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ABSTRACT
Protein kinase A (PKA), a serine/threonine kinase, regulates bone formation, and enhances Bone morphogenetic protein (BMP)-induced
osteoblast differentiation. However, the mechanisms of how PKA controls the cellular response to BMP are not well known. We investigated
the effects of modulating PKA activity during BMP2-induced osteoblast differentiation, and found that PKA regulates the function of Dlx3.
Dlx3 plays crucial roles in osteoblast differentiation and it is expressed in most skeletal elements during development. We found that PKA
activation increases BMP2-induced expression of Dlx3 protein, and enhances the protein stability, DNA binding, and transcriptional
activity of Dlx3. In addition, PKA activation induces the phosphorylation of Dlx3 at consensus PKA phosphorylation target site(s).
Lastly, substitution of serine 10 in Dlx3 to alanine significantly reduces, if not completely abolishes, the phosphorylation of Dlx3 and the
regulation of Dlx3 function by PKA. These results suggest that Dlx3 is a novel target of PKA, and that PKA mediates BMP signaling during
osteoblast differentiation, at least in part, by phosphorylating Dlx3 andmodulating the protein stability and function of Dlx3. J. Cell. Biochem.
115: 2004–2011, 2014. © 2014 Wiley Periodicals, Inc.
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Constant homeostatic balance mediated by bone resorption and
bone formation is crucial for bone development and

remodeling. Activities of bone resorption mediated by osteoclasts
and bone formationmediated by osteoblasts are regulated by various
regulatory factors including cytokines, growth factors, hormones,
and transcription factors [Karsenty, 2000]. Bone morphogenetic
proteins (BMPs) function as critical regulators during osteoblast
differentiation by inducing the expression of several osteogenic
transcription factors such as Runx2, Osterix, homeobox proteins,

and helix-loop-helix proteins [Lee et al., 2002; Chen et al., 2004;
Hassan et al., 2006].

Members of Dlx transcription factor family play critical roles
during bone development and adult skeletogenesis [Luo et al., 2001;
Hassan et al., 2004b]. Dlx family consists of 6 members, Dlx1-Dlx6,
and they all have conserved homeobox domains related to
Drosophila Distal-less. Dlx2 is involved in craniofacial development
and mesenchymal condensation [Robinson and Mahon, 1994]. Dlx5
is essential for the development of the jaw, axial, and appendicular

Hongyan Li and Hyung Min Jeong contributed equally to this work.
Grant sponsor: National ResearchFoundationofKorea;Grantnumbers: 2011-0022259,NRF-2013R1A2A2A07067609;
Grant sponsor: Next-GenerationBioGreen21Program,RuralDevelopmentAdministration;Grantnumber:PJ00812701.
*Correspondence to: Kwang Youl Lee, College of Pharmacy, Chonnam National University, Gwangju 500-757,
Republic of Korea. E-mail: kwanglee@chonnam.ac.kr
*Correspondence to: ChangJu Chun, College of Pharmacy, ChonnamNational University, Gwangju 500-757, Republic
of Korea. E-mail: cchun1130@jnu.ac.kr
Manuscript Received: 24 December 2013; Manuscript Accepted: 6 June 2014
Accepted manuscript online in Wiley Online Library (wileyonlinelibrary.com): 13 June 2014
DOI 10.1002/jcb.24872 � © 2014 Wiley Periodicals, Inc.

2004

ARTICLE
Journal of Cellular Biochemistry 115:2004–2011 (2014)



bones [Luo et al., 2001]. Dlx3 plays important roles in tooth
development and the differentiation of keratinocytes and hair
follicle cells [Hwang et al., 2008; Duverger et al., 2012; Viale-
Bouroncle et al., 2012].Dlx3 is also important for bone development,
and it is expressed in periosteum, chondrocytes and osteogenic
lineages [Beanan and Sargent, 2000]. In human, a 4 bp deletion
mutation in DLX3 is associated with an autosomal dominant
condition called tricho-dento-osseous syndrome, which is charac-
terized by variable clinical conditions including kinky/curly hair,
taurodontism, amelogenesis imperfect, and increased bone thickness
[Nieminen et al., 2011]. Dlx3 promotes osteoblast differentiation by
inducing the expression of osteogenic factors including Runx2,
Osterix, Osteocalcin, andAlkaline phosphatase [Hassan et al., 2004a;
Li et al., 2008].

