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Abstract

Background: Although transition from proiiferation to hypertrophic differentiation of chondrocytes is a crucial step for
endochondral ossification in physiological skeletal growth and pathological disorders like osteoarthritis, the underlying
mechanism remains an enigma. This study investigated the role of the transcription factor CCAAT/enhancer-binding protein
P (C/EBPP) in chondrocytes during endochondral ossification.

Methodology/Principal Findings: Mouse embryos with homozygous deficiency in C/EBPf} (C/EBP—/—) exhibited dwarfism
with elongated proliferative zone and delayed chondrocyte hypertrophy in the growth plate cartilage. In the cultures of
primary C/EBP—/— chondrocytes, cell proliferation was enhanced while hypertrophic differentiation was suppressed.
Contrarily, retroviral overexpression of C/EBPfl in chondrocytes suppressed the proliferation and enhanced the hypertrophy,
suggesting the cell cycle arrest by C/EBP. In fact, a DNA cell cycle histogram revealed that the C/EBPf} overexpression
caused accumulation of cells in the GO/G1 fraction. Among cell cycle factors, microarray and real-time RT-PCR analyses have
identified the cyclin-dependent kinase inhibitor p57°°? as the transcriptional target of C/EBP. pS7™*? was co-localized with
C/EBPQ in late proliferative and pre-hypertrophic chondrocytes of the mouse growth plate, which was decreased by the ¢/
uciferase-reporter and electrophoretic mobility shift assays Identified the core responsive element of C/
between —150 and —130 bp region containing a putative C/EBP motif. The knockdown of
p5 by the siRNA Inhibited the C/EBPf-induced chondrocyte hypertrophy, Finally, when we created the experimental
ostecarthritis model by inducing instability in the knee joints of adult mice of wild-type and C/EBPR+/~ littermates, the C/
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EBPJ} insufficiency caused resistance to joint cartilage destruction.

Conclusions/Significance: C/EBP[ transactivates p57"? to promote transition from proliferation to hypenrophic
differentiation of chondrocytes during endochondral ossification, suggesting that the C/EBPR-pS7"™ signal would be a
therapeutic target of skeletal disorders like growth retardation and osteoarthritis,
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Introduction

Mast skeletal growth is achieved by endochondral osification,
During the process, chondrocytes undergo probferation, hyper-
trophic  differentiation, and apoptosis [1], each of which is
regulated by distina signals Among them, chondrooyte hyper-
trophy is a rate-limiting step for the skeletal growth, bemg
responsible for 40 60% of the endochondral ossification [2,3]
‘The initiation is precisely linked with the cessation of proliferation;
however, the molecular mechanism underlying the harmonious

transinion from the proliferation to hypertrophic differentiation of

chondrocyies remains an enigma.
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CCAX T/ enhancer-binding protein f (C/EBP, also known as
ouclear Gactor-mterleukin-6 (NF-ILB), is a member of the C/ERP
family of six transcoption factors characterized by o carboxyl-
terminal leucine zipper dimerzation domain and an adjacent
haghly conserved basic DNA binding doman |4 6], Comrary 10
C/EBP2 that s purely antiproliferative as o tumor suppressor in
several cell types, C/EBPP regulates expression of vanious genes
wwvoled in cell differentiation, proliferation, sunival, mmune
function and female reproduction, as well as wmor imvasiveness
andd progression, through a variety ol mechanisms [6].Cver the
past several years, C/EBPP has been shown to control
differentiation of he poietic and adipogenic cells |7.8]. The
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present study indtially im d skeletal phenatype of C/EBIp-
deficient c /Llll‘p /-) mice which have been reported 1o
display by he poictic and adipogenic defects [9 11} The
miice showed dwarfism with an eloagated proliferative zone and
delayed chondrocyte hypertrophy in the limb cantilage, mplicar-

mg the cell cycle control by C/EBPR in chondrocyvies.

Cell eyele factors appear to play an impartant role in the control
of chondrocyte prolifecation and differentiation [12,13], During
the cell cycle activation, complexes of cyclin and eyelin-dependent
kinase (CDK) promote G1/5-phase transition from GO/Gl by
phosphorylating Rberelated pocket protems, which activate genes
required for the S-phase entry. The eyclinCDK complexes are
inhibited by two major Fsmilies of CDK inhibitors [14], The pl6
INK4 family specifically binds and inactivates monomeric CDK4
ar CDKS6. whereas the Cip/Kip family, which includes p21°*",
P27 and pa7*? (p57). inhibits all G1/S-phase cyelin-CDK
complexes. Since the control of these cell evele factors driving S-
phase onset greatly influences the commitment o cell differenti-
ation, the present sudy performed o wreen of potential
transcriptional targets ol C/EBPR using a microarray analyss,
and identified p57 as the most probable target during hyperirophic
differentiation  of rhmnquln. We Ilmlu-r investigated  the
molecular mech ing the e s of skeletal 1
and endochondral muﬁca‘liun lhrough the C/EBPR-p57 mnl in
chondrocytes.

Results

C/EBPi—/— mice exhibit impaired skeletal growth and
endochondral ossification

To analyze the physiological role of C/EBPR in skeletal growth
and endochondral ssification, we investigated the skeletal pheno-
types of heterozygous and homozygous C/EBPfdeficient (C/
EBPP+/= and C/EBPP—/—) mice. Although the C/EBPf+/ ~
skeleton was normal, C/EBPR-/— mice exhibited dwarfian as
compared 10 the wildype litermates from embryonic stages
(Figure 1AL After binth, however, the skeletal size of C/EBPR—/~
mice gradually caught wp with that of the wild type linermates
(Figure 1B), und they became amilar after | week of age. A1 the
embryos, the limbs and vertebrae which are known to be primanly
formed through endochondral ossification were about 20 25%
sharter in C/EBPR— /7~ mice than the wild-tvpe, although calarial
growth, especially the widih, formed through endochondral
ossification and intramembranous ossification did not show such &
difference (Figure 1D Skeletal double staining revealed that not
anly the total bone length, but abo the matio of mineralized area
shown by the positive Alizann red staining to the total length was
decreased, confirming that endochondral osafication was impaired
by the C/EBPR deficiency (Figure 1C, EL

Hypertrophic differentiation of chondrocytes Is delayed
in the C/EBPi—/— limb cartilage

C/EBPH in Chondrocytes

BrdU Labeling, in situ hybridization of type N collagen (COLI0),
immunohistochemistry of mdian hedgehog (Thh), and Alcian blue/
von Rowa double stainings supported the elongation of the
profifevative zone and delay of chondrocyte hypertrophy by the
C/EBPR deficiency (Figure 2D,

C/EBPJ inhibits proliferation and promotes hypertrophic
differentiation in cultured primary chondrocytes

When primary chondrocytes derived from mouse il and
mouse chomdrogenic cefl fine ATDCS were cubured in the
differentiation medium, the C/EBPA mRNA level was increased
with the differentistion (Figure 3A), which wis comparable to the
in vivo expression pattem of the limb canilage.

We then examined the effects of losse and gam-of-functions of
C/EBPR on proliferatnon and hypertrophic differentiation of the
primary rib chondroeytes. When chandrocytes from wild-type and
C/EBPR=/= linermates were compared, cell number deter-
mined by the X'TT asay was enhanced in the C/EBPR—/~
chondrocytes ar 3 d of culure (Figure 3B). The percentage of
BrdU-postive cells was also increased in the C/ERPR~/ — culture
at this ttime poim (Figure 3C), indicating that the increased cell
number was due to the enhanced prolferanon, rather than the
effect on cell survival, vitality, or apopiosis. Contrarily, hypertro-
phic differentiation determined by alkaline phosplitase (ALP) and
Alizarm red stainings, and mRNA levels of COLLO, numrix
metalloproteinease-13 (MMP13) and vascular endothelial growth
factor (VEGE), parameters of chondrocyte hyperrophy, were
suppressed by the deficiency (Figure 3D).

In ¢ retroviral overexy of C/EBPP i the wild-
type rib chondrocytes suppressed the proliferation and enhaneed
the hypentrophic differentiation parameters (Figure 3E, F, and G
Collectively, C/EBPP was shown 1o be essential for cossation of
proliferation and promotion of hypertrophic  differentiation,
suggesting arvest of the cell cycle and exit from .

