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ABSTRACT
Runx proteins are essential for a number of developmental processes and are aberrantly expressed in many human cancers. Runx factors bind

DNA and co-factors to activate or repress genes crucial for bone formation, hematopoiesis, and neuronal development. Co-activator activator

(CoAA) is a nuclear protein that regulates gene expression, RNA splicing and is overexpressed in many human tumors. In this study, we

identified CoAA as a Runx2 binding protein. CoAA repressed Runx factor-dependent activation of reporter genes in a histone deacetylase-

independent manner. CoAA also blocked Runx2-mediated repression of the Axin2 promoter, a novel Runx target gene. The carboxy-terminus

of CoAA is essential for binding the Runt domains of Runx1 and Runx2. In electophoretic mobility shift assays, CoAA inhibited Runx2

interactions with DNA. These data indicate that CoAA is an inhibitor of Runx factors and can negate Runx factor regulation of gene

expression. CoAA is expressed at high levels in human fetal osteoblasts and osteosarcoma cell lines. Suppression of CoAA expression by RNA

interference reduced osteosarcoma cell viability in vitro, suggesting that it contributes to the proliferation and/or survival of osteoblast

lineage cells. J. Cell. Biochem. 108: 378–387, 2009. � 2009 Wiley-Liss, Inc.
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INTRODUCTION

Runt domain transcription factors (Runx1, Runx2, and Runx3) are

DNA binding proteins that control the expression of genes involved

in numerous development processes. Mice deficient in Runx1 (Cbfa2

or AML1), Runx2 (Cbfa1 or AML3) and/or Runx3 (Cbfa2 or AML2)

exhibit severe defects in the differentiation or function of

hematopoietic cells, osteoblasts, chondrocytes, gastric epithelial

cells, and dorsal root ganglion neurons [Komori et al., 1997; Niki

et al., 1997; Otto et al., 1997; Levanon et al., 2002; Li et al., 2002;

Taniuchi et al., 2002; Woolf et al., 2003]. Runx factor genes are

frequently altered in human cancers by chromosomal transloca-

tions, point mutations or epigenetic silencing [Ito, 2004; Blyth et al.,

2005]. Runx factors bind to a consensus nucleotide sequence, TGT/c

GGTT [Kamachi et al., 1990; Meyers et al., 1993], via a conserved

Runt domain [Daga et al., 1992] to control gene expression in many

tissues. The Runt domain is more than 90% identical in mammalian

Runx factors. In addition to mediating DNA contact, the Runt

domain is a protein-protein interaction motif that binds core
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binding factor (Cbf)-beta and several other proteins [Schroeder et al.,

2005]. Runt domain factors were originally described as necessary

but insufficient activators of viral and lymphocyte enhancers

[Kamachi et al., 1990; Redondo et al., 1991, 1992] and as repressors

of Drosophila pair-rule genes [Manoukian and Krause, 1993]. In the

last two decades, it has become clear that Runx factors are crucial

organizers of enhancer and promoter complexes that can activate or

repress mammalian gene expression depending on cellular and

promoter/enhancer context [Schroeder et al., 2005; Lian et al.,

2006]. Runx factors interact with other transcription factors and

recruit numerous chromatin-modifying proteins to regulate gene

expression [Schroeder et al., 2005]. Among the co-factors that

interact with Runx proteins are co-activators: p300 and CREB

binding protein (CBP); and co-repressors: mSin3A, transducin-like

enhancer of split proteins (TLEs), and several histone deacetylases

(Hdacs) [Durst and Hiebert, 2004; Schroeder et al., 2005], including

Hdac3 [Schroeder et al., 2004; Lamour et al., 2007; Makita et al., 2008].

Co-Activator Activator (CoAA) is a broadly expressed nuclear

protein that participates in transcription-coupled RNA splicing and
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is elevated in some human tumors [Iwasaki et al., 2001; Auboeuf

et al., 2002; Sui et al., 2007]. CoAA was originally described as a

binding partner of the LXXLL-containing general co-activator,

thyroid hormone receptor binding protein (TRBP) [Iwasaki et al.,

2001]. CoAA also augments the activity of the co-activators CBP and

synovial sarcoma translocation protein (SYT) [Iwasaki et al., 2001;

Perani et al., 2005]. CoAA is a potent co-activator for nuclear

receptors, including the glucocorticoid, thyroid hormone, proges-

terone and estrogen receptors [Iwasaki et al., 2001; Auboeuf et al.,

2004]. It also enhances mitogen-activated protein kinase kinase

(MEKK)-induced activation of NFkB and AP reporters [Iwasaki et al.,

2001]. The activator function appears to be context dependent

however as CoAA was recently shown to recruit Hdac3 and repress

the c-myc proto-oncogene in kidney cells [Kang et al., 2008]. In

addition to its role as a transcription co-factor, CoAA regulates RNA

splicing of steroid-responsive genes via two RNA recognition motifs

(RRM) in it amino terminus [Auboeuf et al., 2002] and is also known

as RNA binding motif protein 14 (RBM14). The RRM motifs of CoAA

are required for transcriptional activation of some promoters, but

the carboxy-terminal region lacking the RRMs are necessary to

regulate other promoters and for interacting with TRBP [Iwasaki

et al., 2001; Auboeuf et al., 2004].