Protein kinase A (PKA), also known as cyclic AMP-dependent
protein kinase, regulates numerous cellular processes including
osteoblast differentiation [Pasqualucci et al., 2006; Tseng
et al., 2010]. PKA activation, using various compounds that directly
or indirectly modulate PKA activity, enhances osteoblast differenti-
ation of mesenchymal stem cells and BMP-induced osteogenesis
[Wu et al., 2007; Siddappa et al., 2008; Lo et al., 2012]. In addition,
PKA activation enhances osteogenic differentiation of vascular cells
and increases the risk of vascular sclerosis [Tintut et al., 1998].

We investigated the mechanisms of how PKA regulates osteoblast
differentiation, and found evidences that PKA modulates Dlx3
function through post-translational modification. In this study, we
demonstrated that PKA induces the phosphorylation of Dlx3 which
is likely stimulated by BMP2, and that PKA increases the protein
stability and transcriptional activity of Dlx3. In addition, we found
evidences that serine 10 of Dlx3 is a major PKA phosphorylation
target site, and it is important for the regulation of Dlx3 function by
PKA.

MATERIALS AND METHODS

CELL CULTURE
C2C12 mouse pre-myoblast cells and 293 human embryonic
kidney epithelial cells were maintained at 37 °C, 5% CO2 in
DMEM supplemented with 10% FBS, 100 units/ml penicillin, and
100mg/ml streptomycin. For BMP2, forskolin, and H89 treatment,
C2C12 cells were incubated in differentiation medium (DMEM
supplemented with 2% FBS and antibiotics), pre-treated with
forskolin and H89 for 1 h and then treated with BMP2 (20 ng/ml),
forskolin and H89 for 3 days unless indicated otherwise. Cell
culture reagents were purchased from Life Technologies (Grand
Island, NY).

PLASMIDS, DNA TRANSFECTION, ANTIBODIES, AND CHEMICALS
Myc-and HA-tagged wild type and S10A, S276A, T223A mutants
Dlx3,Myc, or GFP-tagged PP2A plasmidswere constructed in a CMV
promoter-derived mammalian expression vector (pCS4þ). 0.5mg of
each plasmids (unless otherwise noted) were transiently transfection
using the calcium phosphate-mediated method or polyethylenei-
mine (PEI) (Polysciences, Inc., Warrington, PA) mediated method.
Antibodies against Dlx3 (YF-PA11375, Ab Frontier, Seoul, Korea),
GFP (sc-8334, Santa Cruz Biotechnology, Dallas, TX), Myc (9E10,

Roche Applied Science, Indianapolis, IN), HA (12CA5, Roche Applied
Science, Indianapolis, IN), phospho-PKA substrate (100G7E, Cell
Signaling Technology, Danvers, MA), and a-tubulin (B-5-1-2,
Sigma–Aldrich, St. Louis, MO) were used. Cycloheximide (Sigma–
Aldrich), forskolin (Tocris Bioscience, Bristol, UK), H89 (Tocris
Bioscience), and recombinant human BMP2 protein (355-BM, R&D
Systems, Minneapolis, MN) were used.

ALKALINE PHOSPHATASE (ALP) STAINING
Cells were fixed in 4% paraformaldehyde for 10min at room
temperature (RT), washed several times with PBS, and stained with
NBT/BCIP solution (Sigma–Aldrich) for 20min at RT. ALP-positive
cells stain blue/purple.

