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Cleidocranial dysplasia (CCD), an autosomal-dominant human
bone disease, is thought to be caused by heterozygous mutations
in runt-related gene 2 (RUNX2)/polyomavirus enhancer binding
protein 2aA (PEBP2aA)/core-binding factor A1 (CBFA1). To under-
stand the mechanism underlying the pathogenesis of CCD, we
studied a novel mutant of RUNX2, CCDaA376, originally identified
in a CCD patient. The nonsense mutation, which resulted in a
truncated RUNX2 protein, severely impaired RUNX2 transactiva-
tion activity. We show that signal transducers of transforming
growth factor B superfamily receptors, Smads, interact with
RUNX2 in vivo and in vitro and enhance the transactivation ability
of this factor. The truncated RUNX2 protein failed to interact with
and respond to Smads and was unable to induce the osteoblast-like
phenotype in C2C12 myoblasts on stimulation by bone morpho-
genetic protein. Therefore, the pathogenesis of CCD may be
related to the impaired Smad signaling of transforming growth
factor B/bone morphogenetic protein pathways that target the
activity of RUNX2 during bone formation.

Polyomavirus enhancer binding protein 2 (PEBP2; ref. 1),
corresponding to murine leukemia virus enhancer core-
binding factor (CBF; ref. 2), is a heterodimeric transcription
factor composed of « and B subunits (3). runt-related gene 2
(RUNX?2), also referred to as PEBP2aA/CBFAI (4, 5), encodes
one of the three distinct mammalian « subunits of PEBP2/CBF.
The other two subunits are RUNXI/PEBP2aB/CBFA2/AMLI1
(6-8) and RUNX3/PEBP2aC/CBFA3/AML2 (9-11). The «
subunit harbors the DNA binding ability in an evolutionally
conserved 128-aa region termed the Runt domain (12), which
shares high homology with the products of the Drosophila genes
runt (13) and lozenge (14). The Runt domain also is responsible
for dimerization of the « subunit with the g subunit (12). RUNX2
is essential for osteogenesis (15), and targeted disruption of
Runx2 in mice revealed the absence of mature osteoblasts and a
complete lack of bone formation (16, 17).

RUNX2 was mapped to chromosome 6p21 (5, 10, 18), which
also was found to be the genetic locus for cleidocranial dysplasia
(CCD) syndrome (19). CCD is an autosomal-dominant human
bone disease characterized by hypoplastic clavicles, patent fon-
tanelles and sutures, and other multiple skeletal disorders (20).
Previously, a -y radiation-induced mouse mutant, which showed
a phenotype similar to that of CCD, was described (21). This
mouse Ccd mutation was mapped to a region distal to that of H2
of chromosome 17 (22), where we previously mapped mouse
homologue RUNX2 (8), and was found to result in a deletion of
one of the alleles of Runx2 (17). Recently, RUNX2 was found to
be heterozygously mutated in several CCD patients (18, 23). All
these observations overwhelmingly suggest that the disease is
caused by heteroinsufficiency of RUNX2 (15). However, the
molecular mechanism underlying the pathogenesis of CCD in
patients with heterozygous mutations in RUNX2 is poorly
understood.

In this paper, we study a nonsense mutation, previously
identified in a CCD patient, that is located downstream of the
Runt domain (24). The truncated RUNX2 protein failed to
interact with Smads (25-28), indicating that the pathogenesis of
CCD may be related to the defect in responsiveness of RUNX2
to transforming growth factor 8 (TGF-B) superfamily signaling
during bone formation.

