Chikuda et al,

1997; Stewart et al. 2004} was limited to the boundary of
proliferative and hypertrophic zones in the wild-type
growth plate (Fig. 3A, a-p57%¥%), whereas in KMI the
p57%P .expressing cells were broadly and sporadically
scattered in the intermediate layer, suggesting a loss of
synchronized withdrawal from the cell cycle of the chon-
drocytes. Hence, the intermediate layer chondrocytes
were abnormal cells that had ceased proliferation but
had not started hypertrophic differentiation.

To examine whether cGKI has an important role gen-
erally for endochondral ossification, we compared the
healing process of bone fracture produced by a transverse
osteotomy and stabilized with an intramedullary nail at
the midshaft of tibiae of wild type and KMI (Shimoaka et
al. 2004}, X-ray analysis 2 wk after the fracture showed
substantial calcified callus formation in wild type,
which was rarely seen in KMI (Fig. 3B, X-ray). Time
course analyses of the calcified area and the bone min-
eral content {BMC] of the callus measured by a bone
densitometer revealed the impairment of endochondral
ossification in KMI at 2 wk and thereafter [Fig. 3C). His-
tological znalysis at 2 wk confirmed that endochondral
ossification was present in the wild-type fracture callus;
in KMI, however, massive uncalcified cartilagenous cal-
lus remained, although intramembranous ossification
from the periosteum was normally seen {Fig. 3B, HE}
When distributions of hypertrophic and proliferating
chondrocytes were examined by the COLL0 immuno-
staining and the BrdU uptake, respectively, the two kinds
of cells were located adjacent to each other in the wild-
type callus, indicating the tight coupling between prolif-
eration and hypertrophic differentiation in this model as
well {Fig. 3B, «-COL10 and BrdU). In the KMI callus,
there was an intermediate layer with an accumulation of
abnormal cells that were stained by neither marker (Fig.
3B, black bars|, as observed in the growth plate.

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

Functions of cultured chondrocytes from KMI
growth plate

To investigate the mechanism underlying the abnormal-
ity of chondrocytes due to the ¢cGKI deficiency, ex vivo
cultures of primary chondrocytes isolated from the
proximal growth plates of the wild-type and KMI tibiae
were performed. We first compared the time course of
cell proliferation determined by the growth curve for 8 d,
and found no significant difference between wild-type
and KMI chondrocytes {Fig. 4A). However, after 5 d of
culture when the chondrocytes became confluent, the
cell shape by the phase contrast image was different be-
tween wild type and KMI: The former was hexagonal
whereas the latter showed a spindle-shape appearance
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{Fig. 4B), ALP staining revealed that the EMI chondro-
cytes were less differentiated than wild type. In addition,
a real-time RT-PCR analysis revealed that the expres-
sion of COL10, a marker for hypertrophic differentiation,
was down-regulated in cultured KMI chondrocytes com-
pared to wild-type chondrocytes. To confirm the contri-
bution of cGKII to these abnormalities, ¢cGEIl was intro-
duced into cultured KMI chondrocytes using an adeno-
virus vector carrying the cGKII gene {Ax-cGKII. As a
result, the suppression of all of these differentiation
markers in the KMI culture was restored to those similar
to the wild-type culture, although introduction of the
same adenovirus vector without the cGKIT gene {Ax-vec-
tor} did not affect them [Fig. 4B),

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

¢GKII as an attenuator of Sox9 function

We further examined the involvement of ¢GKI in the
function of Sox9, a transcription factor that is known to
be essential for chondrogenic differentiation of mesen-
chymal cells {de Crombrugghe et al. 2001). Sox9 also
functions as a potent inhibitor of the hypertrophic dif-
ferentiation of chondrocytes [Akiyama et al. 2002), and
the expression disappears at the hypertrophic zone in the
growth plate {Huang et al. 2000). In line with previous
studies, our immunchistochemical study confirmed the
lack of Sox9 localization in the hypertrophic zone of the
wild-type growth plate; however, nuclear localization of
S0x9 was clearly visible in the abnormal intermediate
layer of the KMI growth plate {Fig. 5A).

To assess the possible interaction between ¢GKII and
S0x9, we performed transfection experiments with plas-
mids encoding ¢cGKII and/or Sox% in cell culture sys-
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Figure 4, Functions of cultured chondro-
cytes from wild type and KMI, {A) Growth
curves of wild-type (WT) and KMI chondro-
cytes isolated from the growth plate. Data
are mean (symbols) + S.E.M. lerror bars) of
six dishes/genotype. Lack of significant dif-
ference between the genotypes was con-
firmed in five independent experiments. [B)
Differentiation of wild-type (WT} and KMI

staining
Ratatlve
<oLid
Rulative mRNA
COLI0

mRNA 0.5

¢
Control

chondrocytes determined by the phase con-
trast image, ALP staining, and COLI10O
mRNA level determined by real-time quan-
titative RT-PCR cultured for 5, 21, and 28
d, respectively. As a rescue experiment, an
adenovirus vector carrying the c¢GKIT gene
{Ax-cGKII) or that without the c¢GRII gene
{Ax-vector) was introduced into KMI chon-
drocytes. [Top panel) The ¢GKIO mRNA
level is shown by RT-PCR. COL10 mRNA
levels are mean (bars} + §.E.M. {error bars)
of the relative amount of mRNA compared
to that of wild type of six wells/group. [*}
P < 0.05 vs, wild type. {C} PTH/PTHIP sig-
naling determined by the dose-response ef-
fects of PTH {10-!! to 10"* M) on cAMP
accumulation in wild-type (WT) and KMI
chondrocytes, Data are mean (symbols] =
S.E.M. [error bars| of the percentages of

CNP BMP-2

maximal cAMP activation for six wells/genotype. Lack of significant difference between the genotypes was confirmed in three
independent experiments. The PTHP and PTH/PTHIP receptor [PPR) mRNA levels are shown by RT-PCR as an inset. | D] Effects of
CNP (100 nM] and BMP-2 {100 ng/mL) on the ALP activity and COLI0 mRNA level determined by real-time quantitative RT-PCR
in the wild-type {WT) and KMI chondrocyte cultures for 21 and 28 d, respectively. Data are mean {bars) + S.E.M. {error bars} of six

wellsfgroup. [*) P < 0.01 vs. wild type.

tems. Initially, to know the effects of ¢GKII and So0x9 on
the hypertrophic differentiation of chondrocytes, we ex-
amined the COL10 expression in cultured mouse chon-
drogenic ATDCS cells [Fig. 5B; Shukunami et al. 1996},
In the monolayer culture, the baseline of the COL10
level was low and little zltered by the Sox9 transfection;
however, in the three-dimensional culture, ATDCS cells
differentiated into hypertrophic chondrocytes with
COLI10 expression in the presence of insulin, as reported
previously [Seki et al. 2003). The Sox9 transfection was
confirmed to reduce the COL10 mRMA level, and the
cotransfection with cGEKII restored it to the control level.
In addition, transfection with Sox9 was also confirmed
to show an -10-fold increase in the type I collagen
{COL2) mRNA level in human nonchondrogenic hepa-
tomna HuH-7 cells, and cotransfection with ¢cGKII signifi-
cantly suppressed the Sox9-induced COL2 expression
{Fig. 5C|. These results suggest a novel function of cGKII
as an attenuator of the Sox9 actions: inhibition of hyper-
trophic differentiation and stimulation of chondrogenic
differentiation. We further examined the effects of mu-
tated cGKII: one derived from KMI {cGRKII-KMTI) and the
other lacking the entire kinase domain [cGKII-Akinase)
in the respective cultures (Fig. 5B,C). Neither of the mu-
tant ¢cGKIls restored the Sox9-inhibited COL10 level nor
suppressed the Sox9-induced COL?2, implicating that the
kinase activity of ¢cGKI was indispensable for the at-
tenuation of the Sox9 function. Hence, we next exam-

"~

ined the involvement of phosphorylation of Sox9 in the
action of cGKIL The consensus amino acid sequence for
phosphorylation by ¢GKII is RRXS/TX where either § or
T is the phosphorylation site {Hofmann 1995), and a
single consensus sequence was detected at Ser 181 {§181)
in the human Sox9. Immunoblot analysis with a phos-
phorylation-specific antibody revealed that the ¢GKII co-
transfection stimulated the phosphorylation of trans-
fected Sox9 at $181 in HuH-7 cells (Fig. 5D, top panel).
To learn the functional relevance of the Sox9 phosphory-
lation by cGKII, we generated a phosphorylation-defi-
cient Sox9 vector {Sox95'#14] by introducing serine-to-
alanine substitutions at $181. The $o0x9%'81A transfec-
tion induced the COL2 expression to a level similar to
that of the wild-type Sox9 in HuH-7 cells (Fig, 5D, bot-
tom panel). Interestingly, the cGKII cotransfection de-
creased the COL2 induction by the Sox95'8'A simjlarly
to that by the wild-type Sox9, indicating that the phos-
phorylation of Sox9 itself is dispensable for the attenua-
tion of the Sox9 function by ¢GKIL