ONE-STEP REVERSE TRANSCRIPTION POLYMERASE CHAIN
REACTION (RT-PCR) ANALYSIS
Total cellular RNA was isolated using TRIzol reagent (Life
Technologies) according to the manufacturer0s instruction. Random
hexamer-primed cDNAs were synthesized from 1mg of total RNA
using Super-Script III First-Strand Synthesis System (Life Technol-
ogies). The following conditions were used for amplification by PCR:
initial denaturation at 94 °C for 1min; followed by 28–30 cycles of
denaturation at 94 °C for 30 sec, annealing at a temperature
optimized for each primer pair for 30 sec, and extension at 72 °C
for 30 sec; and final extension at 72 °C for 5min. The following PCR
primers were used: ALP forward 50-GAT CAT TCC CAC GTT TTC AC-
30 and reverse 50-TGC GGG CTT GTG GGA CCT GC-30; GAPDH
forward 50-ACC ACA GTC CATGCC ATC AC-30 and reverse 50-TCC
ACC ACC CTG TTG CTG TA-30; Runx2 forward 50-CCA CCA CTC ACT
ACC ACA CG-30 and reverse 50-TAT GGA GTG CTG CTG GTC TG-30.

LUCIFERASE REPORTER ASSAY AND STATISTICAL ANALYSIS
Cells were seeded on 24-well plates the day before transfection,
and then transfected with pCMV-b-Gal (0.05mg), ALP or DRE
luciferase reporter (0.2mg), and indicated plasmids. 12 h later, cells
were treated with BMP2, forskolin, and H89 for 24 h. Luciferase
activities were measured using a Luciferase Reporter Assay Kit
(Promega, Madison, WI), and normalized with corresponding b-
galactosidase activities for transfection efficiency. Experiments
were performed in triplicates and repeated at least three times.
Student0s t-test was used to assess statistical significance with
P< 0.05.

IMMUNOBLOTTING (IB) AND IMMUNOPRECIPITATION (IP)
48 h after transfection, cells were lysed in an ice-cold lysis buffer
[25mM Hepes (pH 7.5), 150mM NaCl, 1% NP-40, 0.25% sodium
deoxycholate, 10% glycerol, 25mM NaF, 1mM EDTA, 1mM
Na3VO4, 250mM PMSF, 10mg/ml leupeptin, and 10mg/ml aproti-
nin]. Lysates were cleared by centrifugation, and the supernatants
were used for subsequent analysis. For IP, cell lysates were incubated
with appropriate antibodies and protein A or G-sepharose beads. Cell
lysates and immunoprecipitated proteins were subjected to SDS-
PAGE, and proteins were transferred to PVDF membrane. Proteins
were visualized using appropriate primary antibodies, HRP-
conjugated secondary antibodies and ECL reagent (EMD Millipore,
Billerica, MA).
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DNA AFFINITY BINDING ASSAY
Cell lysates were incubated with streptavidin beads and a biotin-
labeled, double-stranded oligonucleotide containing three tandem
repeats of Dlx3 responsive element (DRE; 50-GCG ATA ATT GCG
GCG ATA ATT GCG GCG ATA ATT GCG-30, DRE underlined).
Affinity precipitated proteins were subjected to anti-Dlx3 IB.

RESULTS

PKA ACTIVATION ENHANCES BMP2-INDUCED OSTEOBLAST
DIFFERENTIATION
BMP2 stimulation induces C2C12myoblast cells to differentiate into
osteoblasts [Yamaguchi et al., 2000], and PKA activation induces
osteoblast differentiation of mesenchymal stem cells [Wu
et al., 2007; Siddappa et al., 2008; Lo et al., 2012]. We examined
the effect of PKA activation or inhibition on BMP2-induced
osteoblast differentiation of C2C12 cells using alkaline phosphatase
(ALP) staining. ALP is expressed from early stages of osteoblast
differentiation, and ALP staining has been used extensively to
measure the extent of osteoblast differentiation. Forskolin, a PKA
activator, enhanced BMP2-induced ALP staining in a dose-
dependent manner (Fig. 1A). Conversely, a PKA inhibitor H89
reduced ALP staining in a dose-dependent manner. When examined
by RT-PCR, forskolin also increased BMP2-induced expression of
osteoblast markers ALP and Runx2 whereas H89 reduced it in dose-
dependent manners (Fig. 1B).

