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Abstract

Runx2 is essential for osteoblast differentiation and chondrocyte maturation. The expression of Runx2 is the
first requisite step for the lineage determination from mesenchymal stem cells to osteoblasts. Although the
transcript from Runx2 distal promoter is majorly expressed in osteoblasts, the promoter failed to direct green
fluorescent protein (GFP) expression to osteoblasts. To find the regulatory region, we generated GFP reporter
mice driven by a bacterial artificial chromosome (BAC) of Runx2 locus, and succeeded in the reproduction of
endogenous Runx2 expression. By serially deleting it, we identified a 343 bp enhancer, which directed GFP
expression specifically to osteoblasts, about 30 kb upstream of the distal promoter. The sequence of the 343 bp
enhancer was highly conserved among mouse, human, dog, horse, opossum, and chicken. DIx5, Mef2c, Tcf7,
Ctnnb1, Sp7, Smadl, and Sox6, which localized on the enhancer region in primary osteoblasts, synergistically
upregulated the enhancer activity, whereas Msx2 downregulated the activity in mouse osteoblastic MC3T3-E1
cells. Msx2 was predominantly bound to the enhancer in mouse multipotent mesenchymal C3H10T1/2 cells,
whereas DIx5 was predominantly bound to the enhancer in MC3T3-E1 cells. DIx5 and Mef2 directly bound to
the enhancer and the binding sites were required for the osteoblast-specific expression in mice, while the other
factors bound to the enhancer by protein-protein interaction. The enhancer was characterized by the presence of
the histone variant H2A.Z, the enrichment of histone H3 mono- and dimethylated at Lys4 and acetylated at
Lys18 and Lys27, but the depletion of histone H3 trimethylated at Lys4 in primary osteoblasts. These findings
indicated that the enhancer, which had typical histone modifications for enhancers, contains sufficient elements
to direct Runx2 expression to osteoblasts, and that DIx5 and Mef2, which formed an enhanceosome with Tct7,

Ctnnb1, Sp7, Smadl, and Sox6, play an essential role in the osteoblast-specific activation of the enhancer.
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Introduction

Runx2 is a transcription factor that regulates two lineages of mesenchymal cells, osteoblasts and
chondrocytes, during skeletal development.”’ Runx2 is expressed as two isoforms (type I Runx2 starting with
the sequence MRIPV and type II Runx2 starting with the sequence MASNS) that possess different N-termini
and are expressed under the proximal (P2) and distal (P1) promoters, respectively.(z) Both type I and II Runx?2
isoforms are expressed in chondrocytes, as well as osteoblasts, but type II Runx2 expression is predominant in
osteoblasts and considered to be important for osteoblast differentiation.”’ Although transcriptional regulation

of Runx2 was investigated in the P1 promoter,®**

reporter mice under the control of P1 promoter failed to
express the reporter gene in osteoblasts.”’ Runx2 expression in an osteoblastic lineage at appropriate times and
sites is essential for bone development and maintenance."”’ Further, permanent cartilage enters the process of
endochondral ossification in the presence of Runx2, and heterodeficiency of Runx2 reduces the severity of
osteoarthritis, indicating that Runx2 is involved in the deterioration of permanent cartilage.""" '* Therefore, it is
important to discriminate the transcriptional regulation of Runx2 gene in osteoblasts and chondrocytes for the
regeneration of bone and cartilage. However, the transcriptional regulation of Runx2 remains to be clarified.
We searched for regulatory elements of the Runx2 gene, and identified a 343 bp enhancer sequence,

which specifically directed the reporter gene expression to osteoblasts. We show here the molecular mechanism

of Runx2 expression in osteoblasts.



Materials and Methods

Plasmid Construction

The 343 bp enhancer fragment was subcloned into minimal promoter (mP)-pGL4.10, and deletion constructs of
the 343 bp fragment were generated by PCR and subcloned into 343-mP-pGL4.10 or pBluescript II with Hsp68
minimal promoter and enhanced GFP (eGFP).

Generation of transgenic (tg) mice

To generate the reporter mice of a BAC clone, the 200 kb fragment of mouse Runx2 region in a BAC clone
(RP23-356F5, Source BioScience) was subcloned into IRES-eGFP-polyA-containing vector, and the inserted
fragment was serially deleted using the counter-selection BAC modification kit (Gene Bridges). Prior to the
study, all experiments were reviewed and approved by the Animal Care and Use Committee of Nagasaki
University Graduate School of Biomedical Sciences.

Histological analysis

Embryos at E16.5 were fixed with 4% paraformaldehyde at 4°C for 2 hours, washed with PBS at 4°C for 1 hour,
immersed in 20% sucrose at 4°C overnight, embedded in O. C. T. Compound (Sakura Finetek), and sectioned at
7um thickness using Leica CM3050S (Leica Biosystems).

