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Identification of Novel Protein/DNA Interactions Within
the Promoter of the Bone-Related Transcription Factor
Runx2/Cbfa1

Hicham Drissi, Arlyssa Pouliot, Janet L. Stein, Andre J. van Wijnen, Gary S. Stein, and Jane B. Lian*

Department of Cell Biology, University of Massachusetts Medical School, Worcester, Massachusetts 01655

Abstract The runt homology transcription factor Runx2/Cbfa1 is essential for bone development and osteoblast
differentiation. Regulatory mechanisms that govern Runx2 transcription in osteoblasts define the osteogenic pathways
that control skeletal development. In this study, we systematically examined transcription factor binding within the
upstream Runx2 P1 promoter, which regulates expression of the bone-related Runx2 factor. We identified two novel
protein/DNA interactions that are mediated by sequence specific factors, based on cross-competition experiments, point
mutations, and gel-shift immunoassays. One complex recognizes a non-canonical Runx2 site, whereas the other factor
binds to a palindromic sequence. Site-directed mutagenesis of the novel Runx2 motif (50TCCCAC30) within the 0.6 kb rat
Runx2 promoter reduces transcription by 2-fold, indicating that this site supports enhancement of Runx2 promoter
activity. Mutation of the palindromic motif (50AGTACT30) results in a 2–3-fold activation of the Runx2 promoter,
demonstrating that the wild type sequence contributes to transcriptional repression. These studies, together with our
previous findings of auto-suppression of the Runx2 promoter and negative regulation by 1,25(OH)2 Vitamin D3, suggest
that physiological control of Runx2 gene expression is mediated by a series of intricate regulatory mechanisms.
J. Cell. Biochem. 86: 403–412, 2002. � 2002 Wiley-Liss, Inc.
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The bone-related transcription factor Runx2
is essential for osteoblast differentiation [Merri-
man et al., 1995; Banerjee et al., 1997; Ducy
et al., 1997; Harada et al., 1998] and chondro-
cyte maturation [Inada et al., 1999; Kim et al.,
1999; Enomoto et al., 2000; Leboy et al., 2001].
In vitro studies have shown that Runx 2 is
able to activate osteoblast phenotypic genes
in various mesenchymal cell lines, indicating
that it acts as a differentiation factor promot-
ing progression along the osteoblastic lineage

[Banerjee et al., 1997; Ducy et al., 1997; Lee
et al., 1999]. Ablation of the Runx2 gene in
mouse models results in osteoblast differen-
tiation arrest at the earliest stages of bone
formation. The skeletons of Runx2 deficient
mice or knock-in mice expressing a truncated
Runx2 protein are devoid of mineralized tissue
and consist exclusively of non-mineralized
cartilage tissue [Komori et al., 1997; Otto et al.,
1997; Choi et al., 2001]. Runx2 null mice also
provided evidence for the importance of this
transcription factor for cartilage maturation in
vivo [Inada et al., 1999]. Thus, knowledge of the
activators of Runx2 transcription will provide
an understanding of the complement of factors
critical to formation of a mineralized skeleton.

The Runx2 gene is a downstream target of
several local and systemic factors that affect
osteoblast differentiation. Indeed, development-
al transcription factors, signaling molecules,
and other growth factors have been shown to
regulate expression of Runx2 in various mesen-
chymal cell populations [Yamaguchi et al., 2000;
Lian and stein, 2001; Prince et al., 2001; Drissi
et al., 2002; Gilbert et al., 2002]. TGF-b super
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family members, such as BMP-2, accelerate
osteoblast differentiation [Katagiri et al., 1990;
Yamaguchi and Kahn, 1991; Yamaguchi et al.,
1991] and also activate Runx2 transcription
[Komori et al., 1997;Otto et al., 1997;Tsuji et al.,
1998; Gori et al., 1999; Harada et al., 1999; Lee
et al., 1999, 2000; Banerjee et al., 2001]. Several
steroid hormones, such as dexamethasone and
Vitamin D3, which are known to affect osteo-
blast differentiation, have also been shown to
regulate Runx2 expression [Prince et al., 2001].
Our previous studies using the bone-related
Runx2 P1 promoter showed that the first 600 bp
of its 50 flanking region contain several recogni-
tion motifs for distinct classes of transcription
factors. We characterized multiple Runx2 sites
and anegativeVDRE [Drissi et al., 2002],which
suppress Runx2 gene transcription. However,
promoter deletion analysis of the 50 flanking
sequences of the Runx2 gene suggested that
there are also several regulatory elements that
positively control Runx2 transcription [Drissi
et al., 2000].

