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Phosphorylation of GSK-3f by
cGMP-dependent protein kinase |l
promotes hypertrophic differentiation
of murine chondrocytes

Yosuke Kawasaki,' Fumitaka Kugimiya,' Hirotaka Chikuda,' Satoru Kamekura,' Toshiyuki lkeda,’
Naochiro Kawamura,' Taku Saito,' Yusuke Shinoda,' Akiro Higashikawa,' Fumiko Yano,'
Toru Ogasawara,' Naoshi Ogata,' Kazuto Hoshi,' Franz Hofmann,? James R. Woodgett,?
Kozo Nakamura,' Ung-il Chung,' and Hiroshi Kawaguchi'

1Sensory and Motor System Medicine, Faculty of Medicine, University of Tokyo, Tokyo, Japan. finstitut fir Pharmakoiogie und Toxikologie,
Technische Universitat Minchen, Munich, Germany. *Samuei Lunenfeld Research Institute, Toronto, Ontario, Canada.

cGMP-dependent protein kinase I (¢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-3[} (GSK-3[3; encoded by Gsk3b) as a principal
phosphorylation target of ¢GKIL In cultured mouse chondrocytes, phosphorylation-mediated inhibition of
GSK-3f 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[5.
Analyses of mice with compound deficiencies in both protein kinases (Prkg2 Gsk3b"") demonstrated that
the growth retardation and elon h plate associated with ¢GKII deficiency were parrially rescued by
haploinsufficiency of Gsk3b. We found that fi-catenin levels decreased in Prkg2 mice, while overexpression
of ¢GKII increased the accumulation and transactivation function of f-catenin in mouse chondroprogenitor
ATDCS cells. This effect was blocked by coexpression of phosphorylation-deficient GSK-3[}. These data indi-
cate that hypertrophic differentiation of growth plate chondrocytes during skeletal growth is promoted by
phosphorylation and inactivation of GSK-3f} by cGKIL

Introduction

Skeleral growth 1s achieved by endochondral ossificacion in the
groweh plare carrilage, with orderly columnar arrays of resting,
proliferative, and hypermrophic zones of chondrocyres. During
the process. chondracyres undergo proliferation, hypertrophic
differentiacion, and apoprosis, cach of which is regulared by dis-
nnct molecular signaling systems (1). Among them, C-type nam-
ureric peptide (CNP; encoded by Nppe). a humoral facror char can
regulare a vaniery of homeostaric processes by binding che mem-
brane-bound guanylyl cyclase-coupled recepror B (GC-B; encoded
by Npr2), has been shown ro play importane roles in skeletal
growth, because mice deficient in eicher gene exhibic impaired
skeleral growth (2, 3). Loss-of-function mutations in Npr2 also
show dwarfism in patients known as acromesomelic dysplasia,
type Maroreaux (4), demonseraring the importance of CNP/GC-B

Noastandard abbreviations used: ALE. alkaline phospharase, Had BOL2 - ansagonse
of coll death; ede2S, cell drvspn cvvle 25 homplog oG, cGMP-dependent proten
kinase cGRI-Akinase, truncated CGKI proten that Licks the kinace domain; CNI®
Coryp nat e pepride; COLID, type X collagen: GC-B, guamyiyl odase: coupled
recepror B GSK-3L ghecogen withase kinase - 348 GSE- 35
cient mtant of GSK-Mywith 2 wmneo-alamine sulstitutson, PLE polo-like kinase
PHORSK, 90D riboscmal protein S6 kinase, PFTH, parathyroid hormaone; PTHP,
parathyroid hormone: related protein TCL, T eell factor VASP, vasadilator-stimu
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signaling in the skeletal growth of humans as well, This signal-
ing causes the intracellular accumulation of cGMP, which chen
activares cGMP-dependent protein kinases (¢GKs) (5). In mam-
malian cells, there are 2 cGK isoforms, ¢GKI and cGKI (encoded
by Prigl and Prkg2, respectively), which show distiner distribu-
nions and functions (6, 7). Although both are expressed in groweh
plate cartilage, Prkg2 — mice show postnaral dwarfism with abour
20%-30% reduction in the length of imbs and trunk (6), while
Prkgl  mice show a normal skeleron (8), indicaning thar only
cGKI is indispensable for skeletal growth.