Luciferase assay, real-time RT-PCR analysis, and ChlIP assay

Luciferase assay, real-time RT-PCR analysis, and ChIP assay were performed as described previously."” In
luciferase assays, the data are presented as means+=SEM (n=3). We normalized the values to that of f-actin in

real-time RT-PCR analysis. Primer sequences and the information of the antibodies are shown in Supplemental
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Table 1 and 2. A cDNA library was constructed and screening was performed using pGL4.23 (Promega)
containing 4 x 343 bp in SaOS2 cells as previously described.

Electrophoretic mobility shift assay (EMSA)

Proteins of transcription factors were generated by in vitro transcription/translation using the T7 Coupled TNT
Rabbit Reticulocyte Lysate System (Promega), and EMSA was performed as previously described.'” The

information of the antibodies and the sequences of the oligonucleotides are shown in Supplemental Table 1 and

Glutathione S-transferase (GST)-pulldown experiments

GST fusion proteins were expressed in BL21(DE3)pLysS (BioDynamics Laboratory) by using pGEX4T vectors
and immobilized on glutathione sepharose 4B (GE Healthcare). Nuclear extracts or the cytosol fraction (for
flag-EGFP) was incubated with immobilized GST fusion proteins. After extensive washes, bound proteins were

eluted and analyzed by Western blotting using anti-flag antibody (M2 Sigma).

Results
Reporter gene expression under the control of P1 promoter of Runx2

To examine the genomic regions required for bone-specific expression of Runx2, we first generated GFP
or lacZ tg mice under the control of 1.9 kb, 2.3 kb, 6.1 kb, or 7 kb P1 promoter of Runx2 (Supplemental Fig. 1
and data not shown). Strong GFP expression was detected in the head of the tg mice using 6.1 kb P1 promoter

(Supplemental Fig. 1B). GFP was strongly expressed in neurons in the brain and spinal cord, mesenchymal
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cells around the tooth buds, and subcutaneous connective tissue in the head; very weakly detected in

perichondrium of rib and immature chondrocytes in vertebrae; barely detectable in osteoblasts in calvaria,

mandible and limb bones; and undetectable in chondrocytes of the growth plates in limb bones (Supplemental

Fig. 1C-K).

Generation of reporter mice using a BAC clone of Runx2 gene locus

To determine the Runx2 gene locus, which covers the entire regulatory elements for Runx2 expression,

we generated GFP tg mice using a BAC clone of Runx2 gene locus (Fig. 1A). The tg (200kR GFP tg) mice

showed GFP expression in skeletons (Fig. 1B, C). GFP expression was detected in osteoblasts and

chondrocytes in whole skeletons (Fig. 2C, D). Next, we serially deleted the 5’ region from exon 1 and generated

GFP tg (Alst GFP tg, A2nd GFP tg, and A3rd GFP tg) mice (Fig. 1A). Both the A2nd GFP tg mice and A3rd

GFP tg mice showed a similar pattern of GFP expression as the 200kR GFP tg mice (Fig. 1B, C, F-I, 2C, D, G-J,

Supplemental Fig. 2). In Alst GFP tg mice, however, GFP expression was barely detectable in the skeletons

(Fig. 1D, E), and GFP was barely detectable in osteoblasts of mandible in Alst GFP tg mice (Supplemental Fig.

3). Although GFP expression was detected around eyeballs in all of the tg mice, it was derived from the frontal

bones, zygomatic bones, and maxillas in 200kR, A2nd, and A3rd GFP tg mice, whereas it was derived from the

connective tissue and the periosteum of zygomatic bones in Alst GFP tg mice (Fig. 1J-Q and data not shown).

Further, GFP expression in osteoblasts in the frontal bones, maxillas, and inside of zygomatic bones was barely

detectable in Alst GFP tg mice (Fig. 1J-M). The expression levels and frequencies of GFP-positive osteoblasts
6



were severely reduced, and expression in chondrocytes was also reduced (Fig. 2E, F, Supplemental Fig. 4).

Although GFP-positive cells were detected in the perichondrium and bone collar in the femurs of Alst GFP tg

mice, the intensities were severely reduced compared with those in A2nd and A3rd GFP tg mice, because the

GFP signal was undetectable without a longer exposure (Fig. 2F, J, Supplemental Fig. 5). In contrast to the

weak expression in skeletal cells, GFP was strongly detected in the connective tissue around the eyeballs and

salivary glands (Supplemental Fig. 4).