C/EBP regulates cell cycle and p57 as the transcriptional
target

We therefore examined the regulation of cell eyele by G/EBPf.
A DXA ¢ell cyele histogram in mouse mesenelymal C3H100'1 /2
cells after the cyele synchronization revealed that the C/EBPR
overexpression enhanced accumulation of cells in the GU/GI
fraction  (Figre 4AL To ddenily cell cycle faciors hing
downstrenm of the C/EBPR signal, we performed o sreen of
transcripional turgets of C/EBPR using o microamray anahsis
(Table S1). The C/EBPR overexpression caused dewnregulation
of cyelin BI, B2 and D1, and upregulation of the cyclin-dependent
kinase inhibitors plé, p21 and p57, by 50% or more as compared
1o the empty vertor overcxpression, Smee the ahove analyses were
performed m non-chondrogemic CIH10T1/2 cells. we further
examined the expressons of the candidate genes by real-tme R1-
PCR analysis i the cultures between wildiype und C/EBPP—/ =
rib chondrocytes (Figure 48), Cyclin B, B2, and p21 were ot

T'o know the mechanisn underlying the ampaired skeletal growth
in C/EBPP= /= niice, we compared the tibial limb cantilage of the
wikdnype and C/EBPR—/~ littermates at E16.5 (Figure 241
Amaong the resting, proliferative, hyperroplic zones, and bone
area, the proliferative zone was clongated while the hypenrophic
zone was normal in the C/EBPR~/~ hmb (Figure 2B} The
number of proliferating chondrocytes with Brdl! uptake was
actually increased in the C/EBP—/— canilage (Figure 2C).

C/EBPR was shown by immunohistochemistry to be Jocalized
predominantly in ke proliferative and pre-hyperrophic chon-
drocytes of the wild-type cartilage. but not in the C/EBP—/—
cartilige (Figure 2D, 1apl. Further histological examination by
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significantly altered by the C/EBPR deficency, while p16 showed
contradictory upregulation. Cyclin D1 and p37 were confirmel 10
be upregulated and downregulated, respectively, by the loss-of-
function of C/EBPR. However, when the expressions were further
compared between primary chondrocytes with retroviral overex-
pression of C/EBPR and the control GFP, the cyelin D1 was not
downregulated, whereas p57 was upregulated by the C/EBPH
overexpression. These indicate that p57 was the only cell cyele
factor whose expression was confirmed to be regulated positively
and negatively by the gan- and loss-of-functions of C/EBPJ,
respectively. Double immunofluorescence of p57 ane BrdU in the
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C/EBP[) in Chondrocytes

Humerus Ulina Femur Tibia

Figure 1. C/EBP} / mice axhibit impaired skeletal growth and endochondral ossification. (A, Bl Double stainings with Alizann red and
Alcian blue of the whole skeleton of the wild-type (WT), C/EBP[}+/ -, and C/EBPP -/~ littermates at E16.5 (A) and at 3 d after birth {B). Scale bar.
2 mm, (C) Double stainings of the upper imbs, hands, and lumbar spines of the two genotypes. (D) Length of humerus, uina, femur, tibia, vertebra
(131 to 5th lumbar spines), and the calvarial length and width of the WT and C/EBPi- /- littermates. (E) The percent ratio of Alizarin red-positive

mineralized area to total length of the long bones of the twa g

Data are d as means (bars) = SEM (error bars) of 4 bones per

genotype. *P<0.01 vs. WT.
dot:10.137 Vjournal pone.0004543.9001

wild-type canilage revealed thar p57 was locahzed predominamby
in late proliferstive and pre-lypertrophic chondrocytes winch do
not exhibit BrdU uptake (Figure 4C) The p57 expression was
canfirmed 10 be decreased in the C/EBP~/ ~ camilage

C/EBPJ transactivates p57 through direct binding to a ¢/
EBP motif

To know the mechanism onderdying the induction of p37
expression by C/EBPP, we anadyzed the promoter activity of pi7
wsing human hepatoma HuH-7 cells and ATDOS cells transdected
with a lnciferase reporter gene construd ¢ ming the 3" -Manking

sequences from = 1092 10 4226 bp of the pd7 promoter

@)’ PLos ONE | www.plosoneorg 3

Figure 53AL The ransenptionad activity  determuined by the
lcilerase-reporter assay was enhanced by co-trundfecnion with
C/EBPP in both cells, indicating the transcriptional induction of
P37 by G/EBPR. Deletion analysis by a series of 3'-delenion
constructs identified the responsive elemient to C/EBPP as being
located between = 150 and = 130 bp region. The tandem-repeat
constructs of this region were confirmed 10 respond 10 the C/
EBPP overexpression depending on the repeat number in both
eells (Figure 5B As this region contained a putmive C/EBP-
binding motif [13], the site-directed mutagenesis was camied ou
by creating two mutations in the maill. Boath of the mutations
caused partial but sguificant suppression of the promoter activity
in both cells indicating that the C/EBP motif is a responsive
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C/EBPP in Chondrocytes
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Figure 2. Hypertrophic differ iation of chondi is delay

wild-type (WT) and C/EBPJ

i in the C/EBP} /

Y
littermate embryos (E16.5). Orange, red, biue, and green bars indicate layers of resting zone, proliferative zone

limb cartilage. (A) HE staining of whole tibias of

hypenirophic 2one. and bone area. respectively. Scale bars. 200 pm. (B) Length of proliferative and hypertrophic zones of the two genotypes. (C
Number of BrdU-positive cells in the proximal tibla of the two genotypes. Data are expressed as means (bars) =SEM (error bars) of 5 mice per
genatype. *P<0.05 vs. WT_ (D} Immunostaining with an antibody to C/EBP (a-C/EBPR), BrdU labeling, in situ hybridization of type X collagen
(COL10), immunostaining with an antibody to lhh (a-Ihh), and Alcian blue/von Kossa double stainings of the tibial cantilage in two genatypes. Color

bars indicate layers as above. Scale bars, 100 ym
doi:10.137 1/journal.pone.0004543.g002

element (Figure 5C1 EMNSA revealed the specific binding of the
nuckear extract from C/EBPB-overexpressed ATDCS cells with
the ohgonucleotide probe o

mmg the identificd responsine
clement above (Figure 5D The muragenesis in the C7EBP motif
of the probe resulied m a folure o form the complex. Cold
competition with excess amounts of an unlabeled wildavpe probe,
but not the mutated probe, suppressed the complex formation,
confirming the specific binding to the C/EBPP monf. Specificity of
C/EBPP binding was further verified by the amibody supershift
EBPP transactvates the
P37 promoter, at beast in part, through direct binding 10 o C/EBP

Ihese linies of results demonstrate that (

motil between the =150 and =130 |-p regon

The C/EBPf-p57 signal induces chondrocyte
hypertrophic differentiation
I'o know the functional interaction between C/EBPR and pa7

stabilishetd

during chondrocyte hypertrophic diflerentiation, w
two small interfering RNA 6iIRNA| construcs of p57
silencing. We mittally  confirmed  significant decreases of p57
protem and mRENA levels by stable rransfection of the two siRNAs
I'he C/EBPB-induced hypertrophic differennanion of

the gene

Figure 5E
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cultured nib chondrocytes determined by ALP staining  and

COLID expression was suppressed by the pd7 knockdown th
the sRNA (Fagur J
EBP induction of hypertroptic differentianon. We confirmed

wichcaring the medianon of p37 in the C/

that retroviral overexpression of pi7 enhanced the hyvpentropls
markers in cultured ATDCS cells (Figure 56

C/EBPJ) is involved in cartilage destruction during
osteoarthritis progression

In addition th the physdological role in skeletal growth in
embryos, we fially examined the contribution of C/EBP in
chandrocytes under pathological conditons. We and others hive
reported that endochondral ossification including  chondrocyte
hypertrophy s a cucial step for canilage destruction during
osteoarthris progresson |16 20). We therefore  created  an
expenimental osteoarthritis model that induces mstability 1ot

knee joints in H-week-old wild-type mice [17,21], and found that

C/EBPR was locahized at the fronthne of canilage degradanon m

the ceniral and peripheral areas of the joimt camilage during
osteoarthiins progression (Figure 6A), To know the functicnal

imohement of C/EBPR under the pathological conditions, we
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C/EBPJ in Chondrocytes

Figure 3. C/EBP[l inhibits proliferation and promotes hypertrophic differentiation in cultured primary chondrocytes. (A) Time course

of C/EBP} mANA level determined by real-time RT-PCR analysis during diff

iation of primary chond and ATDCS cells cultured for 3 weeks

with insulin. (B) Growth curves by the XTT assay of primary chandrocytes derived from ribs of wild-type (WT) and C/EBPJi—/— littetmates. (C) Ratio of

BrdU-positive cells to total cells after 3 d culture of primary chondrocytes

derived from WT and C/EBP /- ribs. (D) ALP and Alzarin red stainings,

wremmmmmudmmmr!;mmdmnmmaﬁwmwmwmmwmmmm

at 2 weeks of culture after
and Alizarin red stainings, and relative mANA levels of the b

M‘E}MWMMM%Mmmmmmmam (Rx-C/EBPf) of the
<contral GFP (Rx-GFP). (F) Ratio of BrdU-positive cells to total cells after 4 d culture of pri

y WT rib chondrocy
kers of the rib ch

with Rx-C/EBP or Rx-GEP. (G) ALP

irocyte hyp

drocytes with Re-C/EBPJ\ or Rx-GFP at

2 weeks of culture after confluency. All data are expressed as means (symbols w%}:ﬁumthﬂdemﬂsmdm per group. *P<0.01 vs.

