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Genetic studies show that Msx2 and Dlx5 homeodomain (HD) proteins support skeletal development, but
null mutation of the closely related Dlx3 gene results in early embryonic lethality. Here we find that expression
of Dlx3 in the mouse embryo is associated with new bone formation and regulation of osteoblast differentiation.
Dlx3 is expressed in osteoblasts, and overexpression of Dlx3 in osteoprogenitor cells promotes, while specific
knock-down of Dlx3 by RNA interference inhibits, induction of osteogenic markers. We characterized gene
regulation by Dlx3 in relation to that of Msx2 and Dlx5 during osteoblast differentiation. Chromatin immu-
noprecipitation assays revealed a molecular switch in HD protein association with the bone-specific osteocalcin
(OC) gene. The transcriptionally repressed OC gene was occupied by Msx2 in proliferating osteoblasts, while
Dlx3, Dlx5, and Runx2 were recruited postproliferatively to initiate transcription. Dlx5 occupancy increased
over Dlx3 in mature osteoblasts at the mineralization stage of differentiation, coincident with increased RNA
polymerase II occupancy. Dlx3 protein-DNA interactions stimulated OC promoter activity, while Dlx3-Runx2
protein-protein interaction reduced Runx2-mediated transcription. Deletion analysis showed that the Dlx3
interacting domain of Runx2 is from amino acids 376 to 432, which also include the transcriptionally active
subnuclear targeting sequence (376 to 432). Thus, we provide cellular and molecular evidence for Dlx3 in
regulating osteoprogenitor cell differentiation and for both positive and negative regulation of gene transcrip-
tion. We propose that multiple HD proteins in osteoblasts constitute a regulatory network that mediates
development of the bone phenotype through the sequential association of distinct HD proteins with promoter
regulatory elements.

Vertebrate development is orchestrated by hundreds of ho-
meodomain (HD) proteins, which can be classified into sub-
groups based on their sequences and relationships of their
homeobox motifs (7). The meshless (Msx) and distaless (Dlx)
genes form two distinct but closely related subfamilies of ho-
meobox genes that play essential roles during skeletal forma-
tion and in the development of the central nervous system (7,
14, 57, 76). Genetic, cellular, and biochemical evidence sug-
gests that three Msx genes and at least six Dlx genes function
during multiple phases of skeletal development, as exemplified
by their expression patterns and actions during early, middle,
and late stages of craniofacial, axial, and appendicular skeletal
formation (7, 39, 42, 49, 57, 74). Initially, the differential ex-
pression patterns of Msx and Dlx genes confer spatial infor-
mation on the mesenchyme of branchial arches and limbs. At
later stages of embryonic development, HD proteins support

the formation of more-defined skeletal structures, primarily by
regulating epithelial-mesenchymal signaling.

Targeted gene disruption of Msx1 and especially Msx2 re-
sults in numerous developmental alterations that include de-
fects in the calvarial bones of the skull, chondrogenic cranio-
facial bone abnormalities, defective skull ossification, and
endochondral bone formation (42, 68). Dlx5 is involved in
craniofacial development (1, 12) and limb initiation (20). Dlx5-
deficient mice exhibit a mild delay in ossification of long bones,
but there is no effect on expression of the Runx2 transcription
factor, which is essential for osteogenesis (1). The double null
of Dlx5/Dlx6 has a more severe phenotype, further supporting
a role for these mammalian Dlx genes in specification of skel-
etal elements (15, 64). Dlx1 and Dlx2 pattern the dentition,
and the null mice exhibit perinatal lethality and ectopic skull
components (62, 81, 82). However, Dlx3 null mice die during
early embryogenesis from placental failure; thus, a skeletal
defect cannot be identified (53, 63).

Expression of Dlx3, -5, and -7 is bone morphogenetic protein
2 (BMP2) dependent in early gastrulation and during cellular
differentiation of various phenotypes (44, 59, 69). Recent mi-
croarray analyses of osteogenic culture models have revealed
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that several HD proteins, including the Msx and Dlx families,
are rapidly induced in response to BMP2-mediated osteoblast
differentiation (4, 26, 27). Among the Dlx HD proteins iden-
tified in our studies, Dlx3 was induced by 1 h and peaked from
4 to 8 h after BMP2 treatment, coincident with the onset of
commitment of C2C12 cells to the osteogenic lineage, as re-
flected by the induction of bone-related phenotypic genes be-
ginning at 8 h (4). Although Dlx3 has been implicated in
skeletal development, a direct role for Dlx3 in bone formation
has not been identified. In humans, a 4-bp deletion in the Dlx3
gene is responsible for tricho-dento-osseous syndrome (60, 61,
85). In the mouse embryo, Dlx3 has been reported in multiple
tissues, including the ectoplacental cone, the chorionic plate,
placenta, branchial arches, and the developing hair follicle, as
well as in differentiating ameloblasts, odontoblasts, and kera-
tinocytes (53, 54, 63). Thus, we selected Dlx3 from our mi-
croarray to study its functional activity and contribution to
osteoblastogenesis.

The expression profiles of Msx1, Msx2, and Dlx5 have been
studied during chondrocyte and osteoblast differentiation, as
have their regulatory roles in the transcription of bone-related
genes (18, 21, 32, 40, 78, 84). Bone-related promoters, includ-
ing osteocalcin (OC), osteopontin (OP), collagen type I, and
bone sialoprotein (BSP), contain multiple HD binding motifs
(6, 8, 17, 18, 28, 29, 32, 34, 65, 66, 75, 84). Msx2 represses
transcription of OC (9, 32, 84) and collagen (18), while Dlx5
activates collagen I (78, 79). However, Dlx5 does not appear to
activate other gene promoters, including OC (66) and BSP (5,
38, 75, 87). Yet, these genes are induced in response to forced
expression of Dlx5 or osteogenic factors, like BMP2, which
rapidly induces expression of these HD proteins. Other studies
have shown that the HD regulatory sequences in the OC and
collagen promoters play a critical role in retaining osteoblast-
specific gene transcription (17, 28, 29, 31, 83, 86). Together,
these findings raise compelling questions related to the in-
volvement of different HD proteins in mechanisms mediating
enhancer activity of tissue-specific genes essential for bone
formation.

Transcriptional control of the prototypical bone-specific OC
gene has been well characterized and serves as a model for
examining regulation by HD proteins. The OC gene undergoes
extensive chromatin remodeling to accommodate the tran-
scriptional regulators that control its expression during osteo-
blast growth and differentiation (51, 52, 70, 71). The gene is
suppressed in nonosseous and proliferating osteoprogenitor
cells and then transcriptionally activated by Runx2/Cbfa1 in
postproliferative osteoblasts. OC expression is further induced
by C/EBP and the hormone 1,25(OH)2D3 to maximal levels of
expression during the mineralization stage or earlier (25). A cis
regulatory sequence conserved in the segment of the proximal
promoter of all species, known as the OC box (�76 to �99 in
rat), encompasses a core HD protein binding site (CAATT
AGT) that restricts OC expression to osteoblasts (31, 32).
Thus, the OC gene serves as a marker for determining in vivo
mechanisms by which HD proteins regulate OC transcription
during progression of osteoblast differentiation.

Here, we have studied the regulatory role of Dlx3 in bone-
specific transcriptional control during development of the os-
teoblast phenotype, as well as its functional relationship to the
Msx2 and Dlx5 proteins. Our findings show, for the first time,

expression of Dlx3 in the skeleton, primarily in early-stage
osteogenic lineage cells. Both overexpression and knock-down
of Dlx3 support a function in promoting osteoblast differenti-
ation. Chromatin immunoprecipitation (ChIP) studies demon-
strate in vivo temporal recruitment of Dlx3 in relation to the
Msx2 and Dlx5 HD proteins to the OC gene during osteoblast
differentiation. We observe two molecular switches in HD pro-
tein-DNA interactions. Msx2 associates with OC chromatin
when the gene is repressed, while Dlx3 and Dlx5 are recruited
with Runx2, the tissue-specific activator of bone formation. A
second switch coincides with the mineralization stage of osteo-
blast differentiation, when Dlx3 association decreases and Dlx5
recruitment increases. The temporal occupancy of Dlx3 fol-
lowed by Dlx5 in the OC promoter correlates with increased
transcription represented by the increased occupancy of RNA
polymerase II (Pol II). Our studies demonstrate a role of Dlx3
in promoting osteogenic differentiation and a temporal recruit-
ment of HD proteins to chromatin for regulation of osteogenic
genes during development of the osteoblast phenotype.