We previously described an affinity purification/mass spectro-

metry experiment that identified several Runx2-interacting proteins

[Jensen et al., 2008]. Among the Runx2-binding proteins that

resolved in the acrylamide gel at approximately 65–75 kDa, the

DEAD box proteins Ddx5 and Ddx17 (p68 and p72) were identified

with the highest confidence. RBM14 (i.e., CoAA) was also identified

in this proteomic screen as a potential Runx2 interacting factor.

In this manuscript, we verify that CoAA binds Runx2 in vivo and

define its functional effects on Runx factor transcriptional activity.

EXPERIMENTAL PROCEDURES

CELL CULTURE

C2C12 cells were grown in Dulbecco’s modified Eagle’s medium

containing 10% fetal bovine serum (FBS), 200 mM L-glutamine,

50 units/ml penicillin and 50mg/ml streptomycin. U2-OS were

grown in Dulbecco’s modified Eagle’s/F12 medium containing 10%

FBS, 200 mM L-glutamine, 50 units/ml penicillin and 50mg/ml

streptomycin. Runx2�/� cells [Pratap et al., 2003] were kindly

provided by Dr. André VanWijnen and cultured in minimal essential

medium supplemented with 10% FBS, 50 units/ml penicillin,

50mg/ml streptomycin and 1% nonessential amino acids. Primary

calvarial osteoblasts were isolated from C57Bl/6 mice as previously

reported [Schroeder and Westendorf, 2005] and cultured in the

same medium as the Runx2-deficient cells.

PLASMIDS

The Runx1, Runx2, and Hdac3 plasmids were previously described

[Schroeder et al., 2004]. The p6OSE-luciferase [Ducy and Karsenty,

1995] and murine osteocalcin gene (mOG)2-luciferase plasmids

[Montecino et al., 1996] were obtained from Dr. Gerard Karsenty

and Dr. Jane Lian, respectively. Dr. Lan Ko generously provided

the FLAG-tagged CoAA, CoAM and AxxQ expression plasmids.

Dr. Frank Costantini kindly provided the luciferase reporter
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construct containing the Axin2 promoter, exon1 and intron 1 in

pGL3 [Jho et al., 2002]. The Axin2 promoter sequence (Accession

number: AF343582) was searched for potential Runx binding sites

using the Transcription Element Search System (TESS) [Schug,

2008].

IMMUNOPRECIPITATIONS AND IMMUNOBLOTTING

For immunoprecipitations, U2-OS cells were lysed in phosphate

buffered saline (PBS) containing 0.5% NP-40 and protease inhibitors

(Roche). Equal fractions of the lysates were then incubated with

Runx2 (Santa Cruz, C-19, sc-8566), CoAA (Abcam Ab12325) or

FHOD1 antibodies [Westendorf et al., 1999] as an IgG control, or

with no antibody as a control for non-specific binding to the beads.

The immune complexes were collected with Protein G Dynabeads

(Invitrogen, 100.03D). Proteins were resolved by SDS–8% PAGE,

transferred to PVDF membrane (Immobilon-P, Millipore) and

immunoblotted with anti-CoAA antibodies (1:3,000, Abcam,

Ab12325).

To detect Axin2 proteins levels, wildtype and Runx2�/� calvarial

cells were lysed in modified RIPA buffer (50 mM Tris–HCl, pH 7.4,

150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.25% sodium deoxycholate,

protease inhibitors). Proteins (100mg) were resolved by SDS–8%

PAGE, transferred to Immobilon P membranes and immunoblotted

with Axin2 (1:1,000, Abcam, Ab32197) and mSin3A (1:1,000, Santa

Cruz Biotechnology, K-20) antibodies.

IMMUNOFLUORESCENCE

U2-OS cells were grown on glass coverslips and transiently

transfected with pCMV-HA-Runx2 using Lipofectamine (Invitro-

gen). Two days later, the cells were fixed in 4% paraformaldehyde

for 20 min, permeabilized with 0.3% TritonX-100 in PBS for 5 min,

blocked for 30 min in immunofluorescence buffer (3% BSA, 20 mM

MgCl2, 0.3% Tween 20 in PBS), and incubated with anti-CoAA

antibody (Abcam, Ab12325) and HA monoclonal antibody (12CA5)

in immunofluorescence buffer. Cells were washed three times with

0.1% TritonX-100 in PBS, incubated 30 min with Alexa-conjugated

secondary antibodies at 1:800 (Invitrogen), washed three times,

and mounted in 90% glycerol/0.4% N-propyl-gallate. Images were

obtained using an Olympus Fluoview 500 confocal microscope and

processed using Adobe Photoshop.

