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p68 (Ddx5) Interacts With Runx2 and
Regulates Osteoblast Differentiation
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Abstract Runx2 is an essential transcription factor for osteoblast development from mesenchymal progenitors.
Runx2 regulates gene expression by interacting with numerous transcription factors and co-activators to integrate
signaling events within the nucleus. In this study we used affinity purification and proteomic techniques to identify novel
Runx2 interacting proteins. One of these proteins is the DEAD box RNA helicase, p68 (Ddx5). p68 regulates many aspects
of RNA expression, including transcription and splicing. p68 co-localized with Runx2 in punctate foci within the nucleus.
In transcription assays, p68 functioned as a co-activator of Runx2, but its helicase activity was not essential for co-
activation. In accordance, Runx2 transcriptional activity was muted in p68-suppressed cells. Surprisingly, osteoblast
differentiation of the multipotent progenitor C2C12 cell line was accelerated by p68 suppression and Runx2 suppressed
p68 expression in calvarial progenitor cells. Together these data demonstrate that p68 is a novel co-activator for Runx2,
but it inhibits osteogenic differentiation of progenitor cells. Moreover Runx2 has an active role in regulating p68 levels in
osteoblast precursors. Thus, crosstalk between Runx2 and p68 controls osteoblast specification and maturation at multiple
levels. J. Cell. Biochem. 103: 1438–1451, 2008. � 2007 Wiley-Liss, Inc.
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Mesenchymal stem cells give rise to multiple
cell lineages including osteoblasts, chondro-
cytes, skeletal myocytes, fibroblasts and adipo-

cytes. Transcription factors direct lineage speci-
fication by binding to specific DNA sequences
within tissue-specific genes. Other proteins,
collectively referred to as co-factors, are broadly
expressed and interact with many transcription
factors but do not directly contact DNA. They
contribute to chromatin reorganization, tran-
scription initiation, elongation and termina-
tion, splicing and other events associated with
gene expression [Auboeuf et al., 2005; Rosenfeld
et al., 2006].

Runx2 is an essential transcription factor for
osteoblast development from mesenchymal pro-
genitor cells and regulates gene expression
during all stages of osteoblast maturation. It is
also required for mesenchymal condensation,
chondrocyte maturation and vascular invasion
of the developing skeleton [Komori et al., 1997;
Otto et al., 1997]. Runx2 is a context-dependent
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regulator of transcription and although neces-
sary for expression of target genes, it is not
sufficient for transcription. It associates with
co-activators and co-repressors, as well as other
transcription factors and the nuclear matrix to
integrate a variety signals at gene response
elements [Schroeder et al., 2005; Westendorf,
2006].

p68 (Ddx5) is a multifunctional DEAD box
protein that regulates gene expression by
affecting RNA processing and transcriptional
initiation [Fuller-Pace, 2006]. p68 shares 90%
identity at the amino acid level across a central
conserved core with another DEAD box protein,
p72 (Ddx17), which is derived from a distinct
gene. p68 and p72 have divergent amino- and
carboxy-termini but can form heterodimers in
cells [Lamm et al., 1996; Ogilvie et al., 2003].
p68 and p72 interact with many transcription
factors, including p53, estrogen receptor-alpha,
SMAD3 and MyoD [Endoh et al., 1999; Warner
et al., 2004; Bates et al., 2005; Caretti et al.,
2006]. They also associate with RNA coactivator
SRA [Caretti et al., 2006] and several transcrip-
tional co-activators and corepressors, including
p300, CREB-binding protein (CBP), RNA poly-
merase II and Hdac1 [Rossow and Janknecht,
2003; Wilson et al., 2004]. Suppression of p68/
p72 prevents proper muscle cell differentiation
of a multipotent cell line, C2C12 [Caretti et al.,
2006]. The role of p68 in osteoblast gene
expression and differentiation has not been
described.

The goal of this study was to identify and
characterize novel Runx2-interacting proteins.
By affinity purification and mass spectrometry,
we identified p68 as a Runx2-binding protein.
We verified the interaction by co-immunopreci-
pitation and demonstrated that p68 associated
with the Runx2 target gene, osteocalcin. p68
modestly augmented Runx2-dependent tran-
scription; however, suppression of p68/p72 by
RNA interference accelerated BMP-2 depend-
ent osteoblast differentiation of the myo/osteo-
progenitor C2C12 cell line. These cell lines were
previously shown to be defective in myocyte
differentiation [Caretti et al., 2006]. Finally,
Runx2 suppressed p68 expression in calvarial
cells. Together these data suggest that p68
contributes to the myogenic commitment of
progenitor cells and inhibits osteoblast differ-
entiation, but once the cell is committed to the
osteoblast lineage, p68 acts as a co-activator for
Runx2.

MATERIALS AND METHODS

Cell Culture and Transient Transfections

UMR-106, COS and C2C12 cell lines were
cultured in Dulbecco’s Modified Eagle Medium
(DMEM) containing 10% fetal bovine serum
(FBS), 200 mM L-glutamine, 50 U/ml penicillin,
and 50 mg/ml streptomycin. C3H10T1/2 and
ROS 17/2.8 cells were cultured in minimal
essential medium (MEM) containing the sup-
plements listed above. Transient transfections
were accomplished with Lipofectamine (Invitro-
gen) according to the manufacturer’s instruc-
tions. Immortalized Runx2 null mouse calvarial
cells were generated from Runx2 knock-out
mice 17.5 dpc by mTERT stable integration as
described previously [Bae et al., 2007]. Cells
were maintained in aMEM supplemented with
10% FBS, 30 mM penicillin–streptomycin and
100 mM L-glutamine at 378C and 5% CO2

humidified atmosphere. Wild type and Runx2
null primary calvaria cells were obtained from
Runx2 wild-type and null homozygous mice as
previously described [Choi et al., 2001]. Briefly,
calvaria were isolated from 17.5 dpc embryos,
chopped and digested three times with col-
lagenase/trypsin and plated in 6-well plates,
100,000 cells/ well in aMEM supplemented with
10% FBS, 30 mM penicillin–streptomycin and
100 mM L-glutamine. Cells were re-plated upon
75% confluency and expanded for three pas-
sages before harvesting.

