrophic. chondrocytes. Meanwhile,
Runx2 (6-8), together with.Runx3 (9), has been shown to
favor. chondrocyte hypertrophy.. We previously. demon-
strated that continuous expression.of Runy2 in nonhyper-
trophic chondrocytes (herein comprising the a(1)II-Runx2
group. of mice) led to the development of ectopic hyper-
trophy of chondrocytes, followed by bone formation (7).

Runxl, the other member of the Runx family,
shares a highly. homologous DNA binding domain; the
runt domain, with Runx2 and Runx3. There are also
homologous regions N-terminal to the runt domain that
are common to Runxl, Runx2; and Runx3. Although the
last: 5;amino acids of all 3 Runx proteins: are identical,
Runx2 possesses. a unique QA domain composed of a
stretch of Q and A residues (10).

Currently, -it-is..unknown whether a-functional
hierarchy exists among Runx2, Runx3, and Runxl (10).
In addition, the significance of the QA domain of Runx2
in-inducing. chondrocyte: differentiation remains to-be
elucidated: Therefore; in the present. study, we.: gener-
ated transgenic mice that overexpressed Runxl or Runx3
or lacked:a QA domain in Runx2 (comprising the
a(D-Runxl, a(1)ll-Runx3, and: o(1)1-Runx2AQA
groups of mice, respectively). The mice were generated
using the identical promoter/enhancer construct that we
have previously used to specifically express Runx2 in
chondrocytes (7).

Our results showed that all 3 Runx genes were
expressed in cells of the chondrocyte lineage, but each
functioned differently in these cells. The a(1)II-Runx3
and a(1)II-Runx2AQA mice developed ectopic differen-
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tiation of hypertrophic chondrocytes in chondrocostal
cartilage, albeit to a lesser extent in the «(1)II-
Runx2AQA mice. Surprisingly, a(1)1I-Runx1 and «(1)I1-
Runx2 mice exhibited a kyphotic deformity of the verte-
brae due to intervertebral disc (IVD) degeneration. We
therefore studied an experimental mouse model of
mechanical stress-induced IVD degeneration, which
showed that Runx2, but not Runxl or Runx3, was
induced in the degenerated IVD. In addition, in human
patients with IVD degeneration, we found that Runx2
expression was up-regulated, thus substantiating the patho-
physiologic importance of Runx2 in the development of
IVD degeneration in humans. This study illustrates the
specific and distinct role of the Runx genes in physiologic
conditions such as chondrocytic differentiation, and in
pathologic conditions such as IVD degeneration.

MATERIALS AND METHODS

Generation of transgenic mice and analysis of trans-
gene expression. The a1(IT)-Runx1, al(11)-Runx3, and «1(1)-
Runx2AQA transgenes were obtained by subcloning Runxl,
Runx3, or Runx2AQA complementary DNA (¢cDNA) (11) into
an «1(II) collagen—expressing chondrocyte-specific promoter
cassette (7). Transgenic founders were obtained by pronuclear
injection into CS7BL/6 oocytes, as previously described (7).
We thus obtained multiple lines of transgenic mice with
identical phenotypes:in all groups except for the al1(II)-Runx3
mice. The Runx2-deficient mice were a generous gift from Dr.
M. Owen (12). Wild-type (WT) mice were purchased from
Jackson Laboratories (Bar Harbor, ME).

The genotypes of the mice were determined by poly-
merase chain reaction (PCR). (A list of the PCR primer
sequences is available upon request from the corresponding
author.) Chondrocyte RNA was extracted from chondrocostal
cartilage of the transgenic mouse embryos, using TRIzol
(Invitrogen, Carlsbad, CA), and was then reverse-transcribed
for cDNA synthesis. Expression of the transgene was analyzed
quantitatively by real-time quantitative PCR (MX3000P;
Stratagene, La Jolla, CA). Primers were designed against the
specific poly(A) region of the transgene, which' is common to
all'3 transgenes, namely 5'-GCGTGCATGCGACGTCATA-
GCTCTC-3" (forward) and 5'-GGTTCAGGGGGAGGTGT-
GGGAGG-3' (reverse). Four miice per group were analyzed.

