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Abstract Fibrodysplasia ossificans progressiva (FOP) is
a rare autosomal dominant disorder characterized by
progressive heterotopic ossification. FOP is caused by a
gain-of-function mutation in ACVR/ encoding the bone
morphogenetic protein type II receptor, ACVRI/ALK?2.
The mutant receptor causes upregulation of a transcrip-
tional factor, Id1. No therapy is available to prevent the
progressive heterotopic ossification in FOP. In an effort to
search for clinically applicable drugs for FOP, we screened
1,040 FDA-approved drugs for suppression of the IdI
promoter activated by the mutant ACVRI/ALK2 in C2C12
cells. We found that that two antianginal agents, fendiline
hydrochloride and perhexiline maleate, suppressed the Id]
promoter in a dose-dependent manner. The drugs also
suppressed the expression of native /d] mRNA and alka-
line phosphatase in a dose-dependent manner. Perhexiline
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but not fendiline downregulated phosphorylation of Smad
1/5/8 driven by bone morphogenetic protein (BMP)-2. We
implanted crude BMPs in muscles of ddY mice and fed
them fendiline or perhexiline for 30 days. Mice taking
perhexiline showed a 38.0 % reduction in the volume of
heterotopic ossification compared to controls, whereas
mice taking fendiline showed a slight reduction of het-
erotopic ossification. Fendiline, perhexiline, and their
possible derivatives are potentially applicable to clinical
practice to prevent devastating heterotopic ossification
in FOP.

Keywords Fibrodysplasia ossificans progressiva -
Heterotopic ossification - Perhexiline maleate -
Fendiline hydrochloride - C2C12 myogenic cells

Introduction

Fibrodysplasia ossificans progressiva (FOP) is a rare
autosomal dominant disorder characterized by progressive
heterotopic ossification (HO) in connective tissues, espe-
cially in skeletal muscles [1]. In FOP, HO tends to develop
after physical trauma [2], surgical treatment including
biopsy [3, 4], and intramuscular injection [5, 6]. Ectopic
bone formation similar to that observed in FOP is induced
by implantation of bone morphogenetic proteins (BMPs)
into muscle tissue [7, 8]. BMPs bind to and activate activin
A receptor type I (ACVR1/ALK?2), which induces phos-
phorylation of Smad 1/5/8. Phosphorylated Smads are
translocated into nuclei to facilitate expression of various
genes. Among them, Id1 is a key molecule that leads to
osteoblastic differentiation. Shore and colleagues first
reported an autosomal dominant ¢.617G>A mutation pre-
dicting R206H in the GS domain of ACVRI/ALK2 [9].
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The R206H mutation constitutively activates BMP-inde-
pendent phosphorylation of Smad 1/5/8. FOP is currently
treated with conventional anti-inflammatory or anti-osteo-
genic agents including corticosteroids, non-steroidal anti-
inflammatory drugs (NSAIDs) [10], COX-2 inhibitors [11],
bisphosphonates [4, 12, 13], mast cell inhibitors [14],
radiation therapy [15], and bone marrow transplantation
along with immunosuppressants [16], but without dis-
cernible effects [17]. Recently, in-vitro and in-vivo effects
of dorsomorphin [18] and LDN-193189 [19], inhibitors of
the ACVR1/ALK?2 receptor, have been reported in cultured
cells and mice. Similarly, CD1530, an agonist of nuclear
retinoic acid receptor-y, prevents HO in FOP model mice
[20]. None of these compounds, however, has been applied
in clinical practice. Pharmaceutical companies do not invest
a large amount of research budget in developing novel
therapeutic agents for orphan diseases including FOP. A
promising alternative for orphan diseases is a drug reposi-
tioning strategy, in which a drug currently used for patients
with a specific disease is applied to another disease [21, 22].
The advantage of this strategy is that the identified drug can
be readily applied to clinical practice, because the optimal
doses and adverse effects are already established. We thus
screened 1,040 FDA-approved drugs for suppression of the
mutant ACVRI1/ALK2-activated Id! promoter [23] in
C2C12 mouse myogenic cells, and found that two antian-
ginal agents, fendiline hydrochloride and perhexiline male-
ate, potentially ameliorate HO in model cells and mice.

Materials and methods

Screening of 1,040 FDA-approved compounds
‘in C2C12 cells

We purchased a panel of 1,040 US FDA-approved drugs
(NINDS-2, MicroSource Discovery Systems). The names
of the 1,040 compounds are available at http://www.msdis
covery.com/usdrugs.html. Mouse C2C12 myoblasts were
cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) containing 15 % fetal bovine serum (FBS)
without decomplementation. At ~70 % confluency in a
10-cm dish, C2C12 cells were transiently transfected with
IdWT4F-Luc that carried the firefly luciferase cDNA
driven by the SV-40 promoter and four copies of a BMP-
responsive 29-bp enhancer element [23]. Cells were also
transfected with human ALK2-R206H that carried a
mutant ALK?2 driven by the EF1« promoter, as well as with
phRL-TK expressing Renilla luciferase (Promega). The
transfection reagent included 20 pg of ALK2-R206H, 2 ug
of IdWT4F-Luc, 0.4 pg of phRL-TK, and 60 ul of Lipo-
fectamine 2000 (Invitrogen) for a 10-cm dish according
to the manufacturer’s instructions. At 1 h after incubation

with the transfection reagent, the medium was changed to
DMEM containing 2.5 % FBS. At 24 h after transfection,
cells were split into three 96-well plates containing 10 pM of
each compound and 2 % DMSO, and were incubated for an
additional 24 h. We screened the effect of each compound by
quantifying the firefly luciferase activity normalized for the
Renilla luciferase activity using the Dual-Luciferase Reporter
Assay System (Promega) in the Luminoskan Ascent (Thermo
Scientific). The relative luciferase activity was also normal-
ized to that in the absence of any compound. To analyze a
dose-response effect, we added up to 20 uM of fendiline and
up to 10 uM of perhexiline maleate.

Real-time RT-PCR to quantify Id!, 1d2,
and /d3 mRNAs

For quantifying Id1, Id2, and Id3 mRNAs, we plated C2C12
cells in DMEM containing 10 % decomplemented FBS
overnight, and changed the media to DMEM containing
2.5 % FBS in the presence of variable concentrations of
fendiline hydrochloride (Sigma) or perhexiline maleate
(MicroSource Discovery Systems) with or without 100 ng/ml
BMP-2 (Peprotech). After incubation for 6 h, total RNA was
isolated from C2C12 cells using the GenElute Mammalian
Total RNA kit (Sigma). We synthesized cDNA using
the ReverTra Ace reverse transcriptase (Toyobo) and Oligo-
dT (Invitrogen). PCR primers were 5-GCTGGTACT
CAGGGCTCAAG-3 and 5-GCCGTTCAGGGTGCTG-3'
for Id1; 5'-CTGGACTCGCATCCCACTAT-3' and 5'-GCT
ATCATTCGACATAAGCTCAGA-3 for Id2; 5'-ACTCA
GCTTAGCCAGGTGGA-3 and 5-TCAGTGGCAAAAG
CTCCTCT-3 for Id3; and 5-ATTCACCCCCACTGAG
ACTG-3" and 5-TGCTATTTCTTTCTGCGTGC-3' for a
gene for f,-microglobulin. We quantified mRNA using the
SYBR Green SuperMix (Invitrogen) in Mx3000P (Strata-
gene) in triplicate. Expression levels of Id], Id2, and 1d3 were
normalized to that of f,-microglobulin.

