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FIGURE 8. E4F1 inhibits myogenic differentiation in cooperation with
nuclear Smad4. A, E4F1 and Smad4 overlapped in nuclei in C2C12 cells.
FLAG-tagged E4F71 and empty vector (Vec), Myc-Smad4 (WT), or Myc-NLS-
Smad4 (NLS) were cotransfected and stained with a-Myc and a-FLAG anti-
bodies. B and C, E4F1 interacts with Smad4 in vivo. B, COS-7 cells were co-
transfected with FLAG-E4F1 and empty vector (Vec), Myc-Smad4 (WT), or
Myc-NLS-Smad4 (NLS). Whole cell lysates were immunoprecipitated (/P) with
a-FLAG antibody followed by immunoblotting (/B) using a-Myc antibody.
C, C2C12 cells transfected with Flag-E4F 1 were treated for 1 h without or with
100 ng/ml of BMP-4. Whole cell lysates were immunoprecipitated with
M2-agarose beads followed by immunoblotting with antibodies for E4F1,
Smad4, and actin. D, the MH2 domain of Smad4 is required for interaction
with E4F1. The interaction between E4F1 and Smad4 was determined by
cotransfection of Flag-E4F1 and Myc-NLS-Smad4(AMH2) or Myc-NLS-
Smad4(AMH1) in COS-7 cells. DAPI, 4’ 6-diamidino-2-phenylindole.

E4F1 may inhibit myogenesis as a transcription factor rather
than as a ubiquitin ligase (Fig. 9B). Although Myogenin is one of
the targets of MyoD and is markedly suppressed by BMP sig-
naling, we could not detect Smad4 or E4F1 binding to the Myo-
genin promoter in response to BMP-4 (supplemental Fig. S2).
RNAi knockdown of E4F1 increased the number of MHC-pos-
itive C2C12 cells in the presence of BMP signaling (Fig. 9, D and
E). Similar results were obtained using a plasmid-based
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w

0
Vec WT NLS AMH1 AMH2

FIGURE 7. Nuclear Smad4 inhibits myogenic differentiation. A, scheme of construction of FLAG-tagged
Smad4 mutants. B, cellular localization of FLAG-tagged Smad4 mutants. The cells were immunostained with
a-FLAG antibody. Scale bar, 25 pum. C, effects of Smad4 mutants on myogenic differentiation. C3H10T1/2 cells
were co-transfected with MyoD and one of the Smad4 constructs and immunostained for MHC on day 5. Scale
bar, 400 um. D, fusion index was determined from cultures prepared as in C. Values are mean + S.D. (n = 3).%,
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microRNA expression vector for
E4F1 (supplemental Fig. S3). We
further examined the role of E4F1 in
myogenesis in cell line clone 16
established from Smaddloxe?floxed
MEFs. Again, deletion of Smad4
by Cre-adenovirus infection in-
- creased the number of MyoD-in-
duced MHC- and myogenin-posi-
tive myogenic cells (Fig. 9, Fand G).
Co-transfection of Smad4 and E4F1
markedly reduced the number of
myogenic cells, suggesting that
E4F1 acts cooperatively with Smad4
(Fig. 9F).

Id1-3 suppress myogenesis and
are targets of BMP signaling. Trans-
fection of E4fI increased Id1-, Id2-,
and Id3-luc activities in C2C12 cells
treated with and without BMP-4
(Fig. 9G, and data not shown). This
stimulation by E4F1 seemed to be
Smad4 dependent because the activity was lost by Smad4 ablation
and restored by Smad4 overexpression in MEF clone 16 (Fig. 9G).

AMH1

AMH2

DISCUSSION

In the present study, we examined the molecular mecha-
nisms underlying the conversion of myoblasts by BMPs, allow-
ing their differentiation into osteoblastic cells. It has been sug-
gested that a unique type of intracellular BMP signaling is
involved in this conversion, because other inhibitors of myo-
genic differentiation, such as TGF- and fibroblast growth fac-
tors, do not induce ectopic bone formation ix vivo or osteoblas-
tic differentiation in vitro (12). We found that the inhibition of
myogenic differentiation by BMP-4 required treatment for less
than 1 h, although induction of osteoblastic differentiation
required treatment for more than 9 h. Both activities of BMPs
were dependent on the Smad pathway, suggesting that related
but distinct mechanisms regulate the conversion of myoblasts
into osteoblastic cells. Because we failed to detect cells positive
for both MHC and ALP in C2C12 cell cultures treated with
BMPs (9, 12), it appeared that osteoblastic differentiation is
activated only in immature myoblasts that have not yet initiated
myogenic differentiation (34). This hypothesis was confirmed
by our preliminary observation that BMPs did not induce ALP
activity in mature multinucleated myotubes.?

BMP treatment can convert the differentiation pathway of
myoblasts into osteoblastic cells and overexpression of consti-
tutively activated BMP type I receptors such as BMPR-IA,
BMPR-IB, and ALK2 can have the same effect without requir-
ing the addition of BMPs (35, 36). However, we found that levels
of endogenous Smadl and Smad5 were low in C2C12 cells
and that overexpression of wild-type Smadl was required for
induction of osteoblastic differentiation by BMPR-1A(Q233D).
These findings suggested that downstream signaling of BMP
type I receptors, rather than BMP type II and co-receptors,

3 J. Nojima, T. Takada, and T. Katagiri, unpublished data.
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mensional structure is similar to
that of native Smadl phosphory-
lated by the receptors. We found
that co-transfection of Smadil(DVD)
with Smad4 was capable of induc-
ing osteoblastic differentiation of
E C2C12 myoblasts, and this induc-
BMP-4 tion was not inhibited by co-ex-
pression with Smad7, suggesting

b that Smad1(DVD) induces activa-
tion downstream of BMP type I

receptors without activating en-

dogenous BMPs or receptors. How-

ever, the ALP activity induced by

100 Smad1(DVD) and Smad4 was lower
than that induced by cotransfection
of a constitutively activated BMPR-
IA receptor and wild-type Smadl,
although it was higher than that
induced by BMPR-IA(Q233D)
alone or Smadl(EVE), in which
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serine residues had been substi-
tuted with glutamic acids instead
of aspartic acids.® These findings
suggested that native phosphory-
lated Smadl may have higher
affinity for the coactivators required
for osteoblastic differentiation than
Smad1(DVD) or Smad1(EVE). This
hypothesis will require further
testing.

The Smad signaling pathway was
also involved in the inhibition of

0O - BMP
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FIGURE 9.E4F1is involved in the BMP-induced inhibition of myogenesis. A, schematic structure of E4F 1. £3,
an E3 ubiquitin ligase domain; Z, zinc fingers. B, overexpression of E4F1 inhibits myogenic differentiation.
C3H10T1/2 cells were co-transfected with MyoD and wild-type E4F1, E4F1(AE3), or a zinc finger mutant E4F1
and immunostained for myogenin on day 3. Values are mean =+ S.D. (n = 3). ***, p < 0.001. C, 20 nmol of E4F1
siRNA or scrambled oligonucleotide was transfected in C2C12 cells, and protein levels were determined by
Western blots at 24 h post-transfection. D and E, the siRNA-transfected C2C12 cells were co-transfected with
Bmpr-1a(Q233D) (D) or treated with 100 ng/ml of BMP-4 (£), and MHC-positive cells were counted on day 5.
Values are mean * S.D. (n = 3).**, p < 0.01 compared with each scrambled siRNA transfection group. F, E4F1
suppresses myogenesis cooperatively with Smad4. Smad4/°x#fexed_derived clonal cell line 16 was infected
with or without a Cre-expressing adenovirus. The cells were transfected with or without Smad4 in the presence
or absence of Smad4, cultured with or without 100 ng/ml of BMP-4, and stained for MHC on day 3. Values are
mean * S.D. (n = 3). %, p < 0.05; **, p < 0.01. G, E4F1 stimulates /d1 expression. C2C12 cells and MEF clone 16
infected with Cre adenovirus were transfected with /d985-luc, E4F1, and Smad4 and were then cultured in the
presence orabsence of 50 ng/ml of BMP-4. Luciferase activity was determined on day 1. Values are mean *+ S.D.
(n=3).% p<0.05;**, p <0.01;*** p <0.001.