Materials and Methods

Plasmids. The human RUNX2 cDNA encoding the entire region
from exon 1 to exon 7 was generated by combining the partial
cDNA we isolated previously (5) with the reverse transcription—
PCR fragments amplified from exon 1 and exon 6 under
standard conditions (29). The mammalian expression plasmid
pEF-aA was constructed by inserting the PEBP2aA cDNA into
the BstXI site of pEF-Bos (30). To construct pEF-CCDaA376,
the Apal-EcoRI fragment in pEF-aA was replaced with the
corresponding mutant fragment derived from the case 3 CCD
patient. To make pEF-aA(88-507), the Pvull-Clal fragment
derived from the PEBP2aA cDNA was inserted into the BstXI
site of the pEF-Bos vector after blunting. pEF-aA(1-424),
pEF-aA(1-388), pEF-aA(1-340), pEF-aA(1-280), pEF-aA(1-
221), and pEF-aA(1-214) were constructed by replacing the
Kpnl-BamHI fragment of pEF-aA with PCR-amplified frag-
ments containing an artificial termination codon at the end of
the indicated amino acid numbers in parentheses. pEF-B2 has
been described previously (4). To construct pEF-BOSneo-aA
and pEF-BOSneo-CCDaA376, the pEF-BOS backbones of
pEF-aA and pEF-CCDaA376, respectively, were replaced with
the pEF-BOSneo vector by using the compatible Xbal sites. To
prepare the series of plasmids of RUNX2/PEBP2aA for in vitro
translation, the pEF-Bos backbone of pEF-aA and its deletion
constructs were replaced with the pBluescript II KS(—) vector,
resulting in pKS-aA and its deletion mutants. To prepare
GAL4-fusion expression plasmids, the corresponding regions of
PEBP2aA (4) and Til-1 (31) were PCR-amplified and cloned
into the Xbal-BamHI sites of pEF-GAL4-DBD (32). The wild-
type and the mutant 1050.rOC-luc were described (33, 34). The
reporter tk-GALpx3-luc was described previously (32). The
expression plasmids for Flag-tagged Smad1, Smad3, Smad4 and
TBR-1, and BMPR-IA have been described previously (35, 36).
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The luciferase reporter plasmids containing the germ line Ig Cae Escherichia coli-produced recombinant PEBP2aA protein,
promoter, Ca(WT), and its mutant forms, and the expression  anti-FLAG M2 antibody (Sigma), anti-Smadl antibody (Santa
plasmid for glutathione S-transferase (GST)-Smad3 were de-  Cruz Biotechnology), and anti-HA antibody (Santa Cruz
scribed elsewhere (37). Biotechnology),

Luciferase Assay. NIH 3T3 cells were maintained in DMEM  sojation of C2€12 Cells Stably Expressing oA or CCDaA376. C2C12
supplemented with 10% (vol/vol) FBS. Postnatal day (P19)  (¢|is were maintained in DMEM supplemented with 15% (vol/
el_nbryonlc carcinoma cells were cultured in DMEM/F-12 me- vol) FBS and transfected with the pEF-BOSneo alone or with
dium (GIBCO) supplemented with 10% (vol/vol) FBS. For the pEF-BOSneo-aA or pEF-BOSneo-CCDaA376 by using Fu-
luciferase assay, NIH 3T3 or P19 cells seeded into six-well plates GENE 6 reagent. Forty-eight hours after transfection, cells were
were transfected by using the FuGENE 6 reagent (Boehringer subjected to G418 selection (500 ng/ml Geneticin; GIBCO) for

Mannheim). As an internal control, 1 ng of pEF-RL luciferase Py . .
reporter also was included. Cells were harvested 24 h after ?uvrvteheel;s;;lzﬂ;;licshwdual G418-resistant clones were picked up for

transfection, and luciferase activities were determined by the
Dual-Luciferase Reporter Assay System (Promega). Firefly lu-

ciferase activities were normalized by renilla luciferase activities. ~ Preparation of Recombinant Adenoviruses. Recombinant adenovi-

All transfection experiments were done at least three times. ruses carrying the cDNAs for Smadl, Smad4, and B-galactosi-
dase, respectively, were prepared as described elsewhere (39).
Immunoprecipitation and Western Blotting. COS-7 cells were tran-  Infection with recombinant adenoviruses was carried out at a

siently transfected with expression plasmids by FuGENE 6. Cell ~ multiplicity of infection of 2 X 10* plaque-forming units per cell.
extracts were prepared 48 h after transfection (36). Immuno-

precipitation and Western blotting were performed as described ~ Bone Morphogenetic Protein (BMP). Recombinant human BMP-7
(36). The antibodies used were anti-aAIN and anti-aA1C  was a gift from T. K. Sampath (Creative Biomolecules, Hopkin-
antisera (38), anti-oA8GS monoclonal antibody raised againstan ~ ton, MA).
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Fig. 1. The CCDaA376 mutant lacks transactivating ability. (a) Schematic illustration of RUNX2 (shown as «A), its truncated constructs, and the CCDaA376
mutant. The amino acid sequence comparison between ADs of PEBP2aA/RUNX2 and PEBP2aB/RUNX1 and the position of the premature stop codon in
CCDaA376 (marked by an asterisk) are also shown. NLS, nuclear localization signal. (b) The protein expression pattern of RUNX2 and its deletion constructs in
COS-7 cells detected by anti-aA1N and anti-aA1Cantibodies. (c) Transactivation activities of RUNX2 and its deletion mutants. NIH 3T3 fibroblasts were transfected
with the wild-type 1050.rOC-luc (0.5 ng) and the indicated polypeptide chain elongation factor 1a promoter (EF-BOS)-based expression plasmids (0.5 ng) with
or without pEF-B2 (0.2 ng). (d) Comparison of the transactivation activities of RUNX2 and CCDaA376. Increasing amounts (0.1, 0.2, 0.4, and 0.8 ng) of pEF-aA
or pEF-CCDaA376 in the absence or presence of pEF-£2 (0.2 ng) were cotransfected into NIH 3T3 cells with the wild-type 1050.rOC-luc or the mutant 1050.rOC-luc,
in which all three PEBP2 binding sites were mutated.
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Results and Discussion