Alkaline phosphatase activity to estimate osteoblastic
transformation

C2C12 cells were split into 96-well plates in DMEM with
2.5 % decomplemented FBS in the presence 0.025, 0.05,
0.1, 0.2, 0.5, 1, 2, and 5.0 uM fendiline hydrochloride or
perhexiline maleate with or without 100 ng/ml BMP-2
(Peprotech). After culturing cells for 5 days, we removed the
culture media and added 25 pl of Tris-buffered saline (pH
7.5) containing 1 % Triton X-100 and 50 pl p-nitrophenyl-
phosphate liquid substrate (N7353, Sigma). After the reac-
tion mixture developed a yellowish color in 15-60 min at
room temperature, the reaction was terminated by adding
50 pul of 3 M NaOH and the absorbance at 405 nm was
measured in Sunrise Remote R (Tecan) [24, 25].
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Western blotting

We added DMEM with 2.5 % decomplemented FBS to
C2C12 cells in a 6-well plate and incubated for 6 h. We
then added 5 pM of fendiline hydrochloride, perhexiline
maleate, or dorsomorphin (Sigma), and incubated for
30 min. We harvested cells by directly adding 600 pl of
HEPES-KOH buffer (10 mM HEPES pH 7.8, 10 mM KCI,
0.1 mM EDTA, 1 mM DTT, 2 pg/ml aprotinin, 0.5 mM
PMSF, 0.1 % NP-40) and incubated on ice for 20 min.
After sonication, samples were centrifuged at 14,000g for
5 min. The supernatants were analyzed by Western blotting
with anti-Smad 1 (sc-81378, Santa Cruz) and anti-phospho-
Smad 1/5/8 (#9511, Cell Signaling) antibodies.

Transplantation of crude BMPs into mouse muscle
and microCT analysis

All animal studies were approved by the Animal Care and
Use Committee of the Nagoya University Graduate School
of Medicine. We purchased 6 week-old male ddY mice
from Japan SLC, Inc. Eighteen mice were divided into
three groups: control, perhexiline, and fendiline. Each
compound (100 mg) was mixed in 100 g of food powder,
and the mice were fed ad libitum. The mice started taking
each compound 1 day before surgery. Mice (30 g) took
~3 g of food per day, which was equivalent to ~3 mg of
each compound. Crude BMPs were prepared by freezing
and pulverizing fresh bovine cortical bone followed by
demineralization with 0.6 M HCI for 72 h. The preparation
was washed with 2 M CaCl, and with 0.5 M EDTA, and
was extracted with a buffer containing 6 M urea, 0.5
CaCl,, 1 mM N-ethylmaleimide, and 1 mM benzamidine
[26]. Crude BMPs (5 mg) were packed in a gelatin capsule
(length 11.1 mm, diameter 4.91 mm, and volume 0.13 ml)
and were implanted in the muscle pouch of the left pos-
terior region of the thigh under diethyl ether anesthesia, as
previously described [8]. On day 30 after the surgery,
we obtained transverse micro-computed tomography
(microCT) images of the lower pelvis and hindlimbs at
90 kV and 88 pA at 50-um resolution. We quantified HO
using the 3D-BON software (Ratoc). On day 30, we also
measured serum ALT, AST, BUN, creatine, and albumin,
and found no abnormalities in any group.

Results

Screening of 1,040 FDA-approved drugs for inhibition
of osteoblastic differentiation of C2C12 cells

To search for a drug that ameliorates HO in FOP, we tran-
siently introduced the wild-type or mutant ACVR1/ALK2

@ Springer

Table 1 The ten most effective compounds

Compound Normalized Pharmacological
F/R? effect
Fendiline hydrochloride 0.238 £+ 0.217 Ca*" channel
blocker
6,4’-Dihydroxyflavone 0.325 £+ 0.206 Antihemorrhagic
Polymyxin B sulfate 0.619 £ 0.248 Antibacterial
Ethaverine hydrochloride 0.637 + 0.264  Antispasmodic
Phenylephrine 0.658 + 0.268 o-Adrenergic
hydrochloride agonist
Rofecoxib 0.679 + 0.116 COX2 inhibitor
Hexachlorophene 0.687 =+ 0.233 Topical
disinfectant
Flutamide 0.752 + 0.223 Antiandrogen
1,8-Dihydroxyanthraquinone 0.780 £ 0.141 Laxative
Vidarabine 0.783 £ 0.127  Antiviral

* Normalized F/R represents the mean and SE (n = 9) of the firefly
luciferase activity driven by the Id/ promoter normalized for the
cotransfected Renilla luciferase activity and also for no compound

carrying R206H into C2C12 mouse myogenic cells along
with the firefly luciferase cDNA driven by the mouse Id/
promoter. We also introduced the TK promoter-driven
Renilla luciferase cDNA (phRL-TK) as a control. We first
confirmed that the mutant ACVRI/ALK2 increases the
firefly luciferase activity 8.4-fold (wild-type, 139 + 82
arbitrary units; R206H, 1,168 & 311 arbitrary units,
mean + SD of three experiments). We then added 10 uM of
1,040 FDA-approved chemical compounds to C2C12 cells
at 24 h after transfection and incubated for an additional
24 h. We omitted compounds that compromised cell via-
bility by examining cells under the microscope. We repeated
the assays three times and chose 100 best compounds. With
the 100 compounds, we further repeated the assays three or
more additional times. We also analyzed an effect on the
CMV-driven firefly luciferase activity of the 100 com-
pounds, and omitted 10 compounds that decreased the
control firefly luciferase activity to less than 80 %. After the
first and second rounds of screening, we chose 10 best
compounds that consistently exhibited beneficial effects
(Table 1).

Dose-dependent effects of the identified drugs
in C2C12 cells

We next examined dose-dependent effects by adding 0.0,
0.1, 0.2, 0.5, 1.0, 2.0, 5.0, 10.0, and 20.0 uM of the 10
compounds. Among them, fendiline hydrochloride showed
the most consistent and promising dose-dependent sup-
pression of the Id] promoter activity (Fig. 1a). As fendiline
is a calcium channel blocker, we examined dose-dependent
effects of the other eight calcium channel blockers included
in the initial drug panel, although most of them exhibited
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Fig. 1 Dose-response effects of fendiline hydrochloride (a) and
perhexiline maleate (b) on Id/ promoter activities. The mouse Id/
promoter fused with the firefly luciferase cDNA is introduced into
C2C12 cells along with Renilla luciferase cDNA driven by the TK
promoter. The ratio of the firefly/Renilla luciferase activities is
normalized to that without any compound. Bars represent the mean
and SE of three experiments. *P < 0.05, **P < 0.01, and not
significant (ns) compared to no drug

no effect at 10 uM in the screening experiments. We found
that another calcium channel blocker, perhexiline maleate,
also had a dose-dependent suppressive effect on the Id/
promoter activity (Fig. 1b).

Fendiline hydrochloride and perhexiline maleate
suppress native /d/ mRNA and osteoblastic
transformation in C2C12 cells

We then examined effects of fendiline and perhexiline on
the expression of the native Id/ gene in C2C12 cells. We
added 0.0, 0.2, 1.0, and 5.0 uM of the compounds to nascent
C2C12 cells in the presence or absence of 100 ng/ml BMP-
2. We harvested C2C12 cells at 24 h after adding each
compound and quantified /d/ mRNA by real-time RT-PCR.
Both compounds suppressed the expression levels of the
native /d! mRNA in a dose-dependent manner (Fig. 2). We
also examined effects of fendiline and perhexiline on the
expression of the native Id2 and Id3 genes in C2C12 cells,
but found no effects (Supplementary Fig. 1). We could not
quantify the native osteocalcin mRNA levels in response to
the two compounds in C2C12 cells, because the expression
levels were too low to be quantified by real-time RT-PCR
even at seven days after differentiation.

We additionally examined effects of fendiline and per-
hexiline on the BMP-2-induced osteoblastic differentiation
of C2C12 cells by measuring the alkaline phosphatase

1.0 4 =
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BMP-2 - + + + + + + +
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1d1/B2MG

Fig. 2 Real time RT-PCR of the native Id/ gene in C2C12 cells in
the presence of variable concentrations of fendiline hydrochloride and
perhexiline maleate. Values are normalized to the expression level of
fr-microglobulin (b2MG) and also to that with 100 ng/ml of BMP-2
alone. Bars represent the mean and SE of three experiments.
*P < 0.05, **P < 0.01, and not significant (ns) compared to BMP-
2(+) but without a drug

activity. Alkaline phosphatase activity was efficiently
induced in 5 days after adding 100 ng/ml BMP-2, and was
suppressed by both compounds in a dose-dependent man-
ner (Fig. 3).

We also examined by Western blotting whether fendiline
and perhexiline suppress the BMP-SMAD pathway in
C2C12 cells. We found that fendiline did not suppress
phosphorylation of Smad 1/5/8, whereas perhexiline sup-
pressed the phosphorylation to 62.9 % of the control (Fig. 4).
The extent of suppression, however, was not as great as that
achieved by dorsomorphin, a previously reported inhibitor of
the ACVRI/ALK?2 receptor [18, 19, 27].