Transcriptional activation of the Runx2 gene
is the initial rate-limiting step in promoting
osteoblast differentiation to the mature pheno-
type. In this study, we characterized several
regulatory elements in a region of the Runx2 P1
promoter nt �351 and �92 that functionally
supports transcriptional control. We show that
a non-canonical Runx2 site located between
nt �107 and �102 contributes to activation of
Runx2 transcription. The second element medi-
ates a novel protein/DNA interaction and over-
lapswithapalindromic sequence (50AGTACT30).
Our findings suggest that both canonical and
non-canonical Runx2 sites contribute to auto-
regulation of the Runx2 gene and that auxiliary
regulatory sequences modulate expression of
this bone-related transcription factor.

MATERIALS AND METHODS

Cell Culture

The rat ROS 17/2.8 osteosarcoma cells were
grown in a F12 growth medium containing
5% FBS, penicillin (100 U/ml), streptomycin
(100 mg/ml) and L-glutamine (2mM). Themouse
C2C12 myoblasts and NIH3T3 fibroblasts were
grown in DMEM, whereas MC3T3 osteoblasts
were grown in aMEM. These media were sup-
plemented with 10%FBS, penicillin (100U/ml),
streptomycin(100mg/ml)andL-glutamine(2mM).
Cells were maintained in a humidified incu-

bator (5%CO2) at 378C. For transfection experi-
ments cells were seeded onto 6-well plates at
a density of 0.1� 106 cells/well 24 h prior to
transfection.

Nuclear Extracts and Electrophoretic
Mobility Shift Assays (EMSA)

Nuclear proteins from ROS 17/2.8, NIH3T3,
MC3T3, and C2C12 cells were extracted as pre-
viously described [Staal et al., 1996a]. Nuclear
extractswerestoredat�708Cin20mMHEPES,
pH 7.5, 420 mMKCl, 25% glycerol, and 0.2 mM
EDTA. A 10 ml volume (8 mg) of these nuclear
extracts was incubatedwith 10ml of aDNAmix
for 30 min at 258C. The DNA mix for each
reaction consisted of; 0.2 ml of 0.1 M DTT,
1 mg of the non-specific competitor poly dI-dC,
80,000 cpm of double-stranded DNA probe and
250–750 fmol of the relevant double-stranded
unlabeled competitor oligonucleotides. Sam-
ples were separated in a non-denaturing acryl-
amide:bis-acrylamide (4%) gels using 0.5�
Tris-borate EDTA buffer.

Plasmid Constructs

The parental construct for our studies is a
pGL3 plasmid (Promega,Madison,WI) contain-
ing 0.6 kb of the Runx2 promoter fused to the
luciferase reporter gene. The mutation con-
tained in the �116/�93 MT oligonucleotide
(50GGTAGGCA GCAAAGTT TTA CTTTG30)
was incorporated into this construct by PCR-
mediated mutagenesis. The oligonucleotide
(50GGTAGGCA GCAAAGTT TTACTTTG30)
(20 picomoles) was used as a forward primer
and the oligonucleotide (50GTGAATGCTTCAT-
TCGCCTCA30) (20 picomoles) was used as the
reverse primer in the first PCR reaction. A con-
struct (0.25 mg) containing 0.6 kb of the rat
Runx2 promoter plus its 50UTRwas used as the
template. The amplification was performed in a
50 ml volume with 1 U of (exo-) Vent Polymerase
(NEB, Beverly, MA) as follows; 1 min at 948C,
30 cycles of 1 min denaturization at 948C, 1 min
annealing at 608C, and 1min extension at 728C.
A final extension step was carried out for 6 min
at 728C.