myogenic differentiation. In con-
trast to osteoblast differentiation,
however, this inhibitory activity of
the Smad pathway appeared to be
mainly dependent on Smad4 rather
than R-Smads. In particular, the
nuclear-targeted Smad4 markedly
suppressed myogenic differentia-
tion, although overexpression of
NLS-Smad4 did not induce osteo-
blastic differentiation,® suggesting
that Smad4 in complex with

plays an important role in the conversion of myoblast differen-
tiation. We established a constitutively activated Smadl,
Smad1(DVD), to directly examine the role of the Smad pathway
without activation of other signaling pathways induced by BMP
receptors, such as the mitogen-activated protein kinase and
phosphatidylinositol 3-kinase pathways. Serine residues were
substituted with aspartic residues in Smad1(DVD) to introduce
negative charges in the SVS motif at the carboxyl terminus, the
site of phosphorylation by type I BMP receptors. These substi-
tutions may induce conformational changes and stimulate
interaction with coactivators such as p300, OAZ, and Runx2
(11). Indeed, Smad1(DVD) was directly recognized by the
a-phospho-Smad1/5/8 antibody, suggesting that its three-di-

15584 JOURNAL OF BIOLOGICAL CHEMISTRY

R-Smads inhibits myogenic differentiation after transloca-
tion from the cytoplasm to the nucleus in response to BMP
stimulation. Because Smad4 is a common Smad among the
TGF-B superfamily members, it may also be involved in
mediating the effects of other myogenic inhibitors, such as
TGEF-Bs, myostatin, and activin (37, 38).

The MH1 and MH2 domains of Smads have been shown to
be involved in DNA binding and interaction with other pro-
teins, respectively (39). Our deletion analysis suggested that
nuclear Smad4 may interact with other transcriptional fac-
tor(s) and recruit them to the target DNA sequences via the
MH2 and MH1 domains, respectively, to suppress myogen-
esis. This hypothesis was further supported by the finding of
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stimulation of myogenic differentiation by NLS-Smad4(AMH1);
this mutant Smad4 lacking DNA-binding activity may
quench the transcriptional activity of the complex via the
MH2 domain. It also appeared that a component of the
Smad4 complex, interacting through the MH2 domain, is
critical for inhibition of myogenic differentiation in response
to BMPs. In the present study, we identified E4F1 as one of
the components of the Smad4 complex in the nucleus, inter-
acting through the MH2 domain. E4F1 is a zinc finger DNA-
binding protein, identified as a cellular target of viral onco-
proteins and shown to regulate the cell cycle (40-42). Our
findings indicated that overexpression of E4F1 inhibited
myogenic differentiation cooperatively with Smad4. More-
over, RNAi knockdown of E4F1 prevented the inhibition of
myogenic differentiation by BMP signaling. Although E4F1
was recently shown to act as a ubiquitin E3 ligase of p53 (43),
our findings indicated that deletion of the ubiquitin E3 ligase
domain from E4F1 still allowed inhibition of myogenic dif-
ferentiation. However, all of the zinc finger structures of
E4F1 seemed to be important for this inhibitory activity.
Taken together, these findings suggest that Smad4, which
undergoes nuclear translocation in response to BMP stimu-
lation, may interact with E4F1 in the nucleus to suppress
myogenic differentiation as a transcription factor, indepen-
dent of its ubiquitin E3 ligase activity. Recently, it was
reported that Smad4 regulates the processing of pri-mi-
croRNA into mature microRNA in response to BMP-2 treat-
ment (44). The direct target gene(s) of the complex still
needs to be identified. It is interesting to note that loss-of-
function mutations of p53 and Smad4 were identified in
some tumors, suggesting that mutations in the Smad4-E4F1-
p53 axis might play a role in tumorigenesis (45, 46).

We found that E4F1 stimulated the expression of /d1-3 in
the presence of Smad4. Id proteins inhibit myogenesis and are
targets of BMP signaling. Recently, insufficient skeletal muscle
repair was reported in Id1*'~Id37'~ mice after muscle injury
(47). BMP signaling may also up-regulate I/ expression in heal-
ing muscle tissue (47). Because expression of Ids leads to cell
cycle progression, the E4F1-induced Ids may suppress myo-
genic differentiation and maintain myoblast proliferation. Fur-
ther studies are needed to elucidate the physiological roles of
Smads and E4F1 in muscle development and regeneration
in vivo.

In the present study, we obtained an unexpected finding
related to Smads. BMP-induced osteoblastic differentiation
was not completely blocked in the Smad4-deleted MEFs. There
are some possible explanations for this finding: 1) undetectable
levels of Smad4 still remained in the MEFs expressing Cre
recombinase, 2) an alternative pathway, including a novel Co-
Smad, transduced BMP signaling, or 3) Smad4 is not essential
for the osteoblastic differentiation induced by BMPs. Recently,
evidence has been presented that bone and cartilage tissues
were formed during development in the absence of functional
Smad4 in mice, although such mice exhibited abnormalities
(48). Deletion of Smad4 in mouse mature osteoblasts using a
Cre-loxP system significantly reduced bone volume and osteo-
blast function in vivo, but they still had bone tissues and osteo-
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blasts (48). Further study will be required to elucidate the roles
of Smad4 in bone metabolism.

In conclusion, we found that the Smad-dependent pathway
regulates both the inhibition of myogenic differentiation and
the induction of osteoblastic differentiation induced by BMPs.
The introduction of negative charges at the carboxyl terminus
of Smadl may play an important role in the induction of osteo-
blast differentiation in response to BMPs. In contrast, nuclear
Smad4, rather than R-Smad, and E4F1, a novel partner of
nuclear Smad4, are responsible for the inhibition of myogenic
differentiation by BMPs.
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ABSTRACT

Phosphorylation of Smad1/5/8 at carboxyl-terminal serine residues by type | receptors activates downstream bone morphogenetic
protein (BMP) signaling. Protein phosphatase magnesium-dependent 1A (PPM1A) has been shown to suppress BMP activity by
dephosphorylating phospho-Smads. We report here that PPM1A suppresses BMP signaling via a novel mechanism. PPM1A inhibited a
constitutively activated Smadt mutant lacking BMP receptor phosphorylation sites. PPM1A reduced the protein levels not only of Smad?
but also of Smad5 and Smad8. A proteasome inhibitor blocked the inhibitory effects of PPM1A on Smad1, but the Smurf-binding motif in
the Smad1 linker region was not involved in this inhibition. The phosphatase activity of PPM1A is essential for inhibition. Taken together,
these findings suggest that through the dephosphorylation of unidentified substrate(s), PPM1A inhibits BMP signaling by decreasing
Smad protein levels via the proteasome pathway. Moreover, knockdown of endogenous PPM1A stimulated osteoblastic differentiation,
suggesting that PPM1A may physiologically suppress BMP signaling via Smads. ® 2010 American Society for Bone and Mineral Research.
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Introduction