g:t::ﬂ?u-mn =:i Impaired Transactivation Activity of CCDaA376. Previously, we
19101 228 screened Japanese CCD patients for mutations in RUNX2 and
LR — E— identified five different types of heterozygous mutation in
an [ i | d:30% unrelated individuals (24). Mutation three, found in the case 3
5 87 214 . . .

GALLoA(187) N patient (24), was unique and resulteq in a truncated product that
GALd-0A (215-340) lacked the C-terminal 130 amino acids but left the Runt domain
GAL4-aA (341-424) ] intact (to be referred to as CCDaA376). Here, we describe the

GAL4-A (341-376) | ___ .| characterization of the CCDaA376 mutant.
GAL4-A (425-507) —_— Because the DNA binding activity of this mutant was normal
c 3 (data not shown), we investigated its transactivation function.
Based on the high amino acid sequence similarity between
e e RUNX1 and RUNX2, we predicted that the transactivation
b s _Y48E8 2, domain (AD) of RUNX2 lies between amino acids 340 and 424
- 5 2 33 ﬁ E as shown in Fig. 1la (32). A series of deletion constructs were
I EEEERER E made, and their transactivation activity was analyzed by using the
kDa % 5 rat osteocalcin promoter. In this assay, RUNX2 strongly acti-
Sia - 1y vated reporter activity (Fig. 1 b and c), which depended on the
s | aaTT- presence of the intact PEBP2 sites (Fig. 1d). A major AD was
’ - identified between amino acids 388 and 424 of RUNX2 and
i Ll s corresponds to the TE2 subdomain of the AD identified in

b (- g 3388 RUNXI (32).
oS2adde The mutant, CCDaA376, lacking a part of the TE1 and the
BESSTET entire TE2 subdomain, did not show significant transactivation
activity (Fig. 1 ¢ and d), suggesting that this defect might be
Fig.2. Theregion aA(341-424) confers transactivation activity to GAL4-DBD. responsible for CCD in this patient.

(a) Schematicillustration of GAL4-DBD-aA fusion constructs. The structures of
Til-1 and PEBP2«A also are shown. (b) Expression of GAL4-DBD-aA fusion
constructs in COS-7 cells detected by anti-GAL4-DBD antibody. (c) NIH 3T3 cells
were transfected with tk-GALpx3-luc (0.4 ng) and the indicated effectors

(0.2 ng).
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Fig. 3. Failure of CCDaA376 to interact with Smads. (a) The physical interaction between RUNX2 and Smad3 as examined by GST-pull-down assay (43).

To confirm that the region between amino acids 340 and 424
of RUNX2 represents the AD, the region was fused to the GAL4
DNA binding domain (GAL4-DBD; Fig. 2a) and GAL4
binding-site-dependent transactivation was examined. As shown

In vitro-translated [3>S]methionine-labeled RUNX2 and its deletion mutants were incubated with GST or GST-Smad3 conjugated to glutathione Sepharose beads.
The coprecipitated samples were separated by SDS/12% PAGE. INPUT (1/10), 10% of in vitro-translated products used for binding assay was loaded. (b) In vivo
interaction. COS-7 cells were cotransfected with expression plasmids coding for Flag-tagged Smad3 (for lanes 1-6) or Flag-tagged Smad1 (for lanes 7 and 8), a
constitutively active form of type | TGF-B (TBR-I; for lanes 1-6) or BMP receptor (BMPR-IA; for lanes 7 and 8), and RUNX2 mutants, the structures of which are
shown in Fig. 2a. RUNX2 proteins were immunoprecipitated from cell lysates with anti-Flag antibody followed by immunoblotting (WB) using anti-aA8G5
antibody. (Bottom) The coimmunoprecipitation (IP) of RUNX2 and aA(1-424) with Smads. (Top and Middle) Expression levels of individual proteins are shown.
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Fig. 4. Ligand-dependent interaction between endogenous RUNX2 and