The purified PCR product (of approximately
100 bp) was used as a reverse primer in the
second PCR reaction along with the 50 most
forward primer 50CGGCTTGCAGCACTGTT-
GCTC30 using the same template (0.25 mg) as
described above. The same amplification proto-
col was repeated using Vent DNA Polymerase
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(1 U) (New England Biolabs [NEB], Beverly,
MA).
Thepurified 600bpproductwas thendigested

with Hind III and Xho I restriction enzymes
(NEB, Beverly, MA) then ligated into the
pGL3 luciferase reporter construct. Positive
clones were analyzed by automated sequencing
(nucleic acid facility at UMass Medical School,
Worcester, MA) to confirm the presence of the
mutations. The construct consisting of pGL3
with the 600 bp promoter containing the �104/
�81 MT mutation was generated in the same
fashion.

Transient Transfections

ROS 17/2.8, MC3T3, C2C12, and NIH3T3
cells were grown to 50% confluency and trans-
fected with either 0.5 mg/well of a Renilla
Luciferase construct or 0.5 mg/well of b-gal
construct as control for transfection efficiency,
and 2 mg/well of either empty vector (pGL3) or
test constructs (wild type ormutant). Cells were
transfected using Superfect reagent (Qiagen,
Valencia, CA) as previously described [Staal
et al., 1996a; Staal et al., 1996b; Lee et al., 1999].
Luciferase assays were performed as pre-

viously described [Drissi et al., 2002]. In brief,
cells were harvested 36–48 h after transfection
and were lysed with 500 ml of 1� reporter lysis
buffer (Promega,Madison,Wisconsin) for 20min.
Luciferase activity was measured using the
luciferase assay kit (Promega, Madison, Wis-
consin) and a luminometer (monolight ana-
lytical luminescence laboratory, San Diego,
CA). The activity of b-gal was measured color-
imetrically.

RESULTS

Multiple Conserved Elements Support
Transcriptional Control of the Runx2

Promoter in Mesenchymal Cells

Establishing functional elements in the bone-
related P1 promoter of the Runx2 gene is a
necessary step in defining regulatory mecha-
nisms that can enhance or suppress transcription
of Runx2 in osteoblasts. Figure 1A summarizes
previously characterized, as well as putative
binding sites within the Runx2 proximal pro-
moter. These elements are conserved among
rat, mouse, and human species within the first
200 bp of this promoter, and are located down-
stream of a purine rich region [Drissi et al.,
2002]. Promoter activity of several deletion

mutants was examined by transfecting a series
of rat Runx2 promoter constructs intomesench-
ymal cell lines with distinct phenotypes, includ-
ing the osteoblastic cell lines ROS17/2.8 and
MC3T3 E1, C2C12 myoblasts, and NIH3T3
fibroblasts. We observed at least a 10-fold
increase in luciferase activity that is mediated
by a 36nucleotide segment between the deletion
constructs (�128 to�92) (Fig. 2). This increased
promoter activity indicates that one or more
positively acting elements are located within
this region of the bone-related Runx2 promoter.
Furthermore, the activity of the various dele-
tion mutants is not tissue specific, because the
same reporter gene expression profile is obser-
ved in osseous and non-osseous cells. These
activating elements appear to be an important
component of basal expression of Runx2 in
mesenchymal cells.

