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i - . - Genetic rescue of gro plate abnormality in Prkg2
mice by GSK-3) insufficiency. (A) H&E staining, Safra-
nin-0 staining, BraU labeling, and immunot emical
staining of COL10 in the tibial growth plates ol 3-week-
old mice of the 3 genotypes. Blue, red, green, and yal-
low bars indicate proliferative zone, abnormal interme-
diate layer, hyperirophic zone, and primary spongiosa
respectively. Boxed regions in COL10 panels are shown
at higher magnification to the right. Scale bars: 50 ym
(B) Height of the growth plates of the 3 genotypes. The
percentage recovery by the GSK-3f insufficiency was
36.0%. Data are mean = SD ol 4 mice per genotype
*P < 0.05 versus WT. *P < 0.05 versus Prkg2
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Radinlogical and bistological analyses. Plain radiographs were taken using
a soft Xeray apparatus (Softex CMB-2 Softex). For histological analy-
ses, skeletons were fixed in 4% paraformaldehyde, decalaified with 10%
EDTA, embedded in paraffin, sectioned in S-pm slices, and srained with
HA&E o Safranin.O, according to standard procedures, For BrdU label-
ing, mice were injected intrapenitoneally with BrdU (25 pg/y body weighe)
2 h prior to sacrifice, and the sections were staned with a BrdU stuming
kiv (Zymed Lal ies) accarding to the facrurer’s instrucrions.
In sitw hybnidizarion with nonradicactive probes was performed as pre-
viously described (39), For immunohistochemastry, antibodies ro ¢GKIL
Ser9-phosphorylated GSK-3f, MMP-13, Runx2 (1:50; Santa Crue Biotech-
nology Ine.), GSK-3f (1:200; Chemicon), COL10 {1:1000; LSL), P-catenin
(1100, Cell Signaling Technology), and respective nonimmune serums
were used, and the signal was detected wirh an HRP-conjugated secondary
antibody. For Ruarescent visualizarion, a secondary antibody conjugared
wich Alexa Fluor 488 (Invitrogen) was used.

Cell cultures. ATDCS cells were grown and maintained in DMEM and
F12ar a 1:1 raco with 3% FBS, To induce hypertrophic differentiation,
the ATDCS cells were cultured in the presence of insulin, rransfernin and
sodium selenite (IT5) supplement (Sigma-Aldnch) for 21 d as described
previously (40). We confirmed COLL0 expression by real-time RT-PCRand
used the cells whose stage of differentiation was assumed ro be prehyper-
trophic or hypertrophic. Primary chondrocyres were isolated by digestion
of E18.5 costal carmilage. Primary chondrocytes, HuH-7 cells, HEK293 cells.
and HeLa cells were cultured in hugh-glucose DMEM with 10% FBS. Three-
dimensional alginare bead cultures of primary costal chondrocytes and
ATDCS cells were performed with or wirhour LIC]H(8 mM) for 72 h, and the
cells were analyzed as described previously (21), For immunocytochenustry
of primary costal chondrocytes, the cell colonies were fixed with 4%
paraformaldehyde, embedded in paraffin, sectioned in Squm slices, and
underwent immunostaning for COL10 and MMP-13 as described above.
For ALP staining, sections were fixed in 708 ethanal and stamned for 10 min
with a solution containing 0,01% Naphthol AS-MX phosphate disod
sale (Sigma-Aldrich), 1% N, N-dimerhyl-for le (Wako Pure Chermical
Industries Led.}, and 0.06% fase blue BB (Sigma-Aldnch).

I vitro kanase aisey. ATDCS cells were cultured in the presence of TS for
21 d ro differentiate into prehypermrophic or hyperrrophic chondrocytes,
a4 described above. The whole-cell lysare of the differentiated cells was pre-
pared using Cell Lysis Buffer (Cell Signaling Technology). The cell lysare or
recombinant GSK-3f (Upstare Biotechnology Inc.) was incubated with
recombinant ¢GKII (Stgma-Aldnch) in a reaction buffer (Cell Signaling
Technology) containing 1.6 mM ATP and 100 pM 8-bromo-cGMP (Bic-
mol) ar 307C for 30 min. An equal amount of protein (15 pg) was subjecred
to SDS-PAGE and rransferred onro nitrocellul branes. 18 was
then perfotmed using primary antibodies to Serd-phosphorylated GSK-38
(Cell Signaling Technology), GSK-3@ (Chemicon), Ser21-phosphorylated
GSK-3a and G5K-3a (Cell Signaling Technology), and f-acrin (Sigma-
Aldrich). The membrane was incubated with HRIP.conjugated antibody
e ga), and the tive protems were visualized with ECL
Plus [Amersham Biosciences).

Plasmids and viral vectors. cDNA of caspase-9 (GenBan) fon no.
NM_0101229.1), Bad (NM_D07522.2), PLK (NM_011121.3), p90ORSK
(NM_009097.4), ¢NOS (NM_000603.3), GSK-3f (NM_002093.2),
VASP (NM_D09499.1), cde25 (NM_D09B60.2), and cvsteine- and gly-
cine-rich protein 2 (CSRP2; NM_007792.3) was ligated into pCMY-HA
(Invicrogen). cDNA of rar cGKILINM_013012.1; nucleotides 48-2.333)
was ligared into pcDNA4HiIsA (Invitrogen), A PCR-amplified fragment
(nucleotides 48-1,403) was used to construct the cGKIT-Akinase plasmid.
Plasmids encoding constitutively active human cGKI were kindly pro-
vided by BM. Hogema (Erasmus University Medical Center, Rotterdam,
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The Netherlands; ref. 41), Axinl (NM_003502.2) was subcloned into
POMY-Mye (Invirrogen) to introduce Mye epitope tags, cDNA of Sox9
(NM_000346.2) and Runx2 (NM_009820.3) was ligated into pEGFPCL
{Clontech) to generate GFP-tagged plasmids. To creare phosphoryla-
rion-deficient mutants, GFP-tagged Sox9 plasmid and GSK-3f plasmud
were subjected 1o site-directed mutagenesis using the mverse PCR tech-
mque. All constructs were venified by sequencing, cGRI1, cGRI-Akmase,
GSK-3p*, and control GFP retrovirus vectors were constructed using
pMxvectar and plat-E cells as described previously (42),

Gene transfectron, For the transient transfecrion, a roral of | pg plas-
mid IINA was rransfected using Fugeneb (Roche). For corransfection,
all plasmids were added in an equal ratio. Total RNA was isolated 72 h

after the transfecrion and used for the subsequent assavs, For 1 ent
detection, Hela cells were rransiencly rransfected, and fluorescent images
wery taken 24 h after fecnion. T i igate the interacrion of cGKII

and MAPK/STAT signaling, ATDCS cells were transfected wath ¢GKILor
the empty vector, and FGF-2 (1 ng/ml) was added 72 h after rransfection.
1B was then carried out using primary antibodies o p-Erk1/2, Eck1/2,
p-pISMADK, pISMAPK, p-INK2/3, INK2/3, pJNKL INK1, p-STAT1, and
STATI (Cell Signaling Technology) as described above.