Fendiline hydrochloride slightly and perhexiline
maleate moderately inhibit heterotopic ossification
of mice muscles implanted with crude BMPs

We examined the effects of fendiline and perhexiline on
HO in 6-week-old ddY mice. The mice were fed with
~3 mg of each compound per day on day 0. Assuming that
the compound was completely absorbed and evenly dis-
solved in 60 % body water, the serum concentration was
expected to be 167 mg/kg. As 60-kg patients take
100-200 mg of perhexiline and 300 mg of fendiline in
clinical practice, the serum concentrations are predicted to
be 2.8-5.6 and 8.3 mg/kg, respectively. Thus, the mice
were given 30-60 times more perhexiline and 20 times
more fendiline compared to patients. Ten-fold or more
higher amounts of chemical compounds are commonly
used in mouse experiments, and we also chose the higher
dosages. On day 1, a total of 18 mice taking either control,
perhexiline, or fendiline were implanted with 5 mg of
crude BMP extracts packed in a gelatin capsule. Two mice
on perhexiline and three mice on fendiline died within
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Fig. 3 Alkaline phosphatase activities of C2C12 cells in the presence
of variable concentrations of fendiline hydrochloride (a) and perhex-
iline maleate (b). C2C12 cells are subject to osteoblastic differenti-
ation by 100 ng/ml of BMP-2. Values are normalized to that with
100 ng/ml of BMP-2 alone. Bars represent the mean and SE of three
experiments. *P < 0.05 and not significant (ns) compared to no drug
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Fig. 4 Immunoblots of phosphorylated Smad 1/5/8 and Smad 1 of
C2C12 cells at 30 min after adding 100 ng/ml BMP-2. Representative
blots of three experiments are demonstrated. Values represent the
mean and SE of relative intensities of phosphorylated Smad 1/5/8 of
three experiments

1 day after surgery. The mice started taking perhexiline or
fendiline 1 day before surgery to ensure that the drug
concentrations became high enough to prevent BMP-
induced HO, but the drugs might have enhanced surgical
stress, which culminated in the death of some mice. On day
30, we quantified volumes of HO using microCT (Fig. 5).
Mice taking perhexiline showed 38.0 £ 6.1 % (mean and
SE, n = 4) reduction of the HO volume compared to
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Fig. 5 MicroCT analysis of heterotopic ossifications in mouse
muscles implanted with a capsule of crude BMP. Representative 3D
microCT images of lower pelvis and hindlimbs of control mice
(a) and perhexiline-treated mice (b). Heterotopic ossifications are
highlighted. An asterisk indicates a phantom. (¢) Volumetric analysis
of heterotopic ossifications. Bars represent the mean and SE of three
to three to six mice (see “Materials and methods™). H&E (d, f) and
Alcian Blue (e, g) staining of heterotopic ossifications in muscles of
control mice (d, e) and perhexiline-treated mice (f, g). Bar 200 pm, ns
not significant

controls (n = 6). Highly variable HO volumes among the
mice, however, prevented us from showing statistical sig-
nificance with Student’s ¢ test. Mice taking fendiline
(n = 3) showed a slight reduction of the HO volumes but
again without statistical significance. Hematoxylin/eosin
(H&E) and Alcian Blue staining of HO in muscles revealed
no histological difference between the control and per-
hexiline-treated mice (Fig. 5d, e, f, g).
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Discussion
Drug repositioning

The drug repositioning strategy, in which a panel of pre-
approved drugs is used to search for therapeutic modalities,
was first proposed and funded by NINDS for neurode-
generative diseases [21, 22]. Off-label effects of several
preapproved compounds have been reported, mostly for
neurodegenerative diseases [28—31]. In the current studies,
we screened 1,040 FDA-approved drugs and found that two
antianginal agents, fendiline hydrochloride and perhexiline
maleate, suppress the /d! promoter and osteogenic differ-
entiation of C2C12 myogenic cells, and also suppress HO
in model mice.

Fendiline hydrochloride

Fendiline hydrochloride is an open state blocker of L-type
calcium channel for treating hypertension and angina
pectoris [32, 33]. Fendiline is available for clinical practice
in Germany. Fendiline also works as a calmodulin antag-
onist [34] and as a calcimimetic that stimulates the
calcium-sensing receptor on the cell membrane [35-37].
Fendiline increases intracellular Ca*" levels in various cell
types [38—41], which is mediated by facilitating release of
endoplasmic Ca** in an IP3-independent manner and also
by triggering entry of extracellular Ca** [40]. Increased
intracellular concentration of Ca*" inhibits osteoblast for-
mation, which is likely mediated by modulating a balance
between adenylate cyclase and phosphodiesterase IV [42,
43]. Effects of fendiline on HO may be attributed to this
mechanism. Calcimimetics stimulate the calcium-sensing
receptor, which has the same effect as increasing extra-
cellular Ca*" concentration for the receptor-expressing
cells. In clinical practice, cinacalcet, a calcimimetic, is
used for secondary hyperparathyroidism associated with
hemodialysis and for functional hyperparathyroidoma to
ameliorate soft tissue calcification [44—46]. Stimulation of
the calcium-sensing receptor of myoblasts and muscle tis-
sue by fendiline may partly contribute to suppression of
osteoblastic differentiation of muscle cells.

Perhexiline maleate

Perhexiline maleate was introduced for clinical use in the
1970s as a prophylactic antianginal drug and widely used
for treatment of stable angina in the United States and other
countries. The use of perhexiline, however, declined in the
1980s as adverse drug reactions surfaced [47]. Major
adverse events included peripheral neuropathy, hepatic
damage including cirrhosis, hypoglycemia, and weight

loss. Further studies identified that CYP2D6 polymor-
phisms determine the drug metabolism rate, which leads to
significantly different plasma concentrations and elimina-
tion half-lives [48]. Due to the adverse effects, perhexiline
maleate was essentially discontinued in the United States in
1976 [47, 49, 50]. In 1986, however, Horowitz and col-
leagues reported that maintaining the plasma concentration
of perhexiline between 0.15 and 0.60 mg/L enables safe
use of the drug without compromising efficiency [51, 52].
Perhexiline is now prescribed for refractory angina in
Australia and New Zealand, as well as in Europe, in con-
ditions where plasma concentrations are regularly moni-
tored to ensure safety and efficacy [53]. Plasma
concentrations of perhexiline are indeed routinely mea-
sured by Dr. John D. Horowitz at Queen Elizabeth Hos-
pital, Woodville, Australia for essentially all the patients
taking perhexiline.

Perhexiline has a weak L-type calcium channel blocking
effect [54]. In addition, perhexiline inhibits carnitine pal-
mitoyl transferase I (CPT-I) [55]. CPT-I is located on the
outer mitochondrial membrane and is responsible for
transferring an acyl moiety of long-chain free fatty acids
(FFAs) into mitochondria. Inhibition of CPT-I precipitates
a shift of mitochondrial energy source from FFAs to car-
bohydrate. As the oxidation of carbohydrates requires
10-15 % less oxygen than that of FFAs, cardiac function is
improved. In addition, partial inhibition of FFA oxidation
decreases lactate by facilitating oxidation of pyruvate,
which increases pH of heart muscles and improves con-
tractile function during ischemia [56]. Additionally, per-
hexiline potentiates sensitivity of platelets to nitric oxide,
which is expected to inhibit platelet aggregation in patients
with stable and unstable angina [57]. Inhibition of CPT-I
and the subsequent facilitation of carbohydrate oxidation as
well as elevation of pH may suppress osteogenic differ-
entiation of muscle cells with unknown mechanisms. In
FOP patients, major and minor muscle injuries often
facilitate HO. Platelet aggregation at the site of trauma is
possibly involved in the formation of HO, which can be
potentially suppressed by perhexiline. Although mice tak-
ing perhexiline showed moderate reduction in the volume
of HO, further studies are required to test whether lower
concentrations of perhexiline exert a sufficient effect to
ameliorate HO in humans.
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Abstract Bone morphogenetic proteins (BMPs) inhibit
myogenesis and induce osteoblastic differentiation in
myoblasts. They also induce the transcription of several
common genes, such as Id1, 1d2 and Id3, in various cell
types. We have reported that a GC-rich element in the Id1
gene functions as a BMP-responsive element (BRE) that is
regulated by Smads. In this study, we analyzed and iden-
tified BREs in the 5'-flanking regions of the mouse Id2 and
1d3 genes. The core GGCGCC sequence was conserved
among the BREs in the Id1, Id2 and Id3 genes and was
essential for the response to BMP signaling via Smads. We
found a novel BRE on mouse chromosome 13 at position
47,723,740-47,723,768 by searching for conserved
sequences containing the Id1 BRE. This potential BRE was
found in the 5'-flanking region of a novel gene that pro-
duces a non-coding transcript, termed BMP-inducible
transcript-1 (BIT-1), and this element regulated the
expression of this gene in response to BMP signaling. We
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found that BIT-1 is expressed in BMP target tissues such as
the testis, brain, kidney and cartilage. These findings sug-
gest that the transcriptional induction of the Ids, BIT-1 and
additional novel genes containing the conserved BRE
sequence may play an important role in the regulation of
the differentiation and/or function of target cells in
response to BMPs.