To clarify the mechanism underlying the attenuation
of the Sox9 signaling by ¢GKII, we examined the subcel-
lular localization of Sox9. Fluorescent images of Hela
cells transfected with the plasmid encoding GFP-Sox9
revealed that Sox? is predominantly localized in the
nucleus, in agreement with previous reports (Fig. 6A;
Huang et al. 2001). When c¢GKII was cotransfected, Sox9
became localized not only in the nucleus, but also in the
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Figure 5. Regulation of Sox9 function and phosphorylation by cGKIL |A) Immunohistochemical stainings with an anti-Sox9 antibody
in the growth plates of the proximal tibiae of wild type (WT} and KMI at 10 wk of age. Inset boxes in the middle two panels indicate
the regions of the respective right panels, Blue, black, red, and green bars indicate layers of proliferative zone, abnormal intermediate
zone, hypertrophic zone, and primary spongiosa, respectively. Bax, 50 pm. (B} COL10 mRNA levels by the transfection with the
plasmid encoding Sox9 determined by real-time quantitative RT-PCR. in cultured ATDCS cells cotransfected with the empty vector
{control), the expression vectors of ¢GKII {1, 3 and 10 pg), cGKI-KMI (10 ug), and ¢GRH-Akinase {10 pg) in the monolayer culture
{Mono) and three-dimensional alginate beads culture {3D] in the chondrogenic medium with insulin. Data are mean (bars) £ S.EM.
{error bars] of six wells/group. (#) P < 0.01, significant inhibition by Sox9. [*} P <0.01, significant stimulation by ¢GEKIL. [C] Induction
of COL2Z mRNA by the Sox9 transfection determined by real-time quantitative RT-PCR in culeured HuH-7 cells cotransfected with
the empty vector {control], the expression vectors of wild-type cGKII [cGEIT), the mutated cGEI lacking exons 4 and § {cGRIE-KMI),
and that lacking the kinase domain {¢GEKII-Akinase}. Data are mean (bars} =+ SEM [crror bars) of six wells/group. [#] P < 0.01, significant
stimulation by Sox9. [*) P < 0.01, significant inhibition by ¢GKII. (D, top} Immunoblotting with an anti-phosho-Sox9 antibody (e-
pSox9] in cultured HuH.7 cells transfected with wild-type Sox9 or phosphorylation-deficient Sox9 (Sox9%!8!4), Blottings with anti-p-
actin [a-actin) were used as loading control. [Bottom| Induction of COL2 mRNA by the transfection with Sox9 or Sox9518!A determined
by real-time quantitative RT-PCR in cultured HuH-7 cells in combination with the ¢GRI expression vector {+] or the empty vector
{~}. Data are mean [bars) + S.E.M. {error bars) of six wells/group. (#} P < 0.0, significant stimulation by Sox9. [*) P < 0.01, significant

inhibition by ¢GKIL

cytoplasm. Addition of leptomycin B, an inhibitor of
CRM-1-dependent nuclear export {Gasca et al. 2002),
failed to restore the altered localization of Sox9, suggest-
ing that ¢GEIl attenuated the nuclear entry of Sox9
rather than enhanced its export from the nucleus. As
¢GXI also altered the subcellular localization of phos-
phorylation-deficient Sox9 [Sox9%'8!) in a similar man-
ner, phosphorylation at §181 was shown to be dispens-
able for this regulatory mechanism. Interestingly, the
subcellular localization of Sox5 and Sox§, critical part-
ners of 50x9, was not affected by ¢GKII (Fig. 6A). The
altered subcellular localization of Sox9 was confirmed by
an immunoblot analysis: the ¢GKII cotransfection in-
creased the Sox9 protein level in the eytoplasmic frac-
tion although it decreased that in the nuclear fraction
(Fig. 6B}, To determine whether or not the attenuated
Sox9 signaling by cGKII was attributable to the de-
creased nuclear entry of Sox9, we fused Sox9 with §V40-
derived nuclear localization signal [Sox9-3xNLS),
thereby forcing Sox9 to localize in the nucleus. The
cGKII cotransfection was unable to keep the Sox9 in the
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cytoplasm in HeLa cells (Fig. 6C, left panel). In this con-
dition, the inhibitory effect of ¢GKIH on the Sox9-in-
duced COL2 expression was greatly alleviated, indicat-
ing that ¢GKII attenuated the Sox9 function mainly, if
not exclusively, by interfering with its nuclear entry (Fig.
6C, right panel}. To further examine the change of Sox9
subcellular localization in the KMI chondrocytes, we ad-
enovirally transduced cultured primary chondrocytes
from wild-type and KMI growth plates with GFP-S0x9.
Treatment with the cGMP analog 8-bromo-cGMP inhib-
ited nuclear entry of Sox9 in wild-type cells, whereas it
did not in KMI cells. CNP, a putative upstream molecule
of ¢cGKII, showed a similar effect on the Sox9 subcellular
localization in wild-type cells, but not in KMI cells {Fig.
6D). Finally, we examined the effects of the silencing of
Sox9 through RNA interference (RNAi} on the cultured
growth plate chondrocytes from KMI (Fig. 6E). The im-
paired differentiation of EMI chondrocytes determined
by the ALP staining and the COLI0 mRNA level was
reversed by the retrovirus-mediated introduction of Sox9
BRNAi. Taken together, these results demonstrate that
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Figure 6. Regulation of Sox9 function and
subcellular localization by ¢GKIL {A) Fluores-
cent images of Hela cells cotransfected with
cGKII and Sox9, Sox5, or Sox6. Cells were
transfected with plasmids encoding GFP,
GFP-tagged Sox% (GFP-Sox9) in the presence
and absence of a nucleaz export inhibitor lep-
tomycin (LMB; 2 ng/mL), and GFP-Sox9518!A,
GFP-So0x5, and GFP-Sox6 in combination
with the c¢GEKIl expression vector or the
empty vector {control]. (B) Subcellular local-
ization of 80x9 in Hela cells by immunoblot-
ting. GFP-S0x9 was cotransfected with the
cGKII expression vector or the empty vector
{control). The Sox9 protein levels in the total
cell lysate {T), cytoplasmic fraction (C), and
nuclear fraction [N] were determined by im-
muncblotting with an anti-GFP antibody (a-
GFP}. Blottings with anti-p-actin (a-actin}
were used as loading controls. (C, left} Fluo-

Rx-vector

Rx-SoxSRMNAL

Control - Re-wpclor Rx-SoadRNAL
KM

rescent images of Hela cells transfected with
the nuclear-localizing Sox? vector. Three tan-
dem repeats of SV40-derived nuclear localiz-
ing signal (NLS) were introduced into the
GFP-Sox9 vector (GFP-Sox9-3xNLS). Cells
were transfected with the GFP-Sox9-3xNLS
in combination with the ¢GKI expressing
vector or the empty vector (control]. {Right)
Induction of COL2 mRNA by the GFP-Sox9-
3xNLS transfection determined by real-time
quantitative RT-PCR in cultured HuH-7 cells
cotransfected with the ¢GKI expression vec-

tor {+] or the empty vector {-). Data are mean bars} + 5.E.M. |error bars) of six wells/group. [#] P < .01, significant stimulation by
GFP-S0x9-3xNLS, (D} Fluorescent images of wild-type (WT) and KMI growth plate chondrocytes transduced with GEP-Sox9 adenovirus
vector. Primary chondrocytes were cultured in the presence and absence of 8-Bromo-cGMP (100 uM] or CNP {100 nM). {E) Effects of
the silencing of Sox? through RNAi on the ALP staining and the COL10 mRNA level determined by real-time quantitative RT-PCR
in the KMI chondrocyte culture for 21 and 28 d, respectively, The Sox9 RNAi was introduced into KMI chondrocytes using an
retrovirus vector carrying the Sox9 RNA{ gene [Rx-Sox9RNAI]. Retrovirus vector without the the Sox9 RNAI gene {Rx-vector] was
used as control. Data are mean (bars) = S.E.M. [error bars] of six wells/group. [*} P < 0.01 vs. wild type.