Real time RT-PCR. Total RNA was reverse-transcribed with Mulei-
Scribe RT (Applicd Inc). S itative RT-PCR was
performed within an exponential phase of the amplification, wath the
following primer sequences; caspase-9 forward, 5.CGATGCAGGGT-
GUGCCTAGTGA-Y caspase-9 reverse, 5-TGACCAGCTGCCTGGCCT-
GATC-3";, Bad forward, 5“CCAGGTCTCCTGGGGAGCAACATTC-3%
Bad reverse, S“AGCTCCTCCTCCATCCCTTCATCC-3" PLK forward,
SSTOGUCACTCCTAACTACATAGCTCCTGAGG-3"; PLK reverse,
$“CGGAGGTAGGTCTOCTTTTAGGCACGA-3", pI0RSK forward,
S-GATTCTTCTGCGGTATGGCCAY'; pI0ORSK reverse, 5-TGCCG-
TAGGATCTTATCCAGCA-Y; eNOS forward, S CTCGAGTGGTTTGCT-
GCOCTTG-3: eNOS reverse, S -CAGGTCCCTCATGCCAATCTCTGA-3,
GSK-3 forward, -CCAGTATAGATGTATGGTCTG-3'; GSK-3f reverse,
SLCTTGTTGGTGTTCCTAGG-3 VASE forward, 5 TTCCAGCCGGGC-
TACTGTGATG-3; VASP reverse, 5-CGGCCAACAACTCGOAAGGAGT-3";
cde23 forward, 5-GUACTGGAAAGGGTGGAGAGACTGG-3' ede25
reverse, 5-CCTCTTCACTTGCAGGTGGGATAGG-3" Runx2 forward,
5ACCCAGCCACCTTTACCTACA-3"; Runx2 reverse, 3-TATGGAGT-
GCTGCTGGTCTG-Y, Real-time RT-PCR was performed on an ABI
7700 Sequence Detection system (Applied Biosystems) using Quanri-
Tect SYBR Green PCR Masrer Mix (Qiagen) with B-actin as the inrernal
control and the following primer sequences: COLI10 forward, $-CATA-
AAGGGCCCACTTGOTA-Y, COLID reverse, 3'-TGGCTGATATTCCT-
GGTGGT-3: ALP forward, 5-GCTGATCATTCCCACGTTTT-3";
ALD reverse, 5-CTGGGUCTGGTAGTTGTTGT-3 MMP-13 forward,
5$UAGGCCTTCAGAAAAGCCTTC-3; MMP-13 reverse, §'-TCCTTG-
GAGTGATCCAGACC Y fracun forward, 5-AGATGTGGATCAG-
CAAGCAG-3'; Bactin reverse, 3-GCGCAAGTTAGGTTTTGTCA-3- All
reactions were run in enplicate

Luciferase reporrer gene assay, The human COL10 promater regions from
-4,459 bp relative to the transeriprional stare site were cloned into the
pGL3-Basic vector (Promegal. The TOPflash system (Upstate Biotechnol-
ogy Inc.) was used according to the manufacturer’s protocol. The luife
erase assay was performed with a dual-luciferase reporter assay system
(Promega) using 3 GloMax 96 Microplare L ter (P! )

I#and 18 assay. 11 was performed with ProFound Myc Tag IP/Co-1P kirs
{Pierce) according to the manufacturer’s protocol Samples were prepared
using M-PER or NE-PER (Pierce) supplemented with 2 mM Na VO, and
10 mM NaF according to the manufacturer’s protocol. Cell lysates were
incubated with the high-affinicy anti-¢-Mye antibody-coupled agarose
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ar 4°C overnighe. | P were washed 3 rimes with cold
wash solurion, e-Myc-ragged proteins were eluted, and an equal amount
of cach elured sample (15 pg) was subjecred o SDS-PAGE, rransferred
onto nitrocellulose membranes, and subjected ro I} using primary
anribodies ro ¢GKH (Santa Cruz Biotechnology Inc.), GSK-3f and Ser9-
phosphorylated GSK-3f (Chemicon), and My« tag (Upstare Biorechnol-
ogy Inc.). Immunoreactive protetns were visualized as described above.

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

Findings in Murine Models and in Human Disease

Shingo Sato,’

Tetsuya Jinno," Keisuke Ae,’

Avako Klmura. Jerfi Ozdumr. Yoshinori Asnu. Makiko M:yazakl.
Xiuyun Liu.*

Mitsuhiko Osaki.* Yasuhiro Fakt.uchl,

Seiji Fukumoto,” Hiroshi Kawaguchi,® Hirotaka Haro,” Ken-ichi Shinomiya,'
Gerard Karsenty,” and Shu Takeda'

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

Methods. Runx expression was analyzed in the
mouse embryo by in situ hybridization. Overexpression
of Runxl, Runx2 ilacking the QA domain [AQA]), or
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Runx3 was induced in chondrocytes in vivo, to produce
all)ll-Runxl, ailll-Runx2AQA. and (1) 11-Runx3
mice, respectively, for histologic and molecular analy-
ses. Runx expression was also examined in an experi-
mental mouse model of mechanical stress-induced in-
tervertebral disc (IVD) degeneration and in human
patients with IVD degeneration.

Results. Runx1 expression was transiently ob-
served in condensations of mesenchymal cells, whereas
Runx2 and Runx3 were robustly expressed in prehyper-
trophic chondrocytes. Similar to a(D)11-Runx2 mice,
a()11-Runx2AQA and o(D)I1-Runx3 mice developed
ectopic mineralization of cartilage, but this was less
severe in the a(1)11-Runx2AQA mice. In contrast,
al 1)11-Runx1 mice displayed no signs of ectopic miner-
alization. Surprisingly, «(1)11-Runxl and oaf1)11-Runx2
mice developed scoliosis due to IVD degeneration, char-
acterized by an accumulation of extracellular matrix
and ectopic chondrocyte hypertrophy. During mouse
embryogenesis, Runx2, but not Runxl or Runx3, was
expressed in the 1VDs, Moreover, both in the mouse
maodel of IVD degeneration and in human patients with
IVD degeneration, there was significant up-regulation of
Runx2 expression.

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

Cells of the chondroeyte lincage play critical roles
at several stages of endochondral ossification (1). Chon-
drocytes are the first skeletal-specific cell type that can
be identificd in the condensations of mesenchymal cells
that precede the development of skeletal elements (2).
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At these initial stages of development, chondrocytes
actively divide or proliferate, and express a specific
molecular marker, al(I1) collagen. Around embryonic
day 14.5 of mouse development, chondrocytes in the
center of these mesenchymal condensations become
hypertrophic and form 2 distinet cell populations: pre-
hypertrophic chondrocytes that continue to express
al(11) collagen. and hypertrophic chondrocytes that exit
the cell cycle and express al(X) collagen as a specific
molecular marker (3), Hypertrophic chondroeytes re-
place the extracellular matrix with one that is permissive
to vascular invasion; this allows the entry of osteoblastic
cells. Subsequently, and at cither end of a given skeletal
element, chondrocytes organize into columns, forming
growth-plate cartilage, which is responsible for lincar
skeletal growth (1).