Skeletal preparations. To prepare skeletal specimens
for analysis, groups of mouse skeletons were dissected at each
indicated time point of: development and skinned. Subse-
quently, -the skeletons were. fixed in 100% ethanol at 4°C
overnight, and stained with Alcian blue dye for 1 day followed
by staining with alizarin red solution according to the standard
protocol (7). Specimens were cleared in 50% glycerol/50%
ethanol until soft tissue staining was removed. Six mice per
group were analyzed, and identical phenotypes were observed.

Histology, in situ hybridization, and immunohisto-
chemistry. For histologic examination, tissue samples from the
embryos were immediately fixed in 4% paraformaldehyde/
phosphate buffered saline after dissection, dehydrated with
gradually increasing concentrations of ethanol, and embedded
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in paraffin. Tissue samples from adult mice were decalcified in
20% EDTA for 2 weeks after fixation before being embedded
in paraffin. Sections were. stained with 0.1% Safranin. O
(orange stain) to evaluate cartilage matrices, and 0.03% fast
green to evaluate morphologic features, as previously de-
scribed (13). In situ hybridization was performed using >>S-
labeled riboprobes according to the standard protocol as
described previously (7). Hybridizations were performed at 55°C.

Autoradiography . and..Hoechst. 33528 staining. were
performed as previously described (7). For staining with LacZ,
tails from Runx2-heterozygote mice were fixed in 0.2% para-
formaldehyde at room temperature for 30 minutes, and then
stained overnight in X-Gal solution as previously described (7).
The following day, samples were decalcified and processed for
histologic examination.

Immunohistochemistry was performed according to a
standard protocol (7). Anti-Runxl antibody (14) and anti-
al(X) collagen antibody were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA) and Cosmo Bio (Tokyo, Japan),
respectively. The anti-Runx2 and anti-Runx3 antibodies have
been described previously. (7,15).. Six .mice per group.were
analyzed, and identical phenotypes were observed.

Disc compression of mouse vertebrae and analysis of
IVDs in human patients. The vertebrae of 8-week-old female
WT mice were compressed as previously described, with minor
modifications (16). Briefly, the ninth and tenth caudal verte-
brae were percutaneously. punctured by.0.4-mm stainless: steel
pins and transfixed. Subsequently, the pins were instrumented
using elastic springs. After 1-4 weeks, the mice were dissected
and the vertebrae were examined histologically. Four mice per
group were analyzed, and identical phenotypes were observed.

The study protocol involving human patients was ap-
proved by a local ethics committee: Patients with IVD degen=
eration were classified according to an established grading
system (17). Patients with moderate disc degeneration (grade 3
to grade 4) (17) gave written informed consent for the collec-
tion of their RNA from the degencrated disc at the time of
surgery. As a control, we used patients with spinal cord injury
whose IVDs had no detectable damage. RNA was extracted
from the IVD samples and reverse-transcribed. Expression of
Runx2 was quantitatively analyzed by real-time quantitative
PCR.

RESULTS

Comparison of Runx1, Runx2, and Runx3 expres-
sion during mouse skeletal development. As an initial
way to-assess the. respective contribution of each of the
3 Runx genes to chondrocyte differentiation; we used in
situ hybridization to study their pattern of expression in
the developing mouse skeletons between embryonic day
12.5 and birth. The identity of the cells expressing each
Runx gene . was determined on adjacent tissue sections
using ‘different probes, as follows: «1(I) collagen as. a
marker of fibroblasts and osteoblasts, a1(IT) collagen as
a marker of proliferating and prehypertrophic chondro-
cytes, al(X) collagen as a marker of hypertrophic chon-
drocytes, and Indian hedgehog as a marker of prehyper-
trophic chondrocytes (18). This analysis was performed
in vertebrae and in long bones, since chondrocyte dif-
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ferentiation has been extensively studied on a molecular
level in both of these sites.

At embryonic day 12.5, Runx2 was expressed in
mesenchymal cells of the perichondrium of the verte-
brae (Figure 1A, arrow), but not in cells located in the
vertebral body. Expression of Runx2 was also observed
in cells of Meckel’s cartilage (results not shown). These
results indicate that at this stage of development, Runx?2
was expressed in prechondrogenic cells. Runxl, at em-
bryonic day 12.5, was expressed in «l1(II) collagen—
positive. cells of the perichondrium of the vertebrae
(Figure 1A, arrow), as well as in the dorsal root ganglia.
In contrast, Runx3 expiession was observed in chondro-
cytes in vertebral bodies (Figure 1A, arrowhead).