WT or Rx-GFP,
doi:10.137 1journal pone 0004543.9003

compared the cartilage destruction between C/EBPR+/— and the
wild-type litrermates thur s 1 similar ph pes unider
physiological conditions (Figure [A) [9]. C/ZEBPR—/ = niice were
not used in this experiment smee their skeleton was originally
stoall, the jomt shupe was abuormal, and the activity was low, so
that mechanical stress caused by the joint instability was not
assumed 1o be comparable to that of wild-type mice. The cartilage
destruction as well as COLI0 expression was suppressed in C/
EBPB+/— mice, remaining a substantial undegraded matrix even
B 10 12 weeks after the surgery (Figure 6B). Quantification using
the OARSI grading system [22] confirmed significant prevention
of camilage destruction by the C/EBPS  haploinsufficiency
(Figure 60,

Discussion

The present study for the fist time demonstrated that the
transeripion factor C/EBPP is essential for physiological skeletal
growth and endochondral assiication by analyses of the deficient
mice. This fimction was dependent on the promotion of ransition
from proliferation 1o hypertrophic differentiation of chondrocytes
through the cell cycle comtrol. Oir further screening of cell cycle
factors identified the cyclin-dependent kinase inhibitor p37 as the
transeniptional target. and detected a respomsive element of €/
EBP in the promoter. We finally showed the functional
mediation of p37 n the G/EBPP action, and confirmed the
importance of the C/EBPR-p57 signal in the chondrocyte

rale of C/EBPS in the skeletul growth using the knockout mice as
well as the double knockour mice of C/EBPf and C/EBPS.

The runt Eumily transeription factor member Runx?2 |1,32.33],
parathyroid | ¢ parathyroid hormone-related peotein (PEH/
PIH:P [1,34), and eyelic GMP-dependent protein kinase 1 (¢GRI
[43,36] are known as representative regulators of chondrocyte
hypertrophy, and inmercsingly, C/EBPR has been reported 10 be
associated with these representative regulators. C/ZEBP acts as a co-
activator of Runx? [6,37]. Generally, the complex of the members of
the C/EBP and Runx families is known to interact in the activation of
lineagespecific promoters during  differentiation of  osteoblasts,
adipocytes, and granulocytes 6], Unlike Runx2—/— mice that
exhibit a complete lack of bone [32], C/EBPfi—/— mice showed
almost normal bone, raising the possibality of fiunetional redundancy
with other isoforms such as C/EBP2 or C/EBPS in osteoblast
differentintion, Contrarily, both Runx2-/— and C/EBPp—/—
mice showed impaimient of chondrocyte hypertrophy  during
cartilage development and growth [32.33], implicating a specific
interaction between CG/EBPP and Runx? in cartilage. In the presemt
stucly, the site-directed mutagenesis in the C/EBP motif’ of the p57
promoter cansed sinificant but incomplete suppresson of the
promoter activity  muduced by the C/EBPR overexpression
(Figuire 3C). Actually, there is a putative Runx motif which lies close
to this C/EBP motif in this region. C/EBPR might therefore
stimulate the promoter activity af the Runx motif as a co-activator of
Runx2, even after the innate binding was blocked, although our
Iuciferase assay and ENISA so far have Failed 1o find evidence of this.

hypertrophy during skeletal growth and osteoarthritis progressi
Growth retardation of C/EBPB—/— mice was seen during
embryogenesis only and disappeared as the anmmals grew up after
birth under physiological conditions (Figure 1A & Bl This may
possibly be due 1o compensatory mechanisms by other C/EBP
family members which are known to control cellular differentia.
tion in several lineages [23 26]. Regurding the mesenchymal cell
lincage, C/EBPS has been seported 1o show smilar and
compensatory actions for adipogenic and genic differentia-
tion [11.27 31|. Since the involvement of C/EBPS in chondro-
genic differentiation from the mesenchymal precursors remains
unknown. we imitially examined the expression by immunohisto-
chemistry in the mb canllage (E165) (Figure S1AL It was
expressed predominantly in late proliferative and pre-bypertrophic
chondrocytes, smilarly 10 the C/EBPP expression, and this was
not altered n the C/EBPR-/ = camilage. In addition, retroviral
overexpression of C/EBPS enhunced hypertrophic differentiation
deterniined by COLI0 and MMP13 mRXA levels in coltured
ATDCH eells (Figure S1B). Furthermore, the p37 promoter
activity was enhanced by the C/EBPS overexpresson, although
the eflect was somewhat weaker than thar by C/EBPR (Figure
SI1C)L Alihough we could not detect the distinet regulation of C/
EBPf and C/EBPS expressions in the b chondrocytes before
and afier birth, their actions on chondrocyte hypertrophy might be
compensatory, especially postnatally. We are now investigating the

‘@ PLoS ONE | www.plosone.org
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C ily 10 Runs2, FIH/PIHeP keeps chondrocytes prolif-
erating and inhibits their hyperieophic differentiation [1,34]. The
PIH/PTHP action via the adenyl eyelase signal in chondrocytes
i reported 1o be dependent on the suppression of p37 expression
|38], maplicating a possible mediation of C/EBP in this pathway.
However, our present study showed that neither PI'H nor the
adenyl cvelase activator forskolin affected the C/EBPB protein
Tevel in culiured ATDCS cells or the activity of the p37 promoter
(= 150 to +226 bp) with or without mduction by C/EBPR (Figure
S21. Ahough C/EBPR is therefore unlikely to mediate the p57
stippression by FIH/PUHeP dicectly, is possible involvement as a
co-activator of Runx? again cannot be denied here, since the
PIH/FTHCP action is also av least partly dependent on the Runx?
suppression i chondrocvtes [39],

¢GRIl s a serine/threonine Kinase hing downstream of the C-
type natriuretic pepide pathway which is essential for skeleral
growth [40]. We und others have reported that the deficiency of
¢GRIN - mice and rats caused dwarfism due 10 impaired
hypenrophic differentiation of chondrocytes |35.41], similarly to
the present C/EBPR—/— mice. Imerestingly, a previous study
showed that cGKIT activated C/EBPR through phosphorylation of
glyeogen synthase kinase-3f (GSK-3f) in osteosarcoma cells [42].
and our recent study showed that ¢GRI induced chomdrocyte
hypertrophic differentiation through the GSK-3B phosphorylation
136}, These suggest a possible mediation of the presemt G/ EBPS-