PKA ACTIVATION ENHANCES THE TRANSCRIPTIONAL ACTIVITY AND
DNA BINDING OF Dlx3
BMP2 stimulates osteoblast differentiation by inducing the expres-
sion of several osteogenic transcription factors includingDlx3,Dlx5,

Osterix, and Runx2 [Lee et al., 2002; Chen et al., 2004; Hassan
et al., 2006]. The activities of these transcription factors have been
reported to be modulated by post-translational modifications,
and we found a consensus PKA phosphorylation target sequence
(RXXS/T) in Dlx3. Therefore, we examined whether activation or
inhibition of PKA affects the transcriptional activity of Dlx3
using luciferase reporter assay. ALP-Luc reporter contains the
cis-regulatory sequence of ALP, and DRE-Luc reporter contains
3 tandem copies of Dlx3 responsive element (DRE) [Park et al., 2001;
Duverger et al., 2011; Choi et al., 2012]. Dlx3 induced the expression
of ALP-Luc and DRE-Luc (Figs. 2A and B). Forskolin increased Dlx3-
induced reporter expression in a dose-dependent manner, and H89
reversed the effect of forskolin on reporter expression in a dose-
dependentmanner. However, H89 had onlyminimal effect, if any, on
reporter expression induced by Dlx3 alone. Next, we examined the
effect of PKA activation on DNA binding of Dlx3 by DNA affinity
binding assay. Forskolin alone as well as BMP2 co-treated increased
the amount of Dlx3 protein bound to DNA (Fig. 2C). These results
indicate that PKA activation enhances the transcriptional activity
and DNA binding of Dlx3.

PKA PHOSPHORYLATES Dlx3 AND INCREASES Dlx3
PROTEIN LEVEL
PKA regulates the function of its target proteins through
phosphorylation. We examined whether PKA activation induces
the phosphorylation of Dlx3 by immunoprecipitation using an anti-
phospho-PKA substrate antibody. Forskolin increased the protein
level and enhanced the phosphorylation of Dlx3 in a dose-dependent
manner (Fig. 3A). Studies have shown that the function of osteogenic
transcription factors can be modulated by regulating their
degradation. Therefore, we examined if PKA activity affects Dlx3
protein level. In 293 cells, forskolin increased the level of overex-
pressed Dlx3, and H89 suppressed the effect of forskolin on Dlx3
protein level in dose-dependent manners (Fig. 3B). We then
examined whether PKA-induced phosphorylation of Dlx3 is
important for the increase of Dlx3 protein level. Protein phosphatase
PP2A suppressed the effect of forskolin on Dlx3 protein level
(Fig. 3C). Next, we examined if PKA inhibition affects the level of
endogenous Dlx3 protein in C2C12 cells. BMP2 stimulation
increased Dlx3 protein level, but H89 abolished BMP2-induced
increase of Dlx3 protein level in a dose-dependent manner (Fig. 3D).
These results indicate that PKA-induced phosphorylation of Dlx3,
possibly stimulated by BMP2, is important to maintain or increase
the level of Dlx3 protein.

PKA INCREASES THE PROTEIN STABILITY OF Dlx3
Protein level can be regulated at various steps including transcrip-
tion, translation, RNA stability, and protein stability. PKA activation
did not alter the level ofDlx3mRNA significantly when examined by
RT-PCR (data not shown). Therefore, we examined whether PKA
activation influences the protein stability of Dlx3 using a translation
inhibitor cycloheximide. In the absence of PKA activation, the half-
life of Dlx3 protein was approximately 1.5 h (Fig. 4). Forskolin
significantly prolonged the half-life of Dlx3. These results indicate
that PKA increases Dlx3 protein level by enhancing the protein
stability of Dlx3.