Identification of 1.3 kb osteoblast-specific enhancer

As the P1 promoter was deleted in the Alst GFP construct, it may have caused the drastic reduction of

GFP expression in osteoblasts and chondrocytes in Alst GFP tg mice. However, the 6.1 kb P1 promoter was not

enough to direct reporter gene expression to osteoblasts (Supplemental Fig. 1). Thus, we speculated that a

regulatory element might be present in the deleted region but upstream of the 6.1 kb P1 promoter. We examined

the sequence homology among mouse, rat, human, orangutan, dog, horse, opossum, and chicken in the deleted

region, and found that a 1.3 kb region located about 30 kb upstream of the transcription start site of type 11

Runx2 was highly conserved among all of the species (Fig. 3A). Using the 1.3 kb fragment and the Hsp68

minimal promoter, we generated GFP tg (1.3kE GFP tg) mice. Gross appearance showed GFP expression in

skeletons, and GFP was detected in osteoblasts but not in chondrocytes and non-skeletal tissues on histological

analysis (Fig. 3B-I).



A 343 bp enhancer for osteoblast-specific expression and its regulation by Tcf7, Ctnnb1, Smad1l, Sp7, and
Sox5/6

To find the essential sequence for osteoblast-specific expression in the 1.3 kb enhancer, the 1.3 kb
fragment was serially deleted. The deletion to 343 bp maintained the reporter activity of the 1.3 kb fragment
with a minimum reduction (data not shown). Further, the sequence of the 343 bp fragment was especially
conserved among mouse, rat, human, orangutan, dog, horse, opossum, and chicken in the 1.3 kb fragment.
Therefore, we focused on the 343 bp fragment. GFP tg mice driven by the 343 bp fragment and Hsp68 minimal
promoter (343E GFP tg mice) showed GFP expression in skeletons, and GFP was detected in osteoblasts but
not in chondrocytes and non-skeletal tissues (Fig. 4A-D).

Next, we examined the enhancer activity by reporter assays using the 343 bp fragment (p343-343-luc).
Addition of either Wnt3a, BMP2, or TGF-[3 enhanced the reporter activity, and the combination of Wnt3a and
BMP2 and that of Wnt3a and TGF-3 synergistically enhanced it (Fig. 4E). We screened the expression cDNA
library and found that Sp7, Ctnnbl, Smadl, Sox5, and Sox6 enhanced the reporter activity (Fig. 4F). Tcf7 and
Smad 1 most strongly enhanced the reporter activity among their families, and Sox5 and Sox6 were expressed in
calvaria and primary osteoblasts (Supplemental Fig. 6A-D). Smadl, Smad2, Sp7, and Sox5 enhanced the
reporter activity synergistically with Tcf7 and Ctnnb1 (Fig. 4G). Although the levels of Runx2 mRNAs were
similar in wild-type and Sp7 " skeletons, expression of other Sp family genes including Sp1, Sp3, Sp4, Sp3,
and Sp6, were upregulated in Sp7 "~ skeletons, and Sp/ and Sp3 also activated the 343 bp enhancer

(Supplemental Fig. 7A-D).



An 89 bp core sequence of the osteoblast-specific enhancer

To find the core sequence in the 343 bp fragment, the former 343 bp fragment in the p343-343-luc vector

was serially deleted (Fig. SA). We found that an 89 bp fragment was sufficient to induce the reporter activity.

Further, the combination of Wnt3a and BMP2 and that of Wnt3a and TGF-f synergistically enhanced the

reporter activity of p89-89-luc (Supplemental Fig. 7E). In vivo, the 89 bp fragment maintained GFP expression

in osteoblasts, although the frequencies of the transgenic mice that expressed GFP in osteoblasts were reduced

and the level of the expression was also decreased (Fig. 5B). In GFP tg mice with four tandem repeats of the 89

bp fragment (4x89E GFP tg mice), however, the osteoblasts in all of the tg mice strongly expressed GFP,

although GFP was also detected in prehypertrophic and hypertrophic chondrocytes (Fig. 5C-F).

Mef2c and DIx5 play important roles in the regulation of the 343 bp enhancer

We also searched for the DNA-binding motifs in the 343 bp enhancer sequence. One Mef2-binding motif

and one homeobox motif were found in the core 89 bp sequence (Fig. 6A). Among Mef2 family genes, Mef2c

was relatively highly expressed in skeletal tissues (Supplemental Fig. 6E-H). The introduction of Mef2c

strongly enhanced the reporter activities of p343-343-luc, p162-343-luc, and p89-343-luc, and the siRNA for

Mef2c severely reduced the basal activity of p343-343-luc and the activities enhanced by Tcf7/Ctnnb1, Smadl,

and Sox6. (Fig. 6B-D).