February 2009 | Volume 4 | Issue 2 | e4543
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wild-type (WT) and C/EBPfi - /- rib chondrocytes (leftl, and between WT rib chondrocytes with Rx-C/EBPf and Rx-GFP (right), Data are expressed as
means (bars)* SEM (error bars) of 6 samples per group. (O Double immunoflucrescence of p57 (green) and Brdl (red) in the proximal cartilage of
tibias of the two genotype embryos (E16.5) and the HE staining (bottom) as a reference. Red, blue, and green bars indicate layers of proliferative zone,
hypertrophic zone, and bone area, respectively. Scale bars, 50 um

doi:10.137 1/journal pone.0004543.9004

P37 signal i the cGRI-GSK-3P action. However, nether ¢GRI limb cartilage phenoype between cGRIT= /= and C/EBPR

nar GSK-3f overexpression altered at least the activity of the p37 mice. Unlike the ¢GRI —/— canilage characterized by appear
promoter (=150 w0 +226 bp) with or without induction by C/ ance of a wale abnormal mtermediate layver betwreen the
EBPR (Figure $3). Moreover, there is a marked difference in the profiferative and hyvperrophic zones [35,.41], the C/EBP-/
i
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Figure 5. C/EBP|l transactivates p57 through binding te a C/EBP motif and the C/EBP-p57 signal induces chondrocyte hypertrophic
differentiation. (A] Deletion analysis using lucif P constructs containing the 5'-flanking sequences from 1,092 to +216 bp of the p57
promater and a seties of deletion fragments in HuH-7 and ATDCS cells transfected with C/EBPfi or the control GFP. (B) Dose-respanse analysis of the
tandem repeats of the identified responsive element (- 150/ 130) by the luciferase-reporter assay in the HuH-7 and ATDCS cells. {€) Site-directed
mutagenesis analysis by two mutations (mt] and mt2) in the C/EBPR motif {147/ 141) as compared to the wild-type (WT) construct by the
luciferase-reporter assay in HuH-7 and ATDCS cells. *P<0.01 vs. WT-C/EBP(L, (D) EMSA for specific binding of the nuclear extract frem C/EBPf-
transfected ATDCS cells with the oligonuclectide probe { - 160/ - 120) containing the WT or mt1 C/EBPP maotil. The arrowhead Indicates the complex.
Cold competition with 50-fold excess of unlabeled WT or mt1 probe, and supershift by an antibody to C/EBP of the are also p 1. (E)
The protein and mANA levels of p57 d ined blotting and real-time RT-PCR, respectively, by the p57 siRNA. Stable lines of C3H10T1/2
cells retrovirally transfected with two kinds of siRNA of p57 (Rx-si-p57-1 and Rx-si-p57-2) or the control GFP sIRNA (Rx-s-GFF) were established,
*P<0.01 vs Ru-si-GFP. (F) Effects of the p57 sifNA above on the C/EBPflinduced hyperrophic differentiation of chendrocytes. Primary rib
chondrocytes were transfected with Re-sk-p57-1, Rx-si-p57-2, or Rx-si-GFP, and further adenovirally co-transfected with C/EBPfi or the control LacZ
(Ax-C/EBPP or Ax-LacZ). Hypenrophic differentiation was determined by ALP staining and relative COL10 mANA level by real-time RT-PCR analysis at
2 weeks of culture after confluency. *P<0.01 vs Ax-C/EBP) with Rx-si-GFP. (G) Hypertrophic differentiation of ATDCS cells stably transfected with the
retrovirus expressing ps7 (Rx-pS7) or the empty vector (Rx-EV) cultured for 3 weeks with insulin and further for 2 d with inorganic phosphate.
*P<0,01 vs. Rx-EV. All graphs are expressed as means (bars)=SEM (error bars) for 6 wells/group,

dok10,1371/journal. pone.0004543.g005

cartilage only exhibited an elongaed proliferative zone  and
defayed chondrocyte hypertrophy (Figure 2D Hence, the cell
evele arrest in chondrocytes caused by C/EBPR appears to
mmediately  link w0 the stare of the  differentianion.  The
discrepancy muy be due 1o the diversity of sgnaling pathway(s)

@ PLoS ONE | www.plosone.org

hing downstream of ¢GKI and upstream of C/EBP. We
previously reponted that ¢GRI phosphonyited Soxt, an inhibitor
of chondrocyte hypertrophy, and suppressed its nuclear enry [35)
Besides Sox9 and GSK-3, vasodilator-stimulated phosphoprotemn
and cysteine- and glycine-rich protein 2 are putative phosphor-
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12w

Figure 6. C/EBPJ s invalved in cartilage d jon during

mwmmmhmmwanmmUMmmmmmmsMﬂmmdm

hritis progression. (A) Time course of joint cantilage destruction and
instability to the knee joints of
with an

B-week-old wild-type mice Saf

to C/EBPR (x-C/EBPJ) or the non-immune

cummilﬁmpcﬁomdntheir\dmdmahﬂmm ammw«wonwmfmcdmu\emwl\mdummmu
12 weeks. Boxed areas with solid and dotted lines in the top row indicate the regions of the other rows, Scale bars 100 um (top) and 400 pm
{others]. [B) HE and Safranin-O stainings, and | histochemical stainings with »-C/EBPfl and »COL10 or the non-immune IgG in the tibial
cartilage of wild-type (WT) and C/EBPf}+/ - littermates 8 weeks and 12 weeks after the surgery. Boxed areas in the top row indicate the regions of the
other rows. Scale bars, 200 um (top), 400 um {others). (C) Cartilage destruction according to the OARSI grading system, Data are expressed as means

(bars)=SEM {error bars) for 5 mice per genotype at 8 and 12 weeks. *P<0.05 vs WT

dok:10.1371journal. pone.0004543.9006

vlation targets of cGKII i other types of cells [43]. In addition 1o
the abovementioned GSK-3f. C/EBPP s ako wrgered by
miiliiple protein kinasex meluding protem kinase A, cabmodulin-
dependent protein kinase, Erk-1/2, ribosomal protein 56 kinase,
and CDK2 [44].

The skeletal abnormalities of C/EBPE—/— mice were much
milder than these of the p37=/= mice which were perinatally
Tethal due to varions defrcts analogous 1o Beckwith-Weidemann
syndrome in children, inchiding cleft palate and body  wall
dysplasia besides severe dwarfism [38.45 47]. This may be

@ PLoS ONE | www.plosone.org
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becawse p37 i more crucial for  chondrocyte  hypenrophic
differentiation than C/EBPB whose function could be substituted
by several upsiream sgnals of pi7. In fact, the C/EBPS deficency
did not ahrogate, but partially suppressed the p37 expression
chondrocytes [Figure 4B, ), while the knockdown of p57 srongly
suppressed the C/EBPReinduced hypertrophie differentiation ol
chondrocytes (Figure 53F). Among other cell oyele lactors, mice
lacking the Rb-related pocket proteinse pl07 and pl30 show
skeletal phenotype very similar ta that of the p57—/— mice [43],
indicating that these protems are likely 10 be major downsream
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targets of the cyclin-CDK complexes that are inhibited Iy p37 in
chondrocytes. More interestingly, the Cip/Kip family proteins
have recently been reparted 1o regulate pathways disiingt fram
that of cell r“lr mrlml |14} hlu P37 supports skeletal m\nhlld
chifferentiation by nhibiti horylation of the key
tion factor Myol) [49], dhis faﬂot might ako induce chandrocyte
hypertrophic differentianon by regulsting crucial rranseription
factors Bike Runx? or Sox') This may also explain the direct
hnkage from the cell cycle arrest 10 cell dilferentiation by the G/
EBPR-p57 signaling. unlike the ¢GRI signal. as mentioned above.
We conchide that C/EBPR directly ransactivates p37 1w
promore transition from proliferation 10 hypertrophic differensi-
ation of chondrocytes during endochondral ossification. Besicles
the anabolic function for physivlogical skeletal growh, the G/
EBPR haploinsufficiency m adult mice caused cesistance 1o
cartifage  destruction dharing athritis progression i knee
joints (Figure 6, Furthermore, C/EBPP has been reported 1o be
mdhiced by proinflammatory. cviokines interleukin-l and wmor
necrosis factor-x, wnd 1o mediate the decrease of articular cartilage
mutrix by suppresing the promoter activity of cartilage charac-
teristic genes like cartilage-derived retinoic acid-sensitive protein
and type 11 collagen [50-32]. The crtokine-induced C/EBPR alo
enhances the promoter activity of prostaglandin synthetic enzymes
like cyclooxygenase-2 and phospholipase A2 [53,54] and protein-
ases like aggrecanase-1 and matrix metalloproteinase-1 [33,56] in
chondrocytes. These lines of evidence indicate thar the C/EBPp-
p37 signal could be a thevapeutic tanget of mflammatory and
degenerative joint disorders as well as skeletal growth retardation.

Materials and Methods

Ethics statement

All expenments were perdormed according 10 the protocol
approved by the Animal Care and Use Committee of the
University ol Tokyo.

Animals

C/EBPR deficient mice, kindly provided by Dr. Shizuo Akira
(Urniversity of Osaka), were maintained in o C57BL/G back-
ground. In each experiment, we compared C/EBPR~/~ or €/
EBPR+/ — mice with the wild-type htermates.