Generation of Stable Cell Lines

High titer infectious retrovirus stocks were
generated by transfecting 293T cells with
pZOME-1-N-TAP-Runx2 or pZOME-1-N-TAP
(provided by CELLZOME, Frankfurt, Germany),
gagPol, and pMDG-VSVG using a calcium
chloride precipitation method. Retroviral-
containing supernatants were collected, mixed
with 8 mg/ml polybrene, and added to UMR-106
cultures twice over 3 days. UMR-106 cells stably
expressing TAP or TAP-Runx2 were then
selected for a minimum of 3 days in DMEM
containing 1.5 mg/ml puromycin. UMR-106 cells
were chosen because they proliferate rapidly
and express Runx2; thus, large quantities of
protein can be obtained quickly and TAP-Runx2
would be expected to bind relevant proteins.
C2C12 cells stably expressing shRNAs were
previously described [Caretti et al., 2006].
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Adenoviral Transductions

The adenoviral expression vector Adeno-
VatorTM was purchased from Qbiogene. The
full-length cDNA encoding the bone-specific P1/
MASNS isoform of Runx2 and a carboxy-
terminally truncated Runx2 protein (aa 1-361)
were each cloned into the vector. Viruses were
generated according to the manufacturer’s
protocol and purified with an adenovirus puri-
fication kit (Promega). For infections, Runx2
null cells were plated in 6-well plates, 0.75�
106 cells/plate. One day after plating, cells were
infected with 100 MOI of each virus in aMEM
complemented with 1% FBS for 12 h. Infection
efficiencies were monitored by examining GFP
expression through IRES mediated bicistronic
expression. Runx2 expression was analyzed by
western blotting and real-time qPCR analysis.

Immunoblotting

Transiently transfected COS cells were lysed in
modified RIPA buffer (50 mM Tris-HCl, pH 7.4,
150 mM sodium chloride, 1% NP-40, 0.25%
sodium deoxycholate, 1 mM EDTA) containing
protease inhibitors. Lysates were cleared by
centrifugation, resolved by SDS–PAGE and
immunoblotted with a polyclonal antibody
against Runx2 (kindly provided by Scott Hie-
bert) or a monoclonal antibody to p68 (Pab204,
Upstate Biotech). For western blot analysis of
calvarial cells, pellets from each well were
resuspended in 150 ml of direct lysis buffer
(50 mM Tris-HCl, pH 6.8, 2% SDS, 10% Glycerol,
12% Urea, 25 mM MG132, 100 mM DTT, and 1X
Complete protease inhibitors from Roche),
boiled 5 min, separated by 10% SDS–PAGE
and semi-wet transferred to nitrocellulose
membrane. Membranes were blocked in PBS/
0.1% Tween with 5% milk for 1 h. Immunoblots
were done in PBS/ 0.1% Tween with 1% milk.
Mouse monoclonal antibodies to p68 (clone
pAb204) were used at a 1:1,000 dilution over-
night at þ48C. Runx2-specific mouse monoclo-
nal antibodies were a generous gift of Dr. Y. Ito
(Oncology Research Institute, National Univer-
sity of Singapore) and used in 1:2,000 dilution
for 1 h at room temperature. CDK2 rabbit
polyclonal antibodies and all secondary anti-
bodies HRP-conjugated were used from Santa
Cruz Biotechnology in 1:2,000 dilution for 1 h at
room temperature. Signal was detected with
ECL (Perkin Elmer Western Lighting Chem-
iluminescence Reagent Plus). Protein levels

were quantified using ImageJ. Short exposures
of immunoblots obtained with p68 and CDK2
antibodies were each sampled three times. For
each densitometric value, local background was
subtracted and the p68 blot was normalized to
the average CDK2 values for each treatment
group. (The error bars reflect sampling error
calculated as standard error of the mean.)

Isolation of Nuclei for IgG-Affinity Purification

UMR-106 cells stably expressing either
pZOME-N-TAP or pZOME-N-TAP-Runx2 were
grown to 80% confluence (about� 109 cells). In
total, 100 plates (150 mm) of each cell line were
collected over several weeks and pooled. For
each collection, cells were washed twice with
Dulbecco’s phosphate-buffered saline (D-PBS).
The cell pellets were resuspended in 25 ml of
10 mM HEPES, pH 7.9, 40 mM KCl, 3 mM
MgCl2, 5% glycerol, 0.2% NP-40, 0.1 mM DTT,
and incubated for 20 min at 48C. Nuclei were
collected by microcentrifugation at 12,000 rpm
for 30 s at 48C, and were stored at �708C.

IgG Purification

Nuclei were pooled and lysed in 25 ml of TAP
lysis buffer (10 mM Tris-HCl, pH 7.6, 150 mM
NaCl, 0.1% NP-40, 0.5 mM DTT, 0.5 mM EDTA,
20 mM NaF, 10 mM b-glycerolphosphate)
supplemented with protease inhibitors (Roche).
Samples were sonicated (2 s/pulse for 10 pulses).
Lysates were cleared by centrifugation at
12,000g for 20 min at 48C. The supernatants
were collected and analyzed for protein content.
The total yield was 45–50 mg total nuclear
protein. TAP-tagged Runx2 and interacting
partners were collected with 100 ml of IgG-
Sepharose 6 Fast Flow resin (Amersham Bio-
sciences). Lysates were incubated with resin for
several hours or overnight at 48C. Flow-thru
was collected by centrifugation. The beads were
then washed three times with 20 ml of TAP
buffer. Proteins bound to the IgG beads were
eluted by incubating the resins in 60 ml of 0.5 M
HOAC pH 3.4 for 5 min and neutralized in 2 M
Tris while monitoring with litmus paper.

Liquid Chromatography-Tandem Mass
Spectrometry (LC-MS)

Proteins eluted from the IgG resins were
separated by SDS/PAGE electrophoresis on a
4–15% gradient gel, which was then silver
stained (Invitrogen). Gel slices were excised
and destained according to the manufacturer’s
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protocol (Invitrogen). After destaining, gels
slices were dried by using 100% acetonitrile.
Proteins in the gels were subjected to cysteine
reduction andalkylationbyrehydration in10mM
DTT/100 mM NH4HCO3 at 568C for 56 min.
Samples were removed from heat and cooled.
The excess solution in the gel was removed.
The gel slices were then incubated in 55 mM
iodoacetamide/100 mM NH4HCO3 for 30 min in
the dark. Gel slices were washed with 100 ml
of NH4HCO3 for 5 min and dried with 100%
acetonitrile. Proteins were in-gel-digested by
using sequence-graded trypsin (Promega) in
50 mM NH4HCO3 at 378C overnight. The
next day, supernatants were combined with
gel extractions by incubating the gel three times
with 50% acetonitrile/2% formic acid. Samples
were dried to 20 ml by a speed-vac. Digests were
analyzed by nanoflow liquid chromatography-
tandem MS. Peptides sequences were submit-
ted to the MASCOT program for identification.

Electrophoretic Mobility Shift Assay (EMSA)

COS cells transiently transfected with
pCMV5-Runx2 or pCMV5-TAP-Runx2 were
lysed in microextraction buffer [Westendorf
et al., 2002] and incubated with 32P-labeled
double-stranded oligonucleotides containing a
Runx binding element as previously described
[Meyers et al., 1993]. Competition and super-
shift assays were also previously described
[Kahler and Westendorf, 2003].