the cGKII dysfunction in KMI impaired the hypertrophic
differentiation of chondrocytes through enhancement of
the Sox? signaling. :

Discussion

Although postproliferative chondrocytes immediately
undergo hypertrophic differentiation during endochon-
dral ossification, little has been known about the mo-
lecular mechanism that couples the cessation of prolif-
eration and the start of hypertrophy, The present study
for the first time identified a novel role of ¢cGKII as a
molecular switch for the coupling. The study began with
the identification of 2 mutation in the ¢GKII gene caus-
ing the longitudinal growth retardation of a rat dwarf
model, KMI. Analyses of the growth plate and the bone
fracture callus of KMI revealed that the cessation of pro-
liferation and the start of hypertrophic differentiation of
chondrocytes were dissociated. Cultures of KMI chon-
drocytes confirmed that the ¢GKII dysfunction impairs
the synchronized switching from proliferation to hyper-
trophic differentiation. This KMI chondrocyte abnormal-

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

Physiological function of ¢GKII

In mammalian cells, at least three receptors for cGMP
are present, that is, cGMP-regulated PDEs, cyclic
nucleotide-gated cation channels, and ¢GKs {Ruth 1999).
Mammalian ¢GKs exist as two isoforms, cGKI and cGKO
(Hofmann et al. 2000). Whereas the ¢GKI is expressed at
high levels in all types of smooth muscle, platelets, and
cerebellar cells, cGKII is expressed in the intestinal mu-
cosa, juxtaglomerular cells of the kidney, and chondro-
cytes (Pfeifer et al, 1996}. The widespread expression of
cGKs is mirrored by the diversity of their functions,
which establish these enzymes as major mediators of the
¢GMP signaling cascade. Studies on the ablation of the
genes disclosed the pivotal tasks of these enzymes under
in vivo conditions {Pfeifer et al. 1996, 1998]. cGKII-defi-
cient [¢GKII-~| mice were reported to develop dwarfism
postnatally, which was caused by a severe defect in en-
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dochondral ossification at the growth plates [Pfeifer et al,
1996]. Although the phenotypes were quite similar to
those of KMI, the abnormal population of chondrocytes
in the ¢GKII""~ growth plate was though to constitute a
hypertrophic zone with patches of nonhypertrophic cells
intermingled with hypertrophic chondrocytes. Our more
detailed histological examination of the KMI growth
plate clearly showed that these cells were postmitotic
but nonhypertrophic chondrocytes. Further examina-
tion:s of the ¢GRII/~ growth plate would probably reveal
similar findings confinming the unique role of cGKII in
the coupling of chondrocyte proliferation and differen-
tiation.

cGKII and CNP signaling

CNP is a positive regulator of endochondral ossification
through the intracellular accumulation of cGMP, which
activates different signaling mediators such as cyclic
nuclectide phosphodiesterases, cGMP-regulated ion
channels, and cGKs [Fowkes and McArdle 2000|. Among
them, cGKII is reported to play a critical role in the CNP
action on endochondral ossification, because targeted ex-
pression of CNP in the growth plate chondrocytes failed
to rescue the skeletal defect of cGKII™~ mice (Miyazawa
et al. 2002). This notion was supported by the present
findings that CNP neither reverses the impaired differ-
entiation (Fig. 4D) nor inhibits the Sox9 nuclear entry
{Fig. 6D) in cultured KMI chondrocytes. However, there
is a marked difference between CNP~" and cGKII-/-
mice in the histology of the growth plate [Pfeifer et al.
1996; Chusho et al. 2001): the growth plate of the former
is reduced in height with the chondrocytes arranged in a
regular columnar array, whereas that of the latter is in-
creased in height. This may indicate the involvement of
other signaling pathway(s) in the CNP-mediated endo-
chondral ossification. In fact, a recent report showed that
targeted overexpression of CNP in chondrocytes pre-
vented the shortening of achondroplastic bones through
inhibition of the mitogen-activated protein [MAP| ki-
nase pathway of activated fibroblast growth factor recep-
tor 3 signaling in the growth plate {Yasoda et al. 2004). In
addition, the possibility of the involvement of ¢GKI can-
not be ruled out, although no skeletal abnormality has
been reported in ¢cGKI™/~ mice (Pfeifer et al. 1998). It
would be helpful to investigate whether mice doubly de-
ficient for ¢GRI and ¢GRI mimic the phenotype of
CNP'- mice.

¢GKII and PTH/PTHrP signaling

Targeted expression of a constitutively active PTH/
PTHYP receptor delays endochondral ossification
through ligand-independent constitutive cAMP accumu-
lation and the subsequent cAMP-dependent protein ki-
nase {cAK] activation {Schipani et al. 1997). The growth
plate histology of the transgenic mice expressing a con-
stitutively active PTH/PTHrP receptor is characterized
by the irregular and broadened zone lacking the COL10
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expression, which is similar to that of KMI and ¢cGKII--
mice. In the present study, however, neither the expres-
sion levels of PTHrP and PTH/PTHIP receptor nor the
¢AMP accumulation by PTH stimulation was enhanced
in the cultured KMI chondrocytes. It is therefore specu-
lated that the ¢GKII and PTH/PTHiP/cAK signaling
pathways independently coordinate to control the rate of
chondrocytic differentiation as an accelerator and a de-
celerator, respectively.

Regulation of Sox9 actions by ¢cGKII

In addition to its essential roles in early mesenchymal
condensation and development of premature chondro-
cytes, Sox9 is reported to prevent hypertrophic differen-
tiation of chondrocytes [de Crombrugghe et al. 2001;
Akiyama et al. 2002). Although the present findings
demonstrated that cGKII maintains the hypertrophy by
attenuating the Sox9 activity, the molecular mechanism
remains to be clarified in more detail. The fact that
cGET lacking the kinase activity did not suppress the
Sox9 function suggests that phospherylation by ¢GRI is
required for the regulation of Sox9 activity. Although
cGEI enhanced the phosphorylation of S0x9 at $181,
which has been known to be a phosphorylation target for
PKA signaling {Huang et al. 2000), the attenuation of
Sox9 by ¢GKII was not dependent on the phosphoryla-
tion at this site (Fig. 5D). Along with S181, Ser 64 (564) is
also known to be a phosphorylation target for PEA
(Huang et al. 2000}; however, this site does not contain
the consensus sequence for phosphorylation by c¢GKI
[RRXS/TX]. In addition, cGKII suppressed the COL2 in-
duction in cultured HuH-7 cells transfected with 2 phos-
phorylation-deficient Sox9 vector at this site [Sox955%4)
as with the wild-type Sox9 or Sox95'8!4 {data not
shown), indicating that the direct phosphorylation of
Sox9 is dispensable for its attenuation by ¢GKII. Several
lines of evidence indicated that transcriptional factors of
the Sox family are regulated by subcellular distribution
(Sudbeck and Scherer 1997; Harley et al. 2003}, The pres-
ent findings also indicate that ¢cGKII attenuates the Sox9
function at least in part by inhibiting its nuclear entry.
Because this ¢GKIl effect was seen in cells transfected
with the phosphorylation-deficient Sox9, the phosphery-
lation and the nuclear entry of Sox9 were independent,
although both were affected by ¢GKI. Hence, there seem
to be other phosphorylation target molecules that medi-
ate cGKII signaling. Sox genes including S0x9 require
partner molecules that enhance or suppress transcrip-
tional activities. For example, Sox5 and Sox6 coopera-
tively work with Sox9 and activate several cartilage ma-
trix genes {Lefebvre and deCrombugghe 1998); however,
our computer search found no amino acid sequence in
Sox5 or Sox6 for a ¢cGKI phosphorylation site liks §181
in Sox9. Furthermaore, our results revealed that their sub-
cellular localizations were not altered by cGKII (Fig. 6A),
suggesting that it is unlikely that Sox5 and Sox4 are the
direct target of cGKIL It was recently revealed that the
dimerization of Sox9 is critical for its several target
genes. Sox9 contains a dimerization domain and binds



cooperatively as a dimer in the presence of the DNA
enhancer element in genes involved in chondrocyte dif-
ferentiation, such as CQOL9, COLI1, and CD-Rap {Sock
et al. 2003). Because in vitro-transcripted Sox9 was un-
able to form a DNA-dependent dimer {Lefebvre et al.
1998), there must be cofactor(s) that mediate the dimer-
ization of Sox%. Although phosphorylation of these part-
ner molecules remains to be resolved, one of these mol-
ecules might be a direct or indirect phosphorylational
target of cGKII.