Major progress has been made, over the last
decade, in our understanding of the transcriptional
control of chondroevte differentiation (2). Work in
multiple laboratories has established the critical role of
Soxd (4), along with Sox5 and Sox6 (5), in the differen-
tiation of nonhypertrophic chondrocytes. Meanwhile,
Runx2 (6-8). together with Runx3 (9), has been shown 1o
favor chondrocyte hypertrophy. We previously demon-
strated that continuous expression of Rurl in nonhyper-
trophic chondrocytes (herein comprising the of 1)1-Runc2
group of mice) led to the development of ectopic hyper-
trophy of chondrocytes, followed by bone formation (7).

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

Currently, it is unknown whether a functional
hierarchy cxists among Runx2, Runx3, and Runx] (10).
In addition. the significance of the QA domain of Runx2
in inducing chondrocyte differentiation remains 1o be
elucidated. Therefore, in the present study, we gener-
ated transgenic mice that overexpressed Runxl or Runx3
or lacked a QA domain in Rww2 (comprising the
af DI-Runxl, al1)[1-Runx3, and e(])1-Runc2AQA
groups of mice. respectively). The mice were generated
using the identical promoter/enhancer construct that we
have previously used to specifically express Rumel in
chondroeytes (7).

Our results showed that all 3 Runx genes were
expressed in cells of the chondrocyte lineage. but each
functioned differently in these cells. The o ) I-Runx3
and af 1)11-Runv2AQA mice developed ectopic differen-

tintion of hypertrophic chondrocyies in chondrocostal
cartilage, albeit to a lesser extent in the a(l)ll-
Rune2AQA mice. Surprisingly, a(1)11-Runx] and a(1)11-
Reinx2 mice exhibited a kyphotic deformity of the verte-
brae due to intervertebral disc (IVD) degeneration. We
therefore studied an experimental mouse model of
mechanical stress-induced VD degeneration. which
showed that Runx2, but not Runxl or Runx3, was
induced in the degenerated 1VD. In addition, in human
patients with VD degeneration, we found that Runx2
expression was up-regulated, thus substantiating the patho-
physiologic importance of Runx2 in the development of
IVD degeneration in humans. This study illustrates the
specific and distinet role of the Runy genes in physiologic
conditions such as chondrocytic differentiation, and in
pathologic conditions such as IVD degeneration.

MATERIALS AND METHODS

Generation of transgenic mice and analysis of trans-
gene expression. The al (1D)-Runxl, al(11)-Rurx3, and al{11)-
Runx2AQA transg; were ined by subcloning Runxl,
Runx3, or Runx2A0QA complementary DNA (¢DNA) (1) into
an al (1) collagen-expressing chondrocyte-specific promoter
cassette (7). Transgenic founders were obtained by pronuclear
injection into CSTBL/G oocytes, as previously described (7).
We thus obtained multiple lines of trunsgenic mice with
identical phenotypes in all groups except for the al (I1)-Run3
mice. The Runx2-deficient mice were a generous gift from Dr.
M. Owen (12). Wild-type (WT) mice were purchased from
Jackson Laboratories (Bar Harbor, ME).

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

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

Histology, in situ hybridization, and immunohisto-
chemistry. For histologic examination, tissue s from the
embryos were immediately fixed in 4% paraformaldehyde/
phosphate buffered saline after dissection, dehydrated with
gradually increasing concentrations of ethanol, and embedded
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in paraffin. Tissue sumples from adult mice were decalcified in
20% EDTA for 2 weeks after fixation before being embedded
in paruffin. Sections were stained with 0.1% Safranin O
(orange stain) 1o evaluate cartilage matrices, and 0.03% fast
green 1o evaluste morphologic features, as previously de-
seribed (13). In situ hybridization was performed using *'S-
labeled riboprobes according o the stundard protocol as
deseribed previously (7). Hybridizations were performed at 55°C.

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

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

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

The study protocol invelving human patients was ap-
proved by a local ethics committee. Patients with IVD degen-
eration were classified according to an estublished grading
system (17). Patients with moderate disc degeneration (grade 3
o grade 4) (17) gave writien informed consent for the collec-
tion of their RNA from the degenerated disc ar the time of
surgery. As o control. we used patients with spinal cord injury
whose 1VDs had no detectable damage. RNA was extracted
from the IVD samples and reverse-transcribed. Expression of
Runx2 was quantitatively analyzed by real-time quantitative
PCR.

RESULTS

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

At embryonic day 12.5, Runv2 was expressed in
mesenchymal cells of the perichondrium of the verte-
brae (Figure 1A, arrow), but not in cells located in the
vertebral body, Expression of Runx2 was also observed
in cells of Meckel's cartilage (results not shown). These
results indicate that at this stage of development, Runx2
was expressed in prechondrogenic cells, Runxl, at em-
bryonic day 12.5, was expressed in el(ll) collagen-
pusitive cells of the perichondrium of the vertebrae
(Figure 1A, arrow), as well as in the dorsal root ganglis.
In contrast, Runx3 expression was observed in chondro-
eytes in vertebral bodies (Figure LA, arrowhead).

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

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

Generation of transgenic mice expressing Runxl
or Runx3 in nonhypertrophic chondrocytes throughout
development. We have previously shown that constitu-
tive expression of Runx2 in nonhypertrophic chondro-
cytes resulted in premature differentiation of hypertro-
phic chondrocytes in long bones and in ectopic
differentiation of hypertrophic chondrocytes in chondro-
costal cartilage (7). The high structural similarity of the
Runx proteins (Figure 2A) and their overlapping ex-
pression in chondrocytes (Figure 1) prompted us to
examine the roles of Runxl and Runx3 in chondrocyte
differentiation. To accomplish this, we generated trans-
genic mice expressing cither Runxl or Rumed ¢cDNA
under the control of a 3-kb-long fragment of the mouse
el (11) collagen promoter and its 3-kb-long chondrocyte-
specific enhancer (19) (Figure 2A); these transgenic
mice were termed al(11)-Runvl and al (11)-Runx3 mice,
respectively.

The expression of the transgenc in al(ll)-
Runx!l or al(ll)-Runxd mice was confirmed by real-
time quantitative PCR using RNA extracted from
transgenic embryos. Transgene expression was re-
stricted to the cartilage. and the expression level was
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Ectopic hypertrophic chondrocyte differentiation
and endochondral ossification in al(Il)-Runxd em-
bryos, but not in al(ll)-Runxl mice. In order to study
skeletal cell differentiation, we first used Alcian blug
alizann red to stain skeletal preparations (20). Alcian
blue stains were used to reveal demineralization of
cartilaginous matrices, while alizarin red stams showed

mineralization of cartilaginous and bony matrices.
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Figure 2. A and B, Generation of ol (IT)-Rons—transgenic mice. A, Left, Comparison of the structures of the Runy proteins, which share a highly
homalagous funt domain, Right, Schematic representation of the construct used. Transgenic mice containing Runel, Rum2AQA (lacking the OA
domain of Runs2), or Runed cDNA were generated under the control of & chondrocyte-speailic al (1) collagen promoter/enhancer (Chond-Enh)
cussette, B, Left, Cartilage-specific expression of cach transgene in the al(1)-Runrl and al (11)-Runx3 mice. Hypoxanthine guanine phosphoribo-
syltransferase (Hprt) amplification was used as sn internal control. Right, Quantitative analysis of transgene expression by real-time polymerase chain
reaction. Bars show the mean and SD relative expression. C and D, Ectopic sand sccelerated mineralization of canilage in ol (11-Rune mice as
compared with wild-type (WT) mice. €, Alcian blue/alizarin red staining of skeletal preparations at binth, revealing ectopically mineralized areas in
chondrocostal cartiluge (arrow) and accelerated chondrocraninm mineralization (srrowhead) in al (1)-Rie2 and al (1)-Rund mice, both of which
were lacking in WT and el (11)-Renxl mice. D, Left, Histologic analysis of al (11)-Reuny mice by Saframin O staining of sections through chondrocostal
cartilage, revealing the displucement of cartiluge with bone marrow cavity in al(I1}-Rune2AQA mice, but notin al{(1TRunvl mice Right, Alcian
blue/alizarin red staiming of skeletal preparations from al (11)-Rusc2A0A mice at | month of age, revealing the restricted appearance of ectopic
mineralization (arrow),