GST PULLDOWNS

GST-Runx fusion proteins and pulldowns were previously described

[Schroeder et al., 2004]. Briefly, CoAA, CoAM, and CoAA-AxxQ

were in vitro transcribed and translated with a T7 primer and the

TNT kit (Promega, L5010) in the presence of 35S-methionine. GST or

the indicated GST-Runx fusion proteins were isolated from E. coli

lysates with glutathione beads (GE Healthcare, 17-0756-1) and

incubated with in vitro transcribed and translated 35S-labeled CoAA,

CoAM, or CoAA-AxxQ proteins in 10 nM MES, pH 6.5, 150 nM NaCl,

2 mM MgCl2, 0.5 mM EDTA, 0.5% TX-100, 5 mM DTT. Following

extensive washing in reaction buffer, the proteins were eluted from

the beads by incubating at 1008C for 5 min, resolved by SDS–10%

PAGE, and visualized by autoradiography. Gels were incubated in

Autofluor (National Diagnostics, LS-315) for 15 min prior to drying

and exposing to film.
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Fig. 1. CoAA interacts with Runx2 in vivo. A: CoAA Immunoprecipitates with

Runx2. Whole cell lysates (WCL) of the rat osteosarcoma cell line, UMR-106-1

were immunoprecipitated with Protein G Dynabeads alone (no IgG), or anti-

bodies to CoAA, Runx2, or FHOD1 (control IgG). Proteins were transferred to

membranes and detected by immunoblotting with CoAA antibodies. IgGH

denotes the immunoglobulin heavy chain. B: The co-localization (yellow) of

Runx2 (red) and CoAA (green) was confirmed in U2-OS cells transfected with

HA-Runx2 by immunofluorescence.
EMSAs

COS cells were transiently transfected with pCMV5-Runx2 expres-

sion plasmids. Cells were lysed as previously described [Kahler

et al., 2006]. These lysates expressing Runx2 (2mg) were incubated

with increasing amount of in vitro transcribed and translated CoAA

(0, 2, 4, 8ml) on ice for 30 min. A double-stranded DNA probe

(50-AATTCGAGTATTGTGGTTAATACG-30) containing a Runx bind-

ing element (underlined) was labeled with [a-32P] dATP using

Klenow polymerase and mixed with the Runx2 expressing COS cell

lysates and TnT reactions for 30 min on ice. Protein–DNA complexes

were resolved on nondenaturing 4% polyacrylamide gel prior to

drying and exposing to film. Relative quantities of Runx2-probe

complexes were determined by densitometry with Image J software.

REPORTER ASSAYS

C2C12 cells were transfected using Lipofectamine (Invitrogen) in 12-

well plates with 200 ng of p6OSE2-luc, 50 ng of pRL-null, and unless

otherwise noted, 300 ng of CMV-Runx1, 2 or 3, CoAA and Hdac3

expression plasmids as indicated. pcDNA3.1 was added to maintain

a uniform amount of total DNA per transfection. The Axin2-

promoter (200 ng) and mOG2 promoter (200 ng) were transfected

with pRL-null luciferase in selected experiments. Luciferase activity

was measured 24 h after transfection using the Dual-Luciferase

Assay System (Promega). Each transfection was performed in

triplicate and normalized to Renilla luciferase activity. The pan-

Hdac inhibitor, Trichostatin A (TSA, (20 nM, Sigma T8552)), was

added 24 h post-transfection in the indicated experiments.

RT-PCR

Primary calvarial osteoblasts from wildtype and Runx2�/� mice

were lysed with Trizol (Invitrogen) to collect RNA. Quantitative RT-

PCR was performed using the QuantiTech SYBR Green RT-PCR kit

(Qiagen) in an iCycler (BioRad). Briefly, RNA (10 ng) was added

to a 20ml reaction with QuantiTech SYBR Green RT mastermix,

QuantiTech RT mix, and 0.5 pmol/ml of each of the primers

for murine Axin2 (Forward: 50-CGCCACCAAGACCTACATACG-30,

Reverse: 50-ACATGACCGAGCCGATCTGT-30) or actin (Forward:

50-AAGGAAGGCTGGAAAAGAGC-30, Reverse: 50-GCTACAGCTT-

CACCACCACA-30). Data were normalized to mouse actin levels and

relative amounts of Axin2 were calculated using the previously

described 2�DDCt method [Pfaffl, 2001].