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

Materials and methods

Genetic mapping

Heterozygous {BN x KMI-mri/mri} F1 rats were backerossed to
EMI-mri/mri homozygous rats to obtain backeross progeny (241
homozygotes among 475 backcross progeny]. Animals were
genotyped with SSLP markers [Rat Genome Database, http://
rgd.mew.edu). The segrepation patterns of the markers were
analyzed with the Map Manager computer program. The rat-
mouse-human comparative map was constructed based on the
data obtained from the following databases: RatMap [hetp://
ratmap.gen.gu.se), Mouse Genome Informatics {http://fwww.
informatics.jax.org}, and University of California at Santa Cruz
Genome Browser (http:/fgenome.ucsc.edul),

Positional candidate cloning of the mri locus

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

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

In vitro kinase assay

Wild-type and KMI brain extracts {40 ug) were prepared using
T-PER (Pierce]. Kinase activity was determined by the phos-
phorylation of biotinylated substrate peptide {250 M, Biotynyl-
REKISASEFDRPLR-CH, Bachem| in the presence of PKI {2 nM,
Sigma} and 8-bromo-cGMP {100 uM| for 30 min at 30°C using
the AUSA Universal Protein Kinase Assay Kit [TRANSBIO).

Histological analysis

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

€GKII for chondrocyte hypertraphy

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

In vivo BrdU labeling

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

Fracture model

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

Analysis of growth plate chondrocytes

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

Plasmids and viral vectors

cDNA, of rat ¢GKII [nuclectides 48-2333) was ligated into
pcDNA4HisA (Invitrogen). A PCR-amplified fragment {nucleo-
tides 48-1403) was used to construct the ¢GKII-Akinase vec-
tor. Full-length human SoxS, Sox5, and Sox? were ligated into
pEGFPC1 [Clontech) to generate GFP-tagged plasmids. To cre-
ate amino acid change (S181A and S64A), GFP-Sox? plasmid
was subjected to site-directed mutagenesis using the inverse
PCR technique. To construct nuclear-localizing GFP-Sox9 vec-
tor {Sox9-3xNLS), a three-tandem repeat of SV40-derived
nuclear localizing signal was ligated into pEGFPCI. All con-
structs were verified by sequencing. ¢GKIH and GFP-Sox9 ad-
enovirus vectors were constructed using the Adeno-X Expres-
sion System {BD Biosciences), according to the manufacturer's
protocol. RINAI sequence was designed for the rat Sox9 gene
{nucleotides 190219, ABO73720.1) as described {Kawasald and
Taira 2003} and ligated into pIGENEtRNA vector {iGENE
Therapeutics). RNAi sequence combined with premotor was
then inserted into pMx vector {Kitamura 1998], and retroviral
vector was generated using plat-E cells {Morita et al, 2000,

Cell culture and transient transfection

HuH-7 and HeLa were cultured in DMEM supplemented with
10% FBS. ATDCS was maintained as described (Shukunami et
al. 1996). For transient transfection, a total of 1 ug plasmid DNA
was transfected using FuGENEG {Roche}. In cotransfection, all

GENES & DEVELOPMENT 2427



Ui

Chikuda et al.

plasmids were added in an equal ratio. §-bromo-cGMP (100 M,
BioMol) was added 4 h after transfection. Total RNA was iso-
lated 72 h after transfection and subjected to real-time PCR
analysis. For fluorescent detection, Hela cells were transiently
transfected and fluorescent images were taken 24 h after trans-
fection. Cells were incubated with 2.5 ng/mL leptomycin B
{Sigma) for the last 3 h when required, For the differentiation
assay, ATDCS5 cells were transiently cotransfected with Sox9
wvector {3 pg) and a2 designated amount of ¢cGEI vector. Two days
after transfection, 2 three-dimensional alginate beads culture
was performed as described {Seki et al. 2003) in the presence of
8-bromo-cGMP (100 pM} and ITS supplement [Sigma), RNA
was isolated 7 d after transfection and subjected to real-time
PCR analysis.

Western blotting

Samples were prepared using M-PER {Pierce) or NE-PER {Pierce}
supplemented with Na,Vo, [2 mM), NaF {10 mM], and aprotinin
{10 pg/mL] following the manufacturer's protocol. An equal
amount {20 ug) of protein was subjected to SDS-PAGE, and
transferred onto PVDF membranes. Anti-EGFP antibody [Clon-
tech} and anti-Sox9 (ps'®!) phosphospecific antibody (BioSource)
were used. The membrane was incubated with HRP-conjugated
sccondary antibody [Promega). Immunoreactive proteins were
visualized by ECL {Amersham).

PTH-induced cAMP accumulation

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

Statistical analysis

Means of groups were compared by ANOVA, and significance
of differences was determined by post-hoc testing with
Bonferroni’s method.
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The short double-stranded RNA species, called short interference
RNA (siRNA), can be used to silence the gene expression in a
sequence-specific manmer in a process that is known as RNA
interference (RNA).! It has become a useful method for the analysis
of gene functions and holds the significant possibility of therapeutic
application. However, to promote an efficient gene knockdown,
especially in an in vivo situation, two substantia) issues must be
considered: tolerability under physiological conditions and en-
hanced cellular uptake. Thus, the development of effective siRNA
delivery systems is required,

Recently, a new delivery system of plasmid DNA and oligo-
nucleotides has been developed, based on the micellar assembly
of the poly-ion complex (PIC) of these compounds with block
copolymers consisting of poly(ethylene glycol) (PEG) and poly-
cation segments, leading to the self-assembled structure with a
core—shell architecture (PIC micelles).? Their excellent properties
for in vivo DNA delivery have been confirmed so far:? 2 diameter
around 100 nm with a PEG palisade which enables complexes to
avoid recognition by reticuloendothelial systems, increased nuclease
resistance, increased tolerance under physiological conditions, and
the excellent gene expression in a serum-containing medium.*

We now describe the structural design of a novel block catiomer-
based PIC particularly available for siRNA delivery. PEG—poly-
(3-[(3-aminepropyl}amino]propylaspartamide (PEG-DPT; PEG,
12 000 g/mo), polymerization degree of DPT segment, 68), carrying
a diamine side chain with distinctive pX,, was newly synthesized
by a side-chain aminolysis reaction of PEG—poly(S-benzyl-L-
aspartate) block copolymer (PEG-PBLA) with dipropylene triamine
(DPT) (Figure 1A and Figure $1{ in the Supporting Information).
A model compound of 2 DPT unit, fert-butoxycarbonyl-3-N-3-(3-
aminopropyl)aminopropylamide-a-N-propyl-(L)-aspartamide (Bog-
Asp(DPT)-Pr), was also synthesized (see Supporting Information)
to determine the pX, values of the amino groups.

Boc-Asp(DPT)-Pr clearly gave a two-stage pH—a curve (Figure
1B), from which the pKX,, values of the primary and secondary amino
groups were determined to be 9.9 and 6.4, respectively. Amino
groups in the PIC of polyamine with polynucleotides including
siRNA genenlly undergo facilitated protonation due to the zipper
effect or the neighboring group effect during the complexation
process, hampering the proton buffering or the proton sponge

- capacity. The unique feature of PEG-DPT is the regulated location
of primary and secondary amino groups in the side chain: the
former, with higher pX,, settles at the distal end of the side chain
to participate in the lon complex formation with phosphate groups
in siRNA molecule, whereas the latter, with lower pX,, located
closer to the polymer backbone, is expected to leave a substantial
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Figure 1. (A) Chemical structure of PEG-DPT. (B) Change in protonation
depree (o) with pH for Boc-Asp(DPT)-Pr.
fraction of unprotonated form even in the complex, presumably
due to the lower protonation power and the spatial restriction,
directing to the enhanced intracellular activity of siRNA through
the buffering capacity in the endosomal compartment.