The chondrocytes of vertebral bodies strongly
expressed Indian hedgehog (Figure 1A), suggesting that
these chondrocytes were destined to become prehyper-
trophic.. At embryonic day 14.5 and at later stages of
embryonic development, Runx1 expression in chondro-
cytes was low, whereas Runx2 was expressed in the
prehypertrophic and hypertrophic chondrocytes, and
Runx3 was expressed in the prehypertrophic chondro-
cytes (Figures 1B and C and results not shown).

Results of these analyses demonstrate that all
Runx genes are expressed at some developmental point
in cells of the chondrocyte lineage. However, they have
a complex and dynamic pattern of expression during
chondrogenesis. These observations led us to examine
the role of each of the Runx proteins in chondrogenesis.

Generation of transgenic mice expressing Runx1
or Runx3 in nonhypertrophic chondrocytes throughout
development. We have previously shown that constitu-
tive expression of Runx2 in nonhypertrophic chondro-
cytes resulted in premature differentiation of hypertro-
phic chondrocytes in long bones and in ectopic
differentiation of hypertrophic chondrocytes in chondro-
costal cartilage (7). The high structural similarity of the
Runx proteins (Figure 2A) and their overlapping ex-
pression in chondrocytes. (Figure 1) prompted us to
examine the roles of Runxl and Runx3 in chondrocyte
differentiation. To accomplish this; we generated trans-
genic mice expressing either Runxl or Runx3 c¢cDNA
under the control of a 3-kb-long fragment of the mouse
al(1I) collagen promoter and its 3-kb—long chondrocyte-
specific enhancer (19) (Figure 2A); these transgenic
mice were termed al(II)-Runx1l and o1(IT)-Runx3 mice,
respectively.

The expression of the transgene in al(II)-
Runx1 or al(Il)-Runx3 mice was confirmed by real-
time quantitative PCR using RNA extracted from
transgenic embryos. Transgene expression was re-
stricted to the cartilage, and the expression level was
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Figure 1. Analysis of Rinx gene expression by in situ hybridization in the mouse vertebrae at embryonic day (E) 12.5 (A) and in the tibia (B) and
femur (C) at embryonic day 14.5. Adjacent sections of wild-type mouse embryos were hybridized with the indicated probes. Note the expression of
Runxi and Runx2 in condénsations of mesenchymal cells (arrow) (A), the broad expression of Runx2 in'nonhypertrophic chondrocytes (bracket)
(B and C), and the restricted expression of Runx3 in prehypertrophic chondrocytes (arrowheads) (A-C). Thh = Indian hedgehog.

comparable with that of the al(II)-Runx2 transgene
(Figure 2B). We obtained 2 lines for the «1(II)-Runx1
mice, and both lines were born at the expected
Mendelian ratio and showed no overt abnormalities at
birth (results not shown). In contrast, the ol(II)-Runx3
mice never survived until birth, and therefore analysis of
these mice was performed only on skeletal preparations
from transgenic embryos.
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Ectopic hypertrophic chondrocyte differentiation
and endochondral ossification in «l(II)-Runx3 em-
bryos, but not in a1(II)-Runx1 mice. In order to study
skeletal cell differentiation, we first used Alcian blue/
alizarin red to stain skeletal preparations (20). Alcian
blue stains were used to reveal demineralization of
cartilaginous matrices, while alizarin red stains showed
mineralization of cartilaginous and bony matrices.
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Figure 2. A and B, Generation of «1(IT)-Runy—transgenic mice. A, Left, Comparison of the structures of the Runx proteins, which share a highly
homologous runt domain. Right, Schematic representation of the construct used. Transgenic mice containing Runxl; Rum2AQA (lacking the QA
domain of Runx2), or Runx3 cDNA were generated under the control of a chondrocyte-specific al(II) collagen promoter/enhancer (Chond-Enh)
cassette. B, Left, Cartilage-specific expression of each transgene in'the «1(II)-Runxl and a1(II)-Runx3 mice: Hypoxanthine guanine phosphoribo-
syltransferase (Hprt) amplification was used as an internal control. Right, Quantitative analysis of transgene expression by real-time polymerase chain
reaction. Bars show the mean and SD. relative expression. C and D, Ectopic and accelerated mineralization of cartilage in «1(IT)-Runx mice as
compared with wild-type (WT) mice. C, Alcian blue/alizarin red staining of skeletal preparations at birth, revealing ectopically mineralized areas in
chondrocostal cartilage (arrow) and accelerated chondrocranium mineralization (arrowhead) in a1(I1)-Runx2 and a1(11)-Rusx3 niice; both of which
were lacking in WT and a1(IT)-Ruinx1 mice. D, Left, Histologic analysis of a1 (II)-Runx mice by Safranin O staining of sections through chondrocostal
cartilage, revealing the displacement of cartilage with bone marrow cavity in al(Il)-Runx2AQA mice, but not in «1(II)-Runx1 mice. Right, Alcian
blue/alizarin red staining of skeletal preparations from ol(II)-Runx2AQA mice at 1 month of age, revealing the restricted appearance of ectopic
mineralization (arrow).