Histological analysis

The whole skeletons of W and C/EBPR—/~ htermate
embreyos (K165 were fised in 99.5% ethanol. mansforred 10
acetone, and staned in a solution containing Abzann red 8 and
Alctan blue BGX (Sigma). For histological analysis, tibial limbs were
fised in 4% paciformaldehyde (PEA; buffered with PBS and
sectioned i 5-pm shees. Hematoxylin-eosn (HE) stainings were
performed according to standard protocols. Alcdan blue/von Kossa
double stainings were performed with 1% Alczn blue 3GX in 3%

C/EBPf In Chondrocytes

conjugated anti-DIG rabbit polyclonal antibody (Dakopatis.. The
sections were inumersed ina diaminobenzidine sohiion o visualize
immunoreactivity. For BedU labeling, we injected Brdl' (Sigma)
mitraperitoneally 10 preguant mice prior o sacrifice, and the sections
were stamed usng o BrdU Immunohistochemistry Svstemn (Callno-
chem) and Alexa Fluor 568 (Molecular Probes,

Cell cultures

Primary chondrocytes were isolated from the rils of mouse
embryos as previowsly deseribed [57], The primary chondrocytes,
HuH-7 cells and CIHI0T1/2 cells were cultured in DMEN with
10% FBS, ATDCS cells were maintained in DMEM/F12 with 5%
FBS. To mduce hy i differentiation, the ATDCS cells
were cultured for 3 weeks with insulin,

Plasmids and viral vectors

C/EBPP and p57 ¢DNA were cloned into pMx vectors, and
retroviral vearon were generated using plu-E cell [58]. The sRNA
sequence wis designed for the mowse pi7 gene (NM_O0SE76,5:
nucleotides 925 946 and 307 420) and GFP as previowshy
described [59) and figated into piGENEMUG vector GGENE
Therapeutics.. The sIRNA sequence combined with the promotes
was then inserted into a rewroviral pMx vector. The adenovirus €/
EBPP and LacZ expression vector were synthesized osing an
Adeno-X expression system (Clontech), Two weeks after transfec-
tion, the cells were harvested and used for subsequent assays. cDNA
of cGKI and GSK-3f was ligated into pCNV-HA (Invitrogen).

Cell proliferation assay

Primary chondroeytes were inoculated at 10 cells per well in a
96-well plate. The proliferation of cell was examined, using an
NTT Asay Kit (Roche) at the indicated time point. The
absorbance of the product was quantified using a MTP-300
microplate veader (Corons Elecric). For BrdU detection analysis,
we labeled the chondrocytes with 10 pM BrdU (Sigra) for 18 b
and the cells were stained using a BrdU Immunohisiochemisiry
System (Calbiochemn).

Chondrocyte differentiation assay
Primary chondrocytes were  cultured  for two weeks  after
confluency, and the wial RNA was extracted to assess the COLI0,
MMPIS, and VEGF mRNA levels For the ALP saining, cells were
staived with a solution containing 0.01% Nuphthol AS-MX
phosphate disodinm salt Sigmay, 1% N, NodimethyHormamide
l“altu]. and 0.06% fast blue BB (Sigma. For the Alizarin med S
g cells were 1 with 2% Albgan red 8 solution (Sigmay,

Flow cytometric analysis
CIHUTTL/2 cefls with rewoviral ansfection with C/EBPB or
GFP were incubated for 18 h i the presence of 0.2 M

acetate and with 3% silver nitrate. For i histoch v, the
sections were incubated with antibodies o C/EBPRC-19), p57 (C-
20, Ihh (C-15), and C/EBPS (M-17) (Santa Cruz Biotechnology
e, diluted 1:500 in blocking reagent. The hx‘a.ﬁmliun of C/EBPR
wis detected \mh HI-lP-q I secondary antibody (Promega).
For ik 10, i SO v antibody mnrdmlh
Alexa Fluor m (Invitrogen) was uu'd The p.l? detectiom was
performed using a CSA 11, Biotin-Free Catalyzed Amplification
System (DAKOYL o site habridizaion was performed. as we
reported previously [21]. Briefly, hybridization with complementary
digoxigenin  (DIGlabeled for mouse type X collagen  was
performed o homidified chmber for 16 b at 32 C, For the
detection of DIG-labeled probes, shdes were incubated with HRP-

VR
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nocodazole lor synch at the G2/M phase. Then, cells
were suspended in citrate buffer and stained with propidium
iodide. DNA content was analveed with EPICS XL and XL
EXPO32 insmmments (Beckman).

Real-time RT-PCR

The toal RNA was extracted using an ISOGEN Kit (Wako)
antd un RNeasy Mini Kit (QIAGEN). Oue pg of RNA wis reverse-
transcribed with a Takara RNA PCR Kit (AMV) ver 2.1 (Nakara)
to generate sngle-stranded ¢DNA. PCR was performed with an
ABI Prism 7000 Sequence Detection Systern (Apphed Biosysierns).
All reactions were run in triplicate. Primer sequence information is
available upon eeopuest.
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Luciferase assay

The human pi7 promoter regions were cloned mto the ptil4.10
vector [Promega). Other deletion conamcts were created by the
PCR technique. Tandeme-repeat constructs were created by liguting
the double strand oligonucleotides from =150 10 =130 bp into
pGLA.10 vector. Transtection in HuH-7 and ATDCS cells was
performed i quadruplicate uang Figene (Rochel. For PI'H or
forskolin stimulation, cells were cultured with FI'H (10 oM or
forskolin (10 oMl at the time of ransfection. The luciferse asay
was performed with a PicaGene Dual SeaPansy Luminescence Kit
(Tovn Ink and GloMax "™ 96 Microplate Luminometer (Promega).

Electrophoretic Mobility Shift Assay (EMSA)

Nuclear extracts were prepared from ATDCS cells adenovirally
transfiected with C/EBPP. Oligonudeotide probes of the =160 10
— 120 bp region sequence in the pa7 promoter were labeled with
digaxigenin by using a DIG gel <hift kit (Roche). For competition
analyses, 50-fold excess of unlabeled competitor probe was included
in the binding reaction. For the supesshift experiments, 1 gk of an
amibody 1o C/EBPR (Sama Cruz Biotechnology Inc.j was added.

Microarray analysis

Total RNA was isolated from CIHI0T1/2 cells with retroviral
introduction of C/EBPR or the empty vector after | week of
culture. The microurray experiment was performed using the
Gene Chip Mouse Genome 430 2.0 Array (Affymerrig, scanned
by GeneChip Scanner 3000, and analyzed using GCOS ver 1.4
witware.

Immunoblotting

ATDCS cells were cultured with FEH (10 nM or forskolin (10
nM) for 0 1o 30 min, and then their cytoplasmic and nuclear
proteins were extracted with an NE-PER (Pierce Chemical). For
immunoblot analysis, lysates were fractionated by SDS-PAGE and
randerred  onto  pitrocellulose  membranes  (BIO-RADL. The
membranes were incubated with an amibody 10 C/EBPR (Santa
Cruz), or an antibody o actin (Sigma). Immunoreactive bands
were visualized with ECL Plus (Amersham Biosciences),

Osteoarthritis experiment

‘The surgical procedhire 10 create an osteoarthritis experimental
model was performed on S-week-old male mice, as we hive
repored previowsly [17.20.21] At the indicated time points afier
surgery, the mice were killed, and the entire knee joints were
dissected and fixed for 24 hoat 4 C i 4% PFA. The specimens
were decalafied for 2 weeks with 10% EDTA (pH 7.4) ar 4 C and
sectioned in - dices, Sections were stined with Safranin O
fast green, Degruction of carilage was quantified according 1o the
OARSH grading system [22]. For immunohistochemistry, the
sections were incubated with antibodies to C/EBPR (Santa Cruz),
COLI0 (181} or the nonimmune rabbit 1gG as the negative
control dilmed 1:500 in blocking reagent, and the localization was
detected with HRP-conjugated secondary anvibody (Promega),

Statistical analysis

Means of groups were compared by ANOVA, and significance
of differences was determined by post-hoc testing using Bonferro-
ni's method.
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Supporting Information

Table 81 Alicroarray analysis shows the changes in expression of
cell evele factors by C/EBPR overespression. Ratios of mENA
levels in CSH 1UT1/2 cells with retroviral mtroduction of C/EBPR
i comparison with the control empty vector were determined by
Gene Chip Mouse Genome 430 2.0 Array (Alfvmernix). All resalts
of the microurray analvsis are provided at ArravExpress (accession
number: E-XEXP-1984).