The formation of the siRNA complex with the PEG-DPT was
confirmed by polyacrylamide gel electrophoresis (PAGE) and the
ethidium bromide (EtBr} exclusion assay (see Figure S2 in the
Supporting Information). Note that intercalators such as EtBr bind
the double-stranded (ds) RNA in the same fashion as dsDNA.S The
free siRNA disappeared at the N/P ratio (= [total amines in cationic
segment]/[siRNA phosphates]) >2, in line with a substantial
fluorescence quenching of EtBr at N/P = 2 due to the inaccessibility
of EtBr to the complexed siRNA with PEG-DPT. Furthermore, the
EtBr assay highlights the distinctive role of primary and secondary
amino groups of the side chain in the complex. The PIC of the
double-stranded oligo DNA, composed of sequences similar to the
GL3 targeting siRNA, with PEG—poly(3-dimethylamiro)propyl
aspartamide (PEG-DMAPA; pK, ~ 7.9, see Figure S3 for chemical
structure), revealed a lower degree of EtBr quenching compared
to the PEG-DPT/ds-oligo DNA PIC, even in the region of excess
N/P ratios (sce Figure S4), suggesting that the presence of
unprotonated amino groups in the former may hamper the tight
association, PEG—poly(L-lysine) (PEG-PLL; pX, = 9.37, see Figure
53 for chemical structure) induced EtBr quenching as significantly
as PEG-DPT upon complexation with the ds-oligo DNA, vet the
quenching leveled off at the stoichiometric N/P ratio (N/P = 1.0}
(Figure §4). This is in sharp contrast with the PEG-DPT/ds-oligo
DNA complex, which showed leveling-off behavior of EtBr
quenching at N/P = 2.0, suggesting that secondary amines with
the lower pX, may be excluded from the ion complexation with
oligonucleotides,

These distinctive features of the PEG-DPT, PEG-DMAPA, and
PEG-PLL complexes indeed correlated with their gene knockdown
abilities. For this evaluation, the GL3 luciferase gene was targeted

10.1021/Ja047174r CCC: $27.50 @ 2004 American Chemical Society
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Figure 2. GL3J luciferase gene knockdown (1 = 4; £SD).

after transfecting two kinds of luciferase pDNAs (pGL3 and pRL;
Promega) to HuH-7 cells. The expression ratio of GL3/RL was
used as the knockdown marker.

Each complex system showed a sufficient knockdown of the GL3
luciferase, while neither the naked siRNA nor the nontargeting
siRNA showed any knockdown (Figure 2). Thus, these results
should be recognized as the veritable RNAi by the GL3-targeting
siRNA delivered into the cytoplasm, Notably, the gene lmockdown
abilities of the SIRNA/PEG-DPT complex were superior to those
of the other two complexes, especially at higher N/P ratios. At
N/P = 10, it showed morc than an 80% knockdown, which
exceeded the commercial RNAiFect. The cell viability evaluated
by MTT assay was more than 75% of the mock cells, even after
co-incubation with siRNA/PEG-DPT with N/P = 10 (sec Figure
55), suggesting the toxic effect to be eliminated, The siRNA/PEG-
DMAPA complexes showed knockdown abilities to a lesser extent,
Apparently, the loosely associated nature of siRNA, suggested by
the EtBr exclusion assay, is unfavorable for facilitating an effective
intracellular delivery of intact siRNA. PEG-PLL showed a con-
siderable knockdown ability in the low N/P region, yet no particular
enhancement with the increase in the N/P ratios. High efficacy of
PEG-DPT may be characterized by the existence of additional
secondary amines with a lower pX, to promote the internalization
of the siRNA molecules into the cytoplasin through buffering of
the endosomal cavity, as is the case with the polyethylenimine-
based polyplex that shows an enhanced tranfection efficiency at
the higher N/P ratios.®

A serum incubation study was then performed to evaluate the
complex stability under physioclogical conditions by incubating the
complexes in 50% serum at 37 °C prior to transfection, The siRNA/
PEG-DPT complexes showed comparable abilities of gene knock-
down, even after co-incubation with serum for 30 min (Figure 3A).
In contrast, the lipid-based RNAiFect system was significantly
influenced by the serum incubation, probably due to the nonspecific
association with serum proteins. Thus, these results highlighted the
excellent feasibility of the PEG-DPT/siRNA complex, particularly
under physiological conditions due to the segregation of siRNA
into the PEG microenvironment,

The results of the endogenous gene knockdown were more
fascinating. For this purpose, a cytoskeletal protein, Lamin A/C,
was targeted.! The PEG-DPT system showed a significant gene
knockdown of Lamin A/C mRNA, even after a 30-min preincu-
bation in 50% serum, evaluated by the real-time RT-PCR analysis.
Notably, in 293T cells, the expression was suppressed to the level
of 20% of mock samples, which significantly exceeded the ability
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Figure 3. (A) GL3 knockdown by siRNA complexes after serum

co-incubation with serumn. (B) Endogenous gene (Lamin A/C) knockdown
after co-incubation (n = 4; £SD).

of the RNAiFect (Figure 3B). A similar trend was also observed
in HuH-7 cells. However, neither the PEG-PLL nor PEG-DMAPA
system showed any gene knockdown (data not shown). As Lamin
AJC is assumed to abundantly express inside the cells, the threshold
level of the siRNA's introduction that is necessary to show the
inhibition of gene expression should be significantly higher than
in the case of the luciferase cotransfection study. Thus, these results
of PEG-DPT were very encouraging for the actual therapeutic
knockdown of an endogenous gene by the siRNA delivering
approach.

In conclusion, we reported here an effective siRNA nanocarrier
system based on the self-assembly of the PEG-based block catiomer.
The distinctive polymer design managed both a sufficient siRNA
complexation and a buffering capacity of the endosomes. Notably,
the siRINA/block catiomer complex revealed remarkable knockdown
of the endogenous geue, even after the serum incubation. These
results directed this newly designed system of block catiomer to
have a promising feasibility for in vivo therapeutics.
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Periprosthetic osteclysis—bone loss in the vicinity of
a prosthesis—is the most serious problem limiting the
longevity of artificial joints. It is caused by bone-resorptive
responses to wear particles originating from the articulating
surface. This study investigated the effects of graft
polymerization of our original biocompatible phespholipid
pelymer 2-methacryloyloxyethyt phosphorylcholine (MPC)
onto the polyethylene surface. Mechanical studies using
a hip-joint simulator revealed that the MPC grafting
markedly decreased the friction and the amount of wear,
Osteoclastic bone resorption induced by subperiosteal
injection of particles onto mouse calvariae was abolished
by the MPC grafting on particles. MPC-grafted particles
were shown to be biologically inert by culture systems
with respect to phagocytosis and resorptive cytokine
secretion by macrophages, subsequent expression of
receptor activator of'NF-xB ligand in osteoblasts, and
osteoclastogenesis from bone marrow cells. From the
mechanical and biological advantages, we believe that our
approach will make a major improvement in artificial joints
by preventing periprosthetic osteolysis.

nature materials | VOL 3 | NOVEMBER 2004 | www.nature.com/naturematerials

treatment of osteoarthritis, rheumatoid arthritis and other
arthritic diseases affecting major joints of the upper and lower
extremities'. Despite improvements in implant design and surgical
techniques, periprosthetic osteolysis causing aseptic loosening of
artificial joints remains the most serious problem limiting their
survival and clinical success?, -
Pathogenesis of the periprosthetic osteolysis is known to be a
consequence of the host inflammatory response to wear particles
originating from the prosthetic devices'?, Many clinical and animal
studieshaveshown thatthe mostabundantandbone-resorptive particle
within the periprosthetic tissues is polyethylene (PE) generated from
the interface between the PE and metal components™®, A key role has
generally been attributed to the phagocytosis of the PE particles by
macrophages, followed by secretion of prostaglandin E, (PGE,) and
the cytokines tumour necrosis factor-a (TNF-a), interleukin-1 (IL-1)
and IL-6 (ref. 6). These bone-resorptive factors induce the expression
of a receptor activator of NF-kB ligand, the key member-associated
molecule for osteoclastogenesis, in osteoblasts, consequently resulting
in osteoclastic bone resorption®. Hence, reducing the production
of wear particles and bone-resorptive responses may lead to the
elimination of periprosthetic osteolysis. Based on this hypothesis,
we prepared a novel hip PE component grafted with MPC onto its
surface. The MPC polymer is our original biscompatible polymer
whose side chain is composed of phosphorylcholine resembling
phospholipids of biomembranes (Fig.1a)’. The MPC grafting
onto the surface of medical devices has already been shown to
suppress biological reactions even when they are in contact with
living organisms'®", and is now clinically used on the surfaces of
intravascular stents, intravascular guide wires, soft contact lenses
and the oxygenator (artificial lung) under the authorization of the
Food and Drug Administration of the United States'>", The present
study investigated the mechanical and biological effects of the MPC
grafting onto the surface of the PE component of artificial joints.
Grafting of the MPC onto the PE surface of hip acetabular
liners was performed by a photoinduced polymerization technique,
producing a covalent bond between the MPC and PE polymers
(Fig. 1a)*, The stable grafting of MPC on the PE was confirmed
using highly sensitive X-ray photoelectron spectroscapy (XPS;
PHI5400MC, Perkin Elmer, USA) (Fig. 1b). The peaks in the carbon
atom region (C,,) at 286.5¢V and 289 ¢V, indicating the ether

Total joint replacement is the most significant advance in the
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bond and the ester bond, respectively, and those in the nitrogen atom
at403 eV (N,,) and phosphorus atom at 133 eV (P,,) were specific to
the phosphorylcholine group in the MPC unit.