The most striking phenotypic abnormality in the embryos stained red, indicating the existence of ectopic
al(ID-Runx3 embryos prebirth was ectopic calcification mineralization (Figure 2C, arrow). This phenotypic ab-
of the rib cage. In WT embryos, the frontal part of the normality was identical to that observed in the «1(II)-
rib cage, also called chondrocostal cartilage, never min- Runx2 mice (Figure 2C, arrow), and reflected the pres-
eralized during development or throughout life; since ence of hypertrophic chondrocytes (7). However, the
chondrocyte hypertrophy does not occur in this carti- onset and extent of this phenotype was earlier and more
lage. As a result, chondrocostal cartilage always stained severe in the al(Il)-Runx3 mice.
blue in WT embryos (Figure 2C) and in adult mice. In In contrast, neither the chondrocostal cartilage
contrast, the chondrocostal cartilage of ol(IT)-Runx3 nor the chondrocranium ever stained red in «l(II)-
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Runx1 mice at birth (Figure 2C). Consistent with the
absence of ectopic red staining in the Runxl mice at
birth, histologic examination of the chondrocostal carti-
lage of these mutant mice failed to reveal any evidence
of ectopic chondrocyte hypertrophy (Figure 2D). There-
fore, these results indicate that the different Runx
proteins each possess a distinct potential to induce
ectopic chondrocyte hypertrophy, in which Runx2 and
Runx3 can induce ectopic chondrocyte hypertrophy,
whereas Runx1 cannot.

In addition to the ectopic endochondral mineral-
ization observed, there was also premature endochon-
dral ossification in other areas of the skeleton, such as
the chondrocranium, in al(1I)-Runx3 and a1(11)-Runx2
mice (Figure 2C, arrowheads). In the «1(1)-Runx3 mice
at birth, the chondrocranium stained red and the head
circumferences were smaller, whereas the chondrocra-
nium of the WT mice stained blue. In contrast, in the
al(IT)-Runx1 mice at birth, the chondrocranium was
never observed to be mineralized (Figure 2C).

The histologic findings in the growth plate of
al(Il)-Runx1 mice were indistinguishable from those in
the growth plate of WT mice at all stages analyzed, in
the embryo and after birth (results not shown).  Thus;
Runx3 and Runx2, but not Runx1; possess the ability to
accelerate the normal program of chondrocyte differen-
tiation.

Potentiation of the ability of Runx2 to. induce
hypertrophic chondrocyte differentiation via the Runx2
QA domain. A unique glutamine-alanine (QA) motif
is present in the amino-terminus of the runt domain of
Runx2, but not in Runxl or Runx3 (Figure 2A). In
order to address the role of the QA domain in
chondrocyte differentiation, we generated transgenic
mice by inducing expression of a mutant form.of
Runx2 (11). in which the QA domain was lacking
(comprising the «1(II)-Runx2AQA- group of mice)
(Figure 2A). Surprisingly, these mice also developed
ectopic mineralization, similar to that observed. in the
al(Il)-Runx2 mice, at 1 month of age (Figure 2D), indi-
cating that the chondrocyte ditferentiation ability of Runx2
does not lie solely in this domain.