Next, we examined the effects of D/x5 and Msx2 on the reporter activity of p343-343-luc, because both
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homeobox genes are involved in osteoblast differentiation."'®'” Dix5 alone had no effect on the reporter
activity, whereas its combination with Mef2c enhanced it. Further, the introduction of D/x5 with Mef2c,
Icf7/Ctnnbl, Smadl, and Sox6 strongly enhanced it (Fig. 6E). In contrast to DIx5, Msx2 inhibited the basal
activity of p343-343-luc and the activities enhanced by Tcf7/Ctnnb1, Mef2c, Smadl, and Sox6 (Fig. 6E). The
introduction of Mef2c, DIx5, Tcf7, Ctnnbl, Smadl, Sox6, and Sp7 strongly induced the activity of p89-89-luc
but the absence of each of them reduced the activity (Fig. 6F). Further, these seven expression vectors induced
the reporter activity of p4x89-luc 10 times more than that of p343-343-luc, and they also induced the activity of
the reporter vector containing the single 89 bp (p89-luc) in primary osteoblasts (Fig. 6G).

Mutation of the Mef2-binding motif {mut(M)} reduced the reporter activity of p343-343-luc and the
enhancement not only by Mef2c but also by Tcf7/Ctnnbl, Smadl, Sox6, Sp7, and Dix5 (Fig. 6H-J). Mutation of
the homeobox motif {mut(H)} also showed the similar results. Further, the combined mutations of Mef2 and
homeobox motifs {mut(M+H)} completely abolished the reporter activities. Further, the mutation of either
Mef2 or homeobox motif almost completely abolished the GFP expression in osteoblasts (Fig. 6K-M and data

not shown).

Formation of an enhanceosome and histone modifications of the enhancer
In EMSA, Mef2c, DIx5, and Msx2 but not Tef7, Ctnnb1, Smadl, Sox6, and Sp7 directly bound to the 89
bp core sequence (Fig. 7A, B, Supplemental Fig. 7F). In GST-pulldown experiments, DIx5 interacted with Tcf7,

Ctnnbl, Mef2c, Sox6, Smadl, and Sp7 (Fig. 7C); Mef2c interacted with Tcf7 and Sox6, and weakly with Sp7
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(Fig. 7D); Tcf7 interacted with Ctnnb1, Sox6, Smadl, and Sp7, and Ctnnb1 interacted with Sox6 and weakly
with Sp7 (Fig. 7E); and Sox6 interacted with Smadl and Sp7, and Smad1 interacted with Sp7 (Fig. 7F).

In ChIP analysis, the bindings of DIx5, DIx6, Msx2, Mef2, Tcf7, Ctnnb1, Smadl, Sox5, Sox6, and Sp7 to
the 343 enhancer region were detected using each antibody, while the binding of Foxa2 was not detected in
primary osteoblasts despite the presence of a conserved Foxa2 binding motif in the core 89 bp sequence (Fig.
8A). The bindings of p300 and CBP but not PCAF were detected. In uncommitted mesenchymal cells,
C3H10T1/2, the binding of Msx2 but not DIx5 to the 343 bp enhancer region was detected, whereas the binding
of DIx5 was dominant in osteoblastic MC3T3-E1 cells (Fig. 8B). The enhancer was highly enriched for histone
H3 mono- and dimetylated at Lys4 and acetylated at Lys27 and Lys18, but depleted for histone H3
trimethylated at Lys4 in primary osteoblasts. Further, the histone variant H2A.Z was enriched in the enhancer
(Fig. 8C). These histone modifications and the enrichment of H2A.Z are the typical features of enhancers."®
The combination of Dix5, Mef2c, Tcf7, Ctnnbl, Sp7, Sox6, and Smadl enhanced the acetylation of Lys18 and

Lys27 in C3H10T1/2 cells, and induced Runx2 mRNA in C3H10T1/2 cells and primary osteoblasts (Fig. 8D,

E).

Discussion

Previous reports showed the importance of the bindings of FosB/JunD, Tcf7/Ctnnb1, Sp1/Elk1, DIXS,
Msx2, and HoxalO at various sites in the proximal 700 bp region of Runx2 P1 promoter for the activation or

repression of P1 promoter reporter vectors.*® However, reporter tg mice driven by the 3 kb or 6.1 kb P1
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promoter failed to express the reporter genes in osteoblasts (Supplemental Fig. 1).” We identified a 1.3 kb
osteoblast-specific enhancer about 30 kb upstream of the transcription initiation site of the P1 promoter, which
is conserved among many species. The 343 bp fragment, which is especially highly conserved within the 1.3 kb
enhancer, was enough for osteoblast-specific expression. Further, the 89 bp core sequence could direct
transgene expression to osteoblasts, although the entire 343 bp fragment was required for specific, stable and
enhanced expression in osteoblasts.