To assess the lubricity and hydrophilicity, the MPC was grafted
onto the PE plate {MPC-PE plate). The friction coefficient measured
using a tensile test device and the contact angle of a water drop
measured using the sessile drop method with a goniometer on the
MPC-PE plate were about 1/7 and 1/5, respectively, of those on the
non-grafted PE plate (Fig. 1¢,d). These results indicate that the MPC
gnafting on PE greatly increases both lubricity and hydrophilicity.

Mechanical effects of the MPC grafting on the hip prosthesis
were examined using a hip-joint wear simulator'® under the
conditions recommended by the International Organization for
Standardization (ISO). We prepared crosslinked acetabular PE
liners with photoinduced grafting of MPC onto their surface

nature matcrials | VO 3| NOVEMBER 2004 | www,naturc.com/naturematerials

{MPC-CL-PE liner), and compared them with crosslinked PE liners
without the MPC grafting (CL-PE liner) and non-crosslinked PE
liners without the MPC grafting {PE liner). The friction torques of
the three liners against the femoral head were compared before the
loading test. There was no difference between PE and CL-PE liners;
however, the MPC-CL-PE lirer showed 80-90% lower torque than
these two (Fig. 2a). Throughout the 3 x 10° cycles of gravimetric
loading by the hip-joint simulator, the wear amount of the MPC-
CL-PE liner was about 4 and 40 times less than those of the CL-PE
and the PE liners, respectively (Fig. 2b). Clinically, the wear rate at
the initial stage after a total hip replacement is thought to be well
correlated with the incidence of periprosthetic osteolysis, because
the wear particles may gain access to the articulation and accelerate
the additional wear by a three-body mechanism". In fact, the time-
course analysis of the wear amount for every 5 x 10° cycle intervals
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Figure 3 Optical findings of the surfaces of liners and correspending femoral heads. a, Three-cimenslonal morphometrls and SEM analyses of the liner surfaces (top
and middle, respectively) and SEM analyses of the femoral head surfaces {bottom) before (Pre) and after 3 x +0* cycles of loading. Scale bars, 500 pm and 20 pm in middle
and battom, respectively. b, FE-TEM Images of the thickness of MPC layer before (Pre) and after (Post) the loading. The bubibles on the surface were produced in the process

of preparing the specimen. Scale bars, 100 nm.

revealed that the amount from the CL-PE liner was about twice as
large as that from the MPC-CL-PE in the initial cycles, and sormewhat
increased in the later cycles (Fig. 2c). Contrarily, about 70% of the
total wear amount was produced from the MPC-CL-PE Liner in the
initial 1 x 10¢ cycles, and decreased thereafter. In the last 5 x 10°
cycles, the wear amount of MPC-CL-PE was less than 1/20 that of
CL-PE. Although the present 3 x 10° cycles of 280 kgf (kilogram
force) load is assumed equivalent to 310 years of physical walking,
this result suggests that the mechanical effect of the MPC grafting
will be maintained or somewhat more pronounced even after
leading beyond 3 x 106 cycles. In fact, our preliminary simulator
experiment with 1 x 107 cycles of loading revealed much stronger
wear resistance by this grafting (data not shown). Scanning electron
microscopy (SEM; JSM-5800LV, JECL, Tokyo, Japan) analysis of the
wear particles isolated from the lubricants revealed no significant
difference of the particle size distribution between CL-PE and MPC-
CL-PE liners, the great majority of which was 0.1-1.0 ym (Fig. 2d).
Optical examination of thelinersurfaceusingathree-dimensional
morphometric analysis after 3 x 10¢ cycles of loading revealed that

832

there was little or no wear in the MPC-CL-PE liner, whereas substantial
wear was detected in the PE and CL-PE liners (Fig. 3a, top). The SEM
analysis of the liner surface revealed that the original machine marks
by the manufacturer’s processing still remained on the MPC-CL-PE
liner surface, which were completely obliterated in the two control
liners (Fig. 3a, middle). Furthermore, the field emission transmission
electron microscopy (FE-TEM) analysis showed that most of the liner
surface was covered by the MPC polymer layer even after 3 x 10 cycles
of loading {Fig. 3b). The XPS$ analysis also confirmed the remainder
of the specific spectra of C,, P,, and N\, on the MPC-PE liner sutface
just as in Fig. 1b after the loading (data not shown). Contrarily, the
SEM analysis of the femoral head showed no difference among
the three groups (Fig. 3a, bottom). The femoral heads were free
of visible scratches and the surface roughness expressed by the R,
values was not different before or after the loading in all groups
(R, = 0.05-0.06 ym), supgesting there was no abrasive contamination
with metal particles from the heads in the hip-joint simulator.

With respect to the reduction of wear by the MPC grafting, we
should consider the lubrication mechanism between the liners and

nature materials | VOL 3 | NOVEMBER 2004 | www.nature,com/naturematerials
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metal heads of the hip-joint simulator. Although phospholipids
themselves are known to work as effective boundary lubricants'®?,
recent studies of natural synovial joints have shown that fluid film
lubrication by the intermediate hydrated layer is the predominant
mechanism under physiological walking conditions®. Because the
present study revealed that the MPC grafting onto the PE plate
increased the hydrophilicity (Fig.1d) and our previous study
showed that the free-water fraction on the MPC polymer surface is
kept at a higher level®, the reduction of wear is likely to arise from
the hydrated lubricating layer that is formed by the MPC grafting.

As PE particles are known to be most abundant and catabolic
among wear particles in the periprosthetic tissues™>, alternative
bearing surfaces have been proposed such as ceramic-on-ceramic
and metal-on-metal articulations; however, these have their own
potential disadvantages™, The long history and popularity of
PE as a bearing surface has led to research in the development
of tougher and more wear-resistant PE materials: the incorporation
of short chopped carbon fibres in PE matrix (Poly TI)**, the
extension of chain crystallite morphology with thicker lamellae
and higher crystallinity (Hylamer)®, and the creation of a three-
dimensional molecular network by the crosslinking. Among them,
only the crosslinking successfully improved the wear resistance and
suppressed the periprosthetic osteolysis in the clinical setting®*, It is
therefore noteworthy that the MPC grafting onto the crosslinked PE
surface further increased the wear resistance over the conventional
crosslinked PE.

nature materials | VOL 31 NOVEMBER 2004 ) www.nature.com/naturcoiaterials

Considering that MPC is a biocompatible polymer, we next
examined biological responses to particles using in vive and in vitro
models. The MPC polymer was grafted using a solvent-evaporation
technique onto the surface of polystyrene (PS) particles whose size
was approximately 500 nm in diameter, based on the result above
(Fig. 2d) and previous findings®* that the mean particle size from
clinically failed prostheses is around 500 nm with >90% of particles
less than I pm. The XPS spectra of C,,, P,, and N,, on the surface
of the PS particles grafted with MPC were quite similar to that of
the MPC-PE liner surface as shown in Fig. Ib (data not shown).
Although the surface electrical potential ({-potential) of the surface
of non-grafted PS particles determined using electropharetic light
scattering was around —66.0 mV, the MPC grafting neutralized the
potential to ~2.5 mV, as we reported previously?”. These results
indicate that the MPC polymer was stably immobilized on the
surface of the particles.

We first compared the in vivo bone resorption induced by PS
particles with and without the MPC grafting using an established
in vivo murine calvarial model™, When non-treated PS particles
were injected beneath the calvarial periosteum, notable stimulations
of tartrate-resistant acid phosphatase (TRAP)-positive osteaclast
formation and bene resorption with inflammatory reaction were
observed (Fig. 4a). However, subperiosteal injection of the MPC-
grafted particles did not induce bone resorption. This effect was
confirmed by histomorphometric analysis: the osteoclast number
and the eroded surface of the calvarial bone that were increased
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four- to sixfold by the implantation of non-treated PS particles, as
compared with those by the solvent alons, but were little affected
by the MPC-grafted particles, indicating that MPC grafting is
biclogically inert {Fig. 4b).