embryos stained red. indicating the existence of ectopic

The most striking phenotypic abnormality in the
mineralization (Figure 2C, arrow). This phenotypic ab-

al(11)-Runx3 embryos prebirth was ectopic caleification

of the b cage. In WT embryos, the frontal part of the
rib cage, also called chondrocostal cartilage, never min-
eralized during development or throughout life. since
chondrocyte hypertrophy does not occur in this carti-
lage. As a result, chondrocostal cartilage always stained
blue in WT embryos (Figure 2C) and in adult mice. In
contrast, the chondrocostal cartilage of al (I1)-Runx3

normality was identical to that observed in the al(ll)-
Runx2 mice (Figure 2C, arrow), and reflected the pres-
ence of hypertrophic chondrocytes (7). However, the
onset and extent of this phu.nuwpc was earlier and more
severe in the al(I)-Runx3 mice,

In contrast, neither the chondrocostal cartilage
nor the chondrocranium ever stained red in al(ll)-
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Runx] mice at birth (Figure 2C). Consistent with the
absence of ectopic red staining in the Runyl mice at
birth, histologic examination of the chondrocostal carti-
lage of these mutant mice failed to reveal any evidence
of ectopic chondrocyte hypertrophy (Figure 2D). There-
fore, these results indicate that the different Runx
proteins cach possess a distinct potential to induce
ectopic chondrocyte hypertrophy, in which Runx2 and
Runxd can induce ectopic chondrocyte hypertrophy,
whereas Runx] cannot.

In addition to the ectopic endochondral mineral-
ization observed, there was also premature endochon-
dral ossification in other areas of the skeleton, such as
the chondrocranium, in el (11)-Rumx3 and al (11)-Run2
mice (Figure 2C, arrowheads). In the al (11)-Runx3 mice
at birth, the chondrocranium stained red and the head
circumferences were smaller, whereas the chondrocra-
nium of the WT mice stained blue. In contrast, in the
al(11)-Runx] mice at birth, the chondrocranium was
never observed to be mineralized (Figure 2C).

The histologic findings in the growth plate of
al (11)-Runxl mice were indistinguishable from those in
the growth plate of WT mice at all stages analyzed. in
the embryo and after birth (results not shown). Thus,
Runx3 and Runx2, but not Runxl, possess the ability to
accelerate the normal program of chondrocyte differen-
tiation.

Potentiation of the ability of Runx2 to induce
hypertrophic chondrocyte differentiation via the Runx2
QA domain. A unique glutamine=alanine (QA) motif
is present in the amino-terminus of the runt domain of
Runx2, but not in Runxl or Runxd (Figure 2A). In
order 1o address the role of the OA domain in
chondrocyte differentiation, we generated transgenic
mice by inducing expression of a mutant form of
Runx2 (11) in which the QA domain was lacking
(comprising the al(l1)-Runx2AQA group of mice)
(Figure 2A). Surprisingly. these mice also developed
cctopic mineralization, similar to that observed in the
al(I)-Rum2 mice, at | month of age (Figure 2D), indi-
cating that the chondrocyte differentiation ability of Runx2
does not lie solely in this domain,

Histologically, the mineralized cartilage in
al(1)-RuxZAQA mice was ectopically invaded by the
bone marrow cavity (Figure 2D). However, whereas
most of the male al(I1)-Runx2 mice died perinatally (13
of 14 transgenic mice) due to ectopic mineralization of
the rib cage. none of the al(I1)-Runx2AQA mice (0 of 14
transgenic mice) died before the age of 1 month. More-
over, the extent of ectopic mineralization was signifi-
cantly less severe in al(11)-Runy2ZAQA mice than in
al(H)-Runx2 mice. These results suggest that. although
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the QA domain of Runx2 is not essential, it does potentiate
the ability of Runx2 to differentiate chondrocytes,

Evidence of IVD degeneration in al(I1)-Runx1
and al(1)-Runx2 mice. Since wl(11)-Runx] mice had a
normal lifespan, we investigated whether Runx] plays
other roles in the chondrocyte later in life, Surprisingly,
starting at 3 months of age, 52% of the al(ll)-Runxl
mice (12 of 23 mice) developed kyphosis and scoliosis
(P < 0.01 versus WT mice); by 6 months of age, all of the
male and female al(ll)-Runel mice exhibited these
features. In contrast, no such abnormalities were ob-
served in WT mice. Radiographic evaluation revealed
deformities of the vertebrae and IVD degeneration in
the al(Il)-Runxl mice (Figure 3A). This phenotype led
us 10 analyze the integrity of the 1VDs in these trans-
genic mice.

Histologic analysis showed that the 1VDs of the
WT mice were composed of 3 different tissue types:
cartilaginous endplate of adjacent vertebrae bodies.
outer annulus fibrosus, which is composed of dense.
spatially oriented al(l) collagen fibrils, and inner
nucleus pulposus. a notochord remnant (21) that is
mostly (80-90%) composed of water (Figure 3B). In
the al(ll)-Runvl mice, there was ectopic accumula-
tion of extracellular matrix in the IVDs at =3 months
of age (Figure 3B), although the mice had not shown
any abnormalities at | month of age (results not
shown). In addition, Schmorl’s node. an abnormal
herniation of fibrocartilaginous tissue through the
endplate and. thus, a hallmark of endplate degenera-
tion, was also observed in al(Il)-Runvl mice ar 3
months of age (Figure 3D, arrow). At 6 months of age,
the orgamzed structure of the annulus fibrosus was
lost, and the inner nucleus was totally replaced by
extracellular matrices and had become dehydrated
(Figure 3B. arrow). Also, clusters of hypertrophic
chondrocytes stained positive by immunohistochemis-
try for al(X) collagen (Figure 3C, arrow). although
this had never been observed in the WT mice.

To determine whether this was a specific feature
of Runx! or whether other Runx proteins could also
affect the integrity of the IVD later in life. we analyzed
adult al(II)-Runx2 mice. Similar to that observed in the
al(11)-Runx1 mice, the al(11)-Runx2 mice that survived
perinatally also developed 1VD degeneration by 3 months
of age (Figures 3A and B, arrow). Histologically, there
was cctopic differentiation of hypertrophic chondrocytes
in the IVDs of the al(I1)-Runy2 mice (Figure 3C, arrow),
as was observed in the al{I1)-Runx]l mice. Collectively.
these results indicate that when the Runx proteins are
overexpressed, they can affect IVD integrity.
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Figure 4. Expression of R in intervertebral dises (IVDs), Adjacent sections of wild-type mouse embryos at embromie doy 165 were assessed

by in situ hybridization using the indicated probes (A), and by immunohistochemical analysis (B and C). Note the expression of Rl i the
prospective 1VDD (bracket) (A and B). Immunachistochemical analysis of the 1VDs after birth revealed that R was not expressed in the wild-1ype

mice at 3 months of age, but was expressed at 1 vear (arraw) (C)

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

We next analyzed Runx2 expression in the IVDs

of WT mice after birth. Whereas the expression of

Runx2 in the IVDs was close to background values at |
month and 3 months of age (results not shown and

Figure 4C), it had increased in the endplate of the 1VDs
of WT mice at | vear (Figure 4C. arrow).