Keywords Bone morphogenetic proteins (BMPs) - Id -
Transcription

Introduction

Bone morphogenetic proteins (BMPs) are multifunctional
growth factors that are members of the transforming
growth factor-f§ family [1]. They exhibit unique activity in
bone matrix that is characterized by ectopic bone formation
in muscle tissues in vivo [2]. BMPs inhibit the myogenic
differentiation of myoblasts and induce osteogenic differ-
entiation into osteoblastic lineage cells in vitro [3]. They
physiologically regulate not only bone formation but also
the development and regeneration of various tissues in
vertebrates and lower animals [4].

BMP signaling is transduced by two different trans-
membrane serine/threonine kinase receptors—the type I
and type II receptors [S, 6]. The BMP-bound type II
receptor kinase phosphorylates the type I receptor. The
activated BMP type I receptor kinase subsequently phos-
phorylates a serine—valine—serine motif at the C-termini of
Smadl, Smad5 and Smad8, which are BMP receptor-reg-
ulated Smads (R-Smads). The phosphorylated R-Smads
form heteromeric complexes with Smad4 and translocate
into the nucleus to directly regulate the transcription of
target genes.
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The Id family members are negative regulators of
myogenesis that have a common helix—loop-helix struc-
ture, and their genes have been shown to be typical early
response genes of BMP signaling in various cell types [7—
9]. A GC-rich 29-bp element in the 5’ enhancer region of
the Id1 gene was identified as the BMP-responsive element
(BRE), which is recognized by a complex of Smadl/5 and
Smad4 in response to the activation of the BMP type I
receptor [7]. Mad, a Drosophila homolog of mammalian
Smadl, also binds to a GC-rich sequence in target genes
[10, 11]. Additional GC-rich elements have been found in
the target genes of BMPs [10-14].

In the present study, we analyzed functional BREs in the
mouse Id2 and Id3 genes. We identified the conserved
GGCGCC sequence in the BREs of the Id1-1d3 genes,
which are recognized by Smadl and Smad4 in response to
BMP-4. Moreover, we found a novel BRE by searching the
mouse genome for a region homologous to the Id1 BRE.
This novel BRE regulates the transcription of a novel non-
coding BMP-inducible transcript, termed BIT-1, that is
mainly expressed in the testis, brain, kidney and cartilage
in mice.

Materials and methods
Plasmid constructs

To construct the luciferase reporter plasmids, 3.1-, 5.7- and
0.8-kb fragments from the 5" regions of the mouse Id2 and
1d3 genes and BIT-1, respectively, were inserted between
the Kpnl and EcoRV sites of pGL4.14 (Promega, Madison,
WI, USA) by a standard polymerase chain reaction (PCR)
method using PrimeStar HS DNA polymerase (TaKaRa,
Shiga, Japan) with mouse genomic DNA as a template. The
primer sequences were as follows: 5'-atggtaccCTTCTGCC
AAGGAAGAGTTC-3' (mld2-5Kpnl), 5'-atgatatcACCAG
GCTCGGTTCAGAATG-3' (mId2-3EcoRV), 5'-atggtaccG
AGTGCTGAGACTGTTAAGTAT-3' (mlId3-5Kpnl), 5'-at
gatatcCCTAAAGCAAACAGTGC-3’ (mld3-3EcoRV),
5'-atggtaccGCACAAGTAGTTATGGAGAC-3'  (BIT-1-
5Kpnl) and 5'-atgatatcACAGAACCTCGGAGACTGAC-
3’ (BIT-1-3EcoRV) (lowercase letters indicate the flanking
sequence). Deletion mutants were generated by PCR using
each specific upper primer and the mld2-3EcoRV and
mld3-3EcoRV primers with Id2(3.1)-luc and 1d3(5.7)-luc
as templates, respectively. To generate Id2WT4F-luc,
1d3WT4F-luc, Id2WT4R-luc, Id3WT4R-luc, 1d2MUT4F-
luc, Id3MUT4F-luc and the novel BREWT4F-luc, four
tandem repeats of the specific wild-type or mutant DNA
sequences of the 34-bp 1d2 BRE, 35-bp 1d3 BRE or 29-bp
novel BRE were synthesized (TaKaRa). These repeat
sequences were then subcloned into the HindIII recognition

site of pGL4.26 (Promega). The sequences of the BREs are
as follows: 5-TTGCTATGGCAGCCGCCTGAGCGGCG
CCGCGAGG-3' (Id2WT), 5-TTGCTATGGCAGCCGCC
TGAGCTTTGCCGCGAGG-3' (1d2MUT), 5'-ATGACGTC
CCACCCTGGCGCCAGGCTGTCTGGGGC-3  (Id3WT),
5'-ATGACGTCCCACCCTTTTGCCAGGCTGTCTGGGG
C-3' 1d3MUT) and 5'-CAGAGCGACCGCCCGGCCGGC
GCCAGCAG-3' (novel BRE) (the underlined regions
indicate mutations). Id2-2867MUT-luc and Id3-3304MUT-
luc were constructed via a standard PCR technique using
the following primers: 5'-CAGCCGCCTGAGCTTTGCCG
CGAGGACAAG-3' (1d2-2867MUT-luc sense), 5'-CTTG
TCCTCGCGGCAAAGCTCAGGCGGCTG-3'  (1d2-2867
MUT-luc anti-sense), 5'-CGTCCCACCCTTTTGCCAGG
CTGTCTGGGG-3' (I1d3-3303MUT-luc sense) and 5'-CCC
CAGACAGCCTGGCAAAAGGGTGGGACG-3' (1d3-330
3MUT-luc anti-sense). Mouse Smadl and Smad4 expres-
sion vectors have been described previously [7]. Mouse
Rp58 (GenBank ID 30928) was obtained using standard
reverse transcriptase (RT)-PCR techniques with PrimeStar
HS DNA polymerase (TaKaRa) and cloned into the
pcDEF3 expression vector [15]. The DNA sequence of
each construct was confirmed by DNA sequencing using an
ABI3500 Genetic Analyzer (Applied Biosystems, Foster
City, CA, USA).

Cell culture, transfection and luciferase assay

C2C12 mouse myoblasts were maintained as previously
described [3]. Primary osteoblasts were prepared from
newborn mouse calvaria as described previously [16]. Cells
in a 96-well plate were transfected with 200 ng/well of
plasmid DNA using 0.5 pl/well of Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) as described previously
[7]. The luciferase reporter assay was performed using the
Dual-Glo Luciferase Assay system (Promega), luciferase
reporter plasmids and phRL-SV40 (Promega) in the pres-
ence and absence of 10 ng/ml BMP-4 (R&D Systems,
Minneapolis, MN, USA) with or without 100 nM
LLDN193189 (Stemgent, San Diego, CA, USA) for 24 h as
previously described [7].