Luciferase Assays

C2C12 cells were transfected with Lipofect-
amine (Invitrogen) in 12-well plates with the
indicated amounts of reporter plasmids
(p6OSE2-luc and pRL-null) and pCMV-Runx2
or -p68 expression plasmids as indicated.
pcDNA3.1 was added to transfections to main-
tain a uniform amount of total DNA per trans-
fection. Luciferase activity was measured 24 or
48 h after transfection using the dual-luciferase
assay system (Promega). Each transfection was
performed in triplicate, and normalized to
Renilla luciferase activity.

Immunofluorescence

C2C12 cells were transiently transfected with
pCMV-p68-GAL and pCMV-Runx2 expression
plasmids and grown on glass coverslips. For
immunofluorescence experiments, ROS 17/
2.8 cells or transfected C2C12 were rinsed in
PBS, fixed in 4% paraformaldehyde for 30 min,

permeabilized with PBS containing 0.3% Triton
X-100 for 5 min and blocked for 30 min in
immunofluorescence buffer (3% BSA, 20 mM
MgCl2, 0.3% Tween-20 in PBS). Transfected
C2C12 cells were incubated with rabbit anti-
GAL (Santa Cruz, SC-577) and goat anti-Runx2
(Santa-Cruz, S-19) primary antibodies in
immunofluorescence buffer. Cells were washed
three times with PBS containing 0.1% Triton
X-100, incubated 30 min with donkey anti-goat
Alexa546 for 20 min, washed twice, then with
goat-anti-mouse Alexa488 for 20 min. ROS 17/
2.8 cells were incubated with mouse anti-p68
(pAb204; Upstate Biotech) and rabbit anti-
Runx2 (AML3 antibody from Scott Hiebert)
primary antibodies in immunofluorescence
buffer. Cells were washed three times with
PBS containing 0.1% Triton X-100, incubated
30 min with Alexa-conjugated secondary anti-
bodies (anti-mouse-Alexa555, and anti-rabbit-
Alexa488) at 1:800 (Invitrogen), washed and
mounted in 90% glycerol/0.4% N-propyl-gallate.
Images were obtained using an Olympus Fluo-
view 500 confocal microscope and processed
using Adobe Photoshop.

GST Pulldowns

35S-trans-labeled proteins were synthesized
from Runx2 and p68-GAL expression plasmids
using the T7-TnT System (Promega). GST-
Runx2 fusion proteins (1-383 or 383-513 [West-
endorf et al., 2002]) and GST-p68 fusion
proteins [Wilson et al., 2004] were isolated by
lysing cultures of E. coli by sonication and
purified by binding overnight to glutathione-s-
transferase (GST)-sepharose followed by three
washes of PBS. Yield and integrity of GST-
fusion proteins were verified by SDS–PAGE
and Coomassie staining. TnT proteins and GST-
fusion proteins were pre-blocked separately in
binding buffer containing 50 mM Tris, pH 7.6,
500 mM NaCl, 1 mM EDTA, 0.5% NP-40, 5 mM
DTT, and 0.5% BSA for 60 min at 48, and
then co-incubated overnight. The bound com-
plexes were washed three times with bind-
ing buffer. Bound complexes were resolved on
SDS–PAGE, fixed, incubated with autoradio-
graphic enhancer (Amplify buffer, G.E. Health
Systems), dried, and visualized by autoradio-
graphy.

Chromatin Immunoprecipitation Assays

ChIP analyses were performed on lysates
from ROS17/2.8 cells as previously described
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[Schroeder et al., 2004] using antibodies against
p68, Runx2 (Santa Cruz, M-70) or normal rabbit
IgG (Santa Cruz). Real-time PCR was per-
formed on an iCycler thermocycler (BioRad)
using the Quantitect Sybr Green PCR kit
(Qiagen, Valenica, CA).

Alkaline Phosphatase Assays

Control and p68-suppressed C2C12 cells were
differentiated in growth medium supplemented
with 300 ng/ml BMP2, 50 mg/ml ascorbic acid
and 10 mM b-glycerol-phosphate. Alkaline
phosphatase activity was measured after 3
and 6 days in this differentiation medium as
previous described [Schroeder et al., 2004;
Schroeder and Westendorf, 2005].

Real-Time Reverse-Transcriptase PCR (RT-PCR)

Control and p68-suppressed C2C12 cells were
differentiated in growth medium supplemented
with 300 ng/ml BMP2, 50 mg/ml ascorbic acid
and 10 mM b-glycerol-phosphate. RNA was
harvested with Trizol (Invitrogen) 6, 13, and
18 days later. Real-time RT-PCR was perform-
ed with primers for actin and osteocalcin as
previously described [Schroeder et al., 2004;
Schroeder and Westendorf, 2005] using the
comparative threshold method for quantitation.
For each timepoint, osteocalcin expression was
normalized to actin and is shown relative to the
level in control shRNA C2C12 cells at day 6.

Calvarial cells were collected in 1 ml of Trizol
reagent. Total RNA was isolated and treated
with DNAseI for 15 min and purified with
columns (Zymogen). RNA (1 mg) was reverse
transcribed with random primers. Resulting
cDNA was diluted 75 times, and 5 ml was used in
25 ml qPCR reaction with Power SYBR Green
PCR Master Mix (Applied Biosystems) and
0.5 pmol/ml of each of the primers: for mouse
Runx2, forward: CGA CAG TCC CAA CTT CCT
GT, reverse: CGG TAA CCA CAG TCC CAT CT;
for mouse alkaline phosphatase, forward: TTG
TGC GAG AGA AAG AGA GAG A, reverse: GTT
TCA GGG CAT TTT TCA AGG T; mouse Ddx5,
forward: CCT CCA GAG GGC TAG ATG TG,
reverse: GCG AGC AGT TCT TCC AAT TC.
Data were normalized to rodent GAPDH levels.
Initial denaturation was made at 958C for
10 min followed by 40 cycles of 2-step PCR:
958C denaturation for 15 s and 608C for 1 min
synthesis.

RESULTS

Identification of Runx2-Interaction
Proteins by Affinity

Purification

Runx2 is an essential protein for osteoblast
development and interacts with numerous
nuclear proteins to regulate gene expression
(reviewed in Schroeder et al. [2005]). In an effort
to identify novel binding partners and regula-
tors of Runx2, we embarked on an affinity puri-
fication experiment, using LC-MS to identify
Runx2-interacting proteins. Runx2 (MRIPV
isoform) was fused to a tandem affinity protein
(TAP) consisting of protein A and calmodulin
binding peptide (CBP; Fig. 1A). The TAP-Runx2
protein was stable and migrated at a predict-
ably slower rate than wild-type Runx2 (Fig. 1B),
bound a Runx binding element in double-
stranded DNA (Fig. 1C), and activated tran-
scription of a Runx-responsive reporter,
p6OSE2, in a concentration-dependent manner
(Fig. 1D). Thus, TAP-Runx2 has the same
functional properties as non-tagged Runx2.