Since the overexpression of Runxl or Rumnel led
to degeneration of the IVD, and Runx2 protein was
detected in the 1IVD, we tested whether Runel or Runy2
induces IVD degradation in pathologic conditions, To
test this possibility, we analyzed the biomechanical func-
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Figure 5, Evaluation of intervertebral dise (1VD) degeneration in mice and humans. A, Induction of Rune2 expression by mech:
ndd then nssessed

in # mouse model of IVD degeneration. Caudal vertebrae from 2-month-old wild-type mice were compressed by an elastic spring,
by raddiography (lelt), histology (middle ), and immunohistochemistry (with Salranin O staining) (right). The compressed IVDs showed degeneration
und ectopic al(X) collagen expression (right). B, Immunohistochemical analysis of the expression of Runxs proteins in adjacem sections of the
compressed vertehrae, Note the specific induction of Runx2 in the endplate of the nm-\pn ssedl vertebrae (arrow), with cocxpression of al(X)
collagen, C, Induction of Rumi2 mRNA expression by compression. Vertebme from Runc2 ™™ mice were compressed und analyzed by LacZ st
Note the specific induction of Runx? mRNA in the endplate (arrow), D, Up-regulation of Runx in human patients with IVD degeners
Ouuntitative polymerase chain reaction showed that Rumx2 expression was significantly up-regulated in patients with IVD degenerntion compared

with unaffected control subjects

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

After compression of the IVDs, typical disc degen-
cration was observed, in the form of a damaged endplate
and massive induction of cells positive for type X collagen,
which indicated the appearance of hypertrophic chondro-

cytes (Figure 5A). Runxl expression was undetectable
before and after compression (Figure 5B), suggesting that
Runxl does not contribute to IVD dq.w.n.:.ilml'. under
these conditions. Runx3 expression was observed after
compression, albeit at a very low level (Figure 5B). In sharp
contrast, there was strong induction of Runx2 protein
expression in the endplate after compression (Figure 5B,
arrow). Moreover, cells expressing Runx2 also expressed
al(X) collagen, indicative of the appearance of hypernro-
phic chondrocytes (Figure SB).
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We ook advantage of the LacZ allele that was
inserted in the Rumal locus in Runx2'™ mice, Runx
messenger RNA (mRNA) expression can be monitored
by LacZ staining in these mice. Before compression, we
were able to observe Rune2 mRNA expression in osteo-
blasts on bone trabeculae and growth-plate chondrocytes,
but not in the endplate, demonstrating that expression of
Runx2 was minimal. Surprisingly, after compression,
numerous LacZ-positive cells were observed in the
cartilaginous endplate (Figure 5C), thus demonstrating
that compression induced Runx2 expression.

Up-regulation of Runx2 in human IVD degener-
ation. Finally, to determine if the induction of Runx2 is
also involved in the development of 1VD degeneration
in humans. we analyzed Runy2 mRNA expression in
patients with moderate disc degeneration. We collected
RNA from the affected 1VDs of these patients, and
compared the RNA levels with those in intact IVDs as a
control. Similar to that observed in the mouse model,
expression of Rure2 mRNA was up-regulated in all
patients with IVD degeneration examined (Figure 5D).
Taken together, these results clearly demonstrate that in
both mice and humans, IVD degeneration is accompi-
nied by induction of Runx2.

DISCUSSION

On the basis of previous findings showing that
Runx2 is an important regulator of chondrocyte hyper-
trophy. we examined the role of other Runx family
members. Runxl and Runx3, in chondrocytes, par-
ticularly in chondrocyte differentiation in vivo, and
compared these results with those obtained for Runx2.
Overexpression of Runyl, Runx2, or Runx3 in non-
hypertrophic chondrocytes led to skeletal abnormalities,
indicating that the expression of these genes at precise
times during skeletal development and chondrocyte
differentiation is important, and that each gene musi
have a distinct role in the differentiation of chondro-
cytes.

In addition to the ectopic mineralization ob-
served, overexpression of Runxl or Runx2 led to 1VD
degeneration, We showed that Runx2 is the only family
member normally expressed in the IVD, and that Runx2
expression, along with chondrocyte hypertrophy, were
induced in a mouse model of IVD degencration. Finally.
we demonstrated that in human patients with 1VD
degeneration. Runx2 expression was significantly up-
regulated, thus suggesting that Runx2 contributes to the
pathogenesis of IVD degeneration through the induc-
tion of chondrocyte hypertrophy.

In the present study, Runxl expression in WT
mice was restricted mostly to progenitor cells that were
not yet committed to either the chondrocyte or the osteo-
blast lincage, a finding consistent with that described in
other reports (22.23). Overexpression of Runxl in ¢hon-
drocytes does not induce any phenotypic abnormalities
in the growth-plate chondrocyte, suggesting that Runx!
does not play a major role in the differentiation of
these chondrocytes. Interestingly. it has been reported
that forced expression of Runxl in mesenchymal cells
induced chondrocyte differentiation in vitro (24). This
indicates that the function of Runx! is possibly required
only in the very carly stages of chondrocyte differentia-
tion. However, because the present study used an al(11)
collagen promoter to drive Runxl expression, and this
promoter is active only in cells that have differentiated
into chondrocyies, we were precluded from testing this
possibility.

Our results also showed that in WT mice, Runx3
was expressed in prehypertrophic chondrocytes and, in
contrast to R, its expression did not decrease through-
out embryonic development, suggesting that Runx3 may
play a role in chondroeyte differentiation after birth
(8.9). Previously, Runx3, in conjunction with Runx2, was
shown to regulate chondrocyte differentiation. but the
neonatal mortality of Runx3-deficient mice hampered
any further study of the role of Runx3 in the postnatal
period (9). We recently observed that Runx3-deficient
mice that survived perinatally exhibited impaired longi-
tudinal growth postnatally (Takeda S. et al: unpublished
observations). This observation, together with the ec-
topic mineralization in al(I11)-Rumnx3 mice, substantiates
the physiologic importance of Runx3 in chondrocyte
differentiation,

The results from the present study also showed
that cach member of the Runx family has a distinet
ability 1o drive chondroeyte differentiation in vivo. No-
tably, only the al(11)-Runc2 mice developed the pheno-
types of both ectopic mineralization and IVD degener-
ation, This ability of Runx2 to induce both intervertebral
degeneration and growth-plate chondrocyte differen-
tiation could be attributable to its unique expression
pattern or to its ability to recruit specific coregulators.
The latter explanation is more likely, since the Runx-
transgenic mice had distinet phenotypes despite compa-
rable patterns of expression and comparable levels of
each transgene driven by the same promoter cassette in
each mouse, Since the runt DNA binding domain was
observed to be highly homologous with that in other
Runx proteins (Figure 2A), and yet the al (H)-Rum2A0A
mice still exhibited ectopic chondrocyte differentiation
(Figure 2D). it is conceivable that the carboxyl domain
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of Runx2 may interact with specific coregulators to induce
chondrocyte differentiation.