Histologically, the mineralized cartilage in
al(ID)-Runx2AQA mice was ectopically invaded by the
bone marrow cavity (Figure 2D). However, whereas
most of the male a1 (IT)-Runx2 mice died perinatally (13
of 14 transgenic mice) due to ectopic mineralization of
the rib cage, none of the a1({II)-Runx2AQA mice (0 of 14
transgenic mice) died before the age of 1 month. More-
over, the extent of ectopic mineralization was signifi-
cantly less severe in al(Il)-Runx2AQA mice than in
al(I1)-Runx2 mice. These results suggest that, although
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the QA domain of Runx2 is not essential, it does potentiate
the ability of Runx2 to differentiate chondrocytes.

Evidence of IVD degeneration in «l(II)-Runxl
and al(IT)-Runx2 mice. Since o1(Il)-Runx1 mice had a
normal lifespan, we investigated whether Runx1 plays
other roles in the chondrocyte later in life. Surprisingly,
starting at 3 months of age, 52% of the «l1(II)-Runxl
mice (12 of 23 mice) developed kyphosis and scoliosis
(P < 0.01 versus WT mice); by 6 months of age, all of the
male and female al(II)-Runxl mice exhibited these
features. In.contrast, no.such abnormalities were ob-
served in WT mice. Radiographic evaluation revealed
deformities of the vertebrae and IVD degeneration in
the «1(11)-Runx1 mice (Figure 3A). This phenotype led
us to analyze the integrity of the IVDs in these trans-
genic mice.

Histologic analysis showed that the IVDs of the
WT mice were composed of 3 different tissue types:
cartilaginous endplate’ of adjacent vertebrae bodies,
outer annulus fibrosus, which is composed of dense,
spatially oriented «l(I) collagen fibrils, and inner
nucleus pulposus, a notochord remnant (21) that is
mostly (80-90%) composed of water (Figure 3B). In
the al(Il)-Runx1 mice, there was ectopic accumula-
tion of extracellular matrix in the IVDs at ~3 months
of age (Figure 3B), although the mice had not shown
any abnormalities at | month of age (results not
shown). In addition, Schmorl’s node, an abnormal
herniation of fibrocartilaginous tissue through the
endplate and, thus, a hallmark of endplate degenera-
tion, was also observed in ol(II)-Runxl mice at 3
months of age (Figure 3D, arrow). At 6 months of age,
the organized structure of the annulus fibrosus was
lost, and the inner nucleus was totally replaced by
extracellular matrices. and had become dehydrated
(Figure 3B, arrow). Also, clusters. of hypertrophic
chondrocytes stained positive by immunohistochemis-
try for a1(X) collagen (Figure 3C, arrow), although
this had never been observed in the WT mice.

To determine whether this was a specific feature
of Runx! or whether other Runx proteins could- also
affect the integrity of the IVD later in life, we analyzed
adult «1(I1)-Runx2 mice. Similar to that observed in the
al(I)-Runx1 mice, the al(I)-Runx2 mice that survived
perinatally also developed IVD degeneration by 3 months
of age (Figures 3A and B, arrow). Histologically, there
was ectopic differentiation of hypertrophic chondrocytes
in the TVDs of the a1(II)-Runx2 mice (Figure 3C, arrow),
as was observed in the al(I)-Runxl mice. Collectively,
these results indicate that when the Runx proteins are
overexpressed, they can affect IVD integrity.



2770

a1()Runx1

SATO ET AL

al(ll)Runx2

Figure 3, Intervertebral disc (IVD) degeneration in al(II)-Runx1 and «1(II)-Runx2 mice. A,y Radiographic analysis of the vertebrae at 3 months revealed
marked scoliosis in the IVDs of o1(II)-Rurx mice as compared with wild-type (WT) mice. B=D, Coronally cut sections of the IVDs, along with adjacent
vertebral bodies, were assessed histologically by Safranin O staining (B and D), and by immunohistochemistry (C), which showed ectopic al(X) collagen
expression, Note the progressive degeneration of the IVDs and displacement by extracellular matrix in the a1(Il)-Runxt and al(I1)-Runx2 mice (arrow)
(B and C), and the protrusion of the IVD (arrow) through the endplate into the columnar growth plate (bracket) in al(II}-Runx1 mice (D).