GFP was not detected in cartilage in GFP tg mice containing the 1.3 kb, 343 bp, and single 89 bp
enhancer elements. However, GFP was detected in the growth plates in 4x89E GFP tg mice. Probably, the
artificial repeats of 89 bp four times enabled GFP expression in chondrocytes. It may indicate that the 89 bp
core sequence contains some elements required for the expression in chondrocytes but they are not sufficient
for it. We speculate that other enhancer elements in addition to the 89 bp core sequence are required for Runx2
expression in chondrocytes.

DIx5 and Mef2c directly bound to the 343 bp enhancer, whereas Tcf7, Smadl, Sox6, and Sp7 did not.
Further, mutation of either homeobox motif or Mef2-binding motif abolished the expression in osteoblasts,
indicating that DIx5 and Mef2c¢ play an important role in directing Runx2 expression to osteoblast lineage cells.
From the data of protein-protein interaction and ChIP analyses, a plausible enhanceosome formed by the
transcription factors and the cotranscription factor examined in this paper is shown in Fig. 8F. Indeed, p300 and
CBP, which bound to the 343 bp enhancer, and other factors including chromatin-remodeling factors should be

included in the enhanceosome. The introduction of Msx2 severely reduced the basal activities of p343-343-luc
12



and the enhanced activities by Tcf7, Ctnnbl, Mef2c, Smadl, and Sox6. Further, the binding of Msx2 but not

DIx5 to the 343 bp enhancer was detected in uncommitted mesenchymal cells, C3H10T1/2, whereas the

binding of DIx5 was dominant in osteoblastic MC3T3-E1 cells. These findings suggest that the binding of

Msx2 to the homeobox motif in the 89 bp core sequence disturbs the enhanceosome formation.

Our findings unraveled, at least partly, how Runx2 expression is specifically directed to the osteoblast

lineage. As the 343 bp enhancer was enough to induce osteoblast-specific expression, the enhancer contains

sufficient elements to direct Runx2 expression to osteoblasts. Therefore, the enhancer is useful for screening of

drugs for osteoporosis and bone regeneration by targeting Runx2, and is also useful as a vector for gene therapy

of bone diseases.
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Figure Legends

Figure 1

Reporter gene expression by BAC-derived fragments of Runx2 gene locus

(A) The constructs of GFP tg mice using a BAC clone. (B-I) Appearance of 200kR (B, C), Alst (D, E), A2nd (F,

G), and A3rd (H, I) GFP tg mice at E16.5. (J-Q) Serial frontal sections crossing eyeballs in Alst (J-M) and A2nd

(N-Q) GFP tg mice at E16.5. The upper side of eyeballs (J, L, N, P) and the lower side of eyeballs (K, M, O, Q)

are shown. e, eyeball; f, frontal bone; ¢, connective tissue; z, zygomatic bone; m, maxilla. The mandibles in

200kR, A2nd, and A3rd GFP tg mice are strongly GFP-positive (single white arrows in B, F, H), whereas that in

Alst GFP mouse is GFP-negative (single white arrow in D). Double arrows in B, D, F, and H show the GFP

expression in the frontal and basal regions of eyeballs. The shape of the GFP-expressed regions (double arrows)

1s crescent in 200kR, A2nd, and A3rd GFP tg mice (B, F, H) but linear in Alst GFP tg mouse (D). Histological

analysis revealed that the double arrows in B, F, and H indicate GFP expression in the zygomatic bones and

maxillas, whereas the double arrows in D indicate GFP expression in the surface of the zygomatic bone (Fig.

1K, M, O, Q). The arrowheads in D indicate GFP expression in connective tissues (Fig. 1J, L). The GFP

expression in the frontal bones is evident in 200kR, A2nd, and A3rd GFP tg mice (B, F, H, N, P) but not in Alst

GFP tg mice (D, J, L) (asterisks in B, D, F, H), whereas the whole brain region was weakly GFP-positive in

Alst GFP tg mice but not in the others (red arrows in B, D, F, H), probably reflecting GFP expression in

neurons in Alst GFP tg mice. The arrowheads in J-Q indicate the connective tissue around choroid. Bar =2 mm
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in (B-I) and 100 um (J-Q).

Figure 2

Histological analysis of GFP tg mice

Frozen sections of mandibles (A, C, E, G, I) and femurs (B, D, F, H, J) from wild-type (A, B), 200kR GFP (C,

D), Alst GFP (E, F), A2nd GFP (G, H), and A3rd GFP (I, J) tg mice at E16.5 are shown. Two lines of each

genotype were established and showed a similar expression pattern. The expression levels of the transgene in

both of 200kR GFP tg mouse lines were low, while those in one of the two lines in Alst, A2nd, and A3rd GFP tg

mice were high and the pictures of the strong lines are shown. The pictures of wild-type and 200kR GFP tg

mice were taken with a longer exposure time compared with that used for A2nd and A3rd GFP tg mice.