one morphogenetic proteins (BMPs) induce ectopic bone
formation in muscle tissues and osteoblastic differentiation
of myoblasts in vitro.!"? BMP signaling is transduced by two
differemt types of transmembrane serine/threonine kinase
receptors, termed type ! and type H receptors.*¥ The BMP-
bound type Il receptor phosphorylates the type | receptor kinase,
and the activated BMP type | receptor, in turn, phosphorylates
downstream receptor-regulated Smads (R-Smads), including
Smad1, Smad5, and Smad8. Phosphorylated R-Smads form
heteromeric complexes with Smad4 and translocate into
the nucleus to regulate the transcription of target genes such
as 11,49
Activation of the BMP-regulated Smad pathway may play an
important role in patients with fibrodysplasia ossificans
progressiva (FOP), an autosomal dominant disorder character-
ized by heterotopic bone formation in muscte tissues.!” Recently,
several mutations in a BMP type { receptor, activin receptor-like
kinase 2 (ALK2), have been identified in FOP patients.”® we

faund that these mutant ALK2 molecules phosphorsylate Smad1/
5/8 in the absence of BMPs and activate downstream
intracellular signaling pathways that lead to the induction of
1d1 expression.” To examine the roles of BMP-regulated Smads,
we generated a constitutively active form of Smad1, termed
Smad1(DVD), in which the carboxy-terminal serine residues have
been substituted by aspartic acids. Evaluation of this mutant
revealed that its overexpression induced osteoblastic differ-
entiation of C2C12 myoblasts (Nojima et al, submitted for
publication). These findings suggest that phosphorylation of the
carboxy termini of Smad1/5/8 by BMP type | receptors plays
an important role in BMP-induced bone formation. Moreaver,
these data suggest that Smad inhibitors may be useful for the
treatment of FOP because they may prevent heterotopic bone
formation.

8MP signal transduction is negatively regulated at several
critical steps. BMP antagonists such as Noggin, Chordin, and DAN
family members prevent the binding of 8MPs to their receptors
in the extracellular space.'” A pseudoreceptor, BAMBI, acts as a
dominant-negative receptor for members of the transforming
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growth factor B8 (TGF-B) superfamily on the plasma mem-
brane." " Smad6 and Smad7 inhibit the kinase activity of type !
receptors by direct interaction in the cytoplasm."%'¥ Smad
ubiquitination regulatory factor 1 (Smurf1), a member of the
HECT family of E3 ubiquitin ligases, has been found to interact
with Smad1 and Smads5 via the PPAY matif in their linker regions,
thereby triggering their ubiquitination and degradation '

Recent studies have identified Smad phosphatases and have
shed light on the roles of phosphorylation and dephosphoryla-
tion at the carboxy-terminal SXS motif in Smads.”"S' Pratein
phosphatase magnesium-dependent 1A (PPM1A) was identified
as a serine/threonine phosphatase in the PPM family.’®' PPM1A
dephosphorylates the carboxy-terminal SXS motifs in Smad2/3
and Smad1 and suppresses the biologic activities of TGF-B and
BMPs. 7' |n this study, we examined the molecular mechan-
isms of the inhibitory activity of PPM1A on BMP signaling using
Smad1(DVD), a constitutively active form of Smad1. We found
that PPMIA inhibited Smadi{DVD) activity even though
Smad1(DVD) lacks phosphoserine residues at the carboxy
terminus. PPM1A reduced the protein levels of Smadl via a
proteasome-dependent mechanism, and its phosphatase activ-
ity was independent of a Smurf consensus sequence in the linker
region, Moreover, knockdown of endogenous PPM1A stimulated
BMP activity in C2C12 cells, suggesting that the inhibition by
PPM1A may play an important role in physiologic BMP signaling
in myoblasts.

Materials and Methods

Plasmids

Plasmids encoding wild-type mouse Smadl, Smad1{DVD),
Smad4, Smad7, and 1dWT4F-luc have been described pre-
viously.” Smadé and a Smadé promoter-luciferase reporter were
kindly provided by Dr. Kohei Miyazono of University of Tokyo and
Dr. Mitsuyasu Kato of Tsukuba University, respectively!'>'®
Human Smurfl and PPM1A (Accession Numbers NM_020429
and NM_021003, respectively) were obtained using a standard
RT-PCR technique employing Platinum Pfx DNA polymerase
{(Invitrogen, Carlsbad, CA, USA) and cloned into a pcDEF3
expression vector.?” The Smad1 mutants, Smad1(AAAY-WT) and
Smad1{AAAY-DVD), were generated from wild-type Smad) and
Smad1{DVD), respectively, by replacing proline 224 and proline
225 with alanine using a set of mutated PCR primers. A
phosphatase activity-deficient PPMTA, PPM1A(R174G/D239N),
was generated from wild-type PPM1A by seplacing arginine 174
and aspartic acid 239 with glycine and asparagine, respectively,
using sets of mutated PCR primers. All the final constructs were
confirmed by sequencing.

Cell culture and transfection

CQ2C12 mouse myoblasts were maintained, treated with
100 ng/mL BMP-4 (R&D Systems, Minneapolis, MN, USA), and
transfected with plasmids using Lipofectamine 2000 (invitrogen)
as described previously.®?" Cells were treated with 10uM
Lactacystin  (Calbiochem, San Diego, CA, USA). Primary
osteoblasts were prepared by sequential collagenase digestion
of newborn mouse calvaria as described previously.®

Luciferase assays

Luciferase assays were performed using IdWT4F-luc, Smadé
promoter-luc, and phRL-5V40 (Promega, Madison, W, USA) with
the Dual-Glo Luciferase Assay System (Promega) as described
previously.®

Immunohistochemistry and Western blot analysis

The following antibodies were used for immunohistochemistry
and Western blot analysis: a-FLAG antibody (clone M2, Sigma
Aldrich Chemicals, St. Louis, MO, USA), a-Myc polycional
antibody (Medical & Biological Laboratories Co., Nagoya,
Japan), and a-PPM1A mouse monoclonal antibody (Abcam,
Cambridge, MA, USA). For immunohistochemical analysis,
target proteins were visualized using an Alexad88- or
Alexa594-conjugated secondary antibody (invitrogen). For
Western blot analysis, the target proteins were detected using
a horseradish peroxidase-conjugated anti-mouse or anti-rabbit
IgG antibody (GE Healthcare UK, Ltd., Buckinghamshire,
England).

Reverse-transcriptase PCR and real-time PCR analysis

Total RNA was isclated from C2C12 cells using Trizol (invitrogen)
and then reverse transcribed into cDNA. ¢cDNA was ampfified by
PCR using primers that were specific for murine Id?, Osterix (Osx),
Runx2, and GAPDH, which was used as a control (QIAGEN, Hilden,
Germany). SYBR Green-based real-time PCR was performed in a
96-well plate format using SYBR Premix Ex Taq (TaKaRa, Ohtsu,
Japan) on an iCycler Thermal Cyder {Bio-Rad, Richmond, CA,
USA).

RNAi design and transfection

RNAI Stealth oligonucleotides were designed against murine
PPM1A (No. M55207887, invitrogen), and a scrambled RNAi was
used as a negative control {Invitrogen). Cells were transfected
with the RNAI Stealth oligonucleotides using Lipofectamine 2000
according to the manufacturer’s instructions (Invitrogen).