To purify Runx2 protein complexes, TAP-
Runx2 was stably expressed in a rat osteosar-
coma cell line, UMR-106. These cells were
chosen because they have a short-doubling time
and express Runx2; thus, large quantities of
protein could be obtained quickly and TAP-
Runx2 would be expected to bind important
regulatory proteins in a relevant context. TAP-
Runx2 was expressed at a higher level than
endogenous Runx2 in the selected stable UMR-
106 cells (Fig. 2A, bottom panel), giving it a
presumed competitive advantage for binding
partners, and was specifically collected by IgG-
bound sepharose beads (Fig. 2A, top panel).
UMR-106 cells stably expressing TAP or TAP-
Runx2 were expanded and nuclear lysates were
applied to an IgG column to purify TAP proteins
(via the Protein A moieties) and any complexes
associated with them. Eluates and remaining
beads were resolved by SDS–PAGE. Several
silver-stained protein bands were present only
in the lysates of the TAP-Runx2 cells (Fig. 2B).
Proteins identified exclusively in the TAP-
Runx2 elute by LC-MS included TAP-Runx2,
as expected. Gelsolin, Ski2w, EPLIN, alpha-
actinin, and Hsp70 sequences were also identi-
fied. Interestingly, one band unique band was
present in the TAP-Runx2 sample that was not
eluted from the beads by acetic acid presumably
because the interaction was strong enough to
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resist elution (Fig. 2C). This band was identified
as p68 (Ddx5).

p68 Interacts With Runx2

We attempted to verify the interactions by a
number of methods. In this report we describe
the assays for p68. We confirmed the LC-MS
identification of p68 as a Runx2 interacting
protein by immunoblotting TAP-Runx2 affinity
purified complexes with an antibody that
recognizes p68, but not other Ddx proteins
(Fig. 3A). p68 is a RNA helicase and co-activator
for many proteins; however, its interaction with
Runx2 was not dependent on either RNA or
DNA (Fig. 3B). Immunofluorescence experi-
ments revealed that p68 and Runx2 co-localize
in subnuclear foci. In ROS17/2.8 osteosarcoma
cells, a fraction of endogenous Runx2 foci also
contained p68 (Fig. 3C). When Runx2 and p68
are overexpressed in cells, nearly all Runx2 foci

colocalized with p68 foci (Fig. 3D). GST pull-
down assays using in vitro transcribed and
translated proteins and E. coli purified proteins
demonstrated direct interactions between the
amino-terminus of Runx2 and the carboxy-
terminus of p68 (Fig. 3E,F). These data indicate
that p68 physically binds to and colocalizes with
Runx2.

p68 is a Runx2 Co-Activator

To determine if p68 might modify Runx2’s
transcriptional activity, we performed chro-
matin immunoprecipitation assays and found
that p68 bound to a region of the osteocalcin
promoter that contains an essential Runx bind-
ing element (Fig. 4A). HA and FLAG-tagged p68
proteins did not activate a Runx2 responsive
promoter (p6OSE2) on their own, but synerg-
istically augmented Runx2-dependent activa-
tion (Fig. 4B,C). A p68 mutant, NEAD, in which

Fig. 1. TAP-Runx2 retains the functional activities of Runx2.
A: Depiction of the TAP-Runx2 fusion protein. B: Protein lysates
from UMR-106 cells stably expressing either wild-type Runx2,
TAP or TAP-Runx2 were immunoblotted with Runx2 antibodies.
C: TAP-Runx2 binds to Runx binding sites. Nuclear lysates from
COS cells transfected with Runx2 or TAP-Runx2 expression
plasmids were incubated with a 32P-labeled Runx2 DNA probe.
For competition experiments, 10-fold excess unlabeled wild-
type probe (‘‘cold probe’’) or mutant probe (‘‘cold mutant
probe’’) were preincubated with the COS lysates prior to addition

of the labeled probe. For supershift experiments, polyclonal
antisera against either Runx2 or Runx1 were added to the
reaction. D: TAP-Runx2 activates transcription similarly to wild-
type Runx2. C3H10T1/2 cells were transiently transfected with
200 ng of the p6OSE2-luc reporter, 10 ng of pRL-TK, and either
pCMV-Runx2 (500 ng) or pCMV-TAP-Runx2 (500 ng or 1 mg).
pcDNA3.1 was added to maintain uniform amount of DNA
per transfection. Luciferase activities were measured 48-h after
transfection.
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the conserved helicase motif, DEAD, is inacti-
vated also cooperated with Runx2 (Fig. 4C).
These data indicate that p68 is a co-activator for
Runx2 and that the helicase activity is dispen-
sable for this transcriptional effect. Runx2 did
not appear to modify the helicase activities of
p68 (data not shown). To determine if p68 is
required for Runx2 activity, we assayed Runx2’s
transcriptional abilities in C2C12 cells express-
ing shRNAs that target a common region in p68
and p72. These cells are not devoid of p68 and
p72, but contain only about half the normal
levels (Caretti et al. [2006] and data not shown).
Runx2 activated the p6OSE2 reporter in a
concentration-dependent manner in both the
control shRNA- and p68/p72 shRNA-expressing
cells; however, Runx2 activity was approxi-

mately 15–40% less in the p68/p72-suppressed
cells (Fig. 4D).

p68 Suppression Accelerates
Osteoblast Maturation

Because Runx2 is essential for osteoblast
development and plays crucial roles in osteo-
blast differentiation, the effects of p68 suppres-
sion on osteoblast maturation were determined.
C2C12 cells are myocyte and osteoblast progen-
itors. In the presence of low serum, they differ-
entiate into myocytes, but shRNAs targeting
p68 and p72 attenuates this response [Caretti
et al., 2006]. In the presence of BMP2, C2C12
cells acquire osteoblast properties but fail
to express myogenic genes [Katagiri et al.,

Fig. 2. Affinity purification of Runx2 interacting proteins. A: Immunoblots of TAP-Runx2 in nuclear extracts
from UMR-106 stably expressing TAP or TAP-Runx2 (bottom panel) and in complexes collected by IgG
beads from the same cells (top panel). B: A gel containing proteins from UMR-TAP or -TAP-Runx2 cells that
bound tightly to IgG beads (left panel) or that were present in eluted fractions (right panel) was silver-stained.
The indicated bands were excised and subjected to LC/MS. The predicted identities of the proteins are
indicated. C: An expanded image of the area in the left panel of part (B) containing the band identified as p68.