Smad1. Two 15-cm plates each of P19 or C2C12 cells (1 X 108) were prepared.
One plate each was treated with BMP-7 for 1 h and the other was mock-
treated. Immunoprecipitation from 10% of the cell extracts each was per-
formed by using either polyclonal anti-aA or polyclonal anti-Smad1. Western
blotting of the immunopresipitates was performed by using monoclonal
antibodies specific to RUNX2 (Upper) or Smad1 (Lower). The positions of
RUNX2 (shown as @A) and Smad 1 are indicated. Nonspecific bands represent-
ing 19G also are indicated.

in Fig. 2 b and ¢, AD and the region between the Runt domain
and AD (215-340) fused to GAL4-DBD displayed transactiva-
tion activity. The latter probably corresponds to the TE3 element
described previously for RUNXT1 (32). We did not examine the

TES3 activity further in this study, because the activity is shared
by RUNX2 and CCDaA376 and not present at a significant level
in a natural form of RUNX2 (Fig. 1c). The RUNX2 gene has a
distal and a proximal promoter, which leads to synthesis of two
isoforms, Til-1 (31) and PEBP2aA (4), with different N-terminal
regions (Fig. 2a; refs. 23 and 31). Neither of the N-terminal
fragments fused to GAL4-DBD exhibited transactivation activ-
ity (Fig. 2c).

Lack of Interaction of CCD«A376 with Smads. TGF-8 and BMP play
critical roles in osteogenesis (40, 41). Key mediators of TGF-g/
BMP signaling are Smads (25-28). RUNX2, as well as RUNX1
and RUNX3, physically associate with Smadl, -2, -3, and -5 in
vivo, suggesting that PEBP2/CBF is one of the major targets of
TGF-B/BMP signaling (ref. 37 and also see below). Therefore,
the effect of the mutation in CCDaA376 on RUNX2 association
with Smads was studied. In GST—pull-down assays (Fig. 3a), the
interaction of RUNX2 with Smad3 was significantly reduced
when the C-terminal 119 amino acids of RUNX2 were deleted
[¢A(1-388)] and further reduced when CCDaA376 was used.
The interaction became undetectable when the region surround-
ing the AD was completely removed [a¢A(1-221)]. The interac-
tion of RUNX2 with Smad3 also was examined by immunopre-
cipitation followed by Western blotting with similar results, i.e.,
the interaction became undetectable when aA(1-388) or shorter
constructs were used (Fig. 3b). In accordance with this result, the
mutant CCDaA376 hardly interacted with Smad3 in vivo (Fig.
3b). Essentially the same result was obtained with Smad1 (Fig.
3b), Smad2, and Smad5 (data not shown). Therefore, there exists
an apparent correlation between the transactivation activity of
RUNX?2 and the ability of RUNX2 to interact with Smads. Slight
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Fig.5. Impairedresponsiveness of CCDaA376 to TGF-Bsignaling. P19 cells were cotransfected with the reporter plasmid of Ca (WT), Ca (TBRE-mS), Ca (TBRE-mP),
or Ca (mSP) (0.2 ug) and the expression plasmids for RUNX2 (shown as aA) or CCDaA376 (0.1 ng) and Smad3/4 (0.1 ug each) with or without TBR-1(0.1 .g). Relative
luciferase activities are shown as -fold induction.
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1 2 3

Fig.6. Western blot showing expression of RUNX2 and CCDaA376 in C2C12
cells stably expressing the genes. Lane 1, mock; lane 2, RUNX2; lane 3,
CCDaA376.

differences in the endpoint obtained by the two assays were most
likely because of the difference in sensitivity between the two
assays.

We then examined whether endogenously expressed RUNX2
and Smads would interact. P19 embryonal carcinoma cells did
not express RUNX2 at an appreciable level (Fig. 4 Upper, lanes
3 and 6), whereas they expressed Smadl (Fig. 4 Lower, lanes 2
and 5). On the contrary, C2C12 myoblasts expressed both
proteins. When C2C12 cell extracts were subjected to immuno-
precipitation with RUNX2- or Smadl-specific antibodies, no
coprecipitation of either protein was observed (Fig. 4, lanes 8
and 9). Interestingly, endogenous RUNX2 and Smadl copre-
cipitated Smadl (Fig. 4 Lower, lane 12) and RUNX2 (Fig. 4
Upper, lanel1), respectively, after the cells were treated for one
hour with BMP. The ligand-dependent interaction between
RUNX2 and Smad1 suggests that the RUNX2/Smad1 interac-
tion is likely to represent one of the physiological pathways
through which signals from BMP receptors are transmitted to
target genes.