Found at:  doi: 10,137 1 /journal.pone 000453432001 (0,02 MB
PDF

Figure §1 C/EBPS shows similur expression and function in
chondrocytes to those of C/EBPR. (A) Immunostaning with an
antibody to C/EBPS in the tibin] cartilage of wild-type (W) and
C/EBPR=/= huermates (E16.3. Red, blue, and green bars
indhicate Tayers of proliferative zone, hypertrophic zone, and bone
area, respectively, Scale bars, 100 mm. (B) Relative mRNA levels
of COLIO, MMP1S, and VEGF of ATDCS cells with retroviral
transtection ol C/EBPS or the control GFP determined Iw veal-
time RT-PCR a1 2 weeks of culture afier confluency. (C) The p57
promoter activity in ATDCS cells transfected with huciferase-
reporter construct  containing  the 5'-flanking sequences from
=150 10 +226 bp of the p37 promoter with effector plasmid
expressing C/EBPS, C/EBPR, or the control GFP. All data are
expressed us means (symbaols or bars) = SEM (ervor bars) of 6 wells
per group. *P<0.01 vs. GFP,

Found at: doi 10,137 1/joumal pone, 0004543 5002 (068 MB
PDF)

Figure 52 PIH and forskolin have no effeas on C/EBPP
protein level and p537 promoter activity. (A) Time course of C/
EBPR protein level in cultured ATDCS cells. After the indicated
time of treatment with PEH (10 oM and forskolin (10 X, the
C/EBPP protein levels in the eytoplasmic fraction (€ and nuclear
[raction (N} were determined by immunoblotting with an antibody
w C/EBPR or actin as the loading comrol. (B) Fifecis of FI'H,
farskalin or the control on HuH-7 cells transfiected with luciferase-
reporter construct containing the 3°-llanking fragmemt (=150 10
+226 bpj of the pi7 promoter with effector plasmid expressing G/
EBPR or GFP as the control ‘The promoter activity was
determined by the luciferase assay after 2 d of treatment.

Found at: doi10.157 1 /journal pone 00045435003 (007 MB
PDF)

Figure 83  Effects of ¢GKI and GSK-3f overexpression on p57
promoter activity. The promoter activity was determined by the
luciferase weay in HuH-7 cells transfected with luciferase-reporter
construct containing the 3'-Manking fragmen (— 150 10 +226 bp)
of the p57 promater with effector plsmid expresang C/EBPf o
GFP as the contral.

Found stz doi: 10,137 1 Zjournalpone 00043435004 (002 MB
PDF)
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Identification of the Core Element Responsive to
Runt-Related Transcription Factor 2 in the Promoter of
Human Type X Collagen Gene
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Akinori Kan, Yasushi Oshima, Shinsuke Ohba. Naoshi Ogata, Katsushi Takeshita,
Kozo Nakamura, Ung-il Chung, and Hiroshi Kawaguchi

Objective. Type X collagen and runt-related tran-
scription factor 2 (RUNX-2) are known to be important
for chondrocyte hypertrophy during skeletal growth and
repair and development of osteoarthritis (OA) in mice.
Aiming at clinical application, this study was under-
taken to investigate transcriptional regulation of human
type X collagen by RUNX-2 in human cells.

Methods. Localization of type X collagen and
RUNX-2 was determined by immunochistochemistry,
and their functional interaction was examined in cul-
tured mouse chondrogenic ATDC-5 cells. Promoter ac-
tivity of the human type X collagen gene (COLI0DAL)
was examined in human HeLa, HuH7, and OUMS27
cells transfected with a luciferase gene containing a
4.5-kb promoter and fragments. Binding to RUNX-2 was
examined by electrophoretic mobility shift assay and
chromatin immunoprecipitation.

Results. RUNX-2 and type X collagen were co-
localized in mouse limb cartilage and bone fracture
callus. Gain and loss of function of RUNX-2 revealed
that RUNX-2 is essential for type X collagen expression
and terminal differentiation of chondrocytes. Human
COLI0AT promoter activity was enhanced by RUNX-2
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alone and more potently by RUNX-2 in combination
with the coactivator core-binding factor f§ in all 3
human cell lines examined. Deletion, mutagenesis, and
tandem repeat analyses identified the core responsive
element as the region between =89 and =60 bp (termed
the hypertrophy box [HY box]), which showed specific
binding to RUNX-2. Other putative RUNX-2 binding
motifs in the human COLI0AL promoter did not re-
spond to RUNX-2 in human cells.

Conciusion. Our findings indicate that the HY
box is the core element responsive to RUNX-2 in human
COLI0AL promoter. Studies on molecular networks
related to RUNX-2 and the HY box will lead to treat-
ments of skeletal growth retardation, bone fracture, and
OA.

Hypertrophic differentiation of chondrocytes
during endochondral ossification is an essential step in
skeletal growth and repair (1,2). We and others have
reported that chondrocyte hypertrophy also contributes
to cartilage degradation during the development of
osteoarthritis (OA) (3-5). Type X collagen is a short,
network-forming collagen specifically expressed by hy-
pentrophic chondrocytes (6). The physiologic impor-
tance of type X collagen has been shown by the impair-
ment of endochondral ossification and skeletal growth
that results from loss of function of the type X collagen
gene in mice (7-9). Similarly, mutations in the carboxy-
terminal domain of the human type X collagen gene
(COLIDAL) cause a severe skeletal disorder called
Schmid-type metaphyseal chondrodysplasia, with growth
retardation. waddling gait. and OA (10-12). Hence,
clucidation of the mechanisms regulating the type X
collagen gene will contribute to understanding the mo-
lecular backgrounds of skeletal growth and repair and
OA not only in mice, but also in humans.
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The specificity of type X collagen expression in
hypertrophic chondrocytes underlies tight control by
transcriptional regulation of gene expression. Runi-
related transcription factor 2 (RUNX-2) was originally
isolated on the basis of its ability 10 transactivate the
osteoblust-specific osteocalein gene and is well known as
a key molecule for bone formation (13.14). However,
recent in vivo studies in mice have revealed that
RUNX-2 is the pivotal transcription factor for type X
callagen expression and chondrocyte hypertrophy during
endochondral ossification (15-20). RUNX-2 is known to
function by forming a heterodimer with a cotranscription
factor called core-binding factor 8 (CBFB) (21).

In a previous study (22.23), we created an exper-
imental OA model by induction of joint instability in
mouse knee joints (5). RUNX-2 expression was induced
in articular cartilage chondrocytes, followed by type X
collagen expression and chondrocyte hypertrophy. Type
X collagen expression and cartilage degradation were
greatly suppressed in the joints of heterozygous Rinx2-
knockout (Runx2 ™" ) mice as compared with their wild-
type littermates. These findings indicate that the
RUNX-2-type X collagen signal is likely to play a crucial
role in pathologic skeletal disorders, such as OA, as well
as in physiologic skeletal growth and repair. Although
RUNX-2 has been reported to activate the promoter of
the mouse Coll0al gene directly via its putative
RUNX-2 binding motifs (20). the mechanism of tran-
seriptional regulation of the human COLI0OAL gene by
RUNX-2 remains unknown. Hence, aiming at clinical
application of this signal to treatments of skeletal growth
retardation, bone fracture, and OA, in this study we
investigated the mechanism underlying the transcrip-
tional regulation of human COLIOAT by RUNX-2 in
human cells.

MATERIALS AND METHODS

Animals. All experiments were performed according to
a protocol approved by the Animal Care and Use Committee
of the University of Tokyo. Wild-type and heterozygous
Run2-deficient mice with the lacZ gene inserted at the site of
the Runx2 gene deletion (Runx2 ™ "™%) were maintained on a
C57BL/6 background and were fed a standard rodent diet
(CE-2; Clea, Tokyo, Japan),

Bone fracture experiment. A (ransverse osteolomy was
created using a bone saw at the midshaft in the left femur of
S-week-old male Runx2” " mice, and was internally stabi-
lized with an intramedullary nuil using the inner pin of a
22-gauge spinal needle, as previously deseribed (24-26). For
histologic analyses, animals were killed by CO, asphyxiation 9
days afler surgery. and femurs were excised.