Indeed, muny transcriptional regulators have been
found to be associated with the C-terminus of Runx2
{25-29). Of these regulators, Smad3 is the most prom-
ising, since Runx2, but not Runx] or Runx3, has been
shown 1o induce osteocalein promoter activity, and this
was inhibited by activation of transforming growth factor
B (TGFB) or Smad3 (30,31). Morcover, mice that either
expressed a dominant-negative form of the TGEgIH
receptor or were deficient in Smad3 developed acecler-
ated chondrocyte differentiation as well as kyphosis
(32,33), which is reminiscent of the phenotype observed
in al(l)-Runx2 mice. Therefore. TGFR/Smad3 signal-
ing and Runx2 may cooperatively regulate chondrocyte
differentiation. This hypothesis would be supported if
Runx2 activity were shown to be increased either in mice
expressing @ dominant-negative form of the TGEgBI
receptor or in mice deficient in Smad3.

The most interesting and unexpected finding in
the present study was the observation of IVD degencr-
ation in both al(11)-Runxl and el (11)-Runx2 mice. IVD
degencration is one of the most common degencrative
disorders of the joints (34). Although matrix metallo-
proteinase 3 and a number of matrix genes, such as
type 1 collagen, type IX collugen, and aggrecan, have
been shown to be involved in the pathogenesis of IVD
degeneration, the molecular mechanism is still largely
unknown.

In this study, we demonstrated that Runx2 s
involved in the development of IVD degeneration.
There was substantial evidence to support this conclu-
sion. First, overexpression of Runx2 or Runxl in carti-
laginous endplates induced IVD destruction. Second.
weight loading, which is clinically a major cause of IVD
degradation. induced expression of Runx2, but not that
of Runxl, in the endplate of WT mice. Third, Rumnx2
expression coincided with the region of degradation of
extracellular matrices in WT mice. We showed that
Runx2 protein was expressed in older WT mice. but not
in young mice: this coincided with the timeframe over
which some of the WT mice developed IVD degrada-
tion. Finally, Runv2 expression was clearly induced in the
degraded 1VD in human patients.

Notably, the phenotypic abnormalities observed
in al(ll)-Runxl- or al(ll)-Runx2-transgenic mice did
not completely recapitulate the phenotype observed in
human patienmts with IVD degenceration. Nevertheless,
although the phenotype was much milder in mice with
mechanical stress-induced VD degeneration, it still led
10 concurrent expression of Ru? in the mice. In fact,
histologically. these mice exhibited degenerated nucleus
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pulposus without 1VD height abnormalities, equivalent
to the grade 3 to grade 4 IVD degeneration (17)
observed in human patients. Collectively, our observa-
tions in mice and humans strongly support the hypothe-
sis that Runx2 is intimately involved in IVD degradation
and may even physiologically initiate the process.

The molecular mechanism by which mechanical
loading induces expression of Runx2 in the IVD is
unknown. However, it has been reported that mechani-
cal loading induces Runx2 expression in osteoblasts
through the MAP kinase pathway (35), and this same
pathway may also be involved in the Runx2 expression
observed in IVD degeneration. Given the prevalence of
IVD degencration in humans, an approach involving
manipulation of the activity or expression of Runx2 or its
downstream genes may be an attractive proposition as i
novel therapy for these types of conditions.
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Although degradation of cartilage matrix has been suggested
to be a rate-limiting step for endochondral ossification during
skeletal development, little is known about the transcriptional
regulation. This study investigated the involvement of KLF5
(Kriippel-like factor 5), an Sp/KLF family member, in the skele-
tal development. KLF5 was expressed in chondrocytes and
osteoblasts but not in osteoclasts. The heterozygous deficient
(KLF5"'7) mice exhibited skeletal growth retardation in the
perinatal period. Although chondrocyte proliferation and dif-
ferentiation were normal, cartilage matrix degradation was
impaired in KLF5™~ mice, causing delay in replacement of car-
tilage with bone at the primary ossification center in the embry-
onic limbs and clongation of hypertrophic chondrocyte layer in
the neonatal growth plates. Microarray analyses identified
MMP9 (matrix metalloproteinase 9) as a transcriptional target,
since it was strongly up-regulated by adenoviral transfection of
KLF5 in chondrogenic cell line OUMS27. The KLF5 overexpres-
sion caused gelatin degradation by stimulating promoter activ-
ity of MMP9 without affecting chondrocyte differentiation or
vascular endothelial growth factor expression in the culture of
chondrogenic cells; however, in osteoclast precursors, it
affected neither MM P9 expression nor osteoclastic differentia-
tion. KLF5 dysfunction by genetic heterodeficiency or RNA
interference was confirmed to cause reduction of MMP9 expres-
sion in cultured chondrogenic cells. MMP9 expression was
decreased in the limbs of KLF5*'~ embryos, which was correlated
with suppression of matrix degradation, calcification, and vascu-
larization. We conclude that KLF5 causes cartilage matrix degra-
dation through transcriptional induction of MMP9, providing the
first evidence that transcriptional regulation of a proteinase con-
tributes to endochondral ossification and skeletal development.

Endochondral ossification is an essential process for skeletal
development and growth (1), During the process, chondrocytes
undergo proliferation and hypertrophic differentiation. The

* This work was supponed by Grants-in-aid for Scientific Research 16655401
and 18209047 from the Japanese Ministry of Education, Culture, Sports,
Science, and Technology, The costs of publication of this article were
defrayed in part by the payment of page charges. This article must there-
fore be hereby marked “advertisement” in accordance with 18 US.C. Sec-
tion 1734 solely to indicate this fact.

* The on-line version of this article lavailable at http//www jbc.orgl contains
supplemental Tables 1 and 2 and Figs. 1-5.
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hypertrophic chondrocytes then secrete a specialized extracel-
lular matrix rich in type X collagen (COL10),” which is replaced
by bone matrix. The ossification begins with chondrocyte apo-
ptosis, cartilage matrix degradation, calcification, vascular
invasion from perichondrium and bone marrow, and deposi-
tion of bone matrix by osteoblasts (2). Among these individual
steps, previous studies have indicated that degradation of car-
tilage matrix is particularly crucial (3—-6). This step requires
proteolytic breakdown by a variety of proteinases, among which
members of the matrix metalloproteinase (MMP) family are of
special interest due to their ability to cleave collagens and
aggrecan, the two principal matrix components of cartilage (7,
8). However, little is known about transcriptional regulation of
MMPs in the endochondral ossification process.