Fig. 3. Verification of the physical association between Runx2
and p68. A: UMR 106 cells stably expressing TAP or TAP-Runx2
were lysed, incubated overnight with IgG-sepharose beads. After
three washes, the bound proteins (TAP-purified, upper panel)
and a saved fraction of the whole cell lysate (lower panel) were
resolved by SDS–PAGE and immunoblotted with p68 antibodies
(PAb204). B: The interaction between Runx2 and p68 does not
depend on RNA or DNA. UMR-106 cells expressing TAP or TAP-
Runx2 were lysed, treated with RNase A or DNase I for 30 min as
indicated and affinity-purified by binding to IgG-sepharose
beads. Bound materials were resolved by SDS–PAGE and
immunoblotted with p68 antibodies. C,D: p68 and Runx2 co-
localize in the nucleus. C: The localization of Runx2 and p68 in
ROS17/2.8 cells were examined by immunofluorescence using

antibodies against endogenous p68 (red, center) and Runx2
(green, right). Foci of colocalization (yellow, left) were detected
in the nucleus. D: C2C12 cells were transiently transfected with
p68-GAL4 and Runx2 expression plasmids and incubated with
antibodies for GAL4 (green, center) and Runx2 (red, right). Foci
of co-localization (yellow, left) were detected in the nucleus.
E: Binding of p68-GAL fusion proteins to GST-Runx2. 35S-labeled
in vitro synthesized p68 proteins (full-length, top; 1-477, middle;
or 478-614, bottom) were incubated with GST-Runx2 fusion
proteins encoding amino acids 1–383 or 383–513 of Runx2.
F: Binding of Runx2 to GST-p68 proteins. Assays were performed
as in (A) using in vitro synthesized Runx2 (MRIPV isoform) and
GST-p68 fusion proteins.
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1994]. Under this osteogenic condition, shRNA-
mediated suppression of p68 and p72 augment-
ed and accelerated the production of osteoblast
markers, alkaline phosphatase (Fig. 5A) and

osteocalcin (Fig. 5B). These data suggest that
p68 and p72 contribute to the myogenic commit-
ment of these progenitor cells and inhibit their
osteoblast differentiation.

Fig. 3.
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p68 expression is inhibited by Runx2
in calvarial osteoblasts. Because p68/p72
inhibits osteogenic differentiation of progenitor
cells and Runx2 promotes osteoblast matura-
tion, we investigated whether Runx2 can mod-
ulate p68 expression during differentiation. p68
mRNA levels in primary mouse calvarial cells
derived from wild-type mice or mice with a
homozygous Runx2 null mutation were exam-
ined. Quantitative PCR analysis revealed that
p68 expression was significantly higher in
primary calvarial cells from Runx2 null mice
(from 17.5 dpc embryos) compared to cells from
the corresponding wild-type mice (Fig. 6A). For
comparison, levels of GAPDH were similar,
while the levels of alkaline phosphatase were
fourfold lower in primary Runx2 null cells.
Thus, Runx2 deficiency enhanced p68 expres-
sion. We then performed complementation

assays with immortalized Runx2 null calvarial
cells that were infected with adenovirus vector
expressing wild type Runx2 protein. Infected
cells were cultured up to 4 days in proliferation
or differentiation medium (i.e., containing
ascorbic acid and b-glycerophosphate) with or
without BMP2 (Fig. 6B). As expected, Runx2 or
BMP2 strongly enhanced alkaline phosphatase
levels under all conditions (Fig. 6B, lower
panels). In contrast, re-introduction of Runx2
into Runx2-deficient calvarial cells under pro-
liferating conditions transiently suppressed
p68 mRNA levels by approximately 40%
on day 1 (Fig. 6B, top left). We observed a
similar 1.8-fold reduction in p68 mRNA levels in
response to Runx2 expression with Affymetrix
gene micro-arrays, but p72 (Ddx17) levels were
not significantly altered (Nadiya Teplyuk, Gary
S. Stein, and Andre van Wijnen, unpublished

Fig. 4. p68 regulates Runx2 transcriptional activity. A: p68
associated with a region of the osteocalcin promoter that
contains a Runx binding element in a chromatin immunopreci-
pitation assay. B: p68 is a Runx2 co-activator. C2C12 cells were
transfected with the p6OSE2-luc and pRL-null reporters, 150 ng
of Runx2 and 450 ng of p68 expression plasmids and pcDNA3.1
to maintainuniform amount of plasmid in each transfection. Each
transfection was performed in triplicate. Luciferase readings
were taken at 24 h post-transfection and are shown as fold-

activation relative to pCDNA3 alone. *P�0.02; **P� 0.01.
C: The p68-helicase activity is not required for activation of
Runx2. C2C12 cells were transfected with p6OSE2-luc and pRL-
TK reporters and 500 ng expression plasmids for Runx2, p68 and
p68NEAD. Luciferase readings were taken 48 h after transfection
as described in (B). D: Runx2 transcriptional activation is reduced
in p68/p72 suppressed cells. C2C12 cells expressing shRNA
against p68/p72 or a control shRNA were transfected as in
(B) with varying amounts of Runx2 expression plasmid.
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work). Consistent with these findings, p68
expression was inhibited (�25% reduction) by
Runx2 under differentiation conditions on day
4, and this inhibition was more pronounced
(�40% reduction) upon treatment with BMP2
(Fig. 6B, top right). Hence, expression of Runx2
is inhibitory for p68, independent of whether
cells differentiate.

To confirm that these changes in p68 mRNA
levels are reflected in changes in p68 protein
levels, we performed immunoblot analysis with
protein isolated 1 day after Runx2 re-introduc-
tion and under proliferating conditions when we
observe the most pronounced effects on p68
mRNA levels. The results showed that expres-
sion of wild type Runx2 reduced p68 protein
levels approximately twofold (Fig. 6C). Runx2’s
effects on p68 protein (Fig. 6C) were quantita-
tively similar to the observed changes in p68
mRNA levels (Fig. 6A,B). Inhibition of p68
protein levels was not seen in cells expressing
GFP from the empty adenovirus vector, or in
cells expressing a carboxy-terminally truncated
Runx2 protein that is defective in suppressing
osteoblast proliferation [Pratap et al., 2003;
Galindo et al., 2005] and in promoting osteo-
blast differentiation [Choi et al., 2001].