198

167

Histologic analysis. Excised tibial limbs and femurs
were fixed in 4% formuldehyde buffered with phosphate
buffered saline (pH 7.4) for 1 hour at 4°C and rinsed 3 times
with washing buffer (0.1M sodium phosphate, 0.02% Nonidet
P40, 0.01% deoxycholic acid. and 2 mM MgCl. [pH 7.4]). To
detect B-galactosidase activity, tibial limbs and femurs were
subsequently stained with X-Gal staining buffer (1 mg/ml
X-Gal, 5 mM potassium ferricyanide, and 5 mM potassium
ferrocyanide buffered with the washing buffer described
above) for 36 hours. The femurs were additionally decaleified
for 2 weeks with 10% EDTA (pH 74) at 4°C. After dehydra-
tion with an incressing concentration of ethanol and embed-
ding in paraffin, they were sectioned into 4-pum slices. For
immunohistochemistry. after treatment with 25 pg/ml hval-
uronidase for 1 hour, sections were incubated overnight with
rabbit polyclonal antibodies to rat type X collagen or with
nonimmune serum (1:500 dilution; LSL, Tokyo. Japan). Lo-
calizations were detected with a horseradish peroxidase-
conjugated secondary antibody (Promega, Madison, W1).

Construction of expression vectors, Full-length human
RUNX-2 (accession no. NM_004348) complementary DNA
(¢DNA) and CBF (accession no. NM_022845) cDNA were
amplified by polymerase chuin reaction (PCR) and cloned into
pCMV-HA (Clontech, Palo Alto, CA), RUNX-2 (accession
no. NM_009520) cDNA and ¢cDNA for a dominant-negative
mutant of RUNNX-2 (dnRUNX-2) were cloned into pMx
vectors (27). A vector expressing dnRUNX-2 wais generated by
the form which contains the runt domain with N-terminal
domain of RUNX-2 and lacks the C-terminul region, as
previously described (19). Production of retrovirus vectors was
performed as previously described (28,29). Plat-E cells (2 %
10) were plated in 60-mm dishes and transfected with 2 pg of
pMx vector using FuGene 6 (Roche, Mannheim, Germany),
After 24 hours, the medium was replaced with fresh medium,
which was collected and used as the retrovirus supernatant 48
hours after transfection. The blasticidin resistance gene was
inserted into the pMx vector of RUNX-2 and that of
dnRUNX:-2 for selection of stable cells.

Cell cultures. Hela cells. HuH7 cells. COS-7 cells
(RIKEN Cell Bank. Tsukuba, Jupun), and OUMS27 cells
(Health Science Rescarch Resources Bank. Tokyo, Japan)
were cultured in high-glucose Dulbecco’s modified Eagle's
medium (DMEM) with 109 fetal bovine serum (FBS)
ATDC-5 cells (RIKEN Cell Bank) were m und maintained
in DMEM-Ham's F-12 (1:1) with 5% FBS. To induce hyper-
trophic differentiation, ATDC-5 cells were cultured in the
presence of insulin—transferrin-sodium selenite supplement
(Sigma, S1. Louis, MO) for 3 weeks, and then with eeminimum
essential medium/5% FBS with 4 mM inorganic phosphate for
2 days, as previously described (30). For generation of the
stuble cell lines, 3 X 10F ATDC-5 cells were plated and
cultured in 60-mm dishes for 1 day. and the retrovirus super-
natant was added to the cells with Polybrene (8 pg/ml final
concentration). After 2 days, the cells were into
100-mm dishes and cultured with medium containing 10 pg/mi
blasticidin until confluency. For alizarin red staining, cultured
cells were fixed in 10 buffered formalin and stained for 10
minutes with 2% alizarin red § (pH 4.0) (Sigma), For von
Kossa's staining, cells were fised with 100% ethanol for 15
minutes and stained with 5% silver nitrate solution under
ultraviolet light for 5 minutes.



Reverse transcriptase-PCR (RT-PCR) and real-time
RT-PCR analyses. Total RNA from cells was isolated with an
RNeasy Mini kit. according to the recommendations of the
manufacturer (Qiagen, Hilden, Germany), and 1 aliquot (1 ug)
was reverse-transeribed with a QuantiTect Reverse Transcrip-
tion kit (Qiagen) to muke single-stranded ¢cDNA, For RT-
PCR, ¢cDNA was amphfied for 30 cycles in a PCR thermal
cycler using Takura Ex Tag (Tukara Bio, Shiga, Japan) and the
following primer pairs: for the N-terminal region of RUNX-2,
S.GCAAGATGAGCGACGTGAG-3' and 5°-GTCCGC-
GATGATCTCCAC-3'; for the C-ternminal region of RUNX-2,
5'-CCCAGCCACCTTTACCTACA-3" and 5-TATGGAGT-
GCTGCTGGTCTG-3; and for B-uctin, 5-AGATGTGGAT-
CAGCAAGCAG-3 und5"-GCGCAAGTTAGGTTTTGTCA-
z il

Real-time RT-PCR was performed with an ABI Prism
7000 Sequence Detection System (Applied Biosystems, Foster
City, CA) using QuantiTect SYBR Green PCR Master Mix.
sccording to the recommendations of the manufacturer (Qia-
gen). All reactions were run in triplicate, After data collection,
the messenger RNA (mRNA) copy number of a specific gene
in total RNA was caleulated using a standard curve generated
with serially diluted plasmids containing PCR amplicon se-
guences and normalized to rodent total RNA (Applied Bio-
systems) with mouse B-actin as an internal control, Standard
plasmids were synth d with a TOPO TA cloning kit,
according to the rec fations of the facturer (In-
vitrogen, Carlsbad. CA). PCR amplification was performed
using the following primer pairs: for type X collagen, 5'-
CATAAAGGGCCCACTTGCTA-3" and 5-TGGCT-
GATATTCCTGGTGGT-3"; and for P-actin, 5-AGATGTG-
GATCAGCAAGCAG-3" and 5-GCGCAAGTTAGGTTT-
TGTCA-3".

Sequence search of COLI0AL promoters. A sequence
search for the RUNX-2 binding motif was performed using
Veetor NT1 (Invitrogen). To search sequences that were
conserved between the human and mouse COLI0AT proximal
promoters, we performed a BLASTN search (31) against the
mouse genomic plus transcript database using a 4.5-kb frag-
ment of the human COLI0A] 5'-end flunking region,

Luciferase assay. The human COLI0AL promoter
region from —4,459 bp to +39 bp relutive to the transcription
start site was obtained by PCR using human genomic DNA as
a template and was cloned into the pGL3-Basic vector (Pro-
mega). Deletion and mutation constructs were created by
PCR. Tandem repeat constructs were created by ligating
double-stranded oligonucleotides into the pGlL3-Basic vector.
Transfection of HeLa, HuH7, OUMS27, and ATDC-S ccells
was performed in triplicate in 48-well plates using FuGene 6
with plasmid DNA (100 ng of pGL3 reporter veetor, 50 ng of
effector vector, and 4 ng of pRL-TK vector [Promega]) for
internal control per well. Cells were harvested 48 hours after
transfection. Lucifernse assay was performed with a dual
luciferase reporter assay system (Promega) using o GloMax 96
microplate luminometer (Promega ), Results were shown as the
ratio of firefly activity to Renilla activity.

Electrophoretic mobility shift assay (EMSA). Nuclear
extracts were obtained from COS-7 cells overexpressing empty
vector, RUNX-2, or the combination of RUNX-2 and CBFp
48 hours after transfection using NE-PER, according to the
recommendations of the manufacturer (Pierce, Rockford. IL).
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Each expression vector was transfected using FuGene 6.
EMSA was carried out using a DIG Gel Shift kit, according to
the recommendations of the manufacturer (Roche). Binding
reactions were incubated for 30 al room femperature.
For competition analyses, a 100-fold excess of unlabeled
competitor probe was included in the hinding reaction. For the
supershift experiments, 1 gl of anti-RUNX-2 antibody (M-70
X: Santa Cruz Biotechnology, Santa Cruz, CA) was added
after 30 minutes of binding reaction, and the reaction was
incubated for un ndditional 30 minutes al room temperniture.
Samples were loaded onto Novex 6% Tris—borate-EDTA gels
(Invitrogen) and electrophoresed st 100V for 60 minutes.