Two Novel Protein/DNA Interactions Occur
Within the �128 to �81 Transcriptional

Regulatory Domain

Wefocusedonnovelprotein/DNAinteractions
within the �128 to �81 region that is responsi-
ble for enhancementofRunx2promoteractivity.
To determine sequence specific protein/DNA in-
teractions, three overlapping oligonucleotides

Fig. 1. Organization of transcriptional regulatory elements on
the rat Runx2 promoter. Panel A: Schematic illustration of the
Runx2 promoter. Enhancing and repressing domains, separated
by two purine rich stretches, carry several putative recognition
elements for well known transcription factors. Runx2, CREB,
C/EBP, VDR/RXR, Oct-1, NFkB, AP-1, and HLH consensus
sequences are indicated. Previously reported functional Runx2
sites within the promoter and downstream of the TATA box in
the 50UTR are shown. Panel B: Oligonucleotides that were used
for electrophoretic mobility shift assays (EMSA) span the region
between nt �128 and �81. For each probe of 24 bp in length,
an overlap of 12 nucleotides with the adjacent probe was
included. A full-length oligonucleotide (�128/�81) was also
generated for competition experiments. Mutated motifs are
underlined and shown in lower case.
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between nt �128 and �81 were designed (see
Fig. 1B), and used with nuclear extracts from
rat osteoblastic ROS 17/2.8 cells for mobility
shift assays.Figure3showsthatuniqueprotein/
DNA interactions occur with each probe be-
tween nucleotides �128 and �81. All protein
interactions exhibited self-competition wit the
unlabeled probe and competition with an dis-
onucleotide spanning the entire �128 to �81
region, whereas a non-specific oligonucleotide
did not compete for binding. These results in-
dicate that at least three major protein/DNA
complexes (Runx2, complex A, and complex B)
are specific. The prominent complex (labeled
Runx2) formedwiththe�128/�105probe (Fig.3,
left panel), partially competed with the �116/
�93 oligonucleotide but not with the �104/�81
oligonucleotide. This Runx2 complex was char-
acterized in previous studies and binds to
nt �119/�113 [Drissi et al., 2002].

Several protein/DNA interactions are also
formed on the �116/�93 probe, which cross
competes with the �128/�105 oligonucleotide
for the specific complex A (Fig. 3, middle panel).
However, the �104/�81 oligonucleotide fails to
compete for the complex A protein/DNA inter-
action. This result suggests that complex A
interacting with the �116/�93 probe is related
to the Runx2 complex in probe �128/�105. The
third probe oligonucleotide (�104/�81) (Fig. 3,

right panel) competes with itself for a DNA/
protein complex designatedB.However, limited
cross-competition was observed with both the
�128/�105 and the �116/�93 oligonucleotides
(Fig. 3, right panel). This observation suggests
that the specific interaction designated complex
B isnot locatedwithin the 12nt overlap between
the �116/�93 and �104/�81 probes. Thus, our
competition analyses identify twonovel protein/
DNA interactions within the transcriptional
regulatory domain of the Runx2 promoter.

A Unique Runx Motif Mediates
Activation of the Runx2 Promoter

Our studies above suggest that complex A
is formed only with the �116/�93 oligonucleo-
tide and may be related to Runx2. To further

Fig. 2. The proximal segment of the rat Runx2 promoter
contains several activating domains between nt �351 and �92.
MC3T3 (black bars), ROS 17/2.8 (gray bars), NIH3T3 (white
bars), and C2C12 (striped bars) cells were transfected with the
indicated promoter luciferase deletion constructs (�600, �351,
�288, �128, and �92). Histograms represent means of luci-
ferase values over empty vector of n¼3 samples� standard
deviation. Fold activity increase in the �128 deletion mutant
transfected into ROS 17/2.8, C2C12, and NIH3T3 cells and
MC3T3 cells.