RNA INTERFERENCE AND PROLIFERATION ASSAYS

Pre-designed ON-TARGET plus SMARTpool RBM14 (CoAA) or

non-targeting siRNA #1 (Thermo Scientific; L-020144-00 and

D-001810-01-05, respectively) were introduced into U2-OS cells

using DharmaFECTTM 1 transfection reagent (Thermo Scientific,

T-2001-01, 2ml/ml) as directed by the manufacturer. Protein lysates

were harvested after 48 h from cells cultured in 12-well plates

for immunoblot analysis using anti-CoAA (Abcam, ab12325) and

anti-Lamin B (sc-6216, Santa Cruz Biotechnology) antibodies.

Non-radioactive cell proliferation assays (Promega, G5430) were

performed at 24, 48, and 72 h post-transfection on cells cultured

in 96-well plates.
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RESULTS

CoAA INTERACTS WITH Runx2 IN VIVO

We identified CoAA as a potential binding partner of Runx2 in a

tandem affinity purification experiment [Jensen et al., 2008]. To

verify the proteomic identification of CoAA as a Runx2 interacting

protein, native Runx2 complexes were collected by immunopreci-

pitation from U2-OS human osteosarcoma cells and immunoblotted

with CoAA antibodies. As expected, CoAA was present in Runx2

immunoprecipitates (Fig. 1A). CoAA was also immunoprecipitated

with a CoAA antibody, but not by a control immunoglobulin or

beads alone. The in vivo interactions between Runx2 and CoAA

were also assessed by immunofluorescence. Both proteins were

nuclear and localized in punctate sub-nuclear structures (Fig. 1B).

Runx2 and CoAA were found co-localized in some nuclear speckles;

however, the degree of co-localization varied and was more

extensive in cells expressing higher levels of Runx2. Together these
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 3. The carboxy-terminus of CoAA is necessary for binding Runx2. A: This

diagram illustrates the CoAA and CoAM proteins used in this assay. The YxxQ

motif is repeated 27 times in the carboxy-terminus of CoAA. In the AxxQ

protein, all the tyrosines (Y) were changed to alanine (A). RRMs are RNA

recognition motifs. B: Glutathione beads bound to GST or GST-Runx2(1-383)

proteins were incubated with in vitro transcribed and translated, 35S-labeled

CoAA, CoAM or CoAA-AxxQ. Proteins were detected as described in Figure 2.
data demonstrate that Runx2 and CoAA can be components of the

same protein complex, but that they are not obligate partners.

THE CARBOXY-TERMINAL PORTION OF CoAA ASSOCIATES

WITH Runt DOMAIN OF Runx2

In vitro pulldown assays were performed to identify the region(s)

of Runx2 that associates with CoAA. For these experiments, GST-

Runx2 fusion proteins (Fig. 2A) were incubated with in vitro

transcribed and translated CoAA. CoAA bound to Runx2 proteins

containing amino acids 1–227, 1–250, 1–327, and 1–383

(numbering is from the MRIPV isoform) (Fig. 2B). CoAA did not

bind to GST or to GST-Runx2 fusion proteins containing amino

acids 1–117 and 383–513 of Runx2. These data demonstrate that

amino acids 118–227 of Runx2 are necessary for binding CoAA.

These residues include the highly conserved Runt domain, which is a

well-characterized DNA and protein-binding region. To determine if

a Runt domain was sufficient to bind CoAA, we tested a GST-Runx1

fusion protein containing residues 50–179 of isoform AML-1B

[Meyers et al., 1995]. CoAA associated strongly with the Runt

domain from Runx1. Together, these data demonstrate that the

Runt domain is sufficient and necessary for CoAA associations with

Runx factors.

CoAA contains two RRMs in its amino-terminus and 27 copies

of a tyrosine- and glutamine-rich (YxxQ) sequence in it carboxy-

terminus, where x is a small amino acid (e.g., glycine, alanine,

serine, or proline) (Fig. 3A). The carboxy-terminus is necessary

for binding the TRBP co-activator [Iwasaki et al., 2001]. The

amino-terminal RRMs are maintained in the naturally occurring

co-activator modulator (CoAM) protein, which is generated by

alternative splicing of the CoAA gene. To identify the regions of

CoAA that bound Runx proteins and determine if CoAM interacts
Fig. 2. CoAA binds the Runt domain of Runx factors. A: This diagram

illustrates the GST-Runx2 and GST-Runx1 fusion proteins used in this assay.