Fig. 1. PKA enhances BMP2-induced osteoblast differentiation in C2C12
cells. C2C12 cells were treated with indicated combinations of BMP2 (20 ng/
ml), a PKA activator forskolin (Fors.) and a PKA inhibitor H89 for 3 days. (A)
Cells are stained for alkaline phosphatase (ALP). ALP-positive cells stain blue/
purple. (B) mRNA levels of osteoblast markers ALP and Runx2 are compared by
RT-PCR. GAPDH is used as a control.
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SERINE 10 OF Dlx3 IS IMPORTANT FOR THE REGULATION OF
Dlx3 BY PKA
Sequence analysis indicates that serine 10, 276, and threonine 223 of
Dlx3 are a potential PKA phosphorylation target sites. We generated
Dlx3 mutants, Dlx3 (S10A, S276A, T223A), in which serine and
threonine aresubstituted to alanine. Among them serine 10 is a best
PKA phosphorylation target site (Fig. S1 of Supporting information).
First, we tested if PKA activation induces the phosphorylation of
Dlx3 (S10A). Forskolin increased the protein level and phosphory-
lation of wild type Dlx3 as previously shown, whereas forskolin
increased those of Dlx3 (S10A) mutant with significantly lower
efficiency compared to wild type (Fig. 5A). However, PKA activation
still increased the protein level and phosphorylation of Dlx3 (S10A),
suggesting that there could be other PKA target site(s) in Dlx3 beside
serine 10. Nevertheless, these results suggest that serine 10 of Dlx3 is
a major PKA phosphorylation target site.

Next, we examined whether PKA-induced phosphorylation of
Dlx3 (S10A) is important for PKA-induced increase of Dlx3 protein
level. Proteosome-mediated degradation is a major protein degra-
dation process in the cell, therefore, we investigated the effects of a
proteasome inhibitor (MG132). Dlx3 (S10A) mutant decreased the
protein level compare with wild type Dlx3, and this decreased
protein was incresed in the presence of a proteasome inhibitor
MG132 (Fig. 5B). PP2A abolished forskolin-induced increase of wild
type Dlx3 protein level, but it failed to do so for Dlx3 (S10A) mutant
(Fig. 5C). We also examined whether BMP2 stimulation increases
Dlx3 (S10A) protein level. BMP2 stimulation did not affect Dlx3
(S10A) protein level whereas it increased the level of endogenous
Dlx3 protein in a dose-dependent manner (Fig. 5D). In addition, PKA
inhibition by H89 did not alter Dlx3 (S10A) level in BMP2-
stimulated cells, whereas H89 reduced the level of endogenous Dlx3
in a dose-dependent manner (Fig. 5E). S10A mutation significantly

Fig. 2. PKA increases the transcriptional activity and DNA binding of Dlx3. (A, B) C2C12 cells were transfected for Dlx3 along with ALP-Luc (A) or DRE-Luc (B). Cells were then
treated with indicated combinations of forskolin (Fors.) and H89 for 12 h. Luciferase activities were measured, and the averages and standard deviations of triplicate samples are
shown. *, **, and # indicate that the difference is significant (P< 0.05) compared to control, Dlx3 alone, or Dlx3þ forskolin (0.1mM), respectively. (C) C2C12 cells were treated
with indicated concentrations of forskolin alone or along with BMP2 (20 ng/ml) for 3 days. Cell lysates were incubated with a biotin-labeled oligonucleotide containing Dlx3
responsive elements, and the DNA-bound proteins are subjected to anti-Dlx3 immunoblotting (DNA affinity binding). The levels of Dlx3 protein in cell lysates are also compared.
Tubulin is used as a loading control.
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shortened the half-life of Dlx3 (Fig. 5F). These results indicate that
serine 10 of Dlx3 is important for PKA-induced increase of Dlx3
protein level, which is likely stimulated by BMP2.