To further investigate the cellular and molecular mechanisms
underlying the prevention of osteoclastic bone resorption by the
MPC grafting, we first compared the phagocytosis of fluorescence-
labelled PS particles with and without the MPC grafting by cultured
mouse intraperitoneal macrophages. Although large amounts
of non-treated particles were phagocytosed by macrophages,
the MPC-grafted particles were not taken into the cells, probably
because biocompatible MPC polymer prevented macrophages
from recognizing the particles as foreign bodies (Fig. 5a). We next
examined the secretion of bone-resorptive factors by macrophages
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exposed to the particles. Concentrations of TNF-q, IL-1, IL-6 and
PGE, in the culture medium of mouse macrophage-like cell line
}774 cells were 4-20 times more stimulated by the exposure to
non-treated P3 particles than those without the exposure; however,
the exposure to the MPC-grafted particles affected none of them
(Fig. 5b). When the conditioned media of J774 cells were added to
a mouse osteoblast culture, the receptor of NF-kB ligand (RANKL)
was strongly expressed by the medium exposed to non-treated
particles, but not by that exposed to the MPC-grafted particles
(Fig. 5¢c). These results indicate that the MPC grafting prevented the
secretion of resorptive factors by macrophages and the subsequent
RANKL expression by osteoblasts. Finally, osteoclastogenesis in the
coculture of mouse bone marrow cells and osteoblasts was increased
about sevenfold by the conditioned medium of J774 cells exposed
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to non-treated P$ particles 25 compared with the control, and this
stimulation wassignificantly inhibited by addition of anti-TNF-q, anti-
IL-1 or anti-IL-6 antibody, a cyclooxygenase-2 (COX-2) inhibitor
celecoxib, and a RANKL inhibitor osteoprotegerin; this confirmed
the involvement of some network systems of these factors in the
osteoclastogenesis by wear particles. Contrarily, the conditioned
medium of J774 cells exposed to the MPC-grafted particles did
not increase osteoclastogenesis (Fig. 5d). These biological findings
indicate that the MPC grafting can successfully inhibit the bone-
resorptive response to wear particles to levels similar to those of
recently developed pharmacological therapies such as cytokine
antagonists, COX-2 inhibitors and osteoprotegerin™, Because the
lack of side effects of the MPC grafting has already been confirmed
clinically by several medical devices'™", this surface grafting will
surpass the pharmacologic therapies that possibly cause serious side
effects during 2 long period of administration after surgery.

For these biological studies, we initially tried to use the PE wear
particles isolated from the hip-simulator experiment above; however,
it turned out to be impossible because the PE particles could not be
isolated from the lubricants without damaging the MPC polymer layer.
The lubricants after loading contain abundant and adhesive proteins
that were degraded and precipitated by the heat generated by the head-
liner friction. For the isolation of PE particles, it is essential to digest the
proteins using strong hydroxide?*2, which cannot avoid breaking the
chemical structure such as the esteratic bond of the MPC unit. In fact, the
XPS analysis of the surface of isolated particles revealed the lack of the
MPC polymer layer. In addition, even if we could isolate the PE particles
with MPC grafting properly, the amount from the MPC-CL-PE liner
was too small to be used for the biological experiments. We therefore
attempted to graft MPC onto the surface of new PE particles or the wear
particles from the simulator experiment; however, the floating nature
of PE on the liquid surface due to the low specific gravity made the
photoinduced palymerization of MPC impossible, because the grafting
procedure requires that the particles be agitated in the liquid®. Hence, for
the biological experiments we used PS particles that have conventionally
been used for the in vivo and in witro analyses of particle-induced
osteolysisas a substitute for PE****, P$ is a hydrocarbon polymer justlike
PE, but has ahigher specific gravity than PE. Because these two polymers
share similar physical and chemical properties—electrically neutral and
little chemical sensitivity—we believe that biological responses to these
particles are also similar,

Takentogether, the presentresults demonstrate that grafting MPC
onto the PE liner surface of the hip prosthesis markedly decreased
the friction and the production of wear particles, In addition, even if
the particles were produced by friction, they were biologically inert
with respect to phagocytosis by macrophages and subsequent bone-
resorptive responses: secretion of cytokines and PGE,, induction of
RANKL, and osteoclastogeness.

Although this study focused on the hip prosthesis, whose loosening
is the most frequent and serious among total joint replacements
of upper and lower extremities, the MPC grafting can be used for
the prevention of periprosthetic osteolysis of other joints, in which
PE particles from articular interfaces are also known to initiate the
catabolic cascade’**, From the mechanical and biological advantages
shown in this study, we believe that the MPC grafting will make a
significant improvernent in total joint replacements by preventing
periprosthetic osteolysis and aseptic loosening. The development of
this technique would improve the quality of care of patients having
total joint replacements and have a substantial public health impact.
We are now designing a large-scale clinical trial.

METHODS

For mechanical analyses, a 12-sration hip-joint wear simulator apparatus (MY, MTS Systems,

liner (X-MAX, Japan Medical Materials, Osaka), crosslinked PE liner (K-MAX Excellink), and MPG-
grafted K-MAX Excellink, coupled 10 22 mm cobaltachromi tybd alloy heads (K-MAX
HH-02, Excellink), was mounted on rotating blocks to produce bissdal or orbital motion', The simula-
tor experiment was performed aceotding to the interrational standard of "implants for surgery - wear
of total hip-joint prosthesis™ established by ISO (#14242-1; 2002}, which was proved to be closest 1o the
physiological conditions. Briefly, 2 Paul-type Joading profile, which is a physioksgical walking simulari
with ¢ontinuous cycic motion and loading, was applied (maximum force = 280 kgf, frequency = | Hz)”
in the lubricant of distilled water containing 25% bovine calf serum. Friction torque between the liner
and the femoral head was measured using 1 torque g i The sii wias run up lo
3 % 10* ¢ycles, and the change of Tubricant and gravimeteic measurement of the livigrs were performed
evety 5 % 10* cycles, For the isolation of wear particles, the lubricant after the Joading was incubated
with 5N NaDH solution in order to digest adhesive p that were degraded and procipitated; the
partides were then collected and und ial filtrations, as reported previousty™, The size of
pacticles was defined as the maximum dimensions by SEM analysis,

For biological analyses, all animal experiments were performed according to the guidelines of
the International Assaciation for the Study of Pain®, and were apptoved by the committee of Tokyo
University charged with confirming ethics, The ir vive mouse calvaris experiment was performed
as reported previously™™, Briefly, after exposing the calvariz of mice, 2 subperiosteal injection of P§
particles (average diameter = 468 nm; Polysciences, Warrizgron, Penneplvania) with or without the
MPC grafiing, or an equal velume of solvent (deionized water) alane was performed,

Mice were sacrificed seven days after the surgery, and the calvaria was excised, fixed, and decalcified
in EDTA. Osteoclastogenesis in the coronal histological sections was determined by TRAP swining,
The sections were subjected to bi ph ic analyses under a light microscope with a micrometer,
and parametess for bone resorption were measured as reported previously”. For the phagocytosis

peri mouic intrap I macrophages were isolated, crposed to Ruorescence-labelled particles,

cultured for § h, and observed with a Huarescence microscope. Mouse macrophage-like cell line 774 cells
(Riken Cel! Bank, Saitarna, Japan) were exposed to particles and cultured for 24 h. The supernatants were
subject to cytokine and PGE, measurements using the ELISA method, and were uced a5 the conditioned
media for the following assays. For the RANKL expression assay, mouse osteoblasts isolated from
neonatal calvariae were cultured in the conditionad media for 24 h. RANKL expression in esteoblasts
was d using the titative and real-time reverss trapseription polymerase chain reaction
{RT-PCR) analyses, The information on the primers is available upon request. For osteoclast formation
assay, mouse primary ostecblasts above and bone marrow cells isolated from adult mouse long bones
ware cocultured in the conditioned media in the presence or absence of anti-TNF-, anti-IL1, anti-[L-
6 antibady, control noa-immune serum, celecoxib of esteoprotegerin. Cells were stained with TRAP,
and those positively stained and nuclei were counted as osteodlasts, For the
statistical aralysis, means of groups were compared by ANOVA and the significance of differences was
determined by post-ho testing using Bonferroni's method.
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The Combination of SOX5, SOX6, and SOX9 (the- SOX Trio)
Provides Signals Sufficient for Induction of
Permanent Cartilage

Toshiyuki Ikeda,' Satoru Kamekura,? Akihiko Mabuchi,! Ikuyo Kou,! Shoji Seki,’
Tsuyoshi Takato,® Kozo Nakamura,? Hiroshi Kawaguchi,? Shiro Tkegawa,! and Ung-il Chung?

Objective. To regenerate permanent cartilage, it is
crucial to know not only the necessary conditions for
chondrogenesis, but also the sufficient conditions. The
objective of this study was to determine the signal
sufficient for chondrogenesis.