(Components of this study were performed by Jeremy Karlin
in partial fulfillment of the requirements for a B.S. degree from
Worcester Polytechnical Institute, Worcester, Mass.)

MATERIALS AND METHODS

In situ hybridization. Sagittal paraffin sections of mouse embryos were sub-
jected to in situ radioactive hybridization as described by Mackem and Mahon
(47). RNA probes corresponding to the sense and antisense strands of mouse
Dlx3 partial cDNA (from 199 bp to TGA plus untranslated region) were pre-
pared using T7 and T3 RNA polymerases and 33P-labeled UTP (Amersham
Biosciences, Piscataway, N.J.).

Cell cultures. Rat osteosarcoma (ROS 17/2.8) cells were cultured and main-
tained in F-12 medium (Gibco-BRL, Grand Island, N.Y.) supplemented with 5%
fetal bovine serum (FBS).

Primary rat osteoblast (ROB) cells were isolated from calvaria of fetal rats at
day 21 of gestation by three sequential digestions with collagenase P (2 mg/ml;
Boehringer Mannheim, Indianapolis, Ind.) at 37°C and 0.25% trypsin (Gibco-
BRL) treatment as detailed previously (2, 56). Cells from the third digestion
were plated at a density of 4 � 105 cells/100-mm dish and fed every second day
with minimal essential medium (MEM; Gibco-BRL) supplemented with 10%
FBS, 50 �g of ascorbic acid/ml, and 10 mM �-glycerol phosphate to induce
differentiation at confluency.

The mouse MC3T3-E1 osteoblastic cell line was maintained in �-MEM sup-
plemented with 10% FBS and transfected at low density (50% confluency) using
Fugene 6 (Roche Diagnostics Corp., Indianapolis, Ind.) according to the man-
ufacturer’s procedure with the indicated plasmids. After washing of reagents,
cells were induced towards the osteogenic phenotype in medium containing 25
�g of ascorbic acid/ml and 10 mM �-glycerophosphate.

Antibodies. The affinity-purified polyclonal antibody was raised against a 16-
amino-acid synthetic peptide (amino acids 242 to 256) of the murine Dlx3
protein as previously described (10). Mouse monoclonal Msx(1 � 2) antibody
(4G1) against bacterially expressed gallus Msx2 protein was obtained from De-
velopmental Studies Hybridoma Bank, Department of Biological Sciences, Uni-
versity of Iowa. Affinity-purified polyclonal Dlx5 antibodies (Y20 and C20) were
obtained from Santa Cruz Biotechnology (Santa Cruz, Calif.). Both antibodies
were raised against a peptide mapping within an internal region (Y20) or the C
terminus (C20) of human DLX5. Because the Msx and Dlx families share many
common sequences in addition to their DNA binding domains, the specificities
of the different antisera obtained from commercial sources used in these studies
were verified with in vitro-transcribed and -translated HD proteins. The antibody
to Dlx3 was previously reported to exhibit specificity (10). The Msx(1 � 2)
antisera showed no cross-reactivity in Western blot studies and electrophoretic
mobility shift assays (EMSAs) with Dlx5 or Dlx3. The Dlx5 (Y20) antibody
showed no cross-reactivity with Msx2 or Dlx3. These findings are available at the
website http://labs.umassmed.edu/steinlab/MCB2004.

Nuclear extracts, oligonucleotides, probes, and EMSA. Nuclear extracts were
prepared from 106 ROS 17/2.8 cells or day 4, 12, or 20 primary rat osteoblasts
according to the Dignam method (16). Aliquots of supernatant enriched with
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nuclear proteins were quick-frozen in a dry ice-ethanol bath and stored at �80°C
for use in Western blot analysis and gel mobility shift assays.

Oligonucleotides were synthesized representing the OC box wild type (OC-24)
and mutants (mTT and mCC1) of the rat OC promoter sequence. The plus
strand (10 pmol) was labeled with [�-32P]ATP for 1 h at 37°C with T4 polynu-
cleotide kinase (New England Biolabs, Beverly, Mass.). Annealing with minus
strand was performed by addition of a threefold excess amount (30 pmol)
followed by boiling for 5 min and slow cooling to room temperature. The
unincorporated nucleotides were removed using a quick-spin G-25 Sephadex
column (Roche Molecular Biochemicals, Indianapolis, Ind.).

EMSA reaction mixtures were prepared using 10 fmol of radiolabeled probe
and 2.5 to 5 �g of nuclear extract according to the procedure developed for
optimal HD protein binding (30). Briefly, the DNA-protein binding reactions
were carried out at room temperature for 10 min. Protein-DNA complexes were
separated on a 6.5% (40:0.5) nondenaturing polyacrylamide–0.5� Tris-borate-
EDTA gel. For antibody immunoshift analysis, approximately 100 to 200 ng of
antibody against Msx(1 � 2), Dlx3, or Dlx5 was incubated with nuclear extract at
22°C for 0.5 h prior to the probe addition. The samples were electrophoresed at
200 V for 3 h. After running, the gels were dried and autoradiographed at �70°C
or room temperature according to the signal intensity.

Expression plasmids and promoter regulation studies. Rat osteosarcoma
(ROS 17/2.8) cells were plated at a density of 0.5 � 106 per ml, 24 h prior to
transfection. Cells were transfected at 60 to 70% confluency using ExGen 500
transfection reagent (MBI Fermentas, Hanover, Md.). One microgram of OC
promoter construct (�208 CAT) or empty vector (PGEM CAT), 0.2 to 0.5 �g of
Msx2, Dlx5, or Dlx3 expression vector, and 100 ng of Renilla luciferase plasmid
were added to 50 �l of 150 mM NaCl. ExGen 500 (3.3 �l per �g of DNA) was
added to 50 �l of 150 mM NaCl, vortexed immediately, and then mixed with
DNA-NaCl solution and kept at room temperature for 10 min. After addition of
0.9 ml of complete medium, the mixture was applied to cells already washed once
with phosphate-buffered saline (PBS). Plates were incubated at 37°C for 2 to 3 h,
followed by a PBS wash and change to complete medium. Cells were harvested
24 h posttransfection. For chloramphenicol acetyltransferase (CAT) reporter
assays, cells were lysed with 300 �l of reporter lysis buffer (Promega, Madison,
Wis.) for 20 to 30 min at room temperature. Cell lysate (20 �l) was incubated
with reaction mixture containing acetyl coenzyme A and radiolabeled chloram-
phenicol for 2 h at 37°C. The products were separated by thin-layer chromatog-
raphy, and the amount of [14C]chloramphenicol incorporated was quantified
using a PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.).

To study the Dlx3-interacting domain present in Runx2, different deletion
mutants from the C terminus of Runx2 were used in the same transfection
protocol (described above) using ROS 17/2.8 cells. Flag-tagged Dlx3 (5 �g) was
cotransfected with 5 �g of hemagglutinin (HA)-tagged wild-type and different
deletions of Runx2 (�495, �464, �432, �391, and �376) as described earlier (25,
73). Coimmunoprecipitations were performed using anti-HA polyclonal anti-
body (Santa Cruz Biotechnology) 24 h posttransfection. After four washings with
1� PBS, the immunocomplexes were separated in a sodium dodecyl sulfate
(SDS)–10% polyacrylamide gel and immunoblotted with anti-Flag mouse mono-
clonal antibody (Sigma Aldrich, St. Louis, Mo.). The pull-down efficiency was
also confirmed by Western blotting with rabbit polyclonal HA antibody (Santa
Cruz Biotechnology).

Probes and Northern blot analysis. The following cDNA probes were used to
study the expression of HD proteins during osteoblast growth and differentiation.

The BamHI-XhoI fragments corresponding to the cDNA sequence of Msx2 (807
bp), Dlx3 (864 bp), and Dlx5 (870 bp) were random-primed labeled and used for
hybridization. We note that two Msx2 transcripts with an identical expression
profile were observed (32); only the top one is shown in this study. The EcoRI-
HindIII fragment for OC and the EcoRI fragment for glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) were used as probes for Northern blot analysis.
Total cellular RNA was extracted with TRIzol reagent (Gibco-BRL) according
to the manufacturer’s instructions. Primary rat osteoblast cells were harvested at
different days and resuspended in TRIzol solution (1 ml of TRIzol per 100 �l of
pellet) to extract RNA by established procedures (Invitrogen Life Technologies,
Carlsbad, Calif.). Total RNA (10 to 15 �g) was separated on a 1% formaldehyde
agarose gel, transferred to nylon membrane (Amersham Biosciences, Piscataway,
N.J.), and hybridized with [�-32P]dCTP-labeled Msx2, Dlx5, Dlx3, OC, and
GAPDH probes as previously described (3). Blots were subjected to autoradio-
graphic exposure overnight at �70°C.