cGKI is a membrane-bound serine/threonine kinase with a
cGMP-binding domam and a caralytic domain in the C rerminus
(7). In addirion to growth rerardarion resulting from ¢GKII defi-
ciency in mice, our previous positional cloning analysis identified
a delerion in Prig2, che rat gene encoding ¢GKIl, in the Komeda
mintarure rar Ishikawa (KMI), a naturally occurring murane rar,
which also exhibited dwarfism wirh 20%-30% shorter long bones
and vertebrae (9). The deletion resulted in a frame shift and a pre-
marure stop codon, predicting a rruncated ¢GKII protein char
lacks the kinase domain (cGKIl-Akinase), KMI rars show an elon-
gared growth plare, whose height is abour 2.5-fold thar of WT lit-
termates, This is caused by the existence of an abnormal intermpe
diate layer between the proliferanive and hypertrophic zones with
accumulation of few proliferanve or hypertrophic chondrocytes,
which indicates that the kinase acovaty of eGKII 1s necessary for
Number 7
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hypertrophic differentiation of growth plare chondrocytes (9)
o investigare the mechanism underlving cGKI kinase activiey
i chondrocyre hy pertrophy, in the present study we performed

a screen of its porennial phosphorylarion rargers and idenrified
glycogen synthase kinase-3 (GSK-3p: encoded by Gskib) as a sig

nificant phosphorylation targer of ¢GKIL Because the phosphory-
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Figure 1

Skelatal abnormality in Prkg2-— mice. (A) Gross appear-
ance and radiographs of femurs, tibias, lumbar vertebrae,
and skulls of WT and Prkg2— littermates al 8 weeks of
age. (B) Time course of H&E staining of the growth plates
in proximal tibias of the 2 genclypes 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 labal-
ing, and COL10 immunostaining of the growth plates in the
fourth lumbar vertebra of 2-waek-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 o
the right, Scale bars: 50 um.

lation of GSK-3p at Ser9 is known ro cause

we further examined rhe funcoional involvement of GSK-3f in the

1ts inacoivacion (10)

cGKIinduced hypertrophic differennanon of chondrocytes and

r mechanism. Qurresults demonstrared

investigated the underlyin

thar cGKIl promores chondrocyte hypertrophy and skeletal growth

through phosphorylanion and mactivanion of G5K-38
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Results
Growth plate abnormality m Prkg2?

mice. Prig?
natal dwarfism with short limbs and trunk compared with WT
lictermates (Figure 1A), as previously reporred (6). Radiographic
analysis ar 8 weeks of age revealed char the lengrhs of femur, ubia,
and verrebra, which are known to be primanily formed through

muice showed post-

endochondral ossification, were shorter in Prkg2 — mice. The lon-
gitudinal lengeh of the Prig2 - skull was also shorter, while the
width was comparable ro WT, This finding is probably areribue-
able ro 2 types of the skull growth via endochondral ossification
and intramembranous ossification (1 1), although rhis needs ro
be further investigated. The rime course of histological observa-
rion of the ribial growth plate revealed rhat the height was greater
i Prkg2 - than WT mice from 2 ro 4 weeks after birch but was
restored o alevel comparable ro that of WT mice by 8 weeks of age
{Figure 1B). As previously observed m KM rats (9), growth plate
elongation during these ages was caused by an abnormal inter-
mediate layer berween the proliferative and hypertrophic zones,
with accumulation of few proliferanve or hypertrophic chondro-
cvies, as derermined by BrdU uprake and expression of type X col-
lagen (COL10), respectively (Figure 1C), The growth plate of the
Prieg2 -~ vertebral bones also contaned the abnormal incermedi-
are laver, which was mrermirrently focal in the elongared growrh
plate (Figure 1D). These resules indicare that ¢cGKII is necessary for
hypertrophic differentiation of growth plate chondrocytes during