Members of the Kriippel-like factor (KLF) family are important
transcription factors that regulate development, cellular differen-
tiation and growth, and pathogenesis of atherosclerosis and tumor
development, by controlling the expression of a large number of
genes with GC/GT-rich promoters (9). There are currently 17
known members of the mammalian KLF family (10), cach of which
has individually important biological functions (11). Among the
members, KLFS (IKLF, BTEB2) was identified as a positive regu-
lator of SMemb, a marker gene for activated smooth muscle cells
in vascular discase (12). KLF5 shows temporal changes in expres-
sion during embryogenesis, with diverse functions in cell differen-
tiation and embryonic development (13, 14). Although KLF5
homozygous knock-out (KLF5 ') mice die in utero before
embryonic day 5 (E8.5), the heterozygous knock-out (KLF5 ")
mice are apparently normal and fertile (15). Further analyses of
these mice revealed that KLF5 mediates cardiovascular remodel-
ing, since the mice exhibited attenuated cardiac hypertrophy and
fibrosis as well as much less granulation formation in response to
vascular injury (15). The neonatal KLF5 "'~ mice also exhibited a
marked deficiency in white adipose tissue development, suggest-
ing a contribution to adipogenesis (16).

The KLF family shares similar zinc finger structures with the
Sp family, some members of which are known to be essential for

* The abbreviations used are: COL10, type X collagen; COL2, type || collagen;
KLF, Kruppel-like factor; M-CSF, macrophage-colony stimulation factor;
M-BMM4&, M-CSF dependent-bone marrow macrophages; MMP, matrix
metalloproteinase; TRAP, tartrate-resistant acid phosphate; RANKL, recep-
tor activator of nuciear factor xB ligand; HE, hematoxylin and eosin; TUNEL,
terminal dUTP nick-end labeling; EV, empty vector; RT, reverse transcrip-
tion: VEGFA, vascular endothelial growth factor A; En, embryonic day n;
ADAMTS, a disintegrin and metalloprotel with th b din-like
repeat.
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skeletal development and growth. For example, 5p3 and Sp7
{osterix) are required for skeletal ossification (17) and osteo-
blast differentiation (18), respectively. The present study ini-
tially detected KLF5 expression in cells of bone and cartilage.
To learn the role of KLF5, we analyzed the skeleton of KLF5 '
mice and found that the KUF5 insufficiency caused impaired
degradation of cartilage matrix in the perinatal period. We fur-
ther investigated the underlying molecular mechanisms.

EXPERIMENTAL PROCEDURES

Mice—Generation of KLF5™' mice was described previ-
ously (15). All mice were maintained in the C57BL/6 back-
ground with a standard diet. In each experiment, male mice of
KLF5""" and the wild-type littermates were compared. All
experiments were performed according to the protocol
approved by the Animal Care and Use Committee of the Uni-
versity of Tokyo,

Cell Cultures—Mouse osteoblastic cell line MC3T3-El,
mouse chondrogenic cell line ATDCS, and mouse monocyte-
macrophagic cell line RAW264.7 were purchased from RIKEN,
Human chondrogenic cell line OUMS27 was purchased from
the Health Science Research Resources Bank. For isolation of
primary osteoblasts, calvariae of nconatal wild-type mice were
digested for 10 min at 37 °C in an enzyme solution containing
0.1% collagenase and 0.2% dispase five times, and cells isolated
by the last four digestions were combined. Primary chondro-
cytes were prepared from ventral rib cages (excluding the ster-
num) of E185 wild-type mouse embryos as previously
described (19). For mature osteoclasts, macrophage colony-
stimulating factor (M-CSF)-dependent bone marrow macro-
phages (M-BMM®), which are known to be osteoclast precur-
sors, were isolated from bone marrow of 6 - 8-week-old mice,
as previously described (20), and cultured in the presence of
M-CSF (30 ng/ml) and soluble receptor activator of nuclear
factor kB ligand (RANKL; 100 ng/ml) for 3 days, Primary ostco-
blasts and MC3T3-El cells were cultured in a-minimal essen-
tial medium containing 10% fetal bovine serum. Primary chon-
drocytes, ATDCS, OUMS27, and Raw264.7 cells were cultured
in Dulbecco’s modified Eagle’s medium containing 10% FBS.
For proliferation assay of primary chondrocytes, cell number
was counted using Cell Counting Kit-8 (Dojindo).

Histological Analyses—The whole skeletons of wild-type and
KLF5''" littermate embryos (E16.5) were fixed in 99.5% ctha-
nol, transferred to acetone, and stained in a solution containing
Alizarin red S and Alcian blue 8GX (Sigma). Tibial limbs were
fixed in 4% paraformaldehyde/PBS, embedded in paraffin, sec-
tioned in 5-pm slices, and stained with hematoxylin and eosin
(HE), toluidine blue, Safranin-(), and 5% silver nitrate (von
Kassa), according to the standard procedures. TUNEL staining
was performed using an apoptosis in situ detection kit (Wako),
according to the manufacturer’s instruction. TRAP-positive
cells were stained at pH 5.0 in the presence of 1-(+)-tartaric
acid using naphthol AS-MX phosphate in N,N-dimethyl form-
amide as the substrate. For immunohistochemistry, rabbit anti-
mouse antibodies against KLF5 (1:100; KM1785) (15), type I
collagen (COL2) (1:1000; LSL), COLIO (1:1000; LSL), and
osteopontin (1:1000; LSL), a goat anti-mouse antibody against
MMP9 (1:150; R&D), a mouse anti-mouse antibody against the
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aggrecan DIPEN neoepitope (1:100; ab3777; Abcam), and a rat
anti-mouse antibody against CD34 clone MECI4.7 (1:50;
Hycult Biotech) were used. For bromodeoxyuridine labeling,
animals were injected intraperitoneally with bromodeoxyuri-
dine (25 pg/g body weight; Sigma) 2 h prior to sacrifice, and the
sections were stained with a bromodeoxyuridine staining kit
(Zymed) according to the manufacturer's instructions.

Viral Transfections and Osteoclastogenesis Assay—For ade-
novirus infection of KLF5 to OUMS27 cells, the construction of
adenovirus KLF5 expression vector was described previously
(21). Adenovirus expressing KLF5 or the control empty vector
(EV) was transduced to the cells at 40 or 100 multiplicities of
infection. At 72 h after transfection, the cells were harvested
and used for subsequent assays, For retrovirus infection of
KLF5 to M-BMM®, the construction of retrovirus KLF5
expression vector was described previously (16). M-BMM®
were infected with KLF5 or control retroviral particles and fur-
ther cultured with M-CSF (30 ng/ml) and soluble RANKL (100
ng/ml) for 4-5 additional days, and then the number of cells
positively stained for TRAP and containing more than three
nuclei were counted as osteoclasts.

RNA Interference—Small interfering RNA oligonucleotides
were constructed by DHARMACON. They were transfected to
OUMS27 cells in concentrations of 200 nM, according to the
manufacturer’s instructions, and cultured for 72 h for subse-
quent assays. Small interfering RNA probe sequences are
described in the supplemental materials.

Real Time RT-PCR, Western Blotting, and Gelatin
Zymography—For RT-PCR, total RNAs were reverse-tran-
scribed with MultiScribe reverse transcriptase (ABI). Real time
PCR was performed on an ABI Prism 7000 sequence detection
system (ABI) using QuantiTect SYBR Green PCR Master Mix
(Qiagen), according to the manufacturer’s instructions.
Sequence information is described in the supplemental materi-
als. For Western blot analysis, primary antibody to KLF5
{1:1000; KM1785) (15), MMP9 (1:1000; R&D), or B-actin
(1:2000; Sigma) was used. For gelatin zymography, 10 pg of cell
lysates was loaded to a zymogram acrylamide gel. The gel was
electrophophoresed and incubated with developing buffer for
40 h using a Zymography Elcctrophoresis kit (Cell Garage).