DISCUSSION

Runx2 is essential for osteoblast development
from multipotent mesenchymal progenitors
and it contributes to the expression of osteoblast

genes throughout lineage maturation. In this
study, we identified a novel Runx2-interacting
protein, p68, which enhances Runx2 transcrip-
tional activity on a Runx2 responsive reporter.
Interestingly, modest suppression of p68 and its
closely related protein, p72, accelerated osteo-
blast differentiation of a myo-osteoprogenitor
cell line. The promotion of osteoblast matura-
tion was not anticipated after finding that p68
augments Runx2 activity. However, these
results are consistent with the finding that
p68/p72 suppression blocks myocyte differen-
tiation [Caretti et al., 2006]. These data support
the notion that p68 has an important role in
mesenchymal progenitor cell specification into
myocytes, perhaps by interacting with MyoD
and the noncoding RNA SRA [Caretti et al.,
2006], but that it is less essential for osteoblast
specification. Runx2 regulation of p68 levels in
primary calvarial cells supports this hypoth-
esis. This is not inconsistent with p68’s ability to
augment Runx2 transcriptional activity, partic-
ularly during the maturation of committed
osteoblasts or when Runx2 is overexpressed in
progenitors (as it is in these studies). The Runx2
and p68 complex might also be important in
tumor progression because both factors are
reported to be expressed at elevated levels in
human cancers [Causevic et al., 2001; Brubaker
et al., 2003; Shore, 2005; Dijkman et al., 2006;
Lau et al., 2006; Nagaraja et al., 2006]. p68
might also affect other transcription factors

Fig. 5. Suppression of p68 accelerates osteoblast maturation.
A: Alkaline phosphatase activity is enhanced in p68-suppressed
cells. Control and p68-suppressed C2C12 cells were differ-
entiated in growth medium supplemented with 300 ng/ml BMP2,
ascorbic acid and b-glycerol-phosphate. Alkaline phosphatase
activity was measured after three and 6 days. B: Osteocalcin
expression is accelerated in p68-suppressed C2C12 cells. Cells

were grown in differentiation media as in (A). RNA was har-
vested by Trizol at the indicated timepoints. Real-time reverse-
transcriptase PCR was performed with primers for actin and
osteocalcin. For each timepoint, osteocalcin expression was
normalized to actin with the comparative threshold method and
is shown relative to the level in control shRNA C2C12 cells at
day 6.
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(e.g., estrogen receptors) that contribute to
optimal osteoblast function.

In silico promoter analysis indicates that
there are three Runx2 motifs near the TATA
box of the p68 gene, one of which is a putative
high affinity 50 TGCGGTT element located in
the 50UTR (Fig. 6D). The p68 50 regulatory
region is part of an approximately 1 kb diver-
gently transcribed promoter shared with the
CCDC45 gene and this region contains a TATA
box, as well as at least one Myc/HLH site and
four SP1 sites [Rossler et al., 2000]. The location
of the Runx2 motifs in the p68 promoter permits
postulation of a suppressive transcriptional
mechanism that would not perturb expression
of the upstream CCDC45 gene. Taken together,
our data show that expression of p68 mRNA and
protein is inversely related to modulations in
Runx2 levels in osteoblast progenitors, is inde-
pendent of Runx2 effects on cell proliferation or
differentiation, and may be transcriptionally

mediated through one or more Runx2 motifs in
the p68 promoter.

The identification of p68 as a novel Runx2-
interacting protein and co-activator increases
our understanding of how Runx2 integrates co-
factor complexes within the nuclear matrix.
Both Runx2 and p68 are nuclear matrix-
associated proteins [Zeng et al., 1998; Akiles-
waran et al., 2001]. Nuclear matrix association
of Runx2 is essential for osteoblast maturation
[Choi et al., 2001]. The nuclear matrix-targeting
signal of Runx2 is located in its carboxy-
terminus and is not required for interactions
with p68 (Fig. 3E). Runx2 and p68 colocalize in
distinct subnuclear foci (Fig. 3C,D). As would be
expected, more co-localization is detected when
the proteins are overexpressed (Fig. 3D); how-
ever, there is discernable co-localization of the
endogenous proteins as well (Fig. 3C). Thus,
Runx2 and p68 interact in vivo, but they are
not obligate partners. Runx2 transcriptional

Fig. 6. Runx2 downregulates p68 (Ddx5) expression in
osteoblast progenitors. A: RNA was isolated from primary
calvaria cells (passage #3) from wild-type and Runx2 null
17.5 dpc mouse embryos. p68 (Ddx5), GAPDH and alkaline
phosphatase RNA levels were analyzed by qPCR. B: Runx2 null
mouse calvaria cells were infected with adenovirus expressing
Runx2 protein or GFP alone (empty adenovirus vector). Cells
were maintained in proliferating or osteogenic medium. Fresh
medium was added 24 h after infection. Cells were collected 1 or
4 days after infection as indicated. p68, Runx2 and alkaline

phosphatase RNA levels were analyzed by qPCR. C: Cells were
infected with Runx2 and collected 24 h after infection in
proliferating conditions. p68 and CDK2 protein levels were
analyzed immunoblotting (bottom) and signals were quantified
using ImageJ. Relative exogenous expression of wild-type and
mutant Runx2 protein is numerically shown at the bottom of
the figure. D: In silico analysis of the Ddx5 promoter reveals
three Runx2 motifs near elements previously described for this
gene (e.g., TATA box, Myc/HLH site, SP1 sites) [Rossler et al.,
2000].
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activity on a transiently transfected reporter is
enhanced by p68 and p68 associates with
chromatin containing the osteocalcin promoter
in vivo (Fig. 4A), but the effects of p68 on Runx2
activity and vice-versa on gene expression
within the nuclear matrix requires further
investigation. Preliminary experiments indi-
cate that Runx2 does not affect the helicase
activity of p68 in vitro (FVF, data not shown).
Both Runx2 and p68 interact with the tran-
scriptional co-activators, CBP and p300 [Ros-
sow and Janknecht, 2003; Sierra et al., 2003;
Warner et al., 2004]. It is possible that these
three proteins are components of a co-activator
complex that maximizes Runx2 activity on
certain promoters.

The mechanism whereby p68 enhances
Runx2 activity is not known. The observation
that the DEAD box is dispensable for p68
cooperation with Runx2 indicates that the
helicase activity is not involved in promoting
Runx2-dependent gene expression; however,
we cannot exclude the possibility that p68-
NEAD forms a complex with endogenous p68
or p72, whose helicase activity may contribute
to transcription regulation. Similar observa-
tions were noted for p53 [Bates et al., 2005]. p68
has many molecular roles in RNA processing
and transcription. It is cyclically recruited to
estrogen responsive genes following ligand
induction [Metivier et al., 2003] and directs
assembly of the transcriptome and chromatin
remodeling complexes in muscle [Caretti et al.,
2006]. p68 interacts with a variety of tran-
scription factors, co-repressors and co-activa-
tors [Fuller-Pace, 2006]. The inclusion of Runx2
in this list of p68 binding factors in hindsight is
not surprising given the important roles that
both protein play in regulating gene expression.

The other proteins identified in this screen for
Runx2-interacting factors are under further
investigation to verify their associations and to
determine their effects on Runx2 transcrip-
tional activity. Ski2w was of initial interest
because, like p68, it is a putative helicase
[Dangel et al., 1995]; however, little has been
done to study it role in mammalian cells. Its
association with Runx2 could not be independ-
ently verified because overexpressed Ski2w
proteins localized only in the cytoplasm. It
is possible that alternative isoforms interact
with Runx2 in vivo. Thus a limitation of this
proteomic analysis is that it cannot discrimi-
nate between all protein isoforms. Gelsolin and

alpha-actinin are best known for their roles in
regulation cytoskeletal organization; although
they are also present at comparatively low
levels in the nucleus and as part of transcrip-
tional complexes [Archer et al., 2005; Chakra-
borty et al., 2006; Jasavala et al., 2007].
In preliminary experiments, gelsolin modestly
augmented Runx2 transcriptional activity
(data not shown). The identification of these
proteins in this screen might reflect their
relative abundance in the cell and indicates
their contributions to organizing Runx2 com-
plexes within the nucleus. We did not identify
any known Runx2 interacting proteins, such as
transcription factors or histone deacetylases.
This is likely due to the transience and context-
dependence of those interactions.