2508 The Journal of Clinical Investigation
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Figure 2

Identification of GSK-3f as a principal phosphorylation
target of cGKII during chondrocyte hypertrophy. (A) RT-
PCR of 8 candidate genas that were identified by the
serine/threonine kinase substrale array (Supplemental
Table 1) In cultured ATDCS cells in the prehypertrophic
or hypertrophic differentiation stage. (B) COL10 promoler
activity, as assessed by lransfection 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 Ihe phosphorylation of
racombinant GSK-3} at Serd by recombinant cGKII with
or without cGMP. Proteins were incubaled in the presence
of ATP, and the reaction products were analyzed by IB
using the same antibody to SerS-phosphorylated GSK-3f
(p-GSK-3%=") as that used in Supplemental Table 1.
(D) Phosphorylation of endogenous GSK-3)} at Ser9
and GSK-3u at Ser21 by cGKIl with ar withoul cGMP
in ATDCS 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 cGKII, total GSK-3f}, and Serg-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 cantrol),
Blue, green, and yellow bars indicate proliferative zone,
hypertrophic zone, and primary spongiosa, respectively.
Scale bars: 50 ym.

endochondral ossificarion for longirudinal growth of limbs and
rrunk noc only in rats, but also in mice,

Phosphorylation targets of cGKII i chondrocyte hypertrapiry. To inves-
tigate the mechanism underlying cGKII activiry in hypertrophic
differenniation of chondrocyres, we performed a screen of its phos-
phorylation targets by in vitro kinase assay using a serine/threo-
nine kinase substrate array. From 87 candidare peprides conraining
sermne/threonine phosphorylanon sites, we identified 8 substrates
thar were most strongly phosphorylated by ¢GKII: caspase-9, BCL2-
antagonist of cell dearh (Bad), polo-like kinase (PLK), 90-kDa ribo-
somal protein 56 kinase (pIORSK), eNOS, GSK-3f, vasodilaror-sam-
ulated phosphoprorein (VASP), and cell division cycle 25 homolog
(ede25) (Supplemental Table 1: supplemental material available
online wich this arnicle; don10.1172/]CI135243D51), All of these
molecules were confirmed to be expressed in mouse chondrogemic
ATDCS cells in the prehypercrophic or hypertrophic differencia-
tion stage (Figure 2A). However, a luciferase reporter assay revealed
that GSK-3p markedly suppressed COL10 promorer activiry,
while none of the other candidares had a significane effect (Figure
2R). These daca suggest chat GSK-3p might be functionally invalved
in chondrocyre hypertrophy, alchough iwolvement of the other fac-
tors cannor be ruled our. Direct phosphorylation of recombinant
GSK-3f8 ar Ser9, che crucial site for inactvation of GSK-3f (10), by
recombinant cGKII prorein was confirmed by in virro kinase assay
using the same anribody as the screening array above, and the phos-
July 2008
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phorylation was enhanced by the addinon of cGMP (Figure 2C).
Furthermore, endogenous GSK-3f in cell lysares of ATDCS cells was
phosphorylated ac Ser9 by recombinant cGRI prorein, which was fisr-
ther enhanced by the addition of cGMP. On the other hand, GSK-3a,
the closely relared isoform of GSK-3f, was not phosphorylated
by ¢GKII, nor were protein levels of GSK-3p and GSK-3a altered
by cGKIl or ¢cGMP (Figure 2D). Immunahistochemustry revealed
that ¢cGKII total GSK-3f), and Ser9-phosphorylated GSK-3f were
colocalized in prehypercrophic chondrocytes of the growth plare,
nui.\l:c.ﬂ‘lng the interaction of these molecules in vivo as well {Figure
2E). Compared with the respective nonimmune conrrols, the local-
izarion of Ser9-phosphorylared GSK-3f} appeared to be resericred
to those cells thar also produced cGKIL, whereas rotal GSK-3ff was
more broadly distribured, which supports the nonon thar ¢GKII is
an important regulator of GSK-3f phosphorylation

Regulation of chondrocyte bypertrophy by GSK-38. In the 3-dimen-
sional cultures of ATDCS cells and primary costal chondrocytes
in alginare beads, LiCl, a selecrive inhibiror of GSK-3f, stimulared
the expression of chondrocyte hypertrophic differentiation mark-
ers COL10, alkaline phosphatase (ALP), and MMP-13 and induced
morphological hypertrophy of the cells (Figure 3. A and B). COL10
expression also increased in cultured primary costal chondrocvtes
from Gsk3b"  mice compared with WT chondrocytes, while ALP
and MMP-13 levels were comparable berween the genotypes (Fig-
ure 3C). Introducnion of a constitutively active allele of ¢GKIL into
ATDCS cells snmulared expression of hypertrophic markers, and
this was attenuated by the coinrroduction of a phosphorylation-
deficient murtanc of GSK-3p with a senine-to-alanine substitution
(GSK-3(3%*%), which 1s known to have constrtunive activity (Figure
3D). These darademonsrrated thar Ser9 phosphorylarion of GSK-3f
is necessary for the induction of chondrocyre hypertrophy by
cGKIL The GSK-3p*" introducton alone altered none of the 3
markers (Figure 3D), which mdicates thar an endogenous GSK-33
level was sufficient for the suppression of chondrocyre hypertro-
phy mn this culture sysrem.
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Figure 3