Fig. 3. Multiple protein/DNA interactions in the principal
regulatory region of the Runx2 promoter. Gel-shift assays were
performed with the three overlapping oligonucleotides (�128/
�105, �116/�93, �104/�81) as probes using ROS 17/2.8
nuclear extracts (8 mg) and in the presence of unlabeled
oligonucleotide competitors including �128/�105, �116/�93,
�104/�81, full length �128/�81 (FL), and an E2F consensus
element (nonspecific competitor, NS) as indicated. Left Panel:
The prominent complex formed with the �128/�105 probe
competes with self and full length (FL) oligos, whereas it only
partially competes with the �116/�93 oligo and neither
competes with the �104/�81 nor a nonspecific (NS) E2F oligo-
nucleotide. Runx2 was previously shown to mediate this
complex (arrow). Middle Panel: The�116/�93 oligonucleotide
is used as a probe. The specific complex designated A competes
with the �116/�93 and the full length (FL) oligonucleotides,
whereas the nonspecific E2F unlabeled competitor (NS) does
not affect complex A binding. Both unlabeled �128/�105 and
�104/�81 oligonucleotides fail to compete with the complex
A. Right Panel: The �104/�81 oligonucleotide is used as a
probe. The full length (FL) and the �104/�81 oligonucleotides
compete with the �104/�81 probe. The �128/�105 oligonu-
cleotide fails to compete for the binding of the protein/DNA
complex B, while the �116/�93 oligonucleotide does compete
for binding of complex B.
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establish specificity of this complex, we gener-
ated a mutant (�116/�93 MT) oligonucleotide
inwhichthesixcenternucleotides (50TCCCAC30)
within the�116/�93 oligonucleotidewerealter-
ed (50TGaaAC30). Gel-shift assays using the
�116/�93 wild type probe combined with in-
creasing amounts of unlabeled self and mutant
oligo competitors show that complex A does
not compete with the �116/�93 MT nucleotide
containing the mutated motif (50TGaaAC 30)
(Fig. 4A,B). This result indicates that the mid-
dle six nucleotides (50TCCCAC30) of the �116/
�93 probe which resemble the Runx consensus
binding motif (see Fig. 4E) are essential for this
interaction. We, therefore, confirmed that the
protein(s) involved in complex A are interacting
with the Runx2 motif by performing competi-
tion experiments using a previous established
Runx site as the unlabeled competitor (Fig. 4C).
Increasing amounts of this Runx oligonucleo-
tide completely abolish detection of complex A.

Using an antibody specfic for Runx2, we further
established by gel-shift immunoassay that
Runx2 is a major component of complex A
(Fig. 4D). This newly identified non-canonical
Runx2 binding site (Fig. 4E) increases to seven
the total number of experimentally validated
Runx2 sites within the first 600 bp plus the
50UTR of the bone-related Runx2 P1 promoter
(see Fig. 1A).

To assess the function of this novel Runx2
site, we introduced the same mutation that
abolished complex A protein/DNA interactions
into the 0.6 kb Runx2 P1 promoter. Both the
wild type and mutant promoter-luciferase con-
structs were transiently transfected into ROS
17/2.8, MC3T3, NIH3T3, and C2C12 cells to
analyze the effects of this mutation in vitro.
Figure 5A shows that a 40–50% decrease in
promoter activity is observed when the 50TCC-
CAC30 site ismutated in all four cell lines. These
results suggest that this protein/DNA interac-
tion element mediates enhancement of Runx2
promoter activity.

To compare this protein/DNA interaction
among the various cell lines, we performed gel-
shift experiments with the�116/�93 probe and
nuclear proteins extracted from ROS 17/2.8,
MC3T3, NIH3T3, and C2C12 cells. Figure 5B
shows that different complex binding patterns
are observed between osseous and non-osseous
cells. This new Runx2 complex is, as expected,
enriched in ROS 17/2.8 nuclear extracts and
not prominent in MC3T3 osteoprogenitor cells
and non-osteoblastic cell lines. Together, our
results show that this regulatory element
(50TCCCACT30), which maintains only the core
of the typical Runx consensus sequence (50AG-
TGGT30), is a novel positive Runx2 site that
enhances activity of the rat Runx2 promoter.