In summary, a proteomic screen was under-
taken to identify novel Runx2 interaction
proteins. We uncovered several abundant pro-
teins that have transcriptional and organiza-
tion roles in cell nuclei. A known transcriptional
activator, p68, was determined to be a novel co-
activator for Runx2. Interestingly, p68 suppres-
sion accelerated BMP-2 induced differentiation
of osteo-myocyte progenitors into the osseous
lineage and Runx2 repressed p68 in calvarial
cells. These studies indicate that p68 has
multiple roles in osteoblasts and regulates
lineage commitment.

ACKNOWLEDGMENTS

The authors thank Xiaodong Li for technical
assistance, Dr. Ralf Janknecht for providing
p68 constructs and Kaleem Zaidi, Yang Lou,
Janet Stein and Jane Lian for stimulating
discussions and/or reagents. This work was
supported by RO1 grants AR48147 (JJW),
AR050074 (JJW), AR49069 (AJvW) and
AR48818 (GS) from the National Institutes of
Health (NIH), an NIH institutional training
grant AR050938 in Musculoskeletal Research
(to support EDJ), the Intramural Research
Program of the National Institute of Arthritis,
Musculoskeletal, and Skin Diseases of the NIH
(GC and VS), and the Association for Interna-
tional Cancer Research and Tenovus, Scotland
(SMN, FVF-P).

REFERENCES

Akileswaran L, Taraska JW, Sayer JA, Gettemy JM,
Coghlan VM. 2001. A-kinase-anchoring protein AKAP95
is targeted to the nuclear matrix and associates with p68
RNA helicase. J Biol Chem 276:17448–17454.

p68 Is a Runx2 Co-Activator 1449



Archer SK, Claudianos C, Campbell HD. 2005. Evolution of
the gelsolin family of actin-binding proteins as novel
transcriptional coactivators. Bioessays 27:388–396.

Auboeuf D, Dowhan DH, Dutertre M, Martin N, Berget SM,
O’Malley BW. 2005. A subset of nuclear receptor
coregulators act as coupling proteins during synthesis
and maturation of RNA transcripts. Mol Cell Biol 25:
5307–5316.

Bae JS, Gutierrez S, Narla R, Pratap J, Devados R, van
Wijnen AJ, Stein JL, Stein GS, Lian JB, Javed A. 2007.
Reconstitution of Runx2/Cbfa1-null cells identifies a
requirement for BMP2 signaling through a Runx2 func-
tional domain during osteoblast differentiation. J Cell
Biochem 100:434–449.

Bates GJ, Nicol SM, Wilson BJ, Jacobs AM, Bourdon JC,
Wardrop J, Gregory DJ, Lane DP, Perkins ND, Fuller-
Pace FV. 2005. The DEAD box protein p68: A novel
transcriptional coactivator of the p53 tumour suppressor.
EMBO J 24:543–553.

Brubaker KD, Vessella RL, Brown LG, Corey E. 2003.
Prostate cancer expression of runt-domain transcription
factor Runx2.a key regulator of osteoblast differentiation
and function. Prostate 56:13–22.

Caretti G, Schiltz RL, Dilworth FJ, Di Padova M, Zhao P,
Ogryzko V, Fuller-Pace FV, Hoffman EP, Tapscott SJ,
Sartorelli V. 2006. The RNA helicases p68/p72 and the
noncoding RNA SRA are coregulators of MyoD and
skeletal muscle differentiation. Dev Cell 11:547–560.

Causevic M, Hislop RG, Kernohan NM, Carey FA, Kay RA,
Steele RJ, Fuller-Pace FV. 2001. Overexpression and
poly-ubiquitylation of the DEAD-box RNA helicase p68 in
colorectal tumours. Oncogene 20:7734–7743.

Chakraborty S, Reineke EL, Lam M, Li X, Liu Y, Gao C,
Khurana S, Kao HY. 2006. Alpha-actinin 4 potentiates
myocyte enhancer factor-2 transcription activity by
antagonizing histone deacetylase 7. J Biol Chem 281:
35070–35080.

Choi JY, Pratap J, Javed A, Zaidi SK, Xing L, Balint E,
Dalamangas S, Boyce B, van Wijnen AJ, Lian JB, Stein
JL, Jones SN, Stein GS. 2001. Subnuclear targeting of
Runx/Cbfa/AML factors is essential for tissue-specific
differentiation during embryonic development. Proc Natl
Acad Sci USA 98:8650–8655.

Dangel AW, Shen L, Mendoza AR, Wu LC, Yu CY. 1995.
Human helicase gene SKI2W in the HLA class III region
exhibits striking structural similarities to the yeast
antiviral gene SKI2 and to the human gene KIA A0052:
Emergence of a new gene family. Nucleic Acids Res 23:
2120–2126.

Dijkman R, van Doorn R, Szuhai K, Willemze R, Vermeer
MH, Tensen CP. 2007. Gene expression profiling and
array-based CGH classify CD4þCD56þ hematodermic
neoplasm and cutaneous myelomonocytic leukemia as
distinct disease entities. Blood 109:1720–1727.

Endoh H, Maruyama K, Masuhiro Y, Kobayashi Y, Goto M,
Tai H, Yanagisawa J, Metzger D, Hashimoto S, Kato S.
1999. Purification and identification of p68 RNA helicase
acting as a transcriptional coactivator specific for the
activation function 1 of human estrogen receptor alpha.
Mol Cell Biol 19:5363–5372.

Fuller-Pace FV. 2006. DExD/H box RNA helicases:
Multifunctional proteins with important roles in tran-
scriptional regulation. Nucleic Acids Res 34:4206–
4215.

Galindo M, Pratap J, Young DW, Hovhannisyan H, Im HJ,
Choi JY, Lian JB, Stein JL, Stein GS, van Wijnen AJ.
2005. The bone-specific expression of Runx2 oscillates
during the cell cycle to support a G1-related antiprolife-
rative function in osteoblasts. J Biol Chem 280:20274–
20285.

Jasavala R, Martinez H, Thumar J, Andaya A, Gingras AC,
Eng JK, Aebersold R, Han DK, Wright ME. 2007.
Identification of putative androgen receptor interaction
protein modules: Cytoskeleton and endosomes modulate
androgen receptor signaling in prostate cancer cells. Mol
Cell Proteomics 6:252–271.