Statistical analysis

Comparisons were made using unpaired Student’s ¢ test. Results
are presented as means 3 SD. Statistica) significance is displayed
as ‘p<.0Sor’p< Ol

Results

PPM?1A inhibits BMP signaling induced by a constitutively
active Smad1

First, we compared the effect of PPM1A with that of Smad? and
Smurfi on osteablastic differentiation of C2C12 myoblasts as
induced by treatments with BMP-4, overexpression of a
constitutively active ALK2(Q207D) receptor, or overexpression
of a constitutively active Smad1{DVD). ALP activity was measured
as a typical marker of osteoblastic differentiation. ALP activity
induced by BMP-4 or ALK2(Q2070) was suppressed by Smad7
and Smurfl, As reported previously, although Smad6 also
suppressed the ALP activity induced by ALK2(Q207D), it was
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Fig. 1. PPM1A inhibits BMP signaling induced by constitutively active Smad1. (A-C} Inhibition of ALP activity by Smad?, Smurf1, and PPM1Ain C2C12 cells,
ALP activity was induced by BMP-4 treatment (A), overexpression of ALK2(Q207D) with wild-type Smad1 (8], and overexpression of Smad1(DVD) with
Smad4 (C). (D-F) Inhibition of IGWT4F-luc activity by Smad7, Smurf1, and PPM1A in C2C12 cells. ldWT4F-luc activity was induced by BMP-4 treatment (D),
overexpression of ALK2(Q207D) (E), anc overexpression of Smad1(DVD) with Smad4 ( F). (G) Inhibition of IdWT4F-luc activity by Smad?, Smurf1, and
PPM1A in primary osteoblasts. IdWTA4F-luc activity was induced by overexpression of Smad1{DVD) with Smad4. {H) Inhibition of Smad6 promoter-luc
activity by Smad7, Smurf1, and PPM1A in C2C12 cells. ALP activity was induced by overexpression of ALK2(Q207D) with wild-type Smad1. Data are
presented as means < SD (n = 3). p < .05; "p < .01 compared with empty vector transfection in each group.

weaker than Smad7 (data not shown).*** Unexpectedly, ALP
suppression likewise was detected in cultures transfected with
Smad1{DVD), which lacked serine residues at the carboxy
terminus (Fig. 1A-C). Next, we examined the inhibitory effect of
PPM1A on Smad1 using IdWT4F-luc, which contained the Smad-
binding element from the [D1 gene. PPM1A suppressed the
luciferase activity that was induced not only by the ligand and
receptor but also by Smad1{OVD) (see Fig. 1D-F). A similar
suppression by PPM1A was observed in primary osteoblasts (see
Fig. 1G). PPM1A suppressed not only id1 promoter activity but
also Smadé promoter-luc activity in C2C12 cells (see Fig. 1H).

PPM1A decreases Smad protein levels via the
proteasome pathway

Next, we examined the effect of PPM1A on Smad1(DVD) protein
levels in C2C12 cells. The number of Smad1(DVD)-positive cells
and the protein level of Smadt(DVD), as determined by Western
blot analysis, were reduced by coexpression of PPM1A (Fig. 2A,

8). Protein levels of wild-type Smad1, Smads, and SmadB also
were reduced by PPM1A expression (see Fig. 2C).

Because the proteasome pathway plays a key role in Smad
degradation,”***) we examined whether this pathway Is also
involved in the action of PPM1A, Treatment of C2C12 cells with
lactacystin, which is a specific inhibitor of the proteasome,
increased the number of cells that were positive for both Smad1
and PPM1A and prevented a decrease in Smad1 protein levels
(Fig. 3A, B). Lactacystin also reduced the inhibitory activity of
PPM1A on IdWT4F-luc activity that was induced by Smad1(DVD)
{see Fig. 3C).

PPM1A decreases Smad1 protein levels independent of a
Smurfl consensus sequence

Smurfl is a Smad ubiquitin ligase that stimulates Smad
degradation via a proteasome pathway by interacting with a
conserved PPAY motif in the linker regions of Smads'*2627
Because substitution of the PPAY motif with AAAY destroys the

PPM1A-MEDIATED INHIBITION OF SMAD ACTIMTY

Journal of Bone and Mineral Research 655 [l

- 604 -



A a-Myc

Vector

a-FLAG DAPI

Smad1(DVD)
T —
B Vector PPM1A

a-FLAG
<
=
8 a-Actin
C Smad1 Smad5 Smad8
PPM1A: | - + ‘ . - +
~ Smad1
— Smad5/*
a-FLAG
- Smad8
— PPM1A
3
a-Actin .
s ——— e R G—

Fig. 2. PPM1A decreases protein levels of Smad1, Smad5, and Smad8 in C2C12 cells. (A) C2C12 cells were cotransfected with Myc-Smad1(DVD) and FLAG
PPM1A or with an empty vector, followed by immunohistochemical analysis on day 3 after transfection. Original magnification % 40. (B) C2C12 cells were
cotransfected with FLAG-tagged Smad1(DVD) (open circle) and FLAG-PPM1A (closed circle) or an empty vector and analyzed by Western blotting on day 3
after transfection. (C) Effects of PPM1A on Smad1, Smad5, and Smad8. C2C12 cells were cotransfected with Smad1, Smads, or Smad8 along with FLAG
PPM1A or with an empty vector. The cells then were analyzed by Western blotting on day 3 after transfection. Lanes for Smad8 contained nonspecific faint

bands (*) with the same mobility as Smad5.

above-mentioned interaction, we introduced this mutation into
wild-type Smadl and Smad1(DVD), which we labeled Sma-
d1(AAAY-WT) and Smad1(AAAY-DVD), respectively. Coexpression
of PPM1A with Smad1(AAAY-WT) or Smad1(AAAY-DVD) reduced
the protein levels of both types of Smad1 (Fig. 44, B). This reduction
was confirmed by immunohistochemical analysis of C2C12
cells (unpublished data). Moreover, PPM1A expression almost
completely suppressed Smad1(AAAY-DVD)-induced IdWT4F-luc
activity (see Fig. 4C). Taken together, these findings suggest that
the interaction between Smurf1 and Smad1 via the PPAY motif is
not involved in the inhibitory action of PPM1A.

Phosphatase activity is necessary for the inhibition of
BMP signaling by PPM1A

To determine whether phosphatase activity is required for the
action of PPM1A on Smads, we generated a phosphatase
activity-deficient version of PPM1A (D239N/R174G).?® In
contrast to wild-type PPMIA, the mutant PPM1A did not
suppress the IdWT4F-luc activity induced by BMP-4 or
Smad1(DVD) (Fig. 5A, B). Moreover, mutant PPM1A did not

decrease the number of Smad1-positive cells or the Smad1
protein level in C2C12 cells (see Fig. 5C, D). These findings
indicate that the phosphatase activity of PPM1A is necessary for
the inhibition of BMP signaling. They also suggest that a
molecule(s) other than the Smads may be dephosphorylated by
PPM1A.