A Novel Protein/DNA Interaction Located
Between the New Runx2 Site and the VDRE

Represses Runx2 Promoter Activity

We used a similar approach with the �104/
�81 oligonucleotide to identify complex B and
the contribution of the corresponding recogni-
tion sequence to promoter activity. We system-
atically introduced a series of point mutations
into the �104/�81 oligonucleotide and found
that transforming a 50GAGTACT30 motif into
50GcGaACT30 produced an oligonucleotide that
fails to compete for protein/DNAbinding, where-
as the wild type �104/�81 oligonucleotide suc-
cessfully binds complex B (Fig. 6A,B). This

Fig. 4. Nucleotides�107/�102 are esssential for protein/DNA
interaction of complex A. A mutation generated in the center of
the �116/�93 oligonucleotide sequence (nt �107/�102)
disrupts protein/DNA interaction within complex A. Panel A–
D: The �116/�93 oligonucleotide is used as a probe. Panel A:
The �116/�93 oligonucleotide competes with itself for com-
plex A, when increasing amounts (0–750 fmoles) are added.
Panel B: Increasing amounts (0–750 fmoles) of the mutated
�116/�93 oligonucleotide used as a cold competitor for
competition with the �116/�93 labelled probe failed to
compete for specific protein/DNA binding. Panel C: Increasing
amounts (0–750 fmoles) of a Runx consensus sequence (shown
at the bottom) competes with complex A for protein/DNA
binding. Panel D: Gel-shift immunoassay using increasing
amounts of the Runx2 specific antibody causes an upward shift
of complex A, formed with the �116/�93 oligonucleotide
probe. Panel E: Representation of the novel positive Runx site
(A) on the Runx2 promoter at position �107/�102 between
the negative VDRE and an upstream Runx2 site.
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result establishes nucleotides that are essential
for complex B formation. This protein binding
motif overlaps the 50 portion of the previously
characterized negative vitamin D responsive
element (nt�92/�78) [Drissi et al., 2002]. Com-
petition experiments using a disonucleotide
spanning�95 to�75 do not compete for binding
of the novel complex B (data not shown). Thus,
complex B is not related to protein/DNA inter-
action, and apart from the 50AGTACT motif
requires base pairs between�104 to�95. Given
the proximity of this new site to twoRunx2 sites
(Fig. 6E), a Runx consensus sequence was used

for cross-competition and found to compete
partially with the probe for binding of complex
B (Fig. 6C). However, gel-shift immunoassay
using increasing amounts of a Runx2 specific
antibody reveals that complex B is not immu-
nologically related to Runx2 (Fig. 6D). These
results indicate that this is a usual protein/
DNA interaction between�104 and �85 that is
related neither to VDRE nor to Runx2.

To determine the functional implications of
complex B in mediating promoter activity, we
introduced the mutated binding site into the
Runx2promoter-luciferase construct and trans-
fected both wild type and mutant promoters
into ROS 17/2.8, MC3T3, NIH3T3, and C2C12
cells. Figure 7A shows that mutation of the
complex B binding site causes a 2–3-fold en-
hancement of promoter activity compared to
the wild-type promoter. This result indicates
that the complex B protein/DNA interaction
is responsible for down-regulating the Runx2
promoter. We further demonstrate that com-
plex B is present in each of the cell types ex-
amined (Fig. 7B). Our results suggest that the
factor(s) involved in mediating repression of

Fig. 5. The region between nt �107 and �102 is important for
activation of the Runx2 promoter. Panel A: ROS 17/2.8, C2C12,
MC3T3, and NIH 3T3 cells were transfected with both the wild
type (gray bars) and mutated �116/�93 motif (striped bars)
within the 0.6-kb fragment of the rat Runx2 promoter. This
mutation causes a 40–50% decrease in promoter activity in
each of these cell lines. Panel B: Comparison of nuclear extracts
from ROS 17/2.8, NIH3T3, MC3T3, and C2C12 cells, interact-
ing with the �116/�93 probe. Gel-shift assays using the �116/
�93 oligonucleotide as a probe, and increasing amounts (0, 2,
4, 6, 10 mg) of nuclear extracts from osseous (ROS 17/2.8,
MC3T3) and non-osseous (NIH3T3, C2C12) cell lines. Complex
A is predominantly present in the rat osteosarcoma cell ROS 17/
2.8 nuclear extracts.