Although the transgene expression level was high in the Alst GFP tg mouse line, the GFP expression in bones

was too weak to detect, and the pictures of the bone tissues were taken with a longer exposure time compared

with that used for A2nd and A3rd GFP tg mice. m, Meckel’s cartilage. Bar = 100 um.

Figure 3

1.3 kb osteoblast-specific enhancer

(A) Homology of rat (R), human (Hu), orangutan (Or), dog (D), horse (H), opossum (Op), and chicken (C)

sequences against mouse sequence in the upstream region of exon 1 of Runx2 searched by UCSC Genome

Browser. 1.3kE: 1.3 kb enhancer, P1:6.1 kb P1 promoter. (B-I) 1.3kE GFP tg mouse at E16.5. Bright and dark

field pictures are merged in C. The numerator in B indicates the number of Fy transgenic mice with

osteoblast-specific expression and the denominator indicates the number of Fy GFP-expressing tg mice obtained.
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(D) mandible, (E) head, (F) femur, (G) heart, (H) liver, (I) spinal cord. m, Meckel’s cartilage; b, brain; gp,

growth plate; h, heart; lu, lung; 1i, liver; sc, spinal cord. Bar = 5mm in (B, C) and 100 um in (D-I).

Figure 4

343 bp osteoblast-specific enhancer

(A-D) Appearance (A) and frozen sections of the head (B), mandible (C), and femur (D) of 343E GFP tg mouse

at E16.5. The numbers in A indicate the same as those in Fig. 3B. The growth plate is outlined in D. b, brain; m,

Meckel’s cartilage; gp, growth plate. Bar = Smm in (A); 100 um in (B-D). (E-G) Reporter assays. E, Induction

of the reporter activity of p343-343-luc by various ligands. RA, retinoic acid. F, Induction of the reporter

activity of p343-343-luc by transcription factors. G, Synergistic effects with 7¢cf7/Ctnnbl in the induction of the

reporter activity of p343-343-luc.

Figure 5

Deletion of the 343 bp enhancer

(A) Deletion constructs of p343-343-luc and their reporter activities. (B) 89E GFP tg mouse at E16.5. (C-F)

Appearance (C) and frozen sections of craniofacial region (D) and lower limb (E) of 4x89E tg mouse at E16.5.

Boxed region in E is magnified in F. Asterisk shows prehypertrophic and hypertrophic chondrocytes, and

double asterisks show osteoblasts. The numbers of Fy tg mice with expression in osteoblasts are shown in B and

C. f, frontal bone; ma, mandible; fe, femur; t. tibia. Bar = Smm in (B, C); 1 mm in (D); and 0.5 mm in (E, F).

Figure 6

Activation of 343 bp enhancer by Mef2c and DIx5
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(A) Homeobox and Mef2-binding motifs in the core 89 bp sequence and generation of their mutations. (B)

Reporter assay using the deletion constructs of p343-343-luc in SaOS2 cells. (C) The effect of Mef2c siRNA on

the mRNA expression of Mef2 family genes using SaOS2 cells. The expression was examined by real-time

RT-PCR and the ratios against control siRNA are shown. (D) The eftect of Mef2c siRNA on the activity of

p343-343-luc. (E) The effects of Dix5 and Msx2 on the activity of p343-343-luc using MC3T3-El1 cells. (F)

Reporter activity in the presence of Tcf7, Ctnnbl, Mef2c, Smadl, Sox6, DIx5, and Sp7, and those in the absence

of each of them on p89-89-luc in C3H10T1/2 cells. (G) Induction of reporter activities of p343-343-luc,

p4x89-luc, and p89-luc by Tcf7, Ctnnbl, Mef2c, Smadl, Sox6, DIx5, and Sp7 (all) in primary osteoblasts. (H-J)

Reporter assay using p343-343-luc with mutation(s) in the Mef2 motif (M), homeobox motif (H), or both

(M+H) in SaOS2 cells (H, I) and C3H10T1/2 cells (J). In J, Tcf7, Ctnnb1, Mef2c, Smadl, and Sox6 with or

without D/x5 were introduced. The ratios of +DIx5/-DIx5 are shown. (K-M) The pictures of 343E tg mice with

a mutation in Mef2 (K, L) or homeobox motif (M). One out of 17 343E tg mice with a mutation in Mef2 motif

showed GFP expression in mandible, zygomatic bone, frontal bone, limb bones, and ribs, which is similar to

343E tg mice (Fig. 4A), although the expression level was weak (K). A representative picture of the other 16

343E tg mice with a mutation in Mef2 motif, all of which showed no GFP expression in bones, is shown in L.