We then investigated if the transcriptional activity of Dlx3 (S10A)
is modulated by PKA activity.Wild type Dlx3 induced the expression
DRE-Luc reporter. Reporter expression was further increased by
BMP2 stimulation, and H89 abolished BMP2-induced increase of
reporter expression (Fig. 6A). However, Dlx3 (S10A)-induced
reporter expression was neither increased by BMP2 stimulation
nor decreased by H89. We also examined if DNA binding of Dlx3
(S10A) is modulated by PKA activation. Although forskolin
increased the amount of DNA-bound Dlx3 (S10A), it did so
considerably less for Dlx3 (S10A) when compared to wild type
Dlx3 (Fig. 6B). These results indicate that serine 10 of Dlx3 is
important for the regulation of Dlx3 function by PKA. It is also
interesting to note that the DNA binding ability of Dlx3 (S10A)
mutant was significantly reduced compared to wild type Dlx3 even
when they were expressed at comparable levels (Fig. 6B). This
suggest that serine 10 of Dlx3, and possible the phosphorylation at
this residue by PKA, may be important for the regulation of Dlx3
DNA binding ability in addition to the PKA-induced increase of Dlx3
protein stability.

DISCUSSION

In the present study, we provide evidences that PKA enhances
BMP2-induced osteoblast differentiation, at least in part, by
modulating the function of homeobox transcription factor Dlx3

Fig. 3. PKA induces the phosphorylation of Dlx3, and increases the protein level of Dlx3. (A, B) 293 cells were transfected with Myc-Dlx3, and then treated with indicated
concentrations of forskolin (Fors.), H89 and vehicle DMSO for 12 h. (A) The levels of Dlx3 phosphorylation are examined by immunoprecipitation (IP) using antibody against
phospho-PKA substrate (IP: PKA Sub.) followed by anti-Myc immunoblotting [IB: Myc (Dlx3)]. (B) The levels of Dlx3 in cell lysates are compared by anti-Myc IB [Myc (Dlx3)]. (C)
293 cells were transfected with indicated combinations of Myc-Dlx3 and Myc-PP2A, and then treated with forskolin (0.5mM). The levels of Dlx3 are compared by anti-Myc IB.
(D) C2C12 cells were treated with indicated combinations of BMP2 (20 ng/ml) and H89 for 24 h. The levels of endogenous Dlx3 are determined by anti-Dlx3 IB.

Fig. 4. PKAenhances theproteinstabilityofDlx3. (A)293cellswere transfected
withMyc-Dlx3andthentreatedwith forskolin (1mM)orDMSOfor12h,andthen
treated with a translation inhibitor cycloheximide (CHX, 40mM) for indicated
amounts of time. The levels of Dlx3 are determined by anti-Myc IB. (B) The
intensities ofDlx3bands in panelAwere determinedby densitometry. The level of
Dlx3 in CHX-untreated cells (0 h) is considered as 100%. The experiment was
repeated three times, and the averages and standard deviations are shown.
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through the phosphorylation of Dlx3 at serine 10. First, PKA
activation enhanced BMP2-induced osteoblast differentiation of
C2C12 cells. Second, PKA activation increased BMP2-induced
expression of Dlx3 protein. Third, PKA activation increased the
protein stability, DNA binding and transcriptional activity of Dlx3.
Fourth, PKA activation induced the phosphorylation of Dlx3 at
site(s) recognized by an anti-phospho-PKA substrate antibody.
Lastly, substitution of serine 10 in Dlx3 to alanine significantly
reduced, if not completely abolished, the PKA-induced phosphory-
lation of Dlx3 and the regulation of Dlx3 function by PKA.

The function of Dlx3 can be modulated by various post-
translational modifications. Protein kinase B/AKT phosphorylates
Dlx3 and upregulates its transcriptional activity [Choi et al., 2012].
SUMOylation of Dlx3 by SUMO1 also enhances its transcriptional
activity [Duverger et al., 2011]. Conversely, phosphorylation of
Dlx3 by PKC results in downregulation of Dlx3 DNA binding affinity
[Park et al., 2001]. We showed that PKA induces phosphorylation
of Dlx3 enhancing its protein stability and transcriptional activity.
PKA primarily phosphorylates serine or threonine residue within the
consensus target sequence of RXXS/T or RRXS/T. Sequence analysis