RT-QPCR. The DNase I-treated total cellular RNA was reverse transcribed
using Invitrogen’s Superscript first-strand synthesis system. A negative control
was created in the absence of the reverse transcriptase enzyme. All cDNA
sequences specific for bone phenotypic markers were analyzed using Primer
Express software to predict optimum reverse transcription-PCR (RT-PCR)
primer sets (Table 1), except for GAPDH primers, which were purchased from
Applied Biosystems. The quantitative PCRs (QPCRs) were carried out in 50-�l
volumes on 96-well plates using Applied Biosystem’s ABI Prism 7000 sequence
detection system and software according to Applied Biosystem’s recommended
protocols for either the Sybr Green dye detection method (mastermix purchased
from Eurogentec) or the TaqMan 5	-nuclease probe method (mastermix and
probes purchased from Applied Biosystems). The two-step PCRs were set up
with a melting temperature of 95°C and an annealing-elongation temperature of
60°C for 40 cycles. Each set of PCRs for each gene was performed in duplicate
simultaneously on the same plate from the same cDNA. Linear, three-point
standard curves were also established in duplicate for each set of gene primers by
using the threshold cycle, the point at which each set of reactions reached the
logarithmic portion of the PCR curve. The 60°C dissociation protocol option was
selected for reactions with the Sybr Green reagent. All transcript levels were
normalized to that of GAPDH.

Western blot analysis. Whole-cell lysates were prepared as previously de-
scribed (25). ROB nuclear extract (20 �g) was added to SDS-polyacrylamide gel
electrophoresis sample buffer, boiled for 10 min, and separated on SDS–10%
polyacrylamide gel electrophoresis. Proteins were transferred to polyvinylidene
difluoride membranes by using a semidry transblot apparatus for 30 min at 10 V.
Blots were blocked with 5% nonfat milk in PBS–0.1% Tween 20 (PBST) buffer
(1� PBS is 8.1 mM Na2HPO4, 1.9 mM NaH2PO4, 0.137 M NaCl, and 2.7 mM
KCl [pH 7.4]) for 1 h at room temperature. Blots were probed with primary
antibodies at a dilution of 1:2,000 against Msx(1 � 2), Dlx3, Dlx5, Runx2, CDK2,
and �-actin in PBST containing 2% milk at room temperature for 1 to 2 h or
overnight at 4°C. Bound specific antibody was detected using a secondary anti-
rabbit or anti-mouse antibody coupled to horseradish peroxidase in a 1:5,000
dilution. The immunoreactive bands were visualized by autoradiography with
chemiluminescence substrate (Perkin-Elmer Life Sciences, Boston, Mass.).

Coimmunoprecipitation. Both untransfected and Msx2- and Dlx3-transfected
ROS 17/2.8 cells, as well as untransfected ROB cells at three stages of differen-
tiation, were used in these studies. Approximately 107 cells/immunoprecipitation
were lysed in 800 �l of Nonidet P-40 (NP-40) lysis buffer (150 mM NaCl, 50 mM

TABLE 1. Primers for real-time PCR assays

Genea Species Amplicon (bp) Oligonucleotide

Collagen I* Mouse 51 Forward primer: 5	-GTA TCT GCC ACA ATG GCA CG-3	
Reverse primer: 5	-CTT CAT TGC ATT GCA CGT CAT-3	

BSP� Mouse 51 Forward primer: 5	-GCA CTC CAA CTG CCC AAG A-3	
Reverse primer: 5	-TTT TGG AGC CCT GCT TTC TG-3	

Osteopontin� Mouse 51 Forward primer: 5	-TTT GCT TTT GCC TGT TTG C-3	
Reverse primer: 5	-CAG TCA CTT TCA CCG GGA GG-3	

AP Mouse 75 Forward primer: 5	-TTG TGC CAG AGA AAG AGA GAG A-3	
Reverse primer: 5	-GTT TCA GGG CAT TTT TCA AGG T-3	
Taqman probe: 5	-TAC TGG CGA CAG CAA G-3	

OC Mouse 59 Forward primer: 5	-CTG ACA AAG CCT TCA TGT CCA A-3	
Reverse primer: 5	-GCG GGC GAG TCT GTT CAC TA-3	
Taqman probe: 5	-AGG AGG GCA ATA AG-3	

a �, primer used for Sybr Green dye detection.
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Tris [pH 8.0], 1% NP-40, 1� Complete protease inhibitor [Roche Molecular
Biochemicals], 25 �M MG132 [Sigma Aldrich]) for 15 min at 4°C, followed by
centrifugation at 16,000 � g for 15 min. The supernatant was transferred to a
clean microcentrifuge tube and precleared with 40 �l of protein A/G plus aga-
rose beads (Santa Cruz Biotechnology Inc.) at 4°C for 30 min. The beads were
collected by centrifugation at 1,000 � g for 5 min at 4°C. Approximately 100 �g
of nuclear extract from different rat osteoblast time points as indicated was also
added to a final volume of 800 �l in lysis buffer and precleared as mentioned
above. Msx(1 � 2), Dlx3 antibody, and normal immunoglobulin G (IgG) (3 �g
each) were added to the precleared lysates following incubation at 4°C for 2 h.
To precipitate immunocomplexes, 50 �l of protein A/G plus agarose beads was
added and further incubated at 4°C with agitation for 1 h. Beads were washed
three times with 1� PBS containing 1� protease inhibitors and 25 �M MG132,
suspended in 20 to 30 �l of 2� SDS sample buffer, and analyzed by Western
blotting.

RNA interference (RNAi) of Dlx3. The mouse MC3T3-E1 osteoblastic cells at
30 to 50% confluency were transfected using Oligofectamine (Invitrogen Life
Technologies) with small interfering RNA (siRNA) duplexes specific for murine
Dlx3 obtained from QIAGEN Inc. (Stanford, Calif.) at different concentrations
(50, 100, and 200 nM). The siRNA duplexes were r(CCC UGU GUU GCA
AGU CGA A) dTdT and r(UUC GAC UUG CAA CAC AGG G) dAdG. The
cells were also transfected with control siRNA duplexes specific for green fluo-
rescent protein (GFP) using the same concentrations to check the transfection
efficiency, or as a nonspecific control. Opti-MEM 1 (a reduced serum medium
from Invitrogen) was used to dilute the siRNA duplexes and Oligofectamine and
for transfection. After treating the cells with siRNA for 4 h, the cells were
supplemented with �-MEM containing 30% FBS for a final concentration of
10% in the medium. The siRNA experiment was carried out for 72 h, at which
time the cells were harvested for total protein and RNA to analyze the knock-
down effect of Dlx3 siRNA on endogenous Dlx3 and its knock-down effect on
other osteoblast-specific markers by real-time QPCR.

ChIP assays. To cross-link protein with DNA, ROB cells were incubated for
10 min at room temperature in 1� PBS (3 ml/plate) containing 1% formalde-
hyde, 25 �M MG132 (Calbiochem/Sigma), and 1� protease inhibitor (Roche
Molecular Biochemicals). A final concentration of 0.125 M glycine was added to
the 1% formaldehyde–PBS solution for neutralization. Cells were collected in
PBS after plates were washed twice with ice-cold PBS. The harvested cells were
lysed in a lysis buffer containing 25 mM HEPES (pH 7.8), 1.5 mM MgCl2, 10 mM
KCl, 0.1% NP-40, 1 mM dithiothreitol, 25 �M MG132, and 1� Complete
protease inhibitor. To isolate the nuclei, cells were homogenized for 20 strokes
in a Dounce homogenizer followed by centrifugation at 200 � g at 4°C. The
nuclei pellet was resuspended in 300 �l (300 �l/100-mm plate) of sonication
buffer (50 �M HEPES [pH 7.9], 140 mM NaCl, 1 mM EDTA, 1% Triton X-100,
0.1% Na-deoxycholate, 0.1% SDS, 25 �M MG132, 1� Complete protease in-
hibitor). Samples were sonicated to reduce the DNA length to 0.2 to 0.6 kb.
Cellular debris was removed by centrifugation at 14,000 rpm for 15 min at 4°C,
and chromatin solutions were distributed into multiple 1-ml aliquots that were
used as the starting material for all subsequent steps.