GFP was detected in skin in this mouse by histological analysis (data not shown). None of 15 343E tg mice

with a mutation in homeobox motif showed GFP expression in bones. A representative picture of the 15 mice is

shown in M. The arrow indicates GFP expression in mesenchymal cells around the tooth buds, and the

arrowhead indicates GFP expression in neurons in the brain (M), which were confirmed by histological analysis
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(data not shown). The number in K indicates the frequency of the mice with GFP expression in bone, and the

numbers in L and M indicate the frequencies of the mice without GFP expression in bones. Bar = Smm.

Figure 7

EMSA and GST-pulldown experiment

(A, B) EMSA using 70 bp oligonucleotides covering homeobox and Mef2 motifs (A), 26 bp oligonucleotides

covering Mef2 motif and 27 bp oligonucleotides covering the homeobox motif (B) in the core 89 bp sequence.

Arrow indicates the specific band of Mef2c, arrowhead indicates the specific band of DIx5, and asterisk

indicates the specific band of Msx2. (C-F) GST-pulldown experiments. G, GST; F, flag; inp, input.

Figure 8

ChIP and real-time RT-PCR analyses

(A-C) ChIP analysis in the 343 enhancer region using primary osteoblasts (A, C), and C3HI10T1/2 cells (left)

and MC3T3-E1 cells (right) (B). 2ug of antibodies against H3K4mel, H3K4me3, H3K18ac, H3K27ac, and

H2A.Z and 0.2 pg of antibody against H3K4me2 were used for immunoprecipitation in C. (D, E) Acetylation

of histone (D, ChIP analysis) and Runx2 mRNA induction (E, real-time RT-PCR analysis) by the combination

of Dix5, Mef2, Tcf7, Ctnnbl, Sox6, Smadl, and Sp7 (all) in C3H10T1/2 cells and primary osteoblasts (POB).

Immunoprecipitated DNA was quantified by real-time PCR and the ratios against IgG are shown in D. (F)

Predicted enhanceosome on the 89 bp core sequence.

20



A 79k

+1
Runx2 | P”E P2Ji I

gelioie exon 1 exonz2
— —2I00k P1 r» P2
GFP IRES-GFP
-200k -122k Pi—> P2
Al1st GFP| __deleted |
IRES-GFP
-200k 161k 117k P1 P2
A2nd GFP| __deleted F
IRES-GFP
-200k -156k P1 P2
A3rd GFP | deleted r r
IRES-GFP

200kR GFP A1st GFP A2nd GFP A3rd GFP

21



200kR GFP

A1st GFP

A2nd GFP

A3rd GFP §

Fig. 2

22



== v == == TE T T O
o s e i — 48— 18 I AT D
= - -1I'Illltﬂ-tl 11 IR ] 11T T 5 Ho
———— — l=u......§; ...,|1-r| |ﬁﬂ1=i.ﬂo Op
L I—I
1.3kE P1

Fig. 3

23



O mock
W Tcf7 + Ctnnb1

L L

40
0

L A
L o
o~

N ®

1601

san|eA aAle|ey

G 2001

N O Ww T M N -~ O
sanjeA aAlje|ay

[ TR TN SN S S N TR N1

..OI o © < N O
E sanjeA aAlle|ay

Fig. 4

24



A

0 100 200 300350 bp Relative values
0 1 2 3 4 5
[343/mP|luc| p343-343-luc
[343|mP[luc| p249-343-luc
343[mP[luc] p97-343-luc
p162-343-luc
343mP[luc| p109-343-luc
[ ~r{343mP[luc] p68-343-luc
p89-343-luc
pluc

Fig. 5

25



A

1

tacatcactataaacgctgtaattghcttttggggttggtttact

gcc

46
ctatatctatttt tgaccacgt agaaaacagcaatgatgtggtg

gcc

Ratio
(siMef2cisiControl) )

500
a00}
300}
200/
100f

Relative values T1

Tef7
Ctnnb1
Mef2c
Smad1
Soxé
Dix5

3333333
++ ++ + + 3
+ 4+ 4+ + + 3+
+ 4+ 4+ + 3+ +
+++ 3+ + +

0O Sox6/ mock
W Sp7/ mock

Relative values

++ I+ + + +

O mock
O Tcf7+Ctnnb1

401
45 @ I B Smadi1+Smad4
8 30} W Nef2e
© !
>
89 o 20f
§ I
o 10
o I
— Mef2 0
[ Homeobox