Electrophoretic mobility shift assay

Electrophoretic mobility shift assays (EMSAs) were ’per—
formed as previously described [7, 17]. Oligonucleotides
were labeled with the Biotin 3’ End DNA Labeling Kit
(Thermo, Rockford, IL, USA). The DNA binding reaction
was performed for 20 min at room temperature in 20 pul of
binding buffer (10 mM Tris—HCI, pH 7.5; 50 mM KCI;
5 mM MgCl,; 1 mM dithiothreitol; 0.05 % Nonidet P-40;
2.5 % glycerol), 1 pg of poly(dI-dC), 100 fmol of biotin-
labeled DNA and 10 pg of nuclear extract proteins. For
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supershift experiments, antibodies were added prior to the
addition of the probe and incubated for 1 h at 4 °C. Anti-
bodies against Smadl (Invitrogen) and Smad4 (B-8; Santa
Cruz Biotechnology, Santa Cruz, CA, USA) were used. For
the competition experiments, the unlabeled double-stran-
ded oligonucleotides were added to the mixtures at room
temperature 30 min prior to the addition of the labeled
probe. The sequences of the oligonucleotides used are as
follows: 5-CATGGCGACCGCCCGCGCGGCGCCAGC
CT-3’ (1d1 wild-type BRE), 5-CATGGCGACCGCCCGC
GCTTTGCCAGCCT-3' (Idl mutant BRE), 5'-TTGCTAT
GGCAGCCGCCTGAGCGGCGCCGCGAGG-3 (I1d2 wild-
type BRE), 5-TTGCTATGGCAGCCGCCTGAGCTTTG
CCGCGAGG-3" (Id2 mutant BRE), 5-ATGACGTCCCA
CCCTGGCGCCAGGCTGTCTGGGGC-3' (Id3 wild-type
BRE), 5-ATGACGTCCCACCCTTTTGCCAGGCTGTC
TGGGGC-3' (Id3 mutant BRE) and 5'-CAGAGCGACCG
CCCGGCCGGCGCCAGCAG-3' (wild-type novel BRE)
(the underlined regions indicate mutations). The samples
were subjected to electrophoresis on a native 5 % acryl-
amide/0.5 x Tris-borate/EDTA gel and transferred to a
nylon membrane. The biotin-labeled DNA was detected
with the LightShift Chemiluminescent EMSA kit (Thermo).

Rapid amplification of cDNA ends

Rapid amplification of ¢cDNA ends (3' RACE) was per-
formed using the 3/-Full RACE Core Set (TaKaRa). A
library of adapter-ligated double-stranded cDNA was
constructed from 1 pg of total RNA isolated from BMP-4-
treated C2C12 cells according to the manufacturer’s
instructions. To isolate the 3’-end of the BIT-1 cDNA,
primer 1 (5-GCTGGGGGGTCAGTCTCCGA-3) and
primer 2 (5-CTTCAAGACTCCTCCTGAGG-3') were
designed from the sequence of the 3’-region of BIT-1. PCR
reactions were performed according to the manufacturer’s
instructions using AMV Reverse Transcriptase XL (Ta-
KaRa). The PCR product was subcloned into T-Vector
pMD20 (TaKaRa) and sequenced using an ABI3500
Genetic Analyzer (Applied Biosystems).

RT-PCR analysis

Total RNA was prepared using TRIzol Reagent (Invitro-
gen) and then reverse transcribed with SuperScript III
reverse transcriptase (Invitrogen) according to the manu-
facturer’s instructions. PCR reactions were performed with
GoTaq (Promega). The primer sets used are as follows:
5'-GGGTGTTGCTGGACAGTGCC-3' (BIT-1 sense),
5'-CACTACCCTGAGCACCACCC-3’ (BIT-1 anti-sense),
5-TCCTGCAGCATGTAATCGAC-3' (mouse Id1 sense),
5-GAGAGGGTGAGGCTCTGTTG-3' (mouse Idl anti-
sense), 5'-CTCCAAGCTCAAGGAACTGG-3' (mouse Id2

@ Springer

sense), 5'-CGCAACCCACACAGAACTTA-3' (mouse Id2
anti-sense), 5'-CTCTTGGACGACATGAACCAC-3' (mouse
1d3 sense), 5'-AGTGAGCTCAGCTGTCTGGAT-3' (mouse
Id3 anti-sense), 5-GAGAGGGAAATCGTGCGTGA-3
(mouse S-actin sense) and 5'-ACATCTGCTGGAAGGTGG
AC-3' (mouse fS-actin anti-sense).

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed
with a ChIP assay kit (Cell Signaling, Beverly, MA, USA)
according to the manufacturer’s instructions using anti-
bodies against Smadl (D59D7; Cell Signaling) and Smad4
(Cell Signaling). The purified DNA was analyzed by PCR
using the following primers that detect sequences in the
indicated promoter: 5'-TTCGCGCCCTAAGTCTGCAGG
TG-3' (Id1 promoter sense), 5'-AGGCCCGTGACGTCA
CCCATTC-3’ (Id1 promoter anti-sense), 5'-CCTTGCAGG
CATTGATCAGCTG-3' (1d2 promoter sense), 5'-GAGCC
CCGGAGCAGACTCTCT-3' (Id2 promoter anti-sense),
5'-GCTATTCACAAGCCGCTCGCCG-3' (1d3 promoter
sense), 5'-GCCCAGCTGTGGGTCCGGGTCC-3' (1d3
promoter anti-sense), 5'-CCAAGCCTTGTTGCCTGTGA
ACG-3’ (BIT-1 promoter sense), and 5'-ACAGCTGATTC
ATTGGCTCGGC-3' (BIT-1 promoter anti-sense).

Statistical analysis

Comparisons were made using an unpaired Student’s ¢ test;
the results are shown as the means £ SD. Statistical sig-
nificance is indicated as *p < 0.05 and **p < 0.01.

Results

Identification of functional BRESs in the mouse 1d2
and Id3 genes

To examine the transcriptional mechanism of BMP early
response genes, we analyzed the BREs in the mouse 1d2
gene using a series of luciferase reporters harboring frag-
ments of the 5'-flanking region of the mouse Id2 gene. For
1d2(3.1)-luc, but not Id2(2.7)- or Id2(2.0)-luc, luciferase
was induced in response to BMP-4 in C2C12 cells
(Fig. 1a). The response to BMP-4 was dependent on the
34-bp region between positions —2867 and —2821 in the
Id2 gene (5-TTGCTATGGCAGCCGCCTGAGCGGCG
CCGCGAGG-3"), which contains the GGCGCC sequence
identified in the BRE of the Id1 gene (Fig. 1b) [7-9]. In
both the forward and reverse orientations, the 34-bp region
of the Id2 gene was sufficient to respond to BMP-4
(Fig. 1c). Moreover, mutation of GGCGCC to TTTGCC in
the 34-bp region reduced the response to BMP-4 (Fig. 1d),
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Fig. 1 Identification of a BRE in the mouse Id2 gene. a and
b Deletion analysis of the 5 region of the mouse Id2 gene in
luciferase reporter constructs. Deletion constructs were generated
from Id2(3.1)-luc. ¢ Characterization of the 34-bp region of the mouse
Id2 gene as a BMP-responsive enhancer. Reporter constructs
harboring four copies of the 34-bp element with a wild-type or
mutant sequence in the forward (Id2WT4F-luc and Id2MUT4F-luc)

suggesting that the 34-bp region functions as the BRE in
the Id2 gene.

Using the same strategy, we analyzed a BRE within a
5.7-kb 5' -flanking region of the mouse 1d3 gene (Fig. 2).
The response of the Id3 gene to BMP-4 was highly
dependent on the 35-bp region between positions —3299
and —3265 (5-ATGACGTCCCACCCTGGCGCCAG-
GCTGTCTGGGGC-3"), which also contains the GGCGCC
sequence (Fig. 2a, b). Similar to the Id1 and Id2 genes, the
GGCGCC sequence in the Id3 gene was both necessary and
sufficient to mediate the response to BMP-4 (Fig. 2¢, d),
suggesting that this 35-bp region is the BRE in the Id3
gene.