Chromatin aliquots were precleared with 100 �l of a 25% (vol/vol) suspension
of 2 �g of single-stranded DNA-coated protein A/G and 1 mg of bovine serum
albumin/ml. Samples were used directly for immunoprecipitation reactions with
2 �g of Msx(1 � 2), Dlx3, Dlx5, Pol II (Covance Inc.), or Runx2 (M-70; Santa
Cruz Biotechnology) antibody and normal rabbit or mouse IgG as a control.
ChIP reactions were allowed to proceed for 2 to 4 h at 4°C on a rotating wheel.
Immune complexes were mixed with 100 �l of a 25% (vol/vol) precoated protein
A/G agarose suspension followed by incubation for 1 h at 4°C on a rotating
wheel. Beads were washed three times with low-salt, high-salt, and lithium salt
buffers (70, 71). After a final wash with Tris-EDTA buffer, the beads were
collected by brief centrifugation and the immunocomplexes were eluted twice by
adding 150 �l of a freshly prepared solution of 1% SDS–0.1 M NaHCO3. The
samples were adjusted to 0.2 M NaCl, and protein-DNA cross-linking was re-
versed by incubating at 68°C overnight. The samples were treated with 100 �g of
proteinase K/ml followed by phenol-chloroform extraction and ethanol precipi-
tation using 5 �g of glycogen as carrier. An aliquot (2 to 3 �l) of each sample was
assayed for PCR to detect the presence of specific DNA fragments using appro-
priate oligos from the proximal OC promoter spanning bp �198 to �28. This
region contains the OC box, C/EBP sites, and Runx2 site C. The primers were as
follows: forward, 5	-GGC AGC CTC TGA TTG TGT CC-3	 (�198 to �179);
reverse, 5	-TAT ATC CAC TGC CTG AGC GG-3	 (�47 to �28). PCR condi-
tions were 28 cycles of 95°C for 60 s, 94°C for 50 s, 57°C for 50 s, and 68°C for
60 s, and then 68°C for 7 min.

RESULTS

Dlx3 is expressed in osteogenic lineage cells at sites of new
bone formation. Studies in the mouse suggested Dlx3 is in-
volved in craniofacial development (63), but Dlx3 had not been
examined in cells of bone tissues or during osteoblast differ-
entiation. In situ hybridization of whole embryo (embryonic
day 15 [E15]) sagittal sections showed Dlx3 is expressed in
perichondrium and mature chondrocytes of the developing
limb (Fig. 1A, top panels) and vertebrae (Fig. 1A, middle
panels), but not in the condensing mesenchyme. In more ma-
ture limbs (E16), Dlx3 expression was observed in periosteal
cells, in cells surrounding the primary spongiosa trabeculae in
the metaphysis (Fig. 1A, lower panel), and in endosteal osteo-
blasts of diaphyseal cortical bone. Dlx3 expression was not
detected in the prehypertrophic and hypertrophic zones of the
growth plate (Fig. 1A, lower panels). The predominant Dlx3
expression in the metaphysis and its absence in marrow were
further confirmed by Northern blot analyses of postnatal bone
(Fig. 1B). Trabecular bone expressed Dlx3 up to 10-fold more
than intramembranous calvarial bone. Our results demonstrate

FIG. 1. Dlx3 is expressed in osteogenic tissue in vivo. (A) In situ
hybridization of mouse embryo sections. Left panels: paraffin sections
were hybridized with a Dlx3-labeled probe (see Materials and Meth-
ods). Right panels: Dlx3-positive skeletal and cellular detail structures
are identified by hematoxylin and eosin staining of the same section
shown in the left panel. Top: developing limb bone in 15 day postco-
itum embryos with Dlx3 expression in perichondrium (PC) and chon-
droblasts (C) and absence in the condensing mesenchyme (Ms). Mid-
dle: developing vertebral bodies (V) show Dlx3 in the bony trabeculae
and surrounding periosteum and absence in the mesenchyme portions
of the developing ribs. Lower panel: mature limb at E16, demonstrat-
ing Dlx3 in osteoblasts (Ob) associated with cortical bone (CB) and
trabeculae (T) in the metaphysis. Note the lack of Dlx3 expression in
marrow cavity (MC) and the hypertrophic cartilage zone of the growth
plate (HC). (B) Expression of Dlx3 in mouse bone tissue, based on
Northern analysis. Calvaria, metaphysis, and diaphysis of femurs from
a 7-month-old mouse were dissected and washed free of adherent
tissue and marrow prior to preparation of total cellular RNA. Total
cellular RNA (10 �g per lane) was loaded on a 1% formaldehyde
agarose gel and hybridized with Dlx3 probe (left panel). Ethidium
bromide staining of the 28S and 18S rRNA bands showed equivalent
loading.

VOL. 24, 2004 Dlx3 REGULATES OSTEOBLAST GENE EXPRESSION 9251



for the first time that Dlx3 expression occurs in cells of the
osteogenic lineage, in the putative osteoprogenitors that reside
in the perichondrium-periosteum, as well as in active osteo-
blasts on the bone surfaces. These findings suggest Dlx3 may
be related to osteoblast differentiation, formation of bone tis-
sue, and regulation of phenotypic genes.

Dlx3 is developmentally expressed during osteoblast growth
and differentiation and promotes development of the osteo-
blast phenotype. To address the physiological significance of
Dlx3 expression during the early stage of osteoblast differen-
tiation in vivo, we initially examined the cellular representation
of Dlx3 relative to other HD proteins during the ex vivo mat-
uration of primary rat calvaria-derived osteoblasts, a well-char-
acterized model that produces a bone-like mineralized extra-
cellular matrix (2, 56). We determined the levels for each of
the HD proteins in relation to the expression of cell growth
and phenotypic markers for the stages of osteoblast differen-
tiation by both Northern and Western blot analyses (Fig. 2).

Msx2 mRNA and protein were maximal in proliferating cells
(days 5 to 7), although Msx2 protein remained detectable dur-
ing formation of the multilayered bone nodules (matrix mat-
uration stage). In contrast, Dlx3 mRNA and protein were
expressed at the highest levels from days 11 to 14, when the
mature osteoblast was induced throughout the culture, as re-
flected by OC expression (day 11). Dlx5 mRNA peaked later
than Dlx3 (day 14); its expression was consistently sustained
more robustly than that of Dlx3 in the most-differentiated
mineralization stage in independent time courses. Both Dlx3
and Dlx5 protein levels exhibited an overlap in expression in
relation to increased osteoblast differentiation, reflected by
increased OC and Runx2 upregulation. The transient upregu-
lation of Dlx3 during rat osteoblast differentiation was similar
to its temporal expression during induction of the osteoblast
phenotype in BMP2-treated premyogenic C2C12 cells (Fig. 2C
[plotted from microarray data presented in reference 4]).

We next examined Dlx3 regulation by BMP2 in primary
osteoblasts and compared it to other factors that modulate
osteoblast differentiation and phenotypic genes in primary
ROB cells (day 11) (Fig. 2D). After 24 h of treatment with
BMP2, a 10-fold induction of Dlx3 was observed, while other
mediators of skeletal development (transforming growth factor
�1 [TGF-�1]) or regulators of osteoblast genes (vitamin D and
the glucocorticoid dexamethasone) had little or no significant
effect on Dlx3 expression. Msx2 was induced by both BMP2
and TGF-�1. This finding supports the hypothesis that Dlx3 is
an early response gene of BMP2-induced bone formation.
Taken together, these findings of a temporal profile of Msx2,
Dlx3, and Dlx5 expression suggest a coordination of HD pro-
tein functional activities in regulating expression of genes in-
volved in BMP2-mediated osteoblast differentiation.

To directly address a functional role for Dlx3 in osteogenic
differentiation, we determined the consequences of upregu-
lated expression of Dlx3 compared to that of Msx2 (18) on
osteoblast markers. We selected the mouse preosteoblastic
MC3T3-E1 cell line, which does not require exogenous BMP2
for differentiation, for these studies. Cells were transiently
transfected with Dlx3 or Msx2 and then allowed to differenti-
ate. The data in Fig. 3 demonstrate that Dlx3 upregulated
endogenous expression of all osteoblast marker genes, while
Msx2 affected only three phenotypic genes. The Western blot
analysis showed comparable Msx2 and Dlx3 expression levels
(Fig. 3, insert). Notably, collagen type I and BSP were robustly
induced only by Dlx3 (10- and 20-fold, respectively), while
alkaline phosphatase (AP), OP, and OC showed a 1.5- to
2.2-fold response to Dlx3. Msx2 stimulated AP 1.5-fold, but
BSP was stimulated 4.5-fold.