Knockdown of endogenous PPM1A enhances BMP
signaling

Finally, we examined the role of endogenous PPM1A on BMP
signaling in C2C12 cells using RNAi (Fig. 6A). Transfection of
C2C12 cells with siRNA specific for PPM1A efficiently reduced the
levels of endogenous PPM1A protein and increased the IdWT4F-
luc activity induced by Smad1(DVD) (see Fig. 6A, B). Moreover,
the induction of Id1, Osx, and Runx2 mRNA levels by
Smad1(DVD) with Smad4 or BMP-4 was increased by PPM1A-
specific siRNA transfection, suggesting that endogenous PPM1A
physiologically suppresses osteoblastic differentiation via Smads
in C2C12 cells (see Fig. 6C-H).
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Fig. 4. PPM1A suppresses the activity of Smad1 carrying a mutation in the PPAY motif in the linker region. (A, 8) C2C12 cells were cotransfected with FLAG
Smad1(AAAY-WT) (open circle) (A) or FLAG-Smad1(AAAY-DVD) (open circle) (B) along with FLAG-PPM1A (closed circles) or with an empty vector alone. Cells
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Discussion

Type | BMP receptors phosphorylate the carboxy-terminal serine
residues of Smad1/5/8 and thereby activate the transcriptional
activity of Smads. Importantly, substitution of a phosphoryla-
table amino acid with an acidic residue (such as aspartic acid or
glutami¢ acid) mimics the phosphorylated state of some
proteins, including type | receptors of the TGF-B superfamily,
Recently, we found that substitution of the two carboxy-terminal
serine residues in Smad1 with aspartic acid sesidues induced
ostecblastic differentiation via constitutive activation of Smad1
{Nojima et al, submitted for publication). Similar mutations at the
carboxy-terminal phosphorylation sites of Smad3 have been
shown to induce active trimer complex formation.?” These
constitutively activated Smads are useful for examining the role
of PPM1 A because they activate intraceliular signaling just as the
receptor-phosphorylated wild-type Smads do, but they are not
sensitive to phosphatases targeting their carboxy termini.

In this study we have shown that the phosphatase PPM1A
suppresses the induction of BMP signaling by Smad1 even when
Smad1’s carboxy terminus cannot be dephosphorylated. This
finding suggests that PPM1A suppresses BMP signaling via a
novel mechanism, Qur data suggest that suppression by PPM1A
depends on its phosphatase activity through a proteasome
pathway. Moreover, we found that knockdown of endogenous
PPM1A enhanced BMP activity. Although PPM1A suppressed the
BMP signaling of an AAAY mutant, we cannot rule out the
possibility that Smurf1 is still involved in the inhibition through
interactions with I-Smads or other Smad-interacting molecules.
The identification of novel endogenous substrates of PPM1A
may help to elucidate the mechanism(s) by which PPM1A
inhibits BMP signaling.

In addition to PPM1A, small C-terminal-domain phosphatases
{SCPs) have been identified as Smad phosphatases.®” In our
preliminary experiments, SCP1 showed a much weaker inhibitory
activity toward Smad1(DVD) than PPMIA, suggesting that
dephosphorylation at the carboxy terminus of Smad1 is critical
for its suppression by SCP1. Phosphorylation of the linker region
by mitogen-activated kinases {MAPKs) inhibited Smad1 activ-
ity.2!3? SCP1 has been shown to dephosphorylate Smad1 not
only at its carboxy terminus but also at its linker region."® To
investigate further, we generated additional Smadl mutants
lacking the ERK and GSK3B phosphorylation sites in the linker
region. Similarly to wild type and the AAAY mutant, the ALP
activity induced by these mutants was suppressed by PPMI1A
and SCP1 (data not shown). Further studies are needed to
elucidate the molecular mechanisms of PPM1A- and SCP1-
dependent inhibition of BMP signaling.

At present, no effective treatment is available to prevent
heterotopic bone formation in FOP. A possible cause of this
condition is constitutive activation of Smad pathways by the
BMP receptor ALK2.°3% we have shown that a specific chemical
inhibitor of the Smad pathway blocks the biologic activities of
mutant ALK2, which is normally found in FOP patients.®>* These
finding suggest that activation of Smad1/5 by phosphorylation
may play an important role in heterotopic bone formation and
that Smads should be evaluated as potential targets for novel
FOP therapies. Because PPMIA inhibits Smad activity, a

stimulator of PPM1A expression in muscle tissues may prevent
heterotopic bone formation in FOP.

In conclusion, we have found that PPM1A suppresses BMP
signaling by reducing the protein levels of Smad via a
proteasome pathway. Thus PPM1A may indirectly regulate
BMP signaling by dephosphorylating molecule(s) other than
Smads.
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Abstract

Excessive accumulation of bone marrow adipocytes observed in senile osteoporosis or age-related osteopenia is caused by
the unbalanced differentiation of MSCs into bone marrow adipocytes or osteoblasts. Several transcription factors are known
to regulate the balance between adipocyte and osteoblast differentiation. However, the molecular mechanisms that
regulate the balance between adipocyte and osteoblast differentiation in the bone marrow have yet to be elucidated. To
identify candidate-genes associated with senile osteoporosis, we performed genome-wide expression analyses of
differentiating osteoblasts and adipocytes. Among transcription factors that were enriched in the early phase of
differentiation, Id4 was identified as a key molecule affecting the differentiation of both cell types. Experiments using bone
marrow-derived stromal cell line ST2 and /d4-deficient mice showed that lack of /d4 drastically reduces osteoblast
differentiation and drives differentiation toward adipocytes. On the other hand knockdown of /d4 in adipogenic-induced
ST2 cells increased the expression of Ppary2, a master regulator of adipocyte differentiation. Similar results were observed in
bone marrow cells of femur and tibia of Id4-deficient mice. However the effect of /d4 on Ppary2 and adipocyte
differentiation is unlikely to be of direct nature. The mechanism of Id4 promoting osteoblast differentiation is associated
with the Id4-mediated release of Hes1 from Hes1-Hey2 complexes. Hes1 increases the stability and transcriptional activity of
Runx2, a key molecule of osteoblast differentiation, which results in an enhanced osteoblast-specific gene expression. The
new role of Id4 in promoting osteoblast differentiation renders it a target for preventing the onset of senile osteoporosis.
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Introduction

Senile osteoporosis or age-related osteopenia is accompanied by
increased bone marrow tissue adiposity [1]. Bone marrow adipocytes
and osteoblasts are thought to originate from common mesenchymal
stem cells (MSCs). Therefore, it has been suggested that the excessive
accumulation of marrow adipocytes following bone loss is caused by
unbalanced differentiation of MSCs into marrow adipocytes and
osteoblasts [2]. Support for this hypothesis comes from studies of
peroxisome proliferators-actiwated receptor-y (Ppary), a master regulator of
adipocyte differentiation, deficient embryonic stem cells that showed an
increase in osteoblast differentiation [3]. In contrast, calvarial adipocyte

@ PLoS Genetics | www.plosgenetics.org

differentiation is augmented when runt-related transeription factor 2 (Runx2),
a master regulator of osteoblast differentiation has been knocked out
[4]. Transcription factors Runx2 and Sp7 transcription factor 7 (Sp7)
regulate MSC commitment to osteoblast differentiation along with
bone morphogenetic protein (BMP) signaling pathway [5]. Conversely,
Ppary and CCAAT/enhancer binding protein (C/EBP) transcription
factor family members drive MSCs differentiation toward adipocytes
[6]. Other proteins that regulate the balance between adipocyte and
osteoblast differentiation are tafazzin, Wnt5a, WntlOb, Msx2, C/
EBP and basic helix-loop-helix (bHLH) family member €40 (Bhlhe40)
[6-8]. Aforementioned transcription factors suppress adipocyte
differentiation and promote osteoblast differentiation. Regardless of