RuntD is the Runt domain, which is 93% identical in Runx1 and Runx2. B: GST

or the indicated GST-Runx fusion proteins were isolated from E. coli lysates

with glutathione beads. These beads were incubated with in vitro transcribed

and translated, 35S-labeled CoAA. Following extensive washing, the proteins

were eluted from the beads with heat, resolved by SDS–PAGE and visualized by

autoradiography.
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with Runx2, in vitro transcribed and translated CoAA or CoAM were

incubated with GST-Runx2 (1–383). CoAA, but not CoAM, bound to

the amino-terminus of Runx2 (Fig. 3B). A CoAA protein in which all

the tyrosines in the 27 YxxQ sequences were mutated to alanines

also failed to associate with the Runx2 amino terminus. These data

indicate that the RRMs of CoAA do not associate directly with Runx2

and that the tyrosines in the carboxy-terminal half of CoAA are

essential for interacting with Runx2.

CoAA REPRESSES Runx FACTOR TRANSCRIPTIONAL ACTIVITY IN A

HISTONE DEACETYLASE INDEPENDENT MANNER

Because CoAA was identified as a transcriptional co-factor of steroid

hormone receptors, we assessed the effects of CoAA on Runx2

transcriptional activity. CoAA suppressed the basal activity of

p6OSE2-luciferase, a Runx responsive reporter, by 40% in C2C12

cells. Runx2 isoforms I and II activated this reporter by 12–60-fold,

but CoAA completely blocked the Runx2-dependent stimulation

(Fig. 4A,B). CoAA also blocked the transcriptional activation of

p6OSE-luciferase by Runx1 and Runx3 (Fig. 4B) and the basal

activity of the osteocalcin promoter (Fig. 4C), which contains three

essential Runx2 binding sites. The naturally occurring CoAA

isoform, CoAM, which contains the two RRMs, did not block Runx2-

dependent transcription, but CoAA-AxxQ partially inhibited Runx2

(Fig. 4D). Neither CoAM nor the AxxQ mutant competitively

inhibited CoAA repression of Runx2 (Fig. 4E), as was expected since

neither bound to Runx2 (Fig. 3). Co-transfection of CoAA expression

plasmids did not affect the stability or alter the levels of Runx2

proteins (data not shown); thus, alternative mechanisms of

repression were examined.

Although it was originally identified as a co-activator, CoAA was

recently shown to interact with Hdac3 and repress the expression of
CoAA INHIBITS Runx FACTORS 381



Fig. 4. CoAA represses Runx factor transcriptional activity in a histone deacetylase independent manner. The effects of CoAA on Runx factor transcriptional activity were

performed in C2C12 cells co-transfected with p6OSE2-luciferase or mOG2-luciferase, pRenilla luciferase and, unless otherwise noted, 300 ng of the indicated expression

plasmids. Empty pcDNA3 was added to equalize DNA amounts transfected into cells. Firefly luciferase levels were normalized to renilla luciferase levels. Results represent the

mean of triplicate samples. A: CoAA blocks Runx2-I (begins with amino acids MRIPV)-dependent activation of p6OSE2. B: CoAA blocks Runx1, Runx2-II (begins with residues

MASNSL), and Runx3-induced activation of p6OSE2. C: CoAA blocks the basal activity of the mouse osteocalcin promoter (mOG2)-luciferase. D: Runx2-II-dependent activation

of p6OSE2-luciferase is completely blocked by CoAA, but not by CoAM. CoAA-AxxQ mutant constructs partially inhibit Runx2-II-dependent activation. E: Neither CoAM nor

AxxQ inhibits CoAA-mediated repression of Runx2-II-driven p6OSE2-luciferase. F: Hdac3 and CoAA repress Runx2-II activity, but do not synergize to repress Runx2-II. G: The

Hdac inhibitor, trichostatin A (TSA) was added to cell culture during the last 18 h of incubation. TSA increases Runx2-II-dependent activation of p6OSE2-luciferase but did not

relieve CoAA repression of Runx2-II.
the c-myc proto-oncogene [Kang et al., 2008]. As we previously

reported [Schroeder et al., 2004], Hdac3 repressed Runx2

transcriptional activity (Fig. 4F); however, co-transfection of Hdac3

did not augment CoAA-mediated repression of Runx2 activity on

p6OSE2-Luc. Moreover, the Hdac inhibitor, trichostatin A (TSA), did

not block CoAA-directed repression (Fig. 4E), although it enhanced

the basal activity of the reporter as we previously showed [Schroeder

et al., 2004]. These data indicate that CoAA represses Runx factor

transcriptional activity in a deacetylase-independent manner.

CoAA INTERFERES WITH Runx2–DNA INTERACTIONS

CoAA bound to GST-Runx2 proteins that contained the highly

conserved Runt domain (Fig. 2) and repressed transcriptional

activation by Runx1, Runx2, and Runx3 (Fig. 4). Therefore, it was

hypothesized that CoAA interferes with the binding of Runx factors

to DNA. To test this hypothesis, Runx2-expressing lysates were

incubated with a radiolabeled double-stranded oligonucleotide

probe in the presence of increasing concentrations of CoAA-
382 CoAA INHIBITS Runx FACTORS
programmed lysates. As more CoAA protein was added to the

mixture, approximately 40% fewer Runx2-probe complexes were

detected (Fig. 5A). The shorter isoform, CoAM, did not affect Runx2–

DNA probe complexes (Fig. 5B).