To further document the functional role of endogenous Dlx3
in promoting osteoblast differentiation and expression of phe-
notypic genes, we treated MC3T3-E1 cells with siRNA specific
for Dlx3. The siRNA duplex inhibited Dlx3 expression in a
dose-dependent manner to a maximum of approximately 55 to
60% at 100 nM, compared to the control levels of Dlx3 in cells
treated with the same concentration of GFP RNAi (Fig. 3B).
Complementary to the Dlx3 overexpression studies (Fig. 3A),
we found inhibition of AP (by 30%), BSP (by 50%), and OC
(by 50%). Collagen type I was decreased by 20%, and OP did
not exhibit a change. Notably, the bone phenotypic genes that
reflect osteoblast maturation, BSP and OC, were decreased in

FIG. 2. Temporal expression of Dlx3 during osteoblast growth and
differentiation in relation to that of the Msx2 and Dlx5 HD proteins.
Cell layers from the culture of calvaria-derived primary rat osteoblasts
were harvested at the indicated days for either total cellular RNA by
Northern blot analysis (A) or nuclear proteins for Western blot anal-
ysis (B). (A) Total cellular RNA as indicated was separated on a 1%
formaldehyde–agarose gel, blotted, and hybridized with corresponding
cDNA probes of HD proteins (described in Materials and Methods).
OC mRNA is shown relative to the HD proteins as a marker of
osteoblast maturation, while GAPDH mRNA levels served as a load-
ing control. (B) Runx2 is shown as a marker of osteoblast differenti-
ation. �-Actin is shown as a control for protein loading. (C) Dlx3
expression in BMP2-treated (300 ng/ml) C2C12 cells, plotted from the
expression levels reported by gene microarray profiling (4). We nor-
malized Dlx3 expression to GAPDH and plotted BMP2-treated and
untreated control cell values as relative expression from zero to time
points up to 24 h. (D) Dlx3 responsiveness to BMP2 compared to that
of other osteogenic factors in primary calvaria-derived ROB cells.
Northern blot analysis results of total cellular RNA from osteoblasts
that were treated with 1,25(OH)2D3 (10 nM), TGF-�1 (250 ng/ml),
BMP2 (100 ng/ml), and dexamethasone (10 nM) at day 11 of culture
and harvested 24 h posttreatment are shown.
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the same range as inhibition of Dlx3 expression. These results
from both overexpression and RNAi suggest that Dlx3 is a
mediator of osteogenic differentiation.

Dlx3 DNA binding activity reflects cellular protein levels
and regulation of the OC gene. Several osteoblast genes (col-
lagen type I, BSP, OP, and OC) contain functional HD regu-
latory elements, and their expression was increased by Dlx3
(Fig. 3). However, the findings of these studies could not dif-
ferentiate between a primary transcriptional response or an
increase in osteogenic gene expression secondary to a more
differentiated stage promoted by Dlx3 and/or the collagen ma-
trix. The OC gene provides an example of a bone-specific
marker that contains a conserved 24-nucleotide OC box se-
quence in the proximal promoter with a classic HD binding site
as its core motif (Fig. 4). We therefore evaluated activity of
Dlx3 for DNA-protein interactions at this regulatory motif by
using nuclear extracts from osteoblasts at different stages of
maturation. Distinct HD protein interactions were formed at
the OC box as a function of osteoblast differentiation (Fig.
4A). The protein-DNA complexes from previously reported
ROS17/2.8 osteosarcoma cells (lane 1) were compared to those
from primary rat osteoblasts from the proliferation stage (day
4), the period of cellular multilayering and nodule formation
(day 12), and the mineralization stage (day 20), when OC is
expressed at peak levels (Fig. 4B). During ROB differentiation,
four major HD complexes (competed by the homeobox con-
sensus sequences) (Fig. 4C) were formed. The most prominent
HD complex present in ROS 17/2.8 cells was barely detected in
day 4 and day 12 ROB nuclear extracts, but it was present at
significant levels in day 20 extracts (Fig. 4B). This differentia-
tion-related HD complex correlated to high OC mRNA levels
in both ROS and mature ROB cells.

The OC box binding protein (30, 31), a previously charac-

terized non-HD protein complex in ROS 17/2.8 cells, was not
observed in nuclear extracts from the normal ROB cells at any
stage (Fig. 4A). Figure 4C further confirms this observation
from binding studies using wild-type, mTT, and mCC1 oligo-
nucleotides as probes with ROB cell nuclear extracts. The OC
box binding protein complex, which should bind to the mCC1
probe (30, 31), was not formed from nuclear extracts of normal
osteoblasts during the growth and differentiation stages.
Rather, all complexes were HD protein related (Fig. 4B, com-
petitor cHBS lane).

Antibody supershift assays were then used both to identify
HD proteins in the complexes in primary rat calvarial osteo-
blast cells and to assess quantitative changes in HD proteins
associated with complexes formed during stages of osteoblast
differentiation (Fig. 5). The Msx1/2 antibody resulted in a
block shift (Fig. 5A) in nuclear extracts from day 4 and day 12
samples, but no change was observed in the mature osteoblast
nuclear extracts (day 20) (Fig. 5A), consistent with cellular
protein levels. Addition of the Dlx3 antibody did not lead to a
change in any of the bands in the day 4 nuclear extracts (Fig.
5B). In contrast, extracts from differentiated cells (day 12)
showed a supershifted complex in the lanes containing Dlx3
antibody in day 12 and day 20 nuclear extracts. Although peak
Dlx3 protein occurred on day 12, the binding of Msx to the OC
probe on day 12 may compete with Dlx3 protein binding. The
Dlx5 (Y20) antibody also resulted in an increasing supershift
throughout the course of rat osteoblast differentiation (Fig.
5C) that reflected the cellular protein levels shown in Fig. 2B.
Thus, both Dlx3 and Dlx5 have binding activity for the HD
element in the postproliferative osteoblasts. The finding of
Msx2 binding activity predominantly in proliferating cells, and
Dlx3 and Dlx5 in differentiated cells, suggests a switch in HD-
mediated protein binding and a change from a repressor pro-

FIG. 3. Osteogenic regulation and functional activities of Dlx3 compared to Msx2 on osteoblast gene expression. (A) Effects of overexpression
of Msx2 and Dlx3 compared to empty vector (EV) on endogenous osteogenic genes in MC3T3-E1 cells are shown. Cells were transfected with 5
�g of cytomegalovirus promoter-driven Msx2 or Dlx3 expression plasmid per 100-mm plate and the HD proteins were detected by antibody to the
Xpress tag. Levels of expression were similar, as shown in the insert Western blot. Phenotypic gene expression was determined 48 h posttrans-
fection by real-time PCR analysis, using either Sybr Green dye (Eurogentec) or Taqman probes (Applied Biosystems). Primers and probes used
in QPCR to analyze phenotypic genes are shown in Table 1. A typical experiment is shown with error bars that represent triplicate samples for
real-time PCR. (B) RNAi of Dlx3 in MC3T3-E1 cells. After 72 h of treatment with either Dlx3-specific or control GFP-specific siRNA duplexes
at the indicated doses, QPCR was performed on the RNA prepared from the harvested cells as described for panel A.
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tein-DNA (Msx2) complex to an activating complex containing
either Dlx3 or Dlx5 as differentiation progresses. The OC gene
was constitutively expressed in ROS 17/2.8 cells which abun-
dantly expressed Dlx3 (Fig. 5D). In these nuclear extracts, a
prominent supershift with the Dlx3 antibody demonstrated
that Dlx3 contributes more to formation of the complex than
Dlx5 or Msx proteins. In conclusion, these findings indicate
selectivity for the binding of each of these HD proteins to the
OC gene for regulation of its transcription between the prolif-
eration and differentiation stages of the osteoblast. Impor-

tantly, Dlx3 and Dlx5 are associated with active transcription of
OC in normal osteoblasts and the osteosarcoma cell lines.