Methods. Embryonic stem cells that had been
engineered to fluoresce upon chondrocyte differentia-
tion were treated with combinations of factors necessary
for chondrogenesis, and chondrocyte differentiation was
detected as fluorescence. We screened for the combina-
tion that could induce fluorescence within 3 days. Then,
primary mesenchymal stem cells, nonchondrogenic im-
mortalized cell lines, and primary dermal fibroblasts
were treated with the combination, and the induction of
chondrocyte differentiation was assessed by detecting
the expression of the cartilage marker genes and the
accumulation of proteoglycan-rich matrix. The effects of
monolayer, spheroid, and 3-dimensional culture sys-
tems on induction by combinations of transcription
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factors were compared. The effects of the combination
or hypertrophic and osteoblastic differentiation were
evaluated by detecting the expression of the character-
istic marker genes.

Results. No single factor induced fluorescence,
Among various combinations examined, only the SOXS5,
S0X6, and SOX9 combination (the SOX trio) induced
fluorescence within 3 days. The SOX trio successfully
induced chondrocyte differentiation in all cell types
tested, including nonchondrogenic types, and the induc-
tion occurred regardless of the culture system used.
Contrary to the conventional chondrogenic techniques,
the SOX trio suppressed hypertrophic and osteogenic
differentiation at the same time.

Conclusion, These data strongly suggest that the
SOX trio provides signals sufficient for the induction of
permanent cartilage,

Utilizing the differentiation and proliferation ca-
pabilities of stem cells, regenerative medicine attempts
to treat irreversible organ failures that cannot be dealt
with by conventional medical treatment. In the skeletal
area, cartilage has a relatively poor regenerative capacity
and, thus, may benefit most from regenerative medicine.
Conditions such as osteoarthritis and congerital skeletal
defects are apparent targets that have great medical and
socioeconomic impact. To make cartilage regenerative
medicine a reality, it is essertial to know the conditions
that are both necessary and sufficient for chondrogene-
sis.

A number of factors have been shown to be vital
for chondrogenesis. These factors include the sex-
determining region Y-type high mobility group box
(SOX) family of transcription factors (1), insulin-like
growth factor 1 (IGF-1} (2), fibroblast growth factor 2
(FGF-2) (3), Indian hedgehog (IHH) (4), bone morpho-
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genetic protein 2 (BMP-2) (5), transforming growth
factor B (TGFB) (6), and Wat proteins (4).

Many lines of evidence, both in vitro and in vivo,
have shown that SOX proteins are necessary for chon-
drogenesis. SOX9 is expressed in all chondroprogenitors
and chondrocytes except hypertrophic chondrocytes
(7,8). Heterozygous mutations of SOX? cause a severe
chondrodysplasia, known as campomelic dysplasia, in
humans (9,10). Analysis of chimeric mice containing
wild-type and Sox9-deficient cells showed that the mu-
tant cells were excluded from chondrogenic mesenchy-
mal condensation and failed to express chondrocyte-
specific marker genes {11). SOX9 was shown to bind to
and activate chondrocyte-specific enhancer elements in
Col2al, Col9al, Collla2, and Aggrecan in vitro (12-18).
Conditional ablation of the Sox9 gene in limb buds
before mesenchymal condensation resulted in a com-
plete absence of chondrocytes, whereas conditional ab-
lation of Sox9 after mesenchymal condensation resulted
in a severe generalized chondrodysplasia (19). Two
other members of the Sox family, Sox5 and Sox6, are
also required for chondrogenesis. Sox5™ and Sox67-
mice show chondrodysplastic phenotypes and die at
birth. Sox5~" and Sox6~" mice develop a severe, gener-
alized chondrodysplasia characterized by a virtual ab-
sence of cartilage (20). In vitro studies have shown that
Sox5 and Sox6 cooperate with Sox9 to activate the
Col2al enhancer in chondrogenic cells (21).

Although these lines of evidence demonstrate
that these factors are necessary for chondrogenesis, no
single factor has proved sufficient for the process. That
is, we do not yet know what constitutes a sufficient signal
for chondrogenesis. In the current study, we sought to
determine the sufficient signal by screening various
combinations of known factors that are necessary for
chondrogenesis,

MATERIALS AND METHODS

Construction of plasmid vectors and adenoviruses.
Combinations of known factors important for chondrogenesis
were screened. These factors included SOX5, SOX6, SOX9,
IGF-1, FGF-2, THH, BMP-2, TGFB, and Wnt proteins. For
each signaling pathway, we constructed an adenovirus vector
that stimulates the pathway {(overexpression of the wild-type
form or expression of the constitutively active form) as well as
one that inhibits the pathway (expression of the dominant-
negative form or RNA interference [RNAi] form).

We then stimulated the signaling and inhibition of
each factor. SOX signaling was stimulated as described below.,
To stimulate SOX inhibition, we constructed adenoviruses
expressing RNAi for SOXS, SOX6, and SOX5 (22). To
stimulate IGF-1 signaling, we used an adenovirus expressing
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insulin receptor substrate 1 (IRS-1); to inhibit, we used one
expressing 2 dominant-negative form of IRS-1 (23). To stim-
ulate FGF signaling, we constructed an adenaovirus expressing
a constitutively active form of FGF receptor 3 (FGFR-3); to
inhibit, we used one expressing RNAi for FGFR-3 (24). To
stimulate IHH signaling, we constructed an adenovirus ex-
pressing constitutively active Smoothened (25); to inhibit, we
used one expressing a repressor form of Gl-3 (26). To
stimulate BMP signaling, we used an adenovirus expressing a
constitutively active form of activin receptor-like kinase 6 -
(ALK-6); to inhibit, we used one expressing Smadé (27). To
stimulate TGFB signaling, we used an adenovirus expressing a
constitutively active form of ALK-5; to inhibit, we used one
expressing Smad7 (27). To stimulate Wnt signaling, we con-
structed an adenovirus expressing a constitutively active form
of T cell factor (TCF); to inhibit, we used one expressing a
dominant-negative form of TCF (28).

As a control vector, we used the adenovirus expressing
the B-galactosidase gene lacZ. Thus, for each signaling path-
way, there were 3 adenoviruses (positive, negative, and neu-
tral). To create combinations, one adenovirus from each
signaling pathway was selected and mixed with another.

To create adenovirnuses expressing SOXS, SOX6, and
SOX9, full-length human SOXS5, SOX6, and SOX9 comple-
mentary DNA (cDNA) was amplified by polymerase chain
reaction (PCR) and cloned into pEGFPCl and pShuttle
mammalian expression vectors (Clontech, Palo Alto, CA). We
confirmed that the introduced green fluorescence protein
(GFP) tags did not interfere with the activities of any SOX.
PCR products were verified by DNA sequencing, Adenovirus.
vectors expressing SOX3, S0X6, and SOX9 were constructed
with the AdenoX Expression system (Clontech), according to
the manufacturer’s instructions. Adenovirus vector expressing
LacZ was provided by the manufacturer. Adenoviruses were
packaged and amplified in HEK 293 cells and purified with an
AdenoX virus purification kit (Clontech). The viral titers were
estimated with an AdenoX rapid titer assay kit (Clontech).

Isolation and culture of cells. Mouse embryonic stem
{ES) cells were isolated from blastocysts obtained from
C57BL/6 mice expressing a GFP transgene engineered to be
expressed specifically in chondrocytes (Col2-GFP), as previ-
ously described (29). Col2-GFP ES cells were cultured in
high-glucose Dulbecco’s modified Eagle’s medium (DMEM;
Sigma, St. Louis, MO) supplemented with 8-mercaptoethanol
(100 M), leukemia inhibitory factor (1,000 units/ml), nones-
sential amino acids (1%), penicillin (50 units/mi), streptomycin
(50 pg/ml), and fetal bovine serum (FBS; 15%) (JRH Bio-
sciences, Lenexa, KS), as previously described (30). To gener-
ate Col2-GFP mice, the 6.3-kb Col2al promoter region direct-
ing chondrocyte-specific expression was released from the
plasmid p3000i3020Col2a1 (a generous gift from Dr. Benoit de
Crombrugghe, M. D. Anderson Cancer Center, Houston, TX)
and subcloned into the pEGFP-1 vector {Clontech). The
Col2-GFP (ransgene was then excised and purified for micro-
injection. Pronuclear injection and subsequent selection of
founders were performed as previously described {31).

Human mesenchymal stem cells (MSCs) and adult
human dermal fibroblasts (DFs) were purchased from Cam-
brex (East Rutherford, NJ). Human MSCs were cultured in
MSC growth medium at 37°C under 5% CO,. Adult human
DFs were cultured in high-glucose DMEM supplemented with