Regulation of chondrocyte hyperrophy by GSK-3f,
{A) Effects of LiCl on mRNA levels of the hypertrophic
markers COL10, ALP, and MMP-13, as assessed by
real-time RT-PCR in ATDCS cells cultured in 3-dimen-
sional alginate beads. (B) EHects of LiCl on the hyper-
trophic markers, as assessed by immunocytochemistry
in primary costal chondrocytes cultured in 3-dimen-
sional alginate beads. For morphological comparnson,
sections of the representative colonies containing
4 cells were selected. Scale bars: 10 ym. (C) mRNA
levels of the hypertrophic markers, as assessed by
real-time RT-PCR In cultured costal chondrocyles 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-3{}*%*, or the control GFP ().
Data are mean + SD of the relative amount compared
with control ar WT. *P < 0.01 versus control or WT.
*P < 0.01 versus constitutively active cGKIl alone.

Mechanism sunderlyimg ¢GRI/ GSK-33 signaling im chondrocyte hyper-
trophy, We further examined the molecular mechanism whereby
GSK-3f phosphorylarion by ¢cGEKI regulates hypertrophic dit-
ferenniation of chondrocyres. Because GSK-3f is known to be a
negative regulator of f-catenin through its phosphorylation and
degradarion (10), we compared the localization of f-catenin,
Ser9-phosphorylated GSK-3f, and roral GSK-3f in the growth
plares of WT and Prkg2 * licrermares. In the WT growrh plare,
fi-carenin as well as boch GSK-3f proreins were localized mainly
in the cyroplasm of prehypertrophic chondrocytes (Figure 4A)
cGKII deficiency caused similar decreases in fcatenin and Ser9-
phosphorylated GSK-3p levels wath little effect on che toral GSK-3f
level in the abnormal intermediace Layer. In cultured ATDCS cells,
¢GRIl induced cytosolic accumulation of f-catemin after sumu-
lation by 8-bromo-cGMP, while cGKIIl-Akinase had a minimal
effect (Figure 4B). Overexpression of constitutively active cGKII
enhanced the promorer activiry of the ff-carenin rarger T cell fac-
tor (TCF), which was markedly suppressed by cotransfection of
GSK-3p74 (Figure 4C). Again, GSK-3p5"* alone did not have an
effect, which indicares thar an endogenous GSK-3f level is suf-
ficient for p-carenin suppression. We next examined the invaolve-
menr of a scaffolding pepride, Axin, which is known to associare
with GSK-3ff and promotes effective phosphorylacion and deg-
radarion of f-carenin under conditions of Wnr stimulation (10),
IP/1B analysis using HEK293 cells transfected with Myc-tagged
Axin and ¢GKII revealed thar cGKII formed a complex wirth Axin
and phosphorylated GSK-3f nor only in the whole-cell lysates, bur
also in the 1P with Axin, suggesting some interaction between Ser9
phosphorylation and coupling wich Axin in regulanion of GSK-3f
by cGKII (Figure 4D).

Inour previous study, we showed thar ¢GKII caused artenuation
of Sox9 rranseriprional funcron through intubition of nuclear
entry (9). Because Sox9 is known not only to induce chondrogenic
differentiation of mesenchymal cells, but also to prevent hyper-
rrophic differentiarion of chondrocyres (12), this may concribute
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o the mechanism whereby ¢GKII promotes chondrocyte hyper-
trophy. However, inhibition of Sox9 nuclear entry by ¢GKII was
independent of phosphorylanion of Sox9 irself, because cGKII
inhibired not only the nuclear entry of the WT Sox9, bur also
thar of the phosphorylation-deficient Sox9 murants with serine-
to-alamne substicucions ar putative phosphorylanion sites Ser64
and Ser181 (Figure 5A), which suggests thar other phosphoryla-
rion targets of ¢GKI are important. We therefore examined the
involvement of GSK-3f4 phosphorylanion in the inhibiton of Sox9
nuclear enery by ¢cGKIL Neither addition of the GSK-3f inhibiror
LiCl nor overexpression of GSK-3(° altered ¢GKIl-dependenr
mnhibition of Sox9 nuclear entry, which indicates that the mhibi-
wary effect of ¢GKII was independenr of GSK-3f phosphorylation
by ¢GKII (Figure 5B).