Runx2 is an activator as well as a repressor of gene expression.

Data presented in Figure 2 show that CoAA blocks Runx2-dependent

activation of reporter constructs. If CoAA prevents Runx2 DNA

binding, then it should also relieve the repressive effects of Runx2

on specific target genes. We found that Axin2 mRNA levels are

elevated 5.5-fold in mesenchymal cells derived from calvaria

of Runx2�/� mice as compared to cells isolated from calvaria of

wildtype mice (data not shown). Axin2 protein levels were also

higher in the Runx2-deficient cells (Fig. 6A). Four consensus Runx

binding sites were identified in the Axin2 promoter (data not

shown). Runx2 repressed the Axin2 promoter (Fig. 6B). CoAA

prevented Runx2 repression of the Axin2 promoter construct in a

concentration-dependent manner (Fig. 6B,C). The short isoform,

CoAM, had no effect on Runx2 repression (Fig. 6C). These data
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 5. CoAA prevents Runx2 from binding DNA. EMSAs were performed with radiolabeled double-stranded oligonucleotides containing a Runx binding site. Runx2 expressing

lysates (2mg) were mixed with the probe and increasing amounts (0, 1, 2, 4, or 8ml) of CoAA- (A) or CoAM- (B) programmed in vitro transcribed and translated reactions.

Relative quantities of Runx2-probe complexes were determined by densitometry with Image J software.
support the conclusion that CoAA inhibits Runx factor transcrip-

tional activity by blocking DNA binding.

CoAA IS NECESSARY FOR OSTEOSARCOMA SURVIVAL IN VITRO

CoAA is amplified in some human cancers [Iwasaki et al., 2001;

Auboeuf et al., 2002; Sui et al., 2007]. In vitro assays showed that

CoAA overexpression transforms fibroblasts and that CoAA

suppression by RNA interference blocks DNA synthesis in human

lung cancer cells [Sui et al., 2007]. However, CoAA siRNAs stimulate

the proliferation of human kidney cells and CoAA levels are low

in human renal cell carcinomas [Kang et al., 2008]. To assess CoAA

levels in human osteoblast lineage cells, immunoblots were

performed on lysates from human fetal osteoblasts (FOB) and

several osteosarcoma cell lines (U2-OS, 143B, and MG63). CoAA was

abundantly expressed in all cell lines (Fig. 7A). CoAA expression

levels were reduced in U2-OS cells by siRNAs (Fig. 7B). CoAA

suppression progressively inhibited U2-OS viability and suppressed

proliferation by 43% after 3 days (Fig. 7C). These data suggest that

CoAA contributes to the proliferation and/or survival of osteo-

sarcomas.
DISCUSSION

Runx2 is essential for osteoblast development from mesenchymal

progenitors and is necessary for chondrocyte hypertrophy [Komori

et al., 1997; Otto et al., 1997]. Although required for proper skeletal

development, overexpression of Runx2 is harmful for bone health as

it increases osteoclast differentiation and bone resorption [Liu et al.,
JOURNAL OF CELLULAR BIOCHEMISTRY
2001; Geoffroy et al., 2002]. Others have shown that Runx2 has both

oncogenic and tumor suppressor activities [Pratap et al., 2003;

Cameron and Neil, 2004; Zaidi et al., 2007a; Kilbey et al., 2008].

Together, these seemingly contradictory results indicate that Runx2

activity must be tightly regulated and is context dependent. In fact,

Runx2 levels are regulated in numerous ways, including by

transcriptional, translational and post-transcriptional mechanisms

[Schroeder et al., 2005]. To better understand Runx20s functions in

cells we have focused on identifying proteins that interact with

Runx2 and regulate its activity. We previously described a

proteomic experiment wherein Runx2 complexes were purified

from rat UMR-106 cells stably expressing tandem affinity protein

(TAP)-Runx2 fusion proteins [Jensen et al., 2008]. Runx2 interacted

strongly with the DEAD box protein, Ddx5 (p68), as well as to

actinin, gelsolin and heat shock protein 70 [Jensen et al., 2008]. The

proteomic analysis of the gel slice containing Ddx5 also indicated

that CoAA was co-precipitated with TAP-Runx2. In this manuscript,

we confirm the presence of native Runx2-CoAA complexes in

human osteosarcoma cells (U2-OS, Fig. 1A). CoAA bound the Runt

domains of Runx2 and Runx1 (Fig. 2) and prevented Runx2 from

binding DNA (Fig. 5). This physical interaction between CoAA and

the DNA binding domain of Runx proteins blocked the transcrip-

tional activation of a reporter by all Runx factors (Fig. 4) and

reversed the repression of the Axin2 promoter by Runx2 (Fig. 6).