Smadl and Smad4 cooperatively induce
the transcription of the Id2 and Id3 genes

Next, we analyzed the roles of Smadl and Smad4 in the
transcription of the Id2 and 1d3 genes. Using EMSAs, we
demonstrated that BMP-4 treatment induced the formation
of a DNA-protein complex with both the Id2 and Id3 BREs
(Fig. 3a, b). The DNA-protein complexes that formed with
the BREs were supershifted upon the addition of antibodies
against Smadl and/or Smad4 (Fig. 3a, b). The DNA-pro-
tein complex that formed with the Id1 BRE was competed
away by the addition of excess unlabeled DNA of not only
the wild-type Id1 BRE but also the wild-type I1d2 and Id3
BREs; however, the BREs with mutated GGCGCC

0.1 0.2 0.3 04

b
GGCGCC

-2900 HM
-2867 _——()—»-
2820 p——-(?—».
2772 |———&—>-

Control

BMP-4

Lucnferase actmty (Flreﬂy/Remlla)

GGCGCC +19
-2867
TITGCC
-2867 MUT Luc
-2820 |—??-—>m

Luc:ferase actmty (Flreﬂy/Renllla)

Control
BMP-4

or reverse orientation (Id2WT4R-luc) were generated. d The role of
the GGCGCC sequence of the Id2 BRE in the BMP response. The
GGCGCC sequence in the BRE was substituted with TTTGCC in
1d2(2867)-1uc. Luciferase expression was determined in C2C12 cells
in the presence and absence of 10 ng/ml BMP-4. Data are reported as
the means £ SD (n = 3)

sequences failed to compete (Fig. 3c). A ChIP assay
demonstrated the binding of endogenous Smadl and
Smad4 to the BREs in the Id2 and Id3 genes in response to
BMP-4 (Fig. 3d). The overexpression of Smadl stimulated
the expression of luciferase from both the Id2WT4F-luc
reporter and the Id3WT4F-luc reporter (Fig. 3e, f). Co-
transfection with Smad4 and Smadl expression vectors
enhanced luciferase expression in C2C12 cells (Fig. 3e, f).

Effects of Rp58 on the transcription of Id1, Id2 and Id3

Recently, Rp58 (Zfp238) was identified as a transcriptional
repressor of Id2 and Id3 during myogenesis [18]. We
examined the effect of the relationship between the Smads
and Rp58 on the transcription of BMP-responsive genes,
including Id1, Id2 and 1d3, using luciferase reporter con-
structs driven by each native promoter/enhancer region
[Id1(2.1)-luc, 1d2(3.1)-luc and Id3(5.7)-luc, respectively].
As reported previously, the overexpression of Rp58 sup-
pressed BMP-4-induced luciferase expression from
1d2(3.1)-luc and Id3(5.7)-luc, but Rp58 did not suppress
expression from Id1(2.1)-luc (Fig. 4a—c). The consensus
sequences for Rp58 were located at positions +174 and
+16 of the Id2 and Id3 BREs, respectively, but there was
no Rp58 site in proximity to the Id1 BRE (Fig. 4d). An
unexpected stimulation, rather than inhibition, of the
1d1(2.1)-luc luciferase reporter by Rp58 was also observed
with empty pGL4.26 vector (2.0-fold, data not shown).
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Fig. 2 Identification of a BRE in the mouse Id3 gene. a and
b Deletion analysis of the 5’ region of the mouse Id3 gene in
luciferase reporter constructs. Deletion constructs were generated
from Id3(5.7)-luc. ¢ Characterization of the 35-bp region of the mouse
Id3 gene as a BMP-responsive enhancer. Reporter constructs
containing four copies of the 35-bp element with a wild-type or
mutant sequence in the forward (Id3WT4F-luc and Id3MUT4F-luc)

Identification of a novel BMP-responsive gene
containing the conserved BRE

Due to the high level of conservation of the GC-rich BRE
sequences among the Id1, Id2 and Id3 genes, we performed
a BLAST (http://blast.ncbi.nim.njh.gov/Blast.cgi) search
on the mouse genome to identify novel genes that have
potential BREs. Using the Id1 BRE as the query sequence,
we found a highly conserved sequence (23 of 29 bases
identical) on chromosome 13 at position 47,723,740-
47,723,768, which showed 79.3, 62 and 45 % homology
with the BREs of Id1, Id2 and Id3, respectively (Fig. 5a).
We generated a luciferase reporter construct containing
four tandem copies of this potential novel BRE upstream of
the minimal promoter (Fig. 5b). This reporter was acti-
vated in response to BMP-4, and this activation was sup-
pressed by a chemical inhibitor of BMP receptors (Fig. 5b).
Using EMSAs and ChIP assays, we demonstrated that this
novel BRE was recognized by Smadl and Smad4 in
response to BMP-4 (Fig. 5c, d). Moreover, the overex-
pression of Smadl in the presence of Smad4 induced
luciferase expression in C2C12 cells (Fig. Se).

A novel BMP-inducible transcript
Our findings suggest that the novel BRE regulates the

transcription of an unidentified gene in response to BMP
signaling. However, there were no genes that mapped
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or reverse orientation (Id3WT4R-luc) were constructed. d The role of
the GGCGCC sequence of the Id3 BRE in the BMP response. The
GGCGCC sequence in the BRE was substituted with TTTGCC in
1d3(3304)-luc. Luciferase expression was determined in C2C12 cells
in the presence and absence of 10 ng/ml BMP-4. Data are reported as
the means &= SD (n = 3)

within 10 kb of the novel BRE in the RefSeq database. We
found that the novel BRE was located 255 bp upstream
from a single cap analysis gene expression (CAGE) tag in
the FANTOM database (TC ID T13F02D835DB; TU ID
83506 forward strand) (Fig. 6a, c¢). BMP-4 significantly
stimulated luciferase expression from a reporter construct
containing the genomic sequence from positions —805 to
+49 relative to the CAGE tag, a region that includes the
novel BRE, and this stimulation was suppressed by the
BMP receptor inhibitor LDN-193189 (Fig. 6a). Further-
more, the corresponding endogenous. transcript containing
the CAGE tag, termed BIT-1, was induced in C2C12 cells
within 30 min after treatment with BMP-4 (Fig. 6b). We
determined the sequence of full-length BIT-1 from the
CAGE tag in C2C12 celis cultured in the presence of BMP-
4 using 3’ RACE (Fig. 6¢). RT-PCR with a primer set that
included the CAGE tag and the 3’ end sequence yielded the
expected 1.0-kb single band, which was confirmed by
direct DNA sequencing (Fig. 6d). The sequence data for
BIT-1 have been deposited in the DDBJ/EMBL/GenBank
databases under accession number AB679283. BIT-1
appears to be a non-coding RNA because the first open
reading frame from the CAGE tag only encodes 6 amino
acids and ATG codons do not correspond to the Kozak
consensus sequence (Fig. 6¢). Among the mouse tissues,
BIT-1 was detected in the testis = brain > cartilage =
kidney > and lung, in this order, and this expression pat-
tern was quite different from that of other BMP-responsive
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Fig. 3 Smadl and Smad4 bind to BRESs in the Id2 and Id3 genes.
a and b The DNA-protein complexes formed with the Id2 and Id3
BREs contain Smadl and Smad4. Nuclear extracts were prepared
from C2C12 cells treated for 1 h with or without 100 ng/ml BMP-4.
EMSAs were performed using the 1d2 a or Id3 b BRE as a probe.
Antibodies against Smadl (S1) and Smad4 (S4) alone or in
combination were added to the reaction mixtures. An arrow from
left to right indicates BMP-induced complexes. SI, S4 and S1/54
indicate supershifted bands with the indicated antibody. Asterisks
indicate non-specific bands. ¢ Sequence specificity of the BREs in the
1d1, Id2 and 1d3 genes. EMSAs were performed using nuclear extracts
prepared from C2C12 cells treated with BMP-4 and the Id1 BRE as a

genes, such as Id1, Id2 and Id3 (Fig. 6e). Treatment with
BMP-4 induced the expression of BIT-1 mRNA and the
luciferase reporter not only in C2C12 cells but also in
primary osteoblasts (Supplemental Fig. 1). We did not
detect any changes in the induction of ALP activity,
Id1WTA4F-luc expression or the inhibition of myogenesis
by BMP signaling with a transient transfection of C2C12
cells with BIT-1 ¢cDNA (data not shown).