Fig. 6. Competition of the �104/�81 probe with self and
mutant competitor. Gel-shift assays using the �104/�81
oligonucleotide as a probe and ROS 17/2.8 nuclear extracts.
Panel A: Competition with increasing amounts (0–750 fmoles)
of unlabeled wild type oligonucleotide (self). Panel B: Competi-
tion with increasing amounts (0–750 fmoles) of the oligonu-
cleotide (MT) carrying a mutation introduced within the
50TGAGTAC30 motif of the �104/�81 oligonucleotide. Panel
C: Competition with increasing amounts (0–750 fmoles) of the
Runx consensus sequence oligonucleotide (Runx cons.) for
complex B binding. Panel D: Gel-shift immunoassay using
0.5 and 1 mg of the Runx2 specific antibody (Runx2 Ab). Panel E:
Relative location of the novel complex B on the Runx2 promoter
at position �92/�90 between the novel positive Runx site and
the negative VDRE.
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the Runx2 promoter are present in a broad
spectrum of mesenchymal cells.

Definition of a Runx2 Consensus Element

Previous studies have identified Runx2 bind-
ing sites in the promoters of several bone-
related genes (Fig. 8). Most of these promoters
contain multiple Runx2 binding sites that are
frequently positioned with the same orienta-
tion relative to the sense- or antisense-strand.
Alignment of these experimentally established
Runx2 binding sites reveals a Runx2 consensus
recognition motif (Fig. 8). This Runx2/Cbfa1

response element which is based on naturally
occurring Runx2 binding sites is remarkably
similar to the Runx1/AML1 recognition se-
quence defined by binding site selection analy-
sis of random oligonucleotides. The Runx2 and
Runx1 consensus sequences are similar but
Runx2 binding sites exhibit redundancy of the
core GGT-motif (positions 4, 5 and 6) that is
essential forRunx1/AML1binding , andanucle-
otide preference for G or T at position 7. The
Runx2 consensus, we define here may be useful
for the identification of Runx2 sites in other
bone-specific genes.

DISCUSSION

In this study, we assessed transcriptional
mechanisms related to activation of the Runx2
gene, focusing on the proximal region of the
Runx2 P1 promoter that has been shown to
enhance Runx2 transcription. Using a panel of
overlapping oligonucleotides, we demonstrated
by gel-shift assays that Runx2 proximal pro-
moter activity is associated with several novel
protein/DNA interactions. Our results reveal
that two specific DNA elements residing

Fig. 7. A novel protein/DNA interactionmediates repression of
Runx2 promoter activity. Panel A: Transient transfection of ROS
17/2.8, MC3T3, C2C12, and NIH3T3 cells with the rat 0.6 kb
Runx2 promoter containing the mutated 50TGcGaAC30 motif.
Promoter activity in these various cells is upregulated by 2–
3-fold in the mutant (striped bars) compared to the wild type
promoter (black bars). Panel B: Comparison of ROS 17/2.8,
MC3T3, NIH3T3, and C2C12 nuclear extracts with the �104/
�81 probe. Protein/DNA interaction of complex B was detected
in ROS 17/2.8, MC3T3, NIH 3T3, and C2C12 cells. The �104/
�81 oligonucleotide was used as a probe and incubated
with increasing amounts (0, 2, 4, 8, 10 mg) of nuclear proteins
extracted from all these cells. Complex B is present in each of
these cell lines, albeit at different levels.

Fig. 8. Compilation of Runx2 binding sites in bone-related
promoters. The Runx2/Cbfa1 consensus element shown in the
last line is based on experimentally validated binding sites in
bone-related promoters and is similar to that initially established
by binding site selection experiments using Runx1/AML1. The
sequences of Runx2 binding sites in the osteocalcin (OC),
bone sialoprotein (BSP) and Runx2 promoters were aligned and
the frequency of occurrence of specific nucleotides at each
position was determined (lower panel).