Thus, CoAA inhibits direct Runx factor transcriptional activity by

preventing DNA binding. Together, these results identify CoAA as a

suppressor of Runx2 transcriptional activity.

Confocal microscopy studies indicate that the frequency of the

CoAA and Runx2 interactions is variable within cells, but more
CoAA INHIBITS Runx FACTORS 383



Fig. 6. CoAA prevents Runx2-directed repression of the Axin2 promoter.

A: Axin2 is elevated in Runx2-deficient cells. Immunoblot analysis of Axin2

and mSin3a (loading control) in wildtype and Runx2�/� calvarial cells. B: CoAA

blocks Runx2-mediated repression of the Axin2-promoter. C2C12 cells were

transiently transfected with Axin2-firefly luciferase (luc) reporter, pRenilla-

luciferase (pRL), pcDNA3-Runx2 (300 ng) and increasing concentrations of

CoAA expression plasmids. Empty pcDNA3 was added to equalize DNA amounts

transfected into cells. Firefly luciferase levels were normalized to renilla

luciferase levels. Results represent the mean of triplicate samples. C: CoAA,

but not CoAM, blocks Runx2-mediated repression of the Axin2-promoter.

C2C12 cells were transiently transfected as described above using 300 ng of

the CoAA and CoAM expression plasmids.

Fig. 7. CoAA suppression blocks osteosarcoma cell growth in vitro. A: CoAA

is expressed at high levels in human osteoblast-derived cell lines. Cell extracts

from the indicated cell lines were resolved by SDS–PAGE and immunoblotted

with antibodies to CoAA or LaminB. B: siRNAs decrease CoAA expression. U2-

OS cells were incubated for 2 days with control or CoAA siRNAs. Cell extracts

from the indicated cell lines were resolved by SDS–PAGE and immunoblotted

with antibodies to CoAA or LaminB. C: CoAA suppression reduces U2-OS cell

viability. U2-OS cells were transfected with control or CoAA siRNAs for 1, 2, or

3 days. Cell viability was measured with the MTT assay. Results represent the

mean of triplicate samples� SD; ��P< 0.01.
frequent in cells expressing high levels of Runx2 (Fig. 1B). Thus

CoAA might provide a mechanism to control excess Runx factor

levels. However, since CoAA blocks Runx factor DNA binding,

complete co-localization would negate Runx factor transcriptional

activity. Thus limited colocalization would be beneficial to cells that

require Runx factor activity.

CoAA and Runx factors are both known to localize to highly

organized but dynamic domains within the nucleus. Runx factors

associate with the nuclear matrix, which is structural network of

ribonuclear proteins that excludes chromatin and is resistant to

detergents and high salt concentrations in extraction buffers [Zaidi

et al., 2007b]. Runx proteins are especially enriched near ribosomal

RNA genes in nucleoli during interphase and with nucleolar

organizing regions on metaphase chromosomes [Young et al., 2007;

Bakshi et al., 2008; Pande et al., 2009]. Structural properties of CoAA
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predict that it might also associate with the nuclear matrix. CoAA

has two RRMs and the YxxQ motif; the latter of which is present in

several other transcription-coupled splicing factors and is reminis-

cent of residue repeats in heterogeneous nuclear ribonucleoproteins

that are important for protein-protein interactions [Iwasaki et al.,

2001; Perani et al., 2005; Sui et al., 2007]. In fact, CoAA localizes to

distinct domains in the nucleus called paraspeckles and was

independently described as paraspeckle protein 2 (PSP2) [Fox et al.,

2002]. Paraspeckles are interchromatin bodies that are adjacent to

splicing speckles. CoAA appears to shuttle between these sub-

nuclear compartments and nucleoli [Fox et al., 2002]. This dynamic

movement could explain the variability we observed in Runx2 and

CoAA co-localization in transiently transfected cells. We observed

co-localization of Runx2 and CoAA in some punctate nuclear

domains as well as in less organized nuclear regions. Because Runx2

interacts with the nuclear matrix via a carboxy-terminal sequence

that is distinct from the DNA- and CoAA-binding Runt domain
JOURNAL OF CELLULAR BIOCHEMISTRY



[Zaidi et al., 2007b], it is possible that CoAA and Runx2 complexes

have non-transcriptional functions in nuclei. It is also likely that

the CoAA and Runx2 complexes are highly dynamic. Additional

immunofluorescence studies are required to understand the

activities associated with the CoAA and Runx2 double-positive

structures and the environmental cues that influence this

partnership.