Discussion

In the present study, we analyzed the functional BREs in
the mouse Id2 and Id3 genes, which are typical early
response genes in BMP signaling. Both BREs were found
in the 5'-flanking region of each gene; the Id2 BRE was
located between positions —2854 and —2820, and the 1d3

Empty
Vector

Smad1 Smad1

probe. Excess unlabeled Id1, Id2 or Id3 BRE with a wild-type (WT)
or mutant (Mut) GCCGCC sequence was added to the mixtures. An
arrow from left to right indicates BMP-induced complexes. Asterisks
indicate non-specific bands. d ChIP assays demonstrate that Smadl
and Smad4 bind to the Id2 and Id3 BREs in response to BMP-4
stimulation in C2C12 cells. e and f Smadl and Smad4 activate the
expression of 1d2 and Id3 via BREs. Id2WT4F-luc e and Id3WT4F-
luc f were co-transfected with Smadl in the presence or absence of
Smad4 in C2C12 cells. Data are reported as the means £ SD.
(n=3). *p <0.01 compared with cells transfected with empty
vector and Smadl, Smadl alone or Smad4 with Smadl

BRE was located between positions —3299 and —3625.
Both mouse BREs were conserved at the corresponding
positions in the human 1d2 (97 %) and 1d3 (100 %) genes
(data not shown), suggesting that these regions are
important for transcriptional regulation. The BREs in the
Id1, Id2 and Id3 genes possess a highly conserved
GGCGCC core sequence, and this sequence was recog-
nized by a complex containing Smadl and Smad4. We
previously reported that mutation of the Id1 BRE from
GGCGCC to TTTGCC destroys the response to BMP
signaling by interrupting the binding of Smads to DNA [7].

Recently, other groups have also identified regions
similar to the BREs in the mouse Id2 and human Id3 genes
{19, 20]. ChIP-seq analysis using an antibody against
Smad1/5 also identified two GC-rich Smad-binding ele-
ments in human endothelial cells, the GGCGCC sequence
and a GGAGCC sequence [21]. Taken together, all of these
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Fig. 4 Rp58 suppresses the expression of 1d2 and Id3 but not of Id1.
a—c¢ Rp58 suppresses 1d2(3.1)-luc b and Id3(5.7)-luc ¢ but not
1d1(2.1)-luc a. C2C12 cells were transfected with one of the reporter
constructs with or without Rp58, and luciferase expression was
determined in the presence or absence of BMP-4. Data are reported as

findings indicate the importance of the GGCGCC sequence
in the BMP response in mammalian cells. Interestingly,
although two GGCGCC sequences were identified within a
60-bp region in the mouse Id2 gene, deleting only the
region distal to the native promoter/enhancer abrogated the
response to BMP-4. These results suggest that the
GGCGCC sequence is essential, but not sufficient, for the
BMP response. Additional sequences surrounding this core
sequence may modify the binding affinity of Smads and/or
other co-activators. Although a role for the CAGA (or
complement GTCT) box in the BMP response has been
suggested, our artificial BRE reporters, Id1WT4F-luc and
1d2WT4F-luc, respond to BMP-4 although they lack the
CAGA/GTCT box, suggesting that this element may not be
essential for the response to BMP signaling. Additional
studies are required to clarify the synergism between these
sequences in BMP-regulated transcription.

We found a novel BMP-inducible transcript, BIT-1, by
searching a genome database using the 29-bp 1d1 BRE; the
sequence was chosen because not only the core GGCGCC
sequence but also the surrounding sequence may be required
for the BMP response. The BIT-1 BRE exhibited the highest
degree of homology with the Id1 BRE (79.3 %). BIT-1
seems to be one of the BMP-induced non-coding RNAs that
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the mean 4= SD (n = 3). d A scheme of the relationship between the
BREs (solid squares) and the Rp58 sites (open circles) in the
1d1(2.1)-luc, 1d2(3.1)-luc and Id3(5.7)-luc reporter constructs.
*p < 0.05; **p < 0.01

include BMP/OP-resposive gene [22]. BIT-1 may have
physiological roles in tissue development that are regulated
by BMPs, as suggested by the fact that BIT-1 was found to
be expressed in the target organs of BMPs, such as the testis,
brain, kidney and cartilage. However, transient overex-
pression of the BIT-1 cDNA in C2C12 cells did not change
the typical responses induced by BMPs, including alkaline
phosphatase (ALP) activity, Id-luc expression or myogen-
esis (data not shown). Cell specificity may be involved in the
functions of BIT-1. Gain-of-function and/or loss-of-func-
tion analyses in vivo will be required to elucidate the
physiological roles of BIT-1. We have searched for novel
BREs and BIT-1 in other species. Interestingly, whereas the
novel BRE, including the GC-core sequence, is highly
conserved not only in mouse but also in human, rat, orang-
utan, dog, horse and chicken, the conserved BIT-1 sequence
is found in mouse and rat, but not in other species. This
finding suggests that BIT-1 may function in rodents and that
the conserved BRE in other species may regulate the
expression of other transcripts in response to BMP signaling.

Recently, Rp58 has been identified as a transcriptional
repressor of I1d2 and Id3, which are negative regulators of
the MyoD family of transcription factors [18]. The
expression of Rp58 increased during myogenesis in C2C12
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Fig. 5 Identification of a novel BRE in the mouse genome.
a Comparison of the novel potential BRE with the BREs of Idl,
1d2 and 1d3. Underlining indicates the novel potential BRE identified
in the mouse genome on chromosome 13 at position
47,723,740-47,723,768. Nucleotides that are conserved between the
novel potential BRE and the Id1 BRE are indicated by asterisks.
b Functional analysis of the novel BRE. A reporter construct
containing four copies of the novel BRE was transfected into C2C12
cells, and luciferase expression was determined in the presence or
absence of 10 ng/ml BMP-4 with or without 100 nM LDN193189.
Data are reported as the means = SD (n = 3). ¢ Smadl and Smad4
bind to the novel BRE. EMSAs were performed using the novel BRE
as a probe and nuclear extracts of C2C12 cells treated with BMP-4.

cells [18]. We confirmed the finding that Rp58 suppressed
the transcription of the Id2 and Id3 genes via the consensus
sites in the 5'-flanking region of each gene. We observed
that these Rp58 sites were located close to the BREs in
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Antibodies against Smadl or Smad4 were added to the mixture. An
arrow indicates BMP-induced complexes. S1, S4 and S1/54 indicate
supershifted bands with the indicated antibody. Asterisks indicate
non-specific bands. d ChIP assays demonstrate that Smadl and
Smad4 proteins bind to the novel BRE and the Id1 BRE in response to
BMP-4 stimulation of C2C12 cells. € Smadl and Smad4 induce the
transcriptional activity of BRE. C2C12 cells were co-transfected with
the 4x novel BRE luciferase reporter and Smadl in the presence or
absence of Smad4. Data are reported as the means & SD (n = 3).
**p < 0.01 compared with cells transfected with empty vector and
Smadl. *p < 0.05 compared with cells transfected with Smadl alone
or with Smad4 and Smadl

both the 1d2 and Id3 genes. The luciferase reporters lacking
the Rp58 sites were not suppressed by the overexpression
of Rp58, suggesting that Rp58 inhibits the transcription of
Id2 and 1d3 induced by BMP signaling by binding to the
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Fig. 6 The novel BRE regulates the transcription of BIT-1. a A
luciferase reporter construct harboring the novel BRE was activated
by BMP-4. A DNA fragment of mouse chromosome 13 position
47,723,190-47,724,044 containing the novel BRE (open arrow) and
the CAGE tag (triangle) (—805 to +49) was cloned into the luciferase
reporter vector pGL4.14 and transfected into C2C12 cells. Luciferase
expression was determined in the presence or absence of BMP-4 with
or without 100 nM LDN193189. Data are reported as the mean £ SD
(n = 3). b RT-PCR analysis. C2C12 cells were treated with 100 ng/
ml BMP-4 for the indicated time periods. The BIT-1, Id] and actin
mRNAs were amplified by RT-PCR. ¢ Nucleotide sequence of the

target promoter/enhancer regions. The molecular mecha-
nism of this inhibition will be elucidated by analyzing the
components that are recruited to the consensus site by
Rp5S8.