We next assessed mvolvement of other putanve signaling sys-
rems in ¢GKII action on chondrocyte hyperrrophy. Alchough
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Figure 4

Machanism underlying cGKIVGSK-3p signaling in chondrocyle hyper-
trophy. (A) Localization of fi-catenin, Ser8-phosphorylated GSK-3fi,
and total GSK-3ji, 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, hyperirophic zone, and primary spon-
giosa, respectively. Scale bars: 50 um, (B) Time course of (i-catenin
protein leval after stimulation by B-bromo-cGMP, as assessed by IB
In the cytesolic fraction of ATDCS cells with retroviral introduction of
cGKIl or cGKll-Akinase. (C) Promoter activity of the fi-catenin larget
TCF, as assessed by luciferase (Luc) assay using TOPflash and FOP-
fiash reporter plasmids in HEK293 cells translected with constitutively
active cGKIl, GSK-3{1"4, or the control GFP (-). Data are mean = 50
{old change compared with conirol (—/=). *P < 0.01 versus control.
*P < 0.01 versus active ¢GKIl alone, (D) Physical asso-
ciation of cGKIl and GSK-3{1 with Axin by IP/1B analysis. HEK293 cells
were translected with Myc-tagged Axin (Myc-Axin) and/or cGKII, and
an aliguot of the cell lysales underwent IP with the high-atfinity anti—
c-Myc antibody-coupled agarose as described in Methods. The IP
(Myg) or the whole-cell lysates underwent IB with an antibody to cGKII,
Serg-phosphorylated GSK-3f, GSK-3p, 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 Prikg2- - growth plare (Supplemental Figure 1A). In
addition, neither the mRNA level nor the subcellular localizanon
of Runx2 was altered by ¢GKII overexpression in cultured ATDCS
cells (Supplemental Figure 1, Band C).

FGF signaling has also been shown to be important for chon-
drocyre differentiation and endochondral ossification in mice
and humans (14), Considering char targeted overexpression of
CNP in chondrocytes counteracrs dwarfism in a mouse model of
achondroplasia with activated FGF receptor 3 (15) and thar the
murant mice exhibie an elongared growth plare similar ro thar
of Prig2 " mice (16), chere might be cross-talk berween ¢GKII
and FGF signaling. Because FGF signaling sumulates MAPK or
STAT-1 signaling parhways, we examined the interaction of phos-
phorvlarion of Erk1, Erk2, p38 MAPK, JNKI, INK2/3, and STAT-1.
Among these, FGF-2 most strongly phosphorylaced Erkl and
Erk2; however, overexpression of cGKII affecred none of these in
the presence or absence of FGF-2, indicating no apparent interac-
tion berween cGRILand FGF, MAPK, or STAT-1 signaling (Supple-
mental Figure 2A)

Partial reversal of the secletal abmarmality in Prig2: - mice by GSK-3}
insufficiency. To test whether GSK-3B plays a role in mediating the
effect of cGRI-induced skeletal growrh changes in vivo, we exam-
ined the effect of genetic insufficiency of GSK-3p on the skeletal
abnormality apparent in Prkg2 ~ muce. Although Gek3b — mice
were embryonically lerhal (17), Gsk3b™ - mice developed and grew
normally (Supplemental Figure 3). We therefore crossed Prig2
mice with Gskib' - mice 1o generare compound Prig2 - Gsk3b
muce. Radiographic analysis and total axial length measurement
showed that Prig2  Gele3b muce exhibited parvial, but significant,
restoration (abour 30%-40%) of the impaired skeletal growrh of
Prig2 - muce ar 8. 12, and 16 weeks after birch (Figure 6, Aand B).
Measurement of skeleral length confirmed that the endochondral
ossification of femur, ribia, humerus, ulna, vertebra, and skull
were decreased by cGKII deficiency, while skull wideh and clavicle
length — which are known to develop by endochondral and inrra-
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