Microarray Analysis—Target genes of KLF5 were identified
by comparing mRNA expression in OUMS27 cells with adeno-
viral introduction of KLF5 or EV using two systems of microar-
ray analyses: APHS-016 (for human extracellular matrix and
adhesion molecules; supplemental Table 1) and APHS-024 (for
human angiogenesis molecules; supplemental Table 2) in an
RT2 Profiler PCR Array System (Super Array Bioscience). For
MMP19 and -20 and ADAMTS4, -5, -9, and - 15, which are not
included in the array systems, real time RT-PCR analysis was
separately performed. Sequence information is described in the
supplemental materials.

Luciferase Assay—The human MMPY promoter regions
from —1,250 bp relative to the transcriptional start site were
cloned into the pGL4-Basic vector (Promega). The luciferase
assay was performed with a dual luciferase reporter assay sys-
tem (Promega) using GloMax "™ 96 Microplate Luminometer
(Promega).
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Radiological Analyses—WPlain radiographs were taken using a
soft x-ray apparatus (CMB-2, SOFTEX), and bone mineral den-
sity was measured by dual energy x-ray absorptiometry using a
bone mineral analyzer (PIXImus, Lunar Corp.).

Bone Fracture Experiment— A transverse osteotomy was cre-
ated at the midshaft of the right tibia using a bone saw and was
internally stabilized with an intramedullary nail using the inner
pin of a spinal needle of 22- or 23-gauge diameter depending on
the size of the cavity, as we reported previously (22, 23). For
histological analyses, specimens of the harvested tibias were
fixed with 4% paraformaldehyde, decalcified with EDTA, dehy-
drated with ethanol, embedded in paraffin, and cut into 5-pum
sections. The sections were stained with HE or toluidine blue.

Arthritis Experiment— Arthritis was induced by the modified
method of Terato et al, (24, 25). Briefly, mice were injected
intraperitoneally with 10 mg of an anti-COL2 monoclonal anti-
body (Immuno-Biological Laboratory) on day 0. On days 2 and
7, 50 pg of lipopolysaccharide (100 pl of 500 pg/ml solution in
saline) was injected intraperitoneally, followed by an intermit-
tent lipopolysaccharide injection every 3 days to the end of the
experiment. As a control, 2.5 and 0.1 ml of saline was injected
similarly to the antibody and lipopolysaccharide, respectively.
The clinical severity of arthritis was graded on a 0-3 scale as
tollows: 0, normal; 1, swelling of ankle or wrist or limited to
digits; 2, swelling of the entire paw; 3, maximal swelling. Each
limb was graded by a single blinded observer, allowing a maxi-
mum arthritis score of 12 for each animal.

Statistical Analysis—Means of groups were compared by
analysis of variance, and significance of differences was deter-
mined by past hoc testing using Bonferroni’s method.

RESULTS

KLFS Expression in Bone and Cartilage—To know the
involvement of KLF5 in skeletal metabolism, we initially exam-
incd the expression ot KLF5 mKNA in cells of bone and carti-
lage by RT-PCR analysis (Fig. 14 and supplemental Fig. 1A4). It
was expressed in primary osteoblasts and chondrocytes derived
from mouse neonatal calvaria and costal cartilage, respectively,
as well as in osteoblastic cell line MC3T3E1 and chondrogenic
celllines ATDC5 and OUMS27. Meanwhile, the expression was
hardly detected in osteoclasts formed from the precursor
M-BMM® (20) or in monocyte-macrophagic cell line
RAW?264.7. Immunohistochemical analysis of tibial limbs of
mouse embryos and neonates showed extensive expression of
KLF5 in cells of all layers of cartilage and perichondrium as well
as in osteoblasts on primary spongiosa (Fig. 1B). The expression
in chondrocytes of limb cartilage was visible as early as E13.5
(supplemental Fig. 18).

Impaired Cartilage Degradation and Remodeling in KLF5
Limbs—To learn the physiological function of KLES in vivo, we
investigated the skeletal phenotype of KLF5™ '™ mice, because
KLF5~'~ mice died before E85 (15). Although KLF5''~
embryos (E16.5) showed normal skeletal patterning without
abnormality in major organ development, they were smaller in
size compared with wild-type littermates (Figs. 2, A and B). The
femoral and tibial limbs of KLF5™'~ embryos were 10-15%
shorter than those of the wild-type littermates. In the KLF5 "/
limb shaft, formation of bone and bone marrow tissues around

+

FIGURE 1. Expression of KLF5 in cells of bone and cartilage. A, mRNA
expression of KLF5 and glyceraidehyde 3-phosphate dehydrogenase
(GAPDH) as the loading control, determined by RT-PCR in mouse primary cells
(upper fanes) (neonatal calvarial osteoblasts, mature osteoclasts formed from
M-BMM» with M-CSF and RANKL stimulation, and neonatal costal chondro
cytes) and cell lines (fower lanes) (osteoblastic cell line MC3T3EL, monocyte-
macrophagic cell line Raw264.7, and chondrogenic cell lines ATDCS and
OUMS27). B, localization of KLF5 determined by immunohistochemistry by an
antibody to KLF5 or the control nonimmune serum In tibial limbs of mouse
embryo (E15.5) and neonate (1 day). The inset boxes in the left panels indicate
the regions of the respective right panels, Scale bars, 100 and 50 um in Jeft and
right panels, respectively.

the primary ossification center was delayed (Fig. 2B), and carti-
lage matrix like COL2 or COL10 remained undegraded in the
shaft (Fig. 2C). Accordingly, TUNEL-pasitive apoptotic chon-
drocytes and tartrate-resistant acid phosphatase (TRAP)-posi-
tive osteoclasts/chondroclasts were decreased in the KLF5™'~
limb. In the growth plate of neonates, although there was no
difference in proliferative and prehypertrophic layers between
the genotypes, the hypertrophic layer was elongated in
KLF5'’" mice (Fig. 2, D and E). The Safranin-O-positive pro-
teoglycan matrix remained in the hypertrophic layer, whereas
the von Kossa-positive calcification layer was reduced in the
KLF5" '~ growth plate. These results indicate that the KLF5
insufficiency causes impairment of cartilage degradation and
calcification in the perinatal period.

In an earlier period prior to the occurrence of ossification in
the limb shaft of wild-type mice (E15.5), the limbs were filled
with chondrocytes with comparable production of proteogly-
can, COL10, and osteopontin in KLF5''~ and the wild-type
littermates, indicating that KLF5 insufficiency did not affect
chondrocyte differentiation in early stages up to hypertrophic
differentiation (supplemental Fig. 24). Chondrocyte prolifera-
tion determined by bromodeoxyuridine uptake was also similar
between the genotypes (supplemental Fig. 2B).

After birth, skeletal growth of KLF5 ™/~ mice caught up with
that of wild type, and they became comparable at 4 weeks of age
(supplemental Fig. 3, A and B). KLF5 did not affect bone remod-
eling after birth either, since bone density of KLF5'' long
bones was normal (supplemental Fig. 3, Cand D).
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