Kahler RA, Westendorf JJ. 2003. Lymphoid enhancer
factor-1 and beta-catenin inhibit Runx2-dependent tran-
scriptional activation of the osteocalcin promoter. J Biol
Chem 278:11937–11944.

Katagiri T, Yamaguchi A, Komaki M, Abe E, Takahashi N,
Ikeda T, Rosen V, Wozney JM, Fujisawa-Sehara A, Suda
T. 1994. Bone morphogenetic protein-2 converts the
differentiation pathway of C2C12 myoblasts into the
osteoblast lineage. J Cell Biol 127:1755–1766.

Komori T, Yagi H, Nomura S, Yamaguchi A, Sasaki K,
Deguchi K, Shimizu Y, Bronson RT, Gao YH, Inada M,
Sato M, Okamoto R, Kitamura Y, Yoshiki S, Kishimoto T.
1997. Targeted disruption of Cbfa1 results in a complete
lack of bone formation owing to maturational arrest of
osteoblasts. Cell 89:755–764.

Lamm GM, Nicol SM, Fuller-Pace FV, Lamond AI. 1996.
p72: A human nuclear DEAD box protein highly related
to p68. Nucleic Acids Res 24:3739–3747.

Lau QC, Raja E, Salto-Tellez M, Liu Q, Ito K, Inoue M,
Putti TC, Loh M, Ko TK, Huang C, Bhalla KN, Zhu T, Ito
Y, Sukumar S. 2006. RUNX3 is frequently inactivated by
dual mechanisms of protein mislocalization and promoter
hypermethylation in breast cancer. Cancer Res 66:6512–
6520.

Metivier R, Penot G, Hubner MR, Reid G, Brand H, Kos M,
Gannon F. 2003. Estrogen receptor-alpha directs ordered,
cyclical, and combinatorial recruitment of cofactors on a
natural target promoter. Cell 115:751–763.

Meyers S, Downing JR, Hiebert SW. 1993. Identification of
AML-1 and the (8;21) translocation protein (AML- 1/
ETO) as sequence-specific DNA-binding proteins: The
runt homology domain is required for DNA binding
and protein-protein interactions. Mol Cell Biol 13:6336–
6345.

Nagaraja GM, Othman M, Fox BP, Alsaber R, Pellegrino
CM, Zeng Y, Khanna R, Tamburini P, Swaroop A,
Kandpal RP. 2006. Gene expression signatures and
biomarkers of noninvasive and invasive breast cancer
cells: Comprehensive profiles by representational differ-
ence analysis, microarrays and proteomics. Oncogene 25:
2328–2338.

Ogilvie VC, Wilson BJ, Nicol SM, Morrice NA, Saunders
LR, Barber GN, Fuller-Pace FV. 2003. The highly
related DEAD box RNA helicases p68 and p72 exist
as heterodimers in cells. Nucleic Acids Res 31:1470–
1480.

Otto F, Thornell AP, Crompton T, Denzel A, Gilmour KC,
Rosewell IR, Stamp GW, Beddington RS, Mundlos S,
Olsen BR, Selby PB, Owen MJ. 1997. Cbfa1, a candidate
gene for cleidocranial dysplasia syndrome, is essential for
osteoblast differentiation and bone development. Cell 89:
765–771.

1450 Jensen et al.



Pratap J, Galindo M, Zaidi SK, Vradii D, Bhat BM,
Robinson JA, Choi JY, Komori T, Stein JL, Lian JB,
Stein GS, van Wijnen AJ. 2003. Cell growth regulatory
role of Runx2 during proliferative expansion of preosteo-
blasts. Cancer Res 63:5357–5362.

Rosenfeld MG, Lunyak VV, Glass CK. 2006. Sensors and
signals: A coactivator/corepressor/epigenetic code for
integrating signal-dependent programs of transcript-
ional response. Genes Dev 20:1405–1428.

Rossler OG, Hloch P, Schutz N, Weitzenegger T, Stahl H.
2000. Structure and expression of the human p68 RNA
helicase gene. Nucleic Acids Res 28:932–939.

Rossow KL, Janknecht R. 2003. Synergism between p68
RNA helicase and the transcriptional coactivators CBP
and p300. Oncogene 22:151–156.

Schroeder TM, Westendorf JJ. 2005. Histone deacetylase
inhibitors promote osteoblast maturation. J Bone Miner
Res 20:2254–2263.

Schroeder TM, Kahler RA, Li X, Westendorf JJ. 2004.
Histone deacetylase 3 interacts with runx2 to repress the
osteocalcin promoter and regulate osteoblast differentia-
tion. J Biol Chem 279:41998–42007.

Schroeder TM, Jensen ED, Westendorf JJ. 2005. Runx2: A
master organizer of gene transcription in developing and
maturing osteoblasts. Birth Defects Res C Embryo Today
75:213–225.

Shore P. 2005. A role for Runx2 in normal mammary gland
and breast cancer bone metastasis. J Cell Biochem 96:
484–489.

Sierra J, Villagra A, Paredes R, Cruzat F, Gutierrez S,
Javed A, Arriagada G, Olate J, Imschenetzky M, Van
Wijnen AJ, Lian JB, Stein GS, Stein JL, Montecino M.
2003. Regulation of the bone-specific osteocalcin gene by
p300 requires Runx2/Cbfa1 and the vitamin D3 receptor
but not p300 intrinsic histone acetyltransferase activity.
Mol Cell Biol 23:3339–3351.

Warner DR, Bhattacherjee V, Yin X, Singh S, Mukhopad-
hyay P, Pisano MM, Greene RM. 2004. Functional
interaction between Smad, CREB binding protein, and
p68 RNA helicase. Biochem Biophys Res Commun 324:
70–76.

Westendorf JJ. 2006. Transcriptional co-repressors of
Runx2. J Cell Biochem 98:54–64.

Westendorf JJ, Zaidi SK, Cascino JE, Kahler RA, van
Wijnen AJ, Lian JB, Yoshida M, Stein G, Li X. 2002.
Runx2 (Cbfa1, AML-3) interacts with histone deacetylase
6 and represses the p21(CIP1/WAF1) promoter. Mol Biol
Cell 22:7982–7992.

Wilson BJ, Bates GJ, Nicol SM, Gregory DJ, Perkins ND,
Fuller-Pace FV. 2004. The p68 and p72 DEAD box RNA
helicases interact with HDAC1 and repress transcription
in a promoter-specific manner. BMC Mol Biol 5:11.

Zeng C, McNeil S, Pockwinse S, Nickerson J, Shopland L,
Lawrence JB, Penman S, Hiebert S, Lian JB, van Wijnen
AJ, Stein JL, Stein GS. 1998. Intranuclear targeting of
AML/CBFalpha regulatory factors to nuclear matrix-
associated transcriptional domains. Proc Natl Acad Sci
USA 95:1585–1589.

p68 Is a Runx2 Co-Activator 1451