In conclusion, we identified functional BREs in BMP
early response genes containing the core GGCGCC
sequence. A novel BMP-inducible transcript, BIT-1, may
play a role in BMP-regulated tissue development.
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novel BRE and BIT-1. The novel BRE identified (open arrow), the
CAGE tag (open box), and the 3’ end as determined by 3’ RACE
(solid triangle) are indicated. The first nucleotide of the CAGE tag is
denoted by +1. d Induction of BIT-1 by BMP-4 in C2C12 cells. The
expected full-length BIT-1 was amplified by RT-PCR using primers
that bind the CAGE tag and the 3’ end. e Expression of BIT-1, Idl,
Id2 and Id3 in mouse tissues. RT-PCR analysis was performed using
cDNA prepared from the following mouse tissues: C cartilage, Lu
lung, S spleen, H heart, Bo bone, M muscle, T testis, K kidney, Li
liver, Br brain, / intestine and St stomach. **p < 0.01 compared with
control
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The unique activity of bone morphogenetic
proteins in bone: a critical role of the Smad

signaling pathway

Abstract: Bone morphogenetic proteins (BMPs) are multi-
functional cytokines that belong to the transforming growth
factor- family. BMPs were originally identified based on
their unique activity, inducing heterotopic bone formation
in skeletal muscle. This unique BMP activity is transduced
by specific type I and type II transmembrane kinase recep-
tors. Among the downstream pathways activated by these
receptors, the Smad1/5/8 transcription factors appear to
play critical roles in BMP activity. Smad1/5/8 transcription
factors are phosphorylated at the C-terminal SVS motif by
BMP type I receptors and then induce the transcription
of early BMP-responsive genes by binding to conserved
sequences in their enhancer regions. The linker regions of
Smad1/5/8 contain multiple kinase phosphorylation sites,
and phosphorylation and dephosphorylation of these sites
regulate the transcriptional activity of Smad proteins. Gain-
of-function mutations in one BMP type I receptor have
been identified in patients with fibrodysplasia ossificans
progressiva, a rare genetic disorder that is characterized by
progressive heterotopic bone formation in the skeletal mus-
cle. The mutant receptors activate the Smad signaling path-
way even in the absence of BMPs, therefore novel inhibitors
for the BMP receptor — Smad axis are being developed to
prevent heterotopic bone formation in fibrodysplasia ossifi-
cans progressiva. Taken together, the data in the literature
show that the BMP type I receptor — Smad signaling axis
is the critical pathway for the unique activity of BMPs and
is a potential therapeutic target for pathological conditions
caused by inappropriate BMP activity.
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Bone morphogenetic proteins and
their role in bone formation

The discovery of bone morphogenetic
protein

Bone morphogenetic protein (BMP) was originally discov-
ered as a protein with heterotopic bone-inducing activity
in the bone matrix (Urist, 1965; Reddi and Huggins, 1972).
Marshall R. Urist (1965) observed the induction of new
cartilage and bone with bone marrow in skeletal muscle
after the implantation of bone matrix demineralized by
treatment with hydrochloric acid. The demineralized bone
matrix factor with this unique activity was named BMP
because it was destroyed by digestion with trypsin (Urist
and Strates, 1971). These findings also indicated that skel-
etal muscle and other soft tissues contain progenitor cells
that are capable of differentiating into chondrocytes and
osteoblasts under the control of BMP (Wosczyna et al.,
2012). Other molecules, such as cytokines, hormones and
small chemical compounds, do not show such bone-induc-
ing activity, therefore this heterotopic bone induction is
believed to be specific to BMP (Katagiri et al., 2008). The
intracellular signal transduction downstream of BMP may
play an important role in physiological and pathological
bone formation (Miyazawa et al., 2002; Katagiri, 2010).

The structure — bioactivity relationship
of bone morphogenetic proteins

In 1988, Wozney and colleagues obtained several peptide
sequences from the bioactive ‘BMP’ fraction purified from
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demineralized bovine bone matrix and successfully cloned
four independent BMP cDNAs (BMP-1 through BMP-4; BMP-4
was originally called BMP-2b). The BMPs, except BMP-,
have strong homology with transforming growth factor-p1
(TGF-B1) and have been shown to be novel members of the
TGF-B family (Wozney et al., 1988). Based on cDNA homo-
logy, more than 10 BMPs and related growth differentiation
factors have also been identified in vertebrates (Figure 1)
(Katagiri et al., 2008; Mueller and Nickel, 2012).

The members of the TGF-B family function as dimers
(Sampath et al., 1990). Although bone matrix contains
several types of BMPs, each recombinant BMP homodi-
mer induces heterotopic cartilage, tendon and/or bone
formation in vivo, suggesting that the original ‘BMP’
activity found in demineralized bone matrix represented
the combined activity of heterogeneous BMPs (Rider and
Mulloy, 2010). Furthermore, the overlapping expression
of some BMP mRNAs during embryogenesis suggests a
possibility of BMP heterodimer formation during skeletal
development. BMP-2/BMP-6 and BMP-2/BMP-7 heterodi-
mers show higher specific activity in vitro and in vivo than
their respective homodimers (Israel et al., 1996; Valera
et al., 2010; Buijs et al., 2012). BMP-1, a metalloprotein-
ase, also induced heterotopic cartilage formation in vivo,
though the molecular mechanisms underlying this activ-
ity remain unclear (Wozney et al., 1988). Dpp and 60A,
BMP-2/4 and BMP-5/6/7 homologs in Drosophila, respec-
tively, were capable of inducing heterotopic bone forma-
tion in rodents, even though flies do not have bone tissue

The TGF- family

BMP-2 TGF-B1

BMP-4 TGF-p2
TGF-B3

BMP-5

BMP-6 Activin A

BMP-7/0OP-1 Activin B

BMP-8 Inhibin A
Inhibin B

GDF-5/BMP-14

GDF-7/BMP-12

BMP-9

BMP-10

Osteogenic activity

Yes No

Figure 1 Osteogenic and non-osteogenic members of the TGF-B
family.

Among the members of the TGF-B family examined their osteogenic
activities, most BMPs are capable of inducing heterotopic bone
formation when applied to skeletal muscle as recombinant proteins.
In contrast, TGF-B proteins, activins, inhibins and BMP-3 do not
have this activity.
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(Sampath et al., 1993; Shimmi et al., 2005). A common
intracellular signaling system activated by BMPs and
homologs in vertebrates and flies may have different func-
tions that are species- and cell type-dependent. Indeed,
the TGF-B family members have multiple roles in proli-
feration, differentiation and apoptosis during embryonic
development and in tissue maintenance and regeneration
after birth (Giacomini et al., 2007; Wordinger and Clark,
2007; Katagiri et al., 2008; Miyazono et al., 2010; Cai et al.,
2012; Otsuka et al., 2012). For example, BMP-9 has been
shown to regulate blood glucose levels; a single subcu-
taneous injection of BMP-9 reduced the blood glucose
levels in diabetic mice to near-normal levels (Chen et al.,
2003). Moreover, some BMPs have been identified and/
or purified from serum (Borovecki et al., 2004; Kodaira
et al., 2006; Vukicevic and Grgurevic, 2009; Grgurevic
et al., 2011). These findings suggest that BMPs act not
only at the local but also the systemic level (Simic et al.,
2006; Nemeth, 2008). The mechanisms that regulate the
expression and activation of BMPs should be investigated
further.

An in vitro model reflecting the unique
activity of bone morphogenetic proteins

Heterotopic bone induction, one of the defining activi-
ties of BMPs, can be reproduced in vitro, at least in part,
in C2C12 myoblasts derived from the thigh muscles of C3H
mice (Blau et al., 1983). Similar to primary myoblasts,
C2C12 cells proliferate as mononuclear cells and express
MyoD, a master gene of skeletal muscle differentiation,
but do not express muscle-contracting proteins, such
as myosin heavy chain and troponin T. Terminal myo-
genic differentiation is induced upon entering GO. The
treatment of C2C12 cells with osteogenic BMPs inhibits
myogenic differentiation and induces an osteoblast dif-
ferentiation phenotype, including high alkaline phos-
phatase activity and osteocalcin secretion (Katagiri et al.,
1994). Similar effects were observed in primary myoblasts
treated with BMPs (Katagiri et al., 1994). Although many
types of hormones and cytokines inhibit the myogenesis
of myoblasts in vitro, these molecules never induce osteo-
blastic differentiation in C2C12 cells (Katagiri et al., 2008).
Furthermore, although TGF-B1is known as a potent inhibi-
tor of myogenesis, it does not induce osteoblastic differen-
tiation in C2C12 cells in vitro or heterotopic bone formation
in vivo (Sampath et al., 1987; Katagiri et al., 1994). Thus,
an experimental model using C2C12 myoblasts may be a
useful system for studying the unique intracellular signal
transduction of BMPs in vitro. Indeed, Osterix, which is