Fig. 5. PKA regulates Dlx3 through phosphorylation at serine 10 of Dlx3. (A-C) 293 cells were transfected with indicated combinations of wild type Myc-Dlx3 (WT), Myc-Dlx3
(S10A) mutant and GFP-PP2A, and then treated with indicated concentration of forskolin (mM) for 12 h or MG132 (2mM) for 8 h. (A) The levels of Dlx3 phosphorylation are
examined by anti-phospho-PKA substrate IP (IP: PKA Sub.) followed by anti-Myc IB [IB: Myc (Dlx3)]. (B,C) The levels of Dlx3 are examined by anti-Myc IB. (D) C2C12 cells were
transfected withMyc-Dlx3 (S10A) for 24 h, and then treated with indicated concentrations of BMP2 for 24 h. The levels of Myc-Dlx3 (S10A) and endogenous Dlx3 are examined
by anti-Myc IB and anti-Dlx3 IB, respectively. (E) C2C12 cells were transfected with Myc-Dlx3 (S10A) for 24 h, and then treated with BMP2 (20 ng/ml) and indicated
concentrations of H89 for 24 h. The levels of Myc-Dlx3 (S10A) and endogenous Dlx3 are examined by anti-Myc IB and anti-Dlx3 IB, respectively. (F) 293 cells were transfected
with Myc-tagged wild type or S10A Dlx3. Two days later, cells were treated with cyclohexamide (CHX, 40mM) for indicated amounts of time. The levels of overexpressed Dlx3 are
compared by anti-Myc IB [IB: Myc (Dlx3)].
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revealed that serine 10 of Dlx3 (MSGSFDRKLSSILTD) is a potential
PKA phosphorylation target site. Dlx3 (S10A) mutant did not
response to themodulation of PKA activity including BMP2-induced
increase of protein level and transcriptional activity. These results
indicate that PKA is a novel regulator of Dlx3 during osteoblast
differentiation, and Dlx3 is a novel target of PKA. Our finding also
suggests that serine 10 of Dlx3 is the major target site of PKA.

PKA-induced phosphorylation of serine 10 in Dlx3 maymodulate
the DNA binding activity of Dlx3 in addition to its protein stability.
DNA binding ability of Dlx3 (S10A) mutant was significantly
reduced compared to wild type Dlx3 even when they were expressed
at comparable levels (Fig. 6B). This suggests that serine 10 of Dlx3,
and possible the phosphorylation at this residue by PKA, may be
important for the DNA binding ability of Dlx3. Although serine 10 is
located outside of the DNA binding domain of Dlx3, we cannot rule
out the possibility that this residue itself, not its phosphorylation by
PKA, is important for DNA binding. PKA may also regulate the
function of Dlx3 by other mechanisms besides phosphorylation at
serine 10. The level of Dlx3 (S10A) was increased by forskolin, but
this increase was not affected by PP2A (Fig. 5B). In addition, PKA
activation slightly increased the phosphorylation of Dlx3 (S10A)
mutant at residue(s) recognized by anti-phospho-PKA substrate
antibody (Fig. 5A). These results suggest that PKAmay modulate the
protein stability of Dlx3 through the modification of other regions,
which are insensitive to PP2A, in addition to serine 10
phosphorylation.

PKA modulates BMP signaling during osteoblast differentiation.
BMP-induced gene expression is primarily regulated by Smad-
transcription factor complexes [Lee et al., 2002; Chen et al., 2004;

Hassan et al., 2006]. PKA regulates gene expression by recruiting
CREB (cyclic AMP response element-binding protein) transcription
factor. Cyclic AMP, the endogenous PKA activator, has been shown
to enhance Smad-mediated BMP signaling through PKA-CREB
pathway [Ohta et al., 2008]. We show that BMP2-induced expression
of Dlx3 protein is reduced by PKA inhibition (Figs. 3D and 5C). These
results suggest that PKA may function as a mediator of BMP
signaling during osteoblast differentiation.

In conclusion, our results suggest that PKA mediates BMP
signaling during osteoblast differentiation, at least in part, by
phosphorylating Dlx3 and modulating the protein stability and
function of Dlx3.
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