Dlx3 regulates OC transcription through protein-DNA and
protein-protein interactions. To directly address Dlx3 regula-
tion of the OC gene, we performed a series of transfection
studies with HD proteins using preosteoblast MC3T3 cells, in
which we found osteogenic stimulation by Dlx3 (Fig. 3). Msx2
coexpression with OC-CAT resulted in dose-dependent re-
pression of the OC promoter activity (Fig. 6A, left panels). In
contrast, Dlx3 increased OC basal promoter activity at the
lower expression levels and had a modest inhibitory effect
(82% of control) at the higher dose. The observation that Dlx3
activated OC expression at low concentrations was consistent
with our earlier findings with increased endogenous OC gene
(Fig. 3), where we expressed Dlx3 at levels required to promote
osteoblast differentiation. We also examined Dlx3 regulation
of OC in the presence of stimulated promoter activity by
Runx2 (Fig. 6A, right panels) and found a dose-dependent
repression by Dlx3 at both low and high doses. To test the
hypothesis that Dlx3 may attenuate Runx-mediated OC ex-
pression, Dlx3 activity on the OC promoter was examined in
ROS 17/2.8 cells, representative of the mature osteoblast phe-
notype with high Runx2 and OC levels. In this cell, expression
of either Msx2 or Dlx3 inhibits both OC promoter activity and
endogenous OC gene expression (data not shown). Taken to-
gether, these studies demonstrated a direct role, but potential
dual function, of Dlx3 in regulating OC transcription. In im-
mature osteoblasts (MC3T3-E1 cells), Dlx3 can modestly stim-
ulate OC gene expression. However, Dlx3 appears to repress
OC at high cellular levels of Runx2 and Dlx3 in mature osteo-
blasts expressing constitutive OC.

To identify a mechanism for the Dlx3 inhibitory activity, we
examined whether Dlx3 physically interacts with Runx2 in os-
teoblasts, as was reported for Runx2-Msx2 and Runx2-Dlx5
interactions (72). Figure 6B demonstrates that endogenous
Runx2 can be coimmunoprecipitated by Dlx3 antibody in ROS
17/2.8 osteoblastic cells, similar to Msx2, which is consistent
with the Msx2-Runx2 interaction previously reported in myo-
genic C2C12 cells (72). We next examined the Runx2-Dlx3
interaction during ROB differentiation and found an increase
in the formation of an interacting complex from day 4 to day 20
(Fig. 6C). To further investigate the interacting domain on
Runx2 for Dlx3 (Fig. 7A), coimmunoprecipitation studies were
performed using anti-HA antibody to pull down mutant Runx2
followed by Western blotting with anti-Flag antibody (Dlx3
Flag tagged). The results indicated that the region between
amino acids 391 and 432 exhibits a partial loss in interaction,
whereas the region between amino acids 361 and 391 shows a
complete loss of formation of the Runx2-Dlx3 complex. Thus,
the Runx2 domain from amino acids 432 to 361 is required for
Dlx3 interaction. Interestingly, this domain comprises the tran-
scriptionally active nuclear matrix targeting sequence (amino
acids 391 to 428) (Fig. 7B). Thus, Dlx3 is competent to stim-
ulate OC expression through protein-DNA interactions in im-
mature bone cells, but in a cellular environment with high
Runx2 and Dlx3 proteins, as we observed in mature primary
osteoblasts and ROS 17/2.8 cells, Dlx3 can interact directly
with Runx2 to attenuate OC gene expression. The mechanism
involves Dlx3 interaction in a Runx2 domain that has been
described as an activating domain (23, 89).

FIG. 4. HD protein complexes formed at the OC box contribute to
OC gene transcription. (A) Nuclear extracts from confluent ROS 17/
2.8 cells (which constitutively express OC) (lane 1) and ROB cells were
prepared at the indicated days (lanes marked d4, d12, and d20). The
wild-type OC box 24-nucleotide oligonucleotide was 5	-end labeled
with [�-32P]ATP, and 10 fmol of the probe was incubated with 5 �g of
nuclear extract. The protein-DNA complexes were separated under
conditions which optimized for HD protein binding as described in
Materials and Methods. Open arrow, the most prominent HD complex
present in ROS 17/2.8 cells, barely detected in day 4 and day 12 ROB
nuclear extracts but present at significant levels in day 20 extract.
(B) Binding and competition studies using nuclear extracts from pro-
liferating or differentiating primary rat osteoblasts. The labeled probes
used in this study are described in Table 1. Specificity of the HD
complexes can be seen by complete competition with wild-type oligo
and the HD consensus sequence (cHBS). The mTT and mCC1 muta-
tion inhibited the binding of all HD-related proteins, and neither
probe formed a non-HD binding complex. (C) Sequences of the probes
used in these studies.
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Dlx3 and Dlx5 are recruited to the OC promoter with in-
duction of gene transcription. Our functional studies suggested
that Dlx3 binding to the OC homeobox sequence can activate
or repress OC gene expression. We therefore performed ChIP
assays to determine in vivo occupancy and functional regula-
tion of the OC gene by Dlx3 compared to that of Msx2 and
Dlx5 during osteoblast growth and differentiation (Fig. 8). We
selectively amplified the proximal OC promoter containing the
OC box, which supports tissue-specific expression (Fig. 8A).
Our results demonstrated that Msx2 occupies the OC pro-
moter on day 4, in the absence of Runx2 recruitment to the
promoter in proliferating cells, consistent with its repressive
function on OC gene expression in vivo (Fig. 8B). Similar to
the EMSA results, Dlx3 and Dlx5 strongly associated with the
OC promoter after the proliferation period (day 12, matrix
maturation), in parallel with Runx2 interaction. At this time,
Msx2 no longer associated with OC chromatin. In the miner-

alization stage, Dlx3 association with the promoter strikingly
decreased, while Dlx5 interaction with OC chromatin in-
creased. The reappearance of Msx2 at the OC promoter on day
20 may reflect the small percentage of the postmineralization
apoptotic cells in which OC is downregulated, previously char-
acterized in this cell model (45). We note that in Fig. 2 there
was an increase in Msx2 mRNA on day 20; however, OC
expression was maximal on day 20, representing the majority of
the cell populations. We further addressed whether these mo-
lecular switches were also related to recruitment of RNA Pol II
to favor OC transcription. In Fig. 8C, we demonstrate in a
separate experiment that the increase in Dlx5 and Runx2 oc-
cupancy of the OC promoter was associated with an increase in
RNA Pol II. In summary, the key findings of these ChIP data
from multiple independent experiments are the switch in oc-
cupancy of the HD protein at the OC box from Msx2 in
proliferating cells (day 4) to Dlx3/Dlx5, when OC is expressed

FIG. 5. Msx2, Dlx3, and Dlx5 selectively bind to the OC HD regulatory element at different stages of osteoblast differentiation. EMSAs are
shown for nuclear extracts from calvaria-derived rat osteoblasts (A to C) and ROS 17/2.8 cells, and each panel represents supershift assays with
a different antibody, as follows: (A) anti-Msx(1 � 2); (B) anti-Dlx3; (C) anti-Dlx5. Brackets indicate the multiple HD protein complexes, while the
asterisk denotes the complex in primary ROB cells either blocked or supershifted by antibodies. Lane 1, probe only; lanes 2 and 3, mobility of
overexpressed (O/E) Msx2 in ROS 17/2.8 cells or in vitro-transcribed and -translated (IVTT) Dlx3 and Dlx5 HD proteins as positive controls. Panel
A also includes in lane 2 the Msx2 antibody to demonstrate the block shift property. The following lanes of each panel include nuclear extracts
from the three stages of osteoblast differentiation at day 4, day 12, or day 20, with (�) or without (�) antibody. Panel B shows a supershift with
Dlx3 antibody, which was present on day 12 and increased on day 20. Panel C is the supershift Dlx5 antibody, which showed Dlx5 was most
represented on day 20. In each gel shift, 200 ng of antibody was added and a nonspecific antibody control lane included antisera against
retinoblastoma protein as described in Materials and Methods. (D) Representation of HD proteins in nuclear extracts. EMSA showed represen-
tation of the HD protein in ROS 17/2.8 cells (top panel, Western blot of Msx 1 and -2, Dlx3, Dlx5, and actin) with antibodies against the complexes.
A partial block shift was observed for Msx with increasing antibody, and a supershift was observed with Dlx3 and Dlx5 antibodies.

VOL. 24, 2004 Dlx3 REGULATES OSTEOBLAST GENE EXPRESSION 9255



in differentiated cells together with significant activation of the
OC gene expression reflected by Runx2 occupancy of the pro-
moter. A second switch occurs as cells progress from the matrix
maturation stage to mineralization, with a decrease in Dlx3
occupancy and an increase in Dlx5, which is principally asso-
ciated with OC chromatin in mature osteoblasts (schematically
illustrated in Fig. 8D).