July 2010 | Volume 6 | Issue 7 | e1001019

- 610 -



Author Summary

Increased bone marrow adiposity is observed in the bone
marrow of senile osteoporosis patients. This is caused by
unbalanced differentiation of mesenchymal stem cells
(MSCs) into osteoblast or adipocyte. Previous reports have
indicated that several transcription factors play important
roles in determining the direction of MSCs differentiation
into osteoblast or adipocyte. So far, little is known about
the overall dynamics and regulation of transcription factor
expression changes leading to the imbalance of osteoblast
and adipocyte differentiation inside the bone marrow. We
have performed genome-wide gene expression analyses
during the differentiation of MSCs into osteoblast or
adipocyte. We identified basic helix-loop-helix transcrip-
tion factor family member Id4 as a leading candidate
controlling the differentiation toward adipocyte or osteo-
blast. Suppression of Id4 expression in MSCs repressed
osteoblast differentiation and increased adipocyte differ-
entiation. In contrast, overexpression of Id4 in MSCs
promoted osteoblast differentiation and attenuated adi-
pocyte differentiation. Moreover, /d4-mutant mice showed
abnormal accumulation of lipid droplets in bone marrow
and impaired bone formation activity. In summary, we
have demonstrated a molecular function of Id4 in
osteoblast differentiation. The findings revealed that Id4
is a molecular switch enhancing osteoblast differentiation
at the expense of adipocyte differentiation.

these studies, the precise molecular mechanisms that regulate the

balance between osteoblast and adipocyte differentiation in the bone

marrow has yet to be elucidated. Hence, we aimed to identfy
transcription factors that regulate the direction of differentiation toward
osteoblast or adipocyte by analyzing their genome-wide expression
profiles in differentiation time series experiments.

We noticed in early phases a subgroup of transcription factors
that appeared to function in both osteoblasts and adipocytes
differentiation. Particularly, bHLH superfamily transcription
factors were significantly enriched and up-regulated in the early
phase of osteoblast differentiation.

The bHLH superfamily comprises transcription factors that form
homo- or heterodimers and typically bind to a consensus sequence
(CANNTG) called an E-box [9]. It is well known that bHLH
transcription factors play important roles in development and cell
differentiation. For example, Myod| is a key differentiation factor of
myoblasts and Srebfl is involved in adipocyte differentiation {10,11].
Hairy and enhancer of split (Hes) family members of bHLH
superfamily are crucial regulators of cortical development [12].

Here, we have identified Inhibitor of DNA binding 4 (Id4),
which also belongs to the bHLH superfamily as a key molecule
that regulates the direction of differentiation toward osteoblast or
adipocyte in vitro and in vive using genome wide expression study.
Furthermore, we established that Id4 promotes osteoblast
differentiation by enhancing Runx?2 transcriptional activity
through stabilization of Runx2 protein. The new role of Id4 in
directing osteogenic and adipogenic cell fate makes it a likely
target for preventing the onset of senile osteoporosis.

Results

Genome-wide expression profile predicts /d4 as a
candidate molecular switch in osteoblast and adipocyte
differentiation

To delineate the sequential changes of transcription factors
activating and repressing downstream osteogenic and/or adipo-
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genic target genes, we evaluated the differentiation capability
toward both osteoblasts and adipocytes using six cell lines (ST2,
C2C12, DFAT-DI1, PA6, 10T1/2, NRG). Of these, bone marrow-
derived stromal cell line ST2 differentiated most efficiently into
both osteoblasts and adipocytes (data not shown). Using
Affymetrix mouse GeneChip, we aimed to identify clusters of
transcription factors that are temporally co-regulated in one but
not in another cluster (CIBEX Accession number: CBX90). Of
1,270 transcription factors, 407 genes were significantly up- or
down- regulated in either osteoblast or adipocyte differentiation
compared to the non-induced control (Table 1 and Table S1).
Hierarchical clustering analysis of transcription factor gene
expression data at 15 osteoblast and seven adipocyte differentia-
tion time points (Figure 1A) revealed distinct clusters that represent
phases of sequentially expressed transcription factors (Figure 1B).
Differentiation into osteoblasts is characterized by five phases
(Figure S1) whereas adipocyte differentiation resulted in four
phases (Table S1). The early phases of osteoblast (1 hr) and
adipocyte (48 hr) differentiation showed the greatest variability in
transcription factor expression levels (Figure 2A and Table S1).

Chi-square testing for over-representation of transcription
factors in each differentiation phase supported only six up-
regulated bHLH superfamily members (41, 142, Npas4, 1d4, Hes!
and Bhie40) of the immediate early phase osteoblast differentia-
tion (1 hr) as significantly ($<<0.01) enriched (Figure 2B). Since /#4,
Hesl and Bhihe40 expression increased (decreased) twofold or
greater during osteoblast (adipocyte) differentiation compared to
the control (Figure 2C and Table 2), these ranscription factors are
likely to play a pivotal role in the regulation of osteoblast and
adipocyte differentiation.

Indeed, Hesl and Bhlhe40 are known to be involved in both
differentiation pathways [8,13,14], whereas Id4 has not yet been
implicated in either differentiation pathways. Additionally, 144
expression patterns in osteoblast and adipocyte differentiation
were also compared by quantitative real-time PCR (qQRT-PCR).
Expression of Id4 significantly increased during osteoblast
differentiation, attained a peak on day 4 and decreased thereafter
(Figure S2A). In contrast, Jdf expression decreased during
adipocyte differentiation (Figure S2B). Expression levels of 4!
and Id2 were also up-regulated in the early stage (1 hr) of
osteoblast differentiation, but thereafter their expression dropped

Table 1. Expression behavior of 1,270 transcription factors
selected from all mouse genes (Ensembl release 52) based on
GO IDs (Table 3) during osteoblast and adipocyte
differentiation.

Transcription Osteoblast
Factors Differentiation
1] Il 1l =~  Total
Adipocyte T2 6 4 70 102
Differentiation
25 40 21 132 218
Tl 3 5 2 2 12
= & 2% 7 863 938
Total 92 77 34 1,067 1,270

Arrows indicate up- ( 1), down-regulated (| ), or up- and down-regulated
(1 1) transcription factors. No change in expression is symbolized by the
almost equal sign (=).

doi:10.1371/journal.pgen.1001019.t001
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Figure 1. Transcription factor gene expression framework of differentiating ST2 cells. (A) Time-course sampling for gene expression
analyses in ST2 cells. Vertical bars crossing the gradated blue and orange arrows indicate the sampling times during osteoblast and adipocyte
differentiation, respectively. Five blue (osteoblasts) and four orange (adipocytes) boxes indicate the hierarchical clustering-derived phases of
differentiation. (B) Gene expression heat map and clustering results of 1,270 transcription factors in 22 time-course samples.

doi:10.1371/journal.pgen.1001019.g001

Aside from Id4, Hesl and Bhlhe40, we identified additional
bHLH members and various hypothetical and non-bHLH

transcription factors as phase-specific candidate regulators of

to base levels (Figure 2C, upper panel). Therefore, we hypothe-
sized that Id4 may act as a novel molecular switch in osteoblast

and adipocyte differentiation.
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Figure 2. Enrichment of bHLH family in early phase of osteoblast differentiation and their expression pattern. (A) Summary of up-
regulated transcription factors (Figure 51) associated with five phases of osteoblast differentiation. Asterisk (*): bHLH transcription factors that are
overrepresented only during the early phase of osteoblast differentiation (p<<0.01, Figure 2B). Sharp (#): transcription factors known to be associated
with osteoblast differentiation and/or bone development. (B) Chi-square (x2) test for independence of bHLH superfamily genes in the immediate
early phase (1 hr) of osteoblast differentiation. Null hypothesis: the occurrence of up-regulated bHLH transcription factors observed during the
immediate early phase of osteoblast differentiation among all genes associated with probe set of Affymetrix GeneChip Mouse Genome 430 2.0 array
is independent. Results of the contingency table (2x2 cells, degree of freedom=1) allowed to reject the Null hypothesis. The expression of bHLH
transcription factors was significantly up-regulated during the immediate early phase of osteoblast differentiation (p<0.01). (C) Expression pattern of
six bHLH family genes in osteoblast and adipocyte differentiation. The chart represents expression changes of six bHLH genes during osteoblast and
adipocyte differentiation. The horizontal axis indicates each time point after induction. The vertical axis indicates the logarithmic expression ratio

(base 2) of each time paint in comparison to the control (0 day).
doi:10.1371/journal.pgen.1001019.g002

osteo- and adipogenesis (Figure 2A and Table 81). The genes listed
in Table S1 await further functional characterization regarding
their involvement in osteoblast and/or adipocyte differentiation.