Chromatin immunoprecipitation (ChIP) assay. A
ChIP assay was performed with a OneDay ChlP kit, according
to the recommendations of the manufacturer (Diagenode,
Ligge. Belgium). HuH7 cells were transfected with empty
vector and the combination of RUNX-2 and CBF# using
FuGene 6. In vivo crosslinking was performed 48 hours after
transfection. To shear genomic DNA, the lysates were then
sonicated on ice 10 times for 30 seconds each. For immuno-
precipitation, anti-RUNX-2 antibody (M-70 X) and normal
rahbit 1gG (negative control, Promega) were used.

RESULTS

Localization of RUNX-2 and type X collagen
during endochondral essification. We initially examined
the in vivo expression patterns of RUNX-2 and type X
collagen during endochondral ossification in skeletal
growth and repair using specimens of limb cartilage
from neonatal mice and bone fracture callus from adult
mice (Figure 1). Due to the lack of appropriate and
sensitive antibodies or riboprobes to examine RUNX-2
localization in wild-type mouse cartilage tissue, we used
X-Gal staining in heterozygous Runx2-deficient mice
with the laeZ gene insertion at the Runx2-deletion site
(Runx2 "7y (32), RUNX-2 was widely expressed in
cartilage and bone areas, but was expressed most
strongly in hypertrophic chondrocytes in both speci-
mens. Strong RUNX-2 expression was well colocalized
with the area of positive immunostaining with type X
collagen, consistent with the results we previously re-
ported for OA cartilage (22) and confirming the molec-
ular interaction between RUNX-2 and type X collagen
during endochondral ossification.

Functional role of RUNX-2 in type X collagen
expression and terminal differentiation of cultured
chondrocytes. To investigate the function of RUNX-2
during endochondral ossification, we examined the ef-
fects of gain and loss of function of RUNX-2 on mouse
chondrogenic ATDC-5 cells that were cultured in differ-
entiation medium (30). For the gain-of-function analy-
sis, we established stable lines of ATDC-5 cells overex-
pressing RUNX-2 or the empty vector through retroviral



IDENTIFICATION OF CORE ELEMENT RESPONSIVE TO RUNX-2 IN COLI0OAL

|
\
)

=,

Lo, i b o e el

Figure 1. Expression of runt-related transeription fuctor 2 (RUNX-2) and type X collagen in A, the proximul
fibal limb cartiluge of |-day-old neonatal mice and B, the bone fracture callus of 8-week-old adult mice 9 duys
after osteotomy at the femur midshafl. Specimens from heterozygous Rune2-deficient mice with the RUNX-2
promoter and foeZ gene knockin ai the Rua deletion site (Runx2 ™ "% mice) were stained with X-Gal and
antibody 1o type X collagen (left and middle) or with X-Gal and nenimmune control setum (right). RUNX-2
localization is shown as blue X-Gal staining 1o detect fgalactosidase activity, Tyvpe X collugen localization is
shown as brown immunostaining with an antibody 1o type X collagen. The middle and right pancls show
higher-magnification views of the boxed areas in the left panels. The blue. red. and green bars in A indicate lavers

of proliferative zone, hyperirophic zone, and bone area. respectively, Bars

transfection and found that the type X collagen mRNA
level as well as the terminal differentiation determined
by alizarin red and von Kossa's stainings were potently
stimulated by RUNX-2 overexpression (Figure 2A).
Next, to determine the effects of loss of function
of RUNX-2, we established stable lines of ATDC-5 cells
overexpressing a dominant-negative mutant of RUNX-2
that lacks the C-terminal region (19). which were cul-
tured in differentiation medium (Figure 2B), The type X
collagen mRNA level and the intensity of the stainings
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were deereased by the overexpression, indicating that
RUNX-2 is a crucial factor for type X collagen expres-
sion and terminal differentiation of chondrocytes.
Transactivation of the human COLI0AI pro-
moter by RUNX-2 and identification of the responsive
element. To cxamine the mechanism underlying the
induction of type X collagen expression by RUNX-2 in
humans, we initially compared sequences of the 4.5-kb
fragment of the 57-end flanking region of the human
COLI0AL gene with the corresponding mouse genes
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Figure 2. Effect of gain and loss of function of runt-related transcription factor 2 (RUNX-2) on type X collagen
{COLI) expression and terminal differentiation in cultured mouse chondrogenic ATDC-S cells. A, Type X
collagen mRNA level, determined by real-lime reverse transeriptose-polymerise chain reaction (RT-PCR), und
alizarin red and von Kossa's stuining in stable lines of ATDC-5 cells retrovirally transfected with emply vector
(EV: control) or with RUNX-2 after culture for 3 weeks with insulin-translerrin-sodium selenite and for 2 days
with inorganic phosphate. B, Type X collagen mRNA level, determined by RT-PCR, and alizarin red and von
Kussa's staining in stable lines of ATDC-2 cells retrovirally transfected with empty vector or with dominant-
negative RUNX-2 (dnRUNX-2), which contains the N-termmal region (Runx2-N), but not the C-terminal region
(Rumx2-C) of RUNX-2, under the same culture conditions as in A, Gene expression of RUNX-2 and dnRUNX-2
wis confirmed by RT-PCR analysis using 2 primer sets for the N-terminal region and the C-terminal reghon of
RUNX-2 Burs show the mean and SD of 3 wells per group.

(Figure 3A). The sequences were substantially different,
except for 2 regions that were =709 conserved between
the species.

We then analyzed the promoter activity of the
human COL10A] gene using 3 human cell lines, epithe-
lial Hela cells, hepatic HuH7 cells, and chondrogenic
OUMS27 cells, that were transfected with a luciferase
reporter gene construct containing the 4.5-kb fragment
of the 5'-end flanking region of the COL10A1 gene and
the series of deletion fragments (Figure 3B). The tran-
scription activity determined by the luciferase reporter
assay was enhanced by cotransfection with RUNX-2 and
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more potently by cotransfection with both RUNX-2 and
the coactivator CBF as compared with the control
empty vector, confirming activation of the COLIOAI
promoter by RUNX-2 and enhancement by the CBFp
cotransfection in all cell lines, Deletion analysis by a
series of 5'-deletion construets identified the responsive
region to RUNX-2 as being between —81 bp and - 76
bp. containing a putative RUNX-2 binding sequence
(TGAGGG), which is similar to that identified in the
promoter region of human interleukin-3 (TGTGGG)
(33). This was within the highly conserved region in the
comparative mapping described above (Figure 3A).
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Figure 3. A, Comparison of sequences of COLIOAT proximal promoler regions in human and mouse genes. The
45-kb fragment of the human §™-end fanking region was compared with the mouse genomic plus transcript
database. B. Luciferase wssays for human COLIDAT promoter activity induced by transfection with RUNX-2 and
identification of the responsive region by deletion analysis in human cells. Three human cell lines, epithelial Hela
cells, hepatic HuH7 cells. and chondrogenic OUMS27 cells, transfecied with luciferase reporter constructs
containing a 5"-end flanking region of the human COLIOAT gene (from 4459 bp 1o + 39 bp relutive o the
transcription starnt site) and the series of deletion fragments were cotransfected with empty vector (control),
RUNX-2 alone, or RUNX-2 and core-binding factor 3 (CBFg). Bars show the mean and SD relative Tuciferase
activity (ratio of firefly activity 1o Renilla activity) of 3 wells per group, TSS — transeription start site (sec Figure
2 for other definitions),
We therefore prepared the 30-bp element (from box) (Figure 4). To determine the core responsive
—89 to —60 bp) containing the identified region for element in the HY box, we performed site-directed
further analyses, and called it the hypertrophy box (HY mutagenesis analysis of the luciferase assay by creating 3
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Figure 4. Lucifernse assays for determination of the core respensive clement o the hypertrophy box
(HY box: 3% bp 10 60 bp) containing the wdentified responsive region (from - 81 bp o -~ 76 bp.
underlined) in the human COLIOA ] promoter by site-directed mutagenesis (underlined) and deletion,
andd dose-response analysis of the tandem repeats using 3 human cell lines cotransfected with empty
vector (conirol), RUNX-2 wlone, or RUNX-2 and the coactivator core-hinding factor § (CBF ). A,
Single-base mutations (m | and m2), a double-base mutation (m3), and 1-15-bp deletions starting st the

81 bp site were created in the HY box of the 5%-end Manking region hetween 339 bp and +39 bp,
and luciferase activity was compared with that in the wild-type (WT) HY hox. B, Duse-response analysis
of the tandem repeats of the WT and the mutated (m2) HY box wus performed. Bars show the mean
and SD relative luciferase activity of 3 wells per group. See Figure 2 for other definitions,
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