We have verified two proteins (e.g., Ddx5 and CoAA) identified in

our proteomic screen as novel Runx2 binding proteins [Jensen et al.,

2008]. It is interesting that both Ddx5 (p68) and CoAA are steroid

receptor co-activators and modulators of mini-gene splicing in vivo.

There are notable differences in these complexes. First, Ddx5 is

a co-activator of Runx2 [Jensen et al., 2008], but CoAA is a

competitive inhibitor of its DNA binding. Second, CoAA increases

exon skipping induced by ligand-bound steroid receptors [Iwasaki

et al., 2001], but Ddx5 prevents androgen receptor mediated splicing

[Clark et al., 2008]. Runx2 also interacts with steroid receptors [Ning

and Robins, 1999], but it is unknown if Runx2 affects RNA splicing

on its own or in a complex with CoAA, Ddx5, or steroid receptors

and/or other nuclear matrix associated proteins. There is increasing

evidence that pre-mRNA processing, including splicing, is inti-

mately tied to transcription and translation [Moore and Proudfoot,

2009]. Our data suggest that interactions with multi-functional

proteins like Ddx5 and CoAA in subnuclear structures might

implicate Runx2 in multiple facets of gene expression.

Recently it was found that CoAA contributes to transcriptional

repression of the c-myc proto-oncogene as a part of Hdac3 co-

repressor complexes [Kang et al., 2008]. We previously showed that

Hdac3 interacts with and represses Runx2-dependent transcription

in a deacetylase-dependent fashion [Schroeder et al., 2005]. Hdac3

did not augment CoAA repression of Runx2 and in fact, might have

partially relieved it (Fig. 4F). Moreover, the Hdac inhibitor, TSA, did

not relieve CoAA repression of Runx2 (Fig. 4G). These data indicate

Hdac3 and CoAA are likely to be mutually exclusive binding

partners of Runx2.

We demonstrate that Axin2 is a novel Runx2-target gene. Axin2

(Conductin, Axil) and its homolog Axin1 are scaffolding

proteins that are essential for Wnt signaling because they assemble

b-catenin, the serine/threonine kinases Gsk3b and casein kinase-1,

Apc, Wtx, and other proteins into a complex that regulates

b-catenin stability [Huang and He, 2008]. Beta-catenin is a crucial

for the development and maintenance of numerous tissues,

including skeletal, neuronal, hematopoietic and intestinal tissues

[Clevers, 2006]. Moreover, b-catenin is often upregulated through

expression or mutatagenesis in human cancers [Polakis, 2007]. Thus,

the identification of Axin2 as a Runx target gene has wide-ranging

implications for Runx-expressing tissues. Axin2 negatively reg-

ulates the proliferation and differentiation of osteoblast-lineage

cells by augmenting Wnt/b-catenin and Bmp signaling pathways

and Axin2-deficient mice develop postnatal craniosynostosis and

craniofacial defects [Liu et al., 2007; Yu et al., 2005]. Axin2 is

upregulated in Runx2-deficient mesenchymal cells and Runx2

represses its promoter (Fig. 6). There are several consensus Runx

binding sites in the promoter and studies are ongoing to test the

hypothesis that Runx2 binds the Axin2 promoter to directly repress

transcription.
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CoAA was easily detected in human osteoblast lineage cells,

including immortalized human fetal osteoblasts and several human

osteosarcoma cell lines, but it did not seem to be overexpressed in

the sarcoma lines (Fig. 7). Sui et al. [2007] showed that CoAA is

amplified in some human cancers, including lung and squamous

skin carcinomas, pancreatic cancers, and lymphomas. CoAA was not

amplified in any of the six sarcomas tested in this multiple tumor

array. Although it is not clear that how many if any of these samples

were osteosarcomas, these data are consistent with our western blots

demonstrating relatively equal CoAA expression in a small panel of

human osseous cells. In vitro assays showed that CoAA over-

expression transforms fibroblasts and that CoAA suppression by

RNA interference blocks DNA synthesis in human lung cancer cells

[Sui et al., 2007]. However, Kang and colleagues showed that CoAA

siRNAs stimulate the proliferation of human kidney cells and CoAA

levels are low in human renal cell carcinomas [Kang et al., 2008].

Our data demonstrate that osteosarcoma cells are more similar to

lung cancer cells with regards to requiring CoAA for cell viability.

In summary, CoAA was identified as a novel inhibitor of Runx

factor activity. CoAA blocks transcriptional activation and repres-

sion of Runx target genes and is essential for human osteosarcoma

survival in vitro. CoAA interacts with Runx2 in vivo and in vitro. By

interacting with the Runt domain of Runx factors, CoAA prevents

Runx factors from binding to DNA sequences. CoAA and Runx2 co-

localize in a subset of sub-nuclear compartments. These data reveal

new mechanisms controlling Runx factor function in nuclear

activities and gene expression.
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