Id4 knockdown suppresses osteoblast differentiation of
MSCs, and overexpression promotes osteoblast
differentiation

To evaluate the potential role of Id4 in ST2 osteoblast
differentiation, Id4 was suppressed by siRNA knockdown. As shown
in Figure 3A, 144 siRNA (sild4)-treated ST2 cells differentiating into
osteoblasts showed a significant decrease in Id4 expression. The
decline of Id4 expression was accompanied by weak alkaline
phosphatase (ALP) activity and reduced bone y carboxyglutamate protein
1 (Bglap1 also called osteocalcin) expression (Figure 3B and 3C). Since
both are markers of ostcoblast differentiation, it appeared that Id4 is
important in osteoblast differentiation of MSCs. We next evaluated
whether forced expression of Id4 can promote osteoblast differen-
tiation in MSCs by retroviral systems (Figure 3D). ST2 cells infected
with Id4 recombinant retrovirus showed increased expression levels
of ALP and Bglapl compared to cells infected with control virus
independent of the presence or absence of BMP4 (Figure 3E and 3F).
Taken together, Id4 promotes osteoblast differentiation of MSCs.

Id4 knockdown stimulates adipocyte differentiation, and
overexpression attenuates lipid accumulation

Id4 knockdown in adipogenesis-induced ST2 cells (Figure 4A)
significantly increased expression levels of other adipogenic

marker genes such as Ppary? [15] and Adipog [16) (Figure 4B
and 4C). Concomitantly, the number of Oil Red O stained lipid
droplets and triglyceride levels also increased (Figure 4D and 4E).
Forced expression of Id4 was confirmed by transfection into Cos7
cells with Id4 expression vector (Figure 4F). Adipocytes differen-
tiated from ST2 cells transfected with Id4 expression vector
showed slightly but significantly decreased lipid accumulation
compared to empty vector transfectants (Figure 4G). The
combined results of /44 siRNA knockdown and overexpression
in ST2 suggest that Id4 attenuates differentiation of MSCs into

adipocytes.

ld4-knockout mice (Id4~"") showed impaired osteoblast

differentiation

Previously Jd4~/~ mice were studied only in context of neural
development [17]. We confirmed that Jd4 expression was highest
in the brain followed by cortical bone, kidney, thymus and bone
marrow of C57BL/6] mice (Figure 5A). The body length and
weight of 4 weeks old J44~/~ mice was 13-15% shorter and 35—
40% lower compared to wild-type (Jd4*'*) littermates (Figure 5B
and 5C). I¢4™'~ mice showed severe growth retardation and died
by 5 weeks. In addition, we observed visible skeletal phenotypes of
Id4~’~ mice, but no skeletal deformities (data not shown).
Altogether, our data hint at an important role of Id4 in bone
formation.

Bone histological analysis of 144/~ mice revealed significantly
decreased bone volume (BV) in the 6™ lumbar (Figure 5D and 5E).

Table 2. Expression of eleven bHLH transcription factors shown in Figure 2A,
Differentiation Differentiation Clusters
Gene Symbol Osteoblast Adipocyte Osteoblast Adipocyte
Bhihe40 1 l th 1 4d |
Hes1 t | 1t 4d |
Id1 T l 1h t 10d-14d |
Id2 tl | th 1 d |
Id4 1 l 1h 1 4 |
Npas4 Tt i 1h 1 2d |
Arnt2 1 o 6h-24h 1 ~
Atoh3 Tl i 6h-24h 2d |
Hey! t ~ 6h-24h ~
Hey2 1 g 6h-24h 1 =~
Clock 1 1 8d-14d 1 10d-14d 1
Of eleven transcription factors, Bhthe40, Hes1 and id4 were two-fold or greater up-regulated during osteoblast differentiation. On the other hand, these genes were one-
half fold or greater down-regulated during adipocyte differentiation. Arrows indicate up- ( 1), down-regulated (| ), or up- and downregulated { T | ) bHLH genes. No
change in expression is symbolized by the almost equal sign (=). Crosstalk functions between osteoblast and adipocyte differentiation have been reported for Bhlhe40
[8], Hest [13,14] and Id4 (this study), only.
doi:10.1371/journal.pgen.1001019.t002
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Figure 3. /d4 promotes osteoblast differentiation in ST2 cells. (A) Western blotting of anti-ld4 antibody using ST2 nuclear extract. TFIID was
detected as a loading control. Specific reduction of Id4 expression at day 2 after induction of ST2 cells treated with /d4 siRNA (sild4) for osteoblast
differentiation. (B,C) Decrease in ALP activity (B) and Bglap1 expression (C) at day 6 after induction of osteoblast differentiation in ST2 cells treated
with sild4 as compared to the negative control. (D) Western blotting of anti-ld4 antibody using ST2 cell lysate, infected with Id4 retrovirus or control
retrovirus (control). B-actin was detected as a loading control. (E,F) Increase in ALP (E) and Bglap1 (F) expression at day 4 after infection with /d4 virus
as compared to the control virus in non-induced ST2 and ST2 osteoblast. Relative expression levels of ALP and Bglap1 mRNA were measured by qRT-
PCR. gRT-PCR data were subjected to Student’s t-tests. Each error bar represents the mean *+ SE of triplicates. *p<<0.05 versus control, **p<0.01

versus control.
doi:10.1371/journal.pgen.1001019.g003

The bone formation rate (BFR) was decreased in /4~ mice
compared to Jd4""* mice (Figure 5F and 5G). The BV to total
volume ratio, BFR to bone surface (BS) ratio and mineral
apposition rate (MAR) of /44~'~ mice were 57.3%, 28.1% and
30.7% lower compared to Id4*’* mice in the 6% lumbar,
respectively (Figure 5SN-5P).

In Id4”* mice, active cuboidal-shaped osteoblasts (type II
osteoblasts) were distributed in a row along the lumbar BS
(Figure 5H), whereas in the corresponding region of /4~ mice
osteoblasts were predominantly flat and resting (type IV
osteoblasts; lining cells) (Figure 5I). The number of osteoblasts as
a whole did not change significantly between Id4"* and Id4~/~
mice (data not shown). However, in 144~"~ mice the population of
active osteoblasts was reduced (type II, Figure 5Q), whereas
inactive osteoblasts accumulated (type IV, Figure 5R). These
findings imply that Id4 modulates both differentiation of
osteoblasts from pre-osteoblasts and regulation of osteoblast
maturation.