The functional relationship between PEBP2 and Smads has
been successfully studied by using the germ line Ig Ca promoter,
because the TGF-p response element in this promoter consists
only of PEBP2 and Smad binding sites (37). The Ca promoter
was cooperatively stimulated by RUNX2 and Smads in a TGF-
B-dependent manner (Fig. 5). However, CCDaA376 displayed
greatly reduced responsiveness to TGF-B, which is in agreement
with the impaired interaction between CCDaA376 and Smads
(Fig. 3). The result established that RUNX2 has the capacity to
functionally cooperate with Smads and that CCDaA376 is
severely impaired in this ability.

Inability of CCD@A376 to Induce Osteogenesis in Myoblasts Stimu-
lated with BMP. The myoblastic cell line, C2C12, undergoes
differentiation to form multinucleated myotubes in response
to low mitogen concentrations in culture medium. BMP in-
hibits myotube formation of C2C12 cells and induces osteo-
blastic phenotypes (42). Therefore, C2C12 cells provide a
useful tool to study the ligand-specific signaling mechanisms of
BMP. We examined the properties of CCDaA376 in this
system.

C2C12 cells stably expressing Runx2 or CCDaA376 at high
levels were obtained (Fig. 6). Induction of alkaline phospha-
tase (ALP) activity after BMP treatment is considered to be
an indicator of an early stage of osteoblastic differentiation
(15). Exogenous expression of Smads 1 and 4, with recombi-
nant adenovirus vectors induced ALP activity in C2C12 cells
(Fig. 7g). Treatment of these adenovirus-infected cells with
BMP-7 significantly stimulated this ALP activity (Fig. 7j), even

Zhang et al.

at a BMP-7 concentration that failed to induce ALP activity in
control cells (Fig. 7d), suggesting that BMP activated the
exogenously expressed Smadl. C2C12 cells stably expressing
Runx2 did not express ALP activity at a detectable level (Fig.
7b). Exogenous expression of Smads 1 and 4 in cells stably
expressing RUNX2 showed slightly higher levels of ALP
activity than that in parental C2C12 cells, suggesting a possible
cooperation between Smads and RUNX2 (Fig. 7k). On the
contrary, exogenous expression of Smads 1 and 4 in cells stably
expressing CCDaA376 did not induce a detectable level of
ALP activity (Fig. 7i). Even after subsequent BMP treatment,
the induction of ALP activity was severely restricted (Fig. 7I).
It seems that the high ALP activity induced by Smads 1 and 4
and BMP-7 in control C2C12 cells (Fig. 7j) was strongly
inhibited by the stable high-level expression of CCDaA376
(Fig. 7I). The most plausible explanation for the observed
inhibition would be that CCDaA376 interfered with the DNA
binding of endogenous Runx2. Unlike Runx2, CCDaA376,
which is unable to interact with Smads, can probably het-
erodimerize freely with PEBP23 and thereby bind to DNA
more easily than Runx2. This property makes CCDaA376 an
efficient transdominant-interfering molecule (1). The results
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Fig.7. Alkaline phosphatase activities (42) induced by cooperation between
Runx2 and Smads. (a, d, g, and j) Control C2C12 cells. (b, e, h, and k) C2C12 cells
stably expressing Runx2. (c, f, i, and /) C2C12 cells stably expressing CCDA«376.
(a—f) Infected with recombinant adenovirus expressing g-galactosidase as a
control of unrelated protein. (d-f) C2C12 cells treated with BMP-7 (150 ng/ml)
for 3 days. (g—i) C2C12 cells infected with recombinant adenoviruses express-
ing Smads 1 and 4 for 24 h and incubated for 3 more days. (j~/) C2C12 cells
infected with recombinant adenoviruses expressing Smads 1and 4 for 24 hand
then treated with BMP-7 (150 ng/ml) for 3 days.
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suggest that Runx2 and Smads cooperate to induce osteoblas-
tic cells and that they are critical elements in an elaborate
molecular switch that triggers differentiation into the osteo-
blast lineage after BMP treatment.

The results of the present study suggest that interaction of
RUNX2 with signal transducers of TGF-B8/BMP pathways,
Smads, is critically important for the function of this tran-
scription transactivator. The pathological basis of the CCD
syndrome may be attributable, at least in part, to haploinsuf-
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