From in vitro binding data, in vivo ChIP studies, and func-
tional assays, we conclude that HD proteins contribute to a
regulatory network for promoting osteoblast differentiation
and controlling the expression of phenotypic genes, such as the
OC gene, through different stages of maturation. Occupancy of

the OC promoter by the HD proteins is consistent with cellular
protein levels (Fig. 2) and EMSA results (Fig. 4). The sche-
matic presented in Fig. 8D represents the temporal regulation
of the OC gene by protein-DNA interactions during osteoblast
differentiation as indicated in the ChIP studies, as well as the
data from our coimmunoprecipitation studies that demon-
strated HD protein heterodimer formation with Runx2. Msx2
mainly contributed to maintaining repression of OC in the
growth period (Fig. 8D, top panel). Dlx3 and Dlx5 occupied
the promoter coincident with Runx2, chromatin remodeling,
and OC transcription (Fig. 8D, middle panel), while Dlx5 oc-
cupancy was relatively favored when OC mRNA was at the
peak level (Fig. 8D, lower panel). The lower panel illustrates
several options for HD protein regulation of physiologic levels
of OC by both promoting gene expression through direct pro-
tein-DNA interactions and by attenuating transcription
through Runx2-HD complex formation, which increased dur-
ing osteoblast differentiation for Runx2-Dlx3, as demonstrated
in our coimmunoprecipitation studies (Fig. 6C).

DISCUSSION

Our primary finding is the expression of Dlx3 in osteogenic
cells and a role for Dlx3 in the upregulation of bone-related
genes to promote osteoblast differentiation. Using OC gene
expression as a model that reflects stages of osteoblast matu-
ration, a second key finding was the in vivo temporal associa-
tion of Msx2, Dlx3, and Dlx5 with OC chromatin and a mo-
lecular switch from Msx2 occupancy in the repressed OC
promoter in osteoprogenitors to Dlx3, Dlx5, and Runx2 occu-
pancy in the activated OC gene in the postproliferative osteo-
blast. Finally, we have shown that Dlx3 can mediate increased
transcription through protein-DNA interactions at HD re-
sponse elements as well as repress Runx2-mediated activity
through protein-protein interactions. Our findings suggest that
these HD proteins function through multiple mechanisms in a
regulatory network to support osteoblast differentiation.

Dlx3 is expressed in skeletal progenitor cells to promote
osteoblast differentiation. In vivo and ex vivo osteoblast ex-
pression studies together with functional data support the con-
cept that Dlx3 is a regulator of skeletal development, osteo-
blast differentiation, and bone tissue-specific gene expression.
In the embryo, restricted Dlx3 expression is observed in the
skeleton, with the highest levels of Dlx3 concentrated in the
perichondrium and developing cartilage, periosteal osteopro-
genitor cells, and osteoblasts. The high level of Dlx3 mRNA
observed in trabecular bone of the embryo and adult skeleton
is consistent with Dlx3 expression in relation to new bone
formation by the osteoblast. A role for Dlx3 in the early stages
of osteoblastogenesis is further indicated by the ability of Dlx3
expression to promote upregulation of endogenous genes that
reflect osteoblast differentiation in the preosteoblastic
MC3T3-E1 cell line. However, upregulation of osteoblast
genes is not observed in the nonosseous C3H10T1/2 cell line
with Dlx3 nor in ROS 17/2.8 mature osteoblastic cells, again
suggesting restricted requirements to a committed early-stage
osteoblast for Dlx3 function in differentiation.

The overlapping, yet distinct expression profiles for Msx and
Dlx proteins in early development (7) and in later organogen-
esis, e.g., in tooth morphogenesis (13, 46), suggest cell type-

FIG. 6. Dlx3 both activates and represses OC promoter activity
through protein-DNA and protein-protein interactions, respectively.
(A) The mouse preosteoblast cell line MC3T3-E1 was cotransfected
with either empty vector or two concentrations of Msx2 or Dlx3 (50
and 200 ng/well on six-well plates) and the proximal OC promoter
(�208 OC-CAT) using Fugene 6 (Roche Molecular Biologicals). Pro-
moter activity was normalized with cotransfection with Renilla lucif-
erase. The effects of Msx2 and Dlx3 at low dose (50 ng) and high dose
(200 ng) on basal OC promoter activity (left) were compared to
Runx2-induced conditions (right). (B) The protein-protein interaction
between Runx2 and Dlx3 or Msx2 was demonstrated in coimmuno-
precipitation studies. ROS 17/2.8 cells were cotransfected with Msx2 or
Dlx3 and Runx2. Msx2 (4G1) and Dlx3 (10) antibodies were used to
pull down the immunocomplexes. Runx2 mouse monoclonal antibody
was then used for Western blotting to confirm the presence of Runx2
in the complex. (C) Endogenous nuclear proteins from the indicated
stages of ROB differentiation were immunoprecipitated using Dlx3
antibody, and the presence of Runx2 in the precipitate was detected by
Western blotting. The increase in the Dlx3-Runx2 complex was con-
sistent with increased Runx2 cellular levels (Fig. 2). The coimmuno-
precipitation assays included normal immunoglobulins (IgG) from ei-
ther rabbit (Dlx3) or mouse (Runx2) which were used as controls.
Input represents 10% of the sample of day 20 nuclear extracts.
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specific expression with some redundancy due to spatial and
temporal expression of HD proteins. Our primary calvarial
osteoblast studies reveal that Msx2, Dlx3, and Dlx5 exhibit
overlapping expression patterns during stages of differentiation
but associate with OC gene chromatin at defined windows of
transcriptional activity. Thus, a hierarchy of Msx2, Dlx3, and
Dlx5 distinct temporal functions during osteoblast differentia-
tion is indicated. This coordination of HD protein activities is
consistent with observations in other systems. For example,
during keratinocyte differentiation, Msx1 and Msx2 are ex-
pressed in the undifferentiated basal keratinocyte, analogous
to high Msx2 expression in proliferating preosteoblasts (40,
67). Dlx3 is then upregulated with the onset of keratinocyte
differentiation (54, 67). Thus, our novel findings from studies
with the osteoblast model and the in vivo analysis of HD
protein regulation of the OC gene strengthen the concept that
Dlx3 contributes to the onset of a cellular phenotype.

While null mutations of HD proteins support their functions
in skeletal development, more direct evidence for the roles of
HD proteins in promoting bone formation is derived from
studies demonstrating the effects of HD protein expression in
osteoblastic cells. Msx2 regulates cellular proliferation and dif-
ferentiation of skeletal mesenchyme (35, 43, 58, 67) and has
long been associated with phenotypic gene repression. It was

the first HD protein implicated in repression of osteoblast,
ameloblast, and chondrogenic differentiation (7, 32, 42, 68, 80,
84). However, a few recent reports have suggested that Msx2
may have some osteogenic-enhancing activity in specific cell
types (11, 24, 88). Our studies showed that Msx2, relative to
Dlx3, modestly increased only two osteogenic markers but re-
pressed promoter activity of OC and other osteoblastic genes
(18). Related to a potential Msx2 role in determining the
osteoblast phenotype indirectly as a repressor protein in plu-
ripotent cells is the observation that Msx2, like Dlx3 and Dlx5,
is an immediate-early response gene to BMP2, an inductant of
bone formation.

Dlx5 was the second HD protein well studied for its role in
skeletogenesis. Dlx5 is activated in osteoblasts and is robustly
expressed at mineralizing fronts and bone-forming surfaces
(33). Studies have demonstrated that Dlx5 is also a positive
regulator of chondrocyte differentiation (21) and can promote
the differentiation of chick and mouse osteoblasts, as reflected
in increased OC expression (19, 50, 78). The present studies
now show that Dlx3 may also enhance osteoblastogenesis.
Thus, multiple HD proteins are recruited for osteoblast differ-
entiation, and the indication is that they function coordinately
to support the different stages of osteoblast maturation. Nota-
bly, Dlx proteins exhibit coordinated activities in other biolog-

FIG. 7. Dlx3 interacts with a Runx2-specific domain in the C terminus. (A) The functional interacting domain of Runx2 was mapped by
overexpression of HA-tagged Runx2 deletion mutants (shown on right) and Flag-tagged Dlx3 in ROS 17/2.8 cells. Coimmunoprecipitation was
carried out using HA polyclonal antibody, and the interacting domain was characterized by Western blotting with anti-Flag antibody. The
coimmunoprecipitation assays included normal immunoglobulins (IgG) from either rabbit (Dlx3) or mouse (Runx2), which were used as controls.
Input represents 5% sample of the total cell lysate. (B) Illustration of the Runx2-Dlx3 interacting domain comparing the amino acid sequence
among Runx family members of human and mouse origin. The top line shows the exon organization of mouse Runx2. The position of exons 6,
7, and 8 with respect to the interacting protein domain is also shown in the last line (arrows). The interacting domain (amino acids 376 to 432)
includes the well-characterized nuclear matrix targeting signal and sequences essential for the Dlx3 interaction. The solid lines over Runx2 in the
middle panel and over the sequence in the lower panel indicate the amino acids for each domain.
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ical systems. For example, both differential and overlapping
expression patterns of Dlx2 and Dlx3 have been identified in
craniofacial development (63). Also, sequential regulation of
basal ganglia differentiation by a number of Dlx proteins has
been documented (41). Furthermore, nested Dlx5 and Dlx6
expression in the branchial arch developmentally patterns the
skull and jaw (15, 64).