Impaired bone formation was also observed in the lateral
calvaria of Id4~’~ mice (Figure 5K and 5M). In wild type mice,
osteoblasts were closely lined up along the calvarial BS (Figure 5]).
In contrast, no osteoblasts were observed along the calvarial bone
of Id4~’~ mice (Figure 5K). The osteoid thickness, BFR to BS
ratios and MAR of Id4~’~ mice calvarial bones were 61.5%,
49.1% and 65.2% of Id4*'* mice, respectively (Figure 58S, 50, and
5P). These results suggest that Id4 is important for both
endochondorial and membranous ossification. Growth Plate
Width and Longitudinal Growth Rate (Lo. G. R) of Id4~/~ mice
tibia were 68.4% and 57.1% of I44™* mice, respectively (Figure
S3A, S3B, S3C, S3D), which may have caused the growth
retardation of /44’ mice.
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Id4 interacts with Hey2 and inhibits the transcriptional
repression of Hey2

Id farnily members are known to heterodimerize with other bBHLH
transcriptional factors, thus inhibiting the binding to the E-box motif
[18]. To explore whether heterodimerized Id4 switches the direction of
osteoblast and adipocyte differentiation, we assayed Id4 protein-protein
interactions and analyzed their effects. Using immunoprecipitation we
attempted to capture for candidate bHLH transcription factors that
bind to Id4. Out of four tested bHLH transcription factors (Hesl,
hairy/enhancer-of-split related with YRPW motif 1; Heyl, hairy/
enhancer-of-split related with YRPW motif 2; Hey2 and Bhlhe40)
(Figure S4A), only Hey2 bound to Id4 (Figure 6A, Figure S4A and
S4B). An earlier study demonstrated that Hey? is forming heterodimers
with Hesl, which then bind to the E-box motif and repress
transcription [19]. Therefore, we tested the effect of Id4 on
transcriptional repression of Hey2/Hesl heterodimers against the E-
box element. Transcriptional repression onto E-box element in the
presence of either Hey2 or Hesl showed no effect or 39% inhibition of
E-box transcriptional activity relative to control (empty expression
vector), respectively (Figure 6B). Although luciferase activity was lowest
in the presence of both Hey2 and Hesl, inhibition of transcriptional
repression by Id4 increased in dose-dependent manner (Figure 6B). We
also demonstrated that Hey2-Hesl binding was abrogated with the
dose-dependent increase of Id4 (Figure 6C, lane 5 and lane 6). Taken
together, we confirmed that Id4 reverses the transcriptional repression
by Hey2-Hes] heterodimer in a dose-dependent manner.

Id4/Hey2 complex indirectly enhances Runx2
transcriptional activity

The presence of inactive osteoblasts (Figure 5I and 5R) in the
bone tissues of the /¢4~ ’~ mice let us assume that Id4 may affect
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Figure 4. /d4 weakly suppresses adipocyte differentiation in ST2 cells. (A) Western blotting of anti-ld4 antibody using ST2 nuclear extract.
TFIID was detected as a loading control. Specific reduction of Id4 expression at day 2 after induction of ST2 cells treated with si/d4 for adipocyte
differentiation. (B,C) Increase in Ppary2 (B) and Adipoq (C) expression at day 1 after induction of adipocyte differentiation and treatment with sild4.
Relative expression levels of Ppary2 and Adipog mRNA were measured by qRT-PCR. (D) Oil Red O staining of ST2 cells at day 4 after induction of
adipocyte differentiation in presence of control or sild4. Original magnification: x200; bar=100 pm. (E) Lipid content of ST2 cells measured as
triglyceride level at day 5 after adipogenic induction in presence of control or sild4. (F) Western blotting of anti-Id4 antibody using Cos7 cell lysate,
transfected with Id4 expression vector or empty vector (Vector) as a control. B-actin was detected as a loading control. (G) Lipid content of ST2 cells
transfected with Id4 expression vector or empty vector measured as triglyceride level at day 5 after adipogenic induction. qRT-PCR and lipid content
data were subjected to Student’s t-tests. Each error bar represents the mean *+ SE of triplicates. *p<<0.05 versus control and ***p<<0.005 versus
control.

doi:10.1371/journal.pgen.1001019.g004

the actions of Runx2 and Sp7, a key osteogenic differentiation to the OSE2 element-containing Bglap] promoter region assessed
molecule [20-22]. Osteoblast marker gene Bglapl expression level by ChIP-qPCR, and that the amount of bound Hesl and Hey?2
decreased not only in primary osteoblasts but also in embryonic decreased in ST?2 osteoblasts (Figure 7C) further support this idea.
dayl8.5 (E18.5) limb of Id4~’~ mice (Figure S5A and S5B). However, the exact binding site of Hesl-Hey2 heterodimer
Bglapl, a target gene of Runx?2 has an E-box element other than remains to be identified. The proposed mechanism of Id4 action
osteoblast-specific element 2 (OSE2), which binds Runx2 to the during osteoblast differentiation is illustrated in Figure 7D.
promoter [23]. Therefore, we measured the promoter activity to

examine the influence of 1d4 on Bglap! E-box promoter-dependent [d4m/_ mice showed increased adipocytes

transcriptional activity of Runx2. Although the suppression of 1d4 knockdown promoted adipocyte differentiation in ST?2 cells
Bglap] promoter activity by addition of Hesl and Hey2 was not (Figure 4B—4E). Histological analysis of Id4 '~ tibia bones
detected, a dose-dependent increase of transcriptional activity by revealed elevated numbers of adipocytes in epiphyseal bone
Id4 was observed when testing the OSE2 element-containing marrow of tibia compared to Id4"/* mice (Figure 8A-8D). The
promoter. When using the promoter without OSE2 the increase in entire analyzed area of epiphyseal tibia bone marrow was
transcriptional activity was not seen (Figure 7A). Since direct occupied by adipocytes in Id4~’~ mice (Figure 8E). Moreover,
interaction between Id4 and Runx2 was ruled out experimentally Ppary?2 expression levels were also increased in bone marrow cells
(data not shown), Id4 may indirectly influence Runx2 transcrip-  of femur and tibia of 144"~ mice (Figure 8F). In comparison to
tional activity through Hesl. Hesl is known to stimulate the Id4""* mice, the number of adipocytes in the lateral calvaria was
transcriptional activity of Runx2 protein by increasing its stability markedly increased in /44~ mice (Figure 5K). These aberrant
during osteoblast differentiation [24]. We also confirmed that the traits observed in /¢4~ ’~ mice implicate Id4 as a crucial molecule
addition of Hesl stabilizes Runx2 protein. Interestingly, the jp the lineage choice of MSCs differentiating into either osteoblasts
addition of Id4 further increased the stabilization and accumula- or adipocytes (Figure 8G).

tion of Runx2 (Figure 7B). Taken together, it appears that Id4
enhances Runx? transcriptional activity through stabilization of

' Discussion
Runx2 protein.
Taking into account the timing of the elevated /d4 expression In this study, we have delineated clusters of transcription factors
(Figure 2C and Figure S2A), our results strongly suggest that Id4 is that act as key regulators in the osteoblast and adipocyte
indirectly driving the Hesl-mediated Runx2 stabilization during differentiation network. The observation of sometimes disparately

osteoblast differentiation. The facts that both Hes] and Hey2 bind regulated transcription factors, led us to hypothesize a molecular
@ PLoS Genetics | www.plosgenetics.org 7 July 2010 | Volume 6 | Issue 7 | €1001019
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Figure 5. 4-week-old /d4 knockout (/d4'~) mice show disturbance in growth and impaired osteoblast differentiation. (A) Tissue
distribution of /d4 mRNA in C57BL/6) male mice was measured by qRT-PCR. Brown adipose tissues; BAT, White adipose tissues; WAT. (B,C) Body
length (B) and body weight (C) of wild-type (Id4"'*) and Id4~'~ mice. (D,E,H,]) Villanueva staining of the 6 lumbar bone of Id4"* mice (D,H) and Id4™"~
mice (El). Red and white arrowheads indicate active cuboidal-shaped osteoblasts (type Il osteoblasts) and flattened resting osteoblasts (type IV
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