D

307 .
O siControl
® 257  msiMef2c
E 20+ E 40
[ 15+ "’ 230
g 10} L § 20
e | & 10/
0 0
Tef7+Ctnnbl m & 4 4 oeCmmPTmoeomoeomo
Smadi/Sox6 m m  Sm S0  guo41.6ox6 m M M o m o+ o+
_ 40
1000 I 0 mock
) [7)]
i I 2 3ot O Tef7+Ctnnb1
% 100 % | B Smad1
> » B Wef2c
g 10] 22
K| K|
[ 1+t o 10
+ o+ o+ o« o
+ o+ o+ 0.1 0
+ o+ 4+ . O,
+ + + ‘:7/0, /aQ(//')Q(/%Q,;_@/Qo
+ + o+ @ 6) %4
m + + v/
+ m +
»0r 343 mut (M) 340 mut (M) 343 mut (H)
o W +DIx5/-Dix5
515t
@
>
.g 10t
©
g5
0 4, %,
% % % " 117 16/17 15!15
> Y, Y
1y

%

Fig. 6

26



B o

N A
A PP o oA P
& FS P R ¢

]
&

W

(np) SDixs G ®pixs

Frer7 Freer Frerr Forp Toixs Foixs Foixs Ferp

— — -
(Inp) Csmad1G  Csmad1 (Inp) Gpixs 6 Cpixs
Fpixs Foixs Foixs Ferp Fsp7 Fsp7 Fsp7 Farp
—_—-—- Pr—

(Inp) GMech G
Frerr Frerr Frem Forp

Fumef2c Fmef2c Mef2cF GFP

Csmad1 (1np) CMefzc G Cmef2c

(Inp) Csmad1 G
Fsmad1FsmadiFsmad1FGFP

Fmef2c Fmef2c Fmer2c Farp

[

(Inp) G(:tnnl:|1 G GCtnnb1 (Inp) GSoxS G GSoxS

Cmef2c (Inp) GCtnnl:n G GCtnrlb1 (Inp) GMech G GMech (Inp) Cmef2c G

Mef2c Cﬂ DIx5
S o
O s a0 A
& & & +“‘\\ &P
\@ 28 & \@ K S G-'o
— —

(tnp) ECtnnb1 6 Sctanb1  (1np) SMef2c G CMef2c  (inp) ®Dixs G Cpixs
Foixs Foixs Foixs Farp

Fsox6 Fsoxé Fsox6 FGFP

GMech
F

Fetnnbt FetnnbiFctnnb1 FGFP  TSoxé Fsoxé Fsoxe Farp

(Inp) SMef2c G Cmefac
Fsp7 Fsp7 Fsp7 Farp

(np) Smad1G  Csmadt (inp) °Te? G Crem
F

Frei? Frerr Frerr Forp F1ef? Frerr Frerr Forp

— d— ——

Fref7 Fremr Frerr Forp ' Sp7 Fspr Fspr Farp

-— -—

(tnp) SCtnnb1 G GCtnnb1 (np) Sctonbt G Cctnnbt (np) CSmadt G Ssmad1 (inp) Ectanb1 6 Cctanbt

Fsox6 Fsoxé Fsoxe Farp I:Smm:H':Smm:HFSmad1FGFP

— - —

(Inp) GSmad1 G Csmad1 (Inp) Csox6 G ®soxe
Fsox6 Fsoxe Fsox6 FGrp ' Sp7 Fsp7 Fsp7 Forp

- — -— -

Fctnnb1FCtnnb1FCtnnb1 Farp FSPTIr FSPT FSpT Farp

(Inp) GSmad1 G GSrnad1
Fsp7 Fsp7 Fspr Farp

-— -

Fig. 7

27



A—————

DIx5 IgG Input DIx6 IgG Input Msx2 IgG Input Mef2 IgG Input Tcf7 IgG Input Ctnnb1IigG Input

Smad1 IgG Input Sox5 IgG Input Sox6 IgG Input Sp7 IgG Input Foxa2 IgG Input p300 IgG Input

B

C

m

Relative values

CBP IgG Input pCAF IgG Input D
4r 0 mock
mall
C3H10T1/2 MC3T3-E1 2 3t
=
L E
Msx2 DIx5 IgG Input Msx2 DIx5 IgG Input o 2r
>
©
g 1
- — ] 0
H3 H3 H3 H3 H3 H2 IgG IgG |nput H3K18Ac H3K27Ac

Ké K& K4 K18 K27 AZ (2ug)(0.29)

me1 me2 me3 ac

Runx2
2.5 (C3H10T1/2)
3 L
2t
0

mock all

ac

Runx2
(POB)

mock all 89 bp core sequence

Fig.8

28