Induction of Runx gene expression in the carti-
laginous endplate following weight loading. The fact
that there were phenotypic abnormalities in adult
al(I)-Runx1 and al(II)-Runx2 mice suggested that the
Runx proteins may have an as yet unappreciated func-
tion in the IVD. To address this question, we first
analyzed the expression of Runx genes in IVDs during
embryonic development. At embryonic day 16.5, all of
the Runx genes were expressed in specific regions of the
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vertebral body and/or the IVD (Figure 4A). Runx1 was
mainly expressed in the primary ossification center.
Runx2 was also expressed in the ossification center, in
chondrocytes and cells surrounding the prospective
IVD. Runx3 was specifically expressed in prehypertro-
phic chondrocytes.

We also analyzed the expression of each Runx
protein by immunohistochemistry, which revealed iden-
tical patterns of expression between the 3 proteins
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Figure 4. Expression of Runx2 in intervertebral discs (IVDs). Adjacent sections of wild-type mouse embryos at embronic day 16.5 were assessed
by in situ hybridization using the indicated probes (A), and by immunohistochemical analysis (B and C). Note the expression of Runx2 in the
prospective IVD (bracket) (A and B). Immunohistochemical analysis of the IVDs after birth revealed that Runy2 was not expressed in the wild-type

mice at 3 months of age, but was expressed at 1 year (arrow) (C).

(Figure 4B). These analyses showed that Runx2 was the
only member of the family that was physiologically
expressed in the prospective [VD.

We next analyzed Runx2 expression in the IVDs
of WT mice after birth. Whereas the expression of
Runx2 in the IVDs was close to background values at 1
month and 3 months of age (results not shown and
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Figure 4C), it had increased in the endplate of the IVDs
of WT mice at 1 year (Figure 4C, arrow).

Since the overexpression of Runxl or Runx2 led
to degeneration of the IVD, and Runx2 protein was
detected in the IVD, we tested whether Runx1 or Runx?2
induces IVD degradation in pathologic conditions. To
test this possibility, we analyzed the biomechanical func-
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Figure 5. Evaluation of intervertebral disc (IVD) degeneration in mice and humans. A, Induction of Runx2 expression by mechanical compression
in a mouse model of IVD degeneration. Caudal vertebrae from 2-month-old wild-type mice were compressed by an elastic spring, and then assessed
by radiography (left), histology (middle), and immunohistochemistry (with Safranin O staining) (right). The compressed IVDs showed degeneration
and ectopic «l(X) collagen expression (right). B, Immunohistochemical analysis of the expression of Runx proteins in adjacent sections of the
compressed vertebrae. Note the specific induction of Runx2 in the endplate of the compressed vertebrae (arrow), with coexpression of al(X)
collagen. C, Induction of Runx2 mRNA expression by compression. Vertebrae from Runx2*/~ mice were compressed and analyzed by LacZ staining.
Note the specific induction of Runx2 mRNA in the endplate (arrow). D, Up-regulation of Runx2 in human patients with IVD degeneration.
Quantitative polymerase chain reaction showed that Runx2 expression was significantly up-regulated in patients with IVD degeneration compared

with unaffected control subjects.

tion of the IVDs of WT mice in a model of mechanical
stress—induced compression, the most frequent cause of
IVD degeneration. For. this test, we transfixed the
vertebral body with steel wire and instrumenting elastics
for 4 weeks (Figure 5A), and compared Runx protein
accumulation before and after compression.

After compression of the IVDs, typical disc degen-
eration was observed, in the form of a damaged endplate
and massive induction of cells positive for type X collagen,
which indicated the appearance of hypertrophic chondro-
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cytes (Figure SA). Runxl expression was undetectable
before and after compression (Figure 5B), suggesting that
Runx1 does not contribute to. IVD degeneration under
these conditions. Runx3 expression was observed after
compression, albeit at a very low level (Figure 5B). In sharp
contrast, there was strong induction of Runx2 protein
expression in the endplate after compression (Figure 5B,
arrow). Moreover, cells expressing Runx2 also expressed
al(X) collagen, indicative of the appearance of hypertro-
phic chondrocytes (Figure 5B).