We found that Dlx3 and Dlx5 expression overlap in part
during the matrix maturation stage, with Dlx3 expression be-
coming lower in the later mineralization stage. ChIP assays
showed both Dlx3 and Dlx5 occupancy of the OC gene at the
onset of its activation. These findings are consistent with our
identification of Dlx3 in contributing to osteoblast differentia-
tion and a temporal and combinatorial requirement for Dlx3
and Dlx5 in the control of OC gene expression during osteo-
blast differentiation. Taken together, the findings suggest that
the Dlx proteins may function in a complex regulatory pathway
for mediating cellular differentiation.

OC gene regulation by HD proteins identifies multiple
mechanisms of transcriptional control. We and others previ-
ously showed that mutations of the HD element significantly
decrease activity (30 to 40%) of the native OC promoter, which
is expressed in vivo in a skeletal cell-specific manner (22, 32,
84). Furthermore, in the absence of the Runx2 sites, which are
essential for activation of OC transcription and vitamin D
enhancement (36, 73), some transcription of OC is still sup-
ported by the proximal promoter (29, 32). These findings have
established that the OC box/HD core regulatory element is a
key regulator of OC transcription. The studies presented
herein show that multiple HD protein-DNA complexes form at
the OC box. An osteoblast differentiation-related complex
(Fig. 5) appears to change in composition from the preosteo-
blast to the mature bone cell. The gel shift assays suggest that
this complex comprises the Dlx proteins. In proliferating cells,
the complex consists of Msx2, although binding activity in vitro
is relatively weak compared to cellular protein levels in the
proliferation stage or in ROS 17/2.8 cells. However, Msx2
forms heterodimers with Dlx5 (9) and Dlx3 (data not shown),
complexes with reduced DNA binding affinities (55, 90). Thus,
in vitro DNA binding assays can be useful in determining
binding properties that may not necessarily correlate to protein

FIG. 8. In vivo occupancy of HD proteins in the proximal OC
promoter during osteoblast growth and differentiation. (A) The prim-
ers used to amplify the key regulatory elements present in the proximal
OC promoter fragment in the ChIP assays are indicated in the top line.
The arrows indicate the position of the forward (�190) and reverse
(�28) primers. (B) Nuclei were prepared from rat calvaria-derived
osteoblast cultures at the indicated stages of ROB differentiation (days
4, 12, and 20) for ChIP assays. Formaldehyde-cross-linked chromatin
samples were used directly for immunoprecipitation reactions with 2
�g of each Msx (1 and 2), Dlx3, Dlx5 (Y20), PolII, and Runx2 anti-
body. Immunocomplexes were reversed at 68°C overnight, and the
DNA fragments were purified and assayed by PCR. Normal IgG (2 �g)
was used as a control for each time point. Input represents 0.2% of
each chromatin fraction used for immunoprecipitation. The ChIP data
presented are representative of four experiments in which all three

time points were derived from the same osteoblast preparation.
(C) Nuclei were derived from calvarial osteoblasts as for panel B for
ChIP assays, using the indicated antibodies to demonstrate increased
transcription of OC with increased occupancy of Dlx5 and Runx2.
(D) Schematic illustration of the ChIP results showing molecular
switching in HD protein association with OC chromatin for negative
and positive regulation of transcription. The proximal promoter regu-
latory elements during osteoblast growth and differentiation of the rat
OC gene are represented with bound transcription factors at each
stage of osteoblast differentiation. The stages are described on the left
with the OC transcriptional status indicated. In proliferating cells
where OC is not expressed and lacks DNase I hypersensitivity, Msx2
may be bound to linker DNA (between nucleosomes) or to nucleoso-
mal DNA associated with histone deacetylases. Options for occupancy
of the HD site by Dlx3 and Dlx5, as well as the potential for protein-
protein interactions of Runx2 with Msx2, Dlx3, and Dlx5 to attenuate
OC transcription, are shown. Msx2-Dlx5/Dlx3 heterodimerization may
also contribute to physiological levels of OC transcription (see text for
details). White circles indicate prominent occupancy of the factor at
the indicated stages.
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cellular levels or to in vivo chromatin occupancy of the factor.
Results from using a short oligonucleotide should be inter-
preted with caution.

The ChIP assays demonstrated a clear molecular switch
from Msx2 to Dlx3 and Dlx5 association with the OC promoter
during progression of the osteoblast phenotype. Msx2 occupies
the promoter in proliferating cells, where the OC gene is re-
pressed. Msx2 can repress gene transcription through protein-
protein interactions, such as with histone deacetylases (48) or
by inhibiting transactivating factors C/EBP (91) and Runx2
(72). Dlx3 and Dlx5 associate with the OC gene at the onset of
transcriptional activation, concomitant with Runx2 occupancy
of the OC promoter. Here, we observed a significant increase
in the recruitment of RNA Pol II, reflecting active transcrip-
tion of the OC gene at this stage. Dlx3 association with OC
chromatin peaked at this time. Although DNase I hypersensi-
tivity has not been observed in proliferating osteoblasts (52),
Msx2 occupancy of the OC gene promoter, as detected by
ChIP assay, suggests that Msx2 may restrain expression of
genes during proliferation that are subsequently expressed
later in differentiation. The OC gene is not acetylated in pro-
liferating cells (70). The occupancy of RNA Pol II on the OC
promoter in the proliferating period suggests that the OC gene
is poised for transcription (37, 77). Of interest, reciprocal ex-
pression of OC and Msx2 has been observed in situ in calvarial
tissue cells (9), consistent with the direct mechanism our ChIP
studies have defined by recruitment of Msx2 to the repressed
OC gene.

In the mineralization stage, Dlx5 occupancy of the HD site
is maximal, while Dlx3 interactions with OC chromatin de-
crease from the matrix maturation stage (day 12), suggesting
that Dlx3 and Dlx5 may have coordinated molecular roles in
the regulation of OC transcription. Thus, the ChIP studies
identified a primary mechanism of OC transcriptional control
during osteoblast differentiation resulting from the reciprocal
occupancy of the OC HD element by Msx2 and the Dlx pro-
teins during bone cell differentiation, as well as a temporal
occupancy of Dlx3 and Dlx5 on the OC promoter. This finding
suggests mutually exclusive protein-DNA interactions of Msx2
and Dlx3/Dlx5 at the OC box during the transition from pro-
liferating cells (OC not expressed) to differentiated osteoblasts
(OC gene on). The reappearance of Msx2 on the promoter at
day 20 may reflect a minor population of apoptotic cells in
mineralizing cultures in which OC is downregulated (45).
However, the increase in RNA Pol II we observed with in-
creasing Runx2 and Dlx5 on day 20 indicates that most cells
are expressing OC at maximal levels. Thus, the promoter oc-
cupancy profile suggests that the Dlx proteins mediate en-
hancer function in osteoblasts directly as DNA binding pro-
teins.

A second mechanism operative in the physiological control
of OC transcription by Dlx3, like other HD proteins, is via
protein-protein interactions, as heterodimers with other HD
proteins (7, 10) or with regulatory factors at other elements
(72, 91). An increase in the Dlx3-Runx2 complex from day 12
to day 20 occurs, while Dlx3 occupancy of the HD site in the
promoter is decreased. Our results demonstrate that the pro-
tein-protein interactions between Dlx3 and Runx2, similar to
formation of a Dlx5-Runx2 heterodimer complex (72), are
functionally related to inhibition of Runx2-mediated gene

transcription. Here, we have shown that the inhibition of
Runx2 activity is the result of Dlx3 interaction at an essential
and Runx2-specific regulatory domain (23, 89). Thus, we pro-
pose HD proteins may attenuate Runx activity for physiolog-
ical control of OC transcription, which is particularly impor-
tant in the late stages of osteoblast differentiation, when OC
expression levels are rapidly increasing. In conclusion, multiple
options and combinatorial mechanisms via protein-DNA and
protein-protein interactions can be executed by HD proteins in
a coordinated manner for either activation or repression of
bone-related genes during osteoblast differentiation.
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