Protein/DNA Interactions Within the Runx2 Proximal Promoter 409



between nt�128 and�81 have regulatory func-
tions. One of these elements is a novel Runx2
related motif (50TCCCAC30) and is responsible
for enhancement of promoter activity. A second
sequence specific element (50AGTACT30) forms
a complex with a protein present in all cell
phenotypes and appears to contribute to down-
regulation of Runx2 transcriptional activity.
Thus, multiple protein/DNA interactions con-
tribute to the transcription of the Runx2 gene.

The unique protein/DNA complex formed be-
tweennucleotides�116and�93andwas shown
to require a non-canonical 50TCCCAC30 Runx
motif. When this site was mutated, the protein/
DNA interactionwas completely abolished. Our
functional data clearly show that this mutation
results in reduction of reporter gene expression,
thus demonstrating that this new site indicates
activation of Runx2 promoter activity. This is
the first experimental evidence that Runx2
is capable of enhancing activity of the Runx2
gene. Previous studies have shown that at least
three other perfectly matching Runx2 consen-
sus elements are located within this promoter.
These three Runx sites were characterized and
found responsible for mediating auto-suppres-
sion of the Runx2 gene. The novel Runx2 bind-
ing site, we identified in this study differs from
the known Runx consensus sequence 50AGTG-
GT30, as previously described [Meyers et al.,
1993; Merriman et al., 1995]. However, both
canonical and our non-canonical sequences con-
tain the 50CCA30 coremotif which is required for
Runx2 binding [Meyers et al., 1993]. Runx2
protein forms multimeric complexes with many
co-regulatory factors and interacts with other
proteins to support synergistic responsiveness
in the vicinity of other regulatory motifs. The
uniqueness of this novel Runx site may specify
assembly of a Runx-containing complexmediat-
ing enhanced transcriptional activity, in con-
trast to repressive activity mediated at other
Runx sites. There is ample precedence for pro-
moter context dependent activation or repres-
sion through Runx2 sites [Ji et al., 1998; Javed
et al., 2001; Mengshol et al., 2001; D’Alonzo
et al., 2002].

Downstream of the novel Runx site, we have
identified another novel protein/DNA complex
residing in the�104/�81 segment of the Runx2
gene. This complex B binding site is located be-
tween the new Runx2 element and a previously
characterized negative vitamin D responsive
element [Drissi et al., 2002]. We have estab-

lished bymutagenesis that this sitemediates up
to 3-fold repression compared to its neighboring
negativeVDREthatmediates repression to only
approximately 50% of control [Drissi et al.,
2002]. The complex B binding site encompasses
a perfect palindromic sequence (50AGTACT30),
and partially overlaps, but is distinct from the
previously described negative VDRE. Muta-
tional analysis and cross competition with this
VDRE further confirms that complex B binds
independently of the VDRE sequence [Drissi
et al., 2002]. Thus, the �104/�78 region of the
promoter can interact with multiple proteins
that confer negative regulation of Runx2 pro-
moter activity.

The overall responsiveness of the proximal
region of the Runx2 promoter that we have
studied here is a net effect of both suppression
and activation. This interrelationship between
enhancing and suppressing elements under-
scores the tight regulation of Runx2 gene
expression and the regulatory duality to main-
tain precise control of Runx2 transcripts [Drissi
et al., 2002]. Runx2 expression is developmen-
tally regulated during osteoblast differentia-
tion and most abundantly expressed in mature
osteoblasts. The bone-related Runx2 protein is
also expressed in mesenchymal progenitor cells
committed to the osteoblast or chondrocyte
phenotype [Banerjee et al., 2001]. We propose
that the function of the �128/þ1 proximal pro-
moter region in both osseous and non-osseous
cells may control basal expression of the Runx2
gene to attenuate Runx2 expression.
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