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Bone morphogenetic proteins (BMPs) are critical for bone regeneration and induce ectopic bone formation in
vivo. The constitutively activating mutation (R206H) of the BMP type 1 receptor, activin A type 1 receptor/
activin-like kinase 2 (ACVR1/ALK2), underlies the molecular pathogenesis of fibrodysplasia ossificans
progressiva (FOP) in which heterotopic ossification occurs in muscle tissue. In the present study, we per-
formed a comparative DNA microarray analysis between stable empty vector- and ALK2(R206H)-transfected
mouse myoblastic C2C12 cells. Forty genes were identified whose expression was increased >3.5 times in the
experimental group versus the control. The bone formation-related factor, Tmem119, was included in this
group. Osteoblast differentiation markers and mineralization were enhanced in C2C12 cells stably expressing
Tmem119. Differentiation of myoblastic cells into myotubes was suppressed but differentiation into cho-
ndrocytes was little affected. Transcriptional activity of the BMP-2 signaling molecules, Smad1/5, was in-
creased even in the absence of exogenous BMP-2. Endogenous BMP-2 levels positively correlated with
Tmem119 levels. A BMP-2/4 neutralizing antibody and dorsomorphin, an ALK2 inhibitor, antagonized
Tmem119-enhanced alkaline phosphatase (ALP) levels. Tmem119 siRNA antagonized the BMP-2-induced
ALP and osteocalcin, but not Runx2 and Osterix, mRNAs, in C2C12 cells. In conclusion, Tmem119 levels
were increased by the FOP-associated constitutively activating ALK2 mutation in myoblasts. The data show
that Tmem119 promotes the differentiation of myoblasts into osteoblasts and the interaction with the BMP
signaling pathway likely occurs downstream of Runx2 and Osterix in myoblasts. Tmem119 may play a critical
role in the commitment of myoprogenitor cells to the osteoblast lineage.

© 2012 Elsevier Inc. All rights reserved.

Introduction

Fibrodysplasia ossificans progressiva (FOP; MIM#135100) is a
rare autosomal dominant disorder of skeletal malformations and

progressive extraskeletal ossification [1]. A heterozygous constitu-
tively activating mutation (c.617G>A; p.R206H) in a bone morphoge-
netic protein (BMP) type I receptor, the activin receptor type I
(ACVR1; MIM#102576)/activin-like kinase 2 (ALK2), is found in pa-
tients having the classic form of FOP [2]. Constitutive activation of
the BMP signaling molecule Smad1 or Smad5 induces ectopic bone
formation in FOP [3]. A recent study has revealed that the mild activa-
tion of the BMP signaling pathways by the ALK2(R206H) mutant in
the absence of exogenous BMP is due to its impaired binding to
FKBP1A/FKBP-12, a molecule that is known to safeguard against the
leakage of TGF-β or BMP signaling, and an altered subcellular distribu-
tion such that the ALK2(R206H) mutant is mainly at the plasma mem-
brane regardless of stimulation with BMP-2 [4]. The ALK2(R206H)
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mutant also sensitizes mesenchymal cells to BMP-induced osteoblast
differentiation and bone formation [5]. Yu et al. reported that a selective
inhibitor of ALK2 reduces activation of Smad1, Smad5 and Smad8 in
mouse tissues expressing constitutively active ALK2 induced by injection
of adenovirus-driven Cre recombinase [6]. However, the details of the
heterotopic ossification of muscle in FOP remain to be fully elucidated.

BMP-2 was originally identified as a polypeptide that induces
ectopic bone and cartilage formation in extraskeletal tissues in vivo
[7,8]. Extensive studies have demonstrated that BMP-2 plays impor-
tant roles in bone formation and bone cell differentiation [9–12].
BMPs are the only factors that induce bone regeneration and ectopic
bone formation in vivo. BMPs act through a complex of type I and
type II transmembrane serine/threonine kinase receptors. The ligand
bound type II receptor phosphorylates the type I receptor, which
activates Smad1/5/8. Activated Smad1/5/8 molecules form a complex
with the common Smad, Smad4. The complex translocates to the
nucleus and regulates transcription of genes important for controlling
the induction of bone formation.

Mouse Tmem119 is a 280 amino acid single pass type 1a membrane
protein with a signal peptide. Tmem119was detected in perichondrium,
trabecular bone and stratum osteogenicum in periosteum in mouse
embryos [13]. Tmem119 mRNA is expressed in several tissues in-
cluding blood, bone, brain, intestine, kidney, liver, lung, skin and
uterus in mice (IGID: 2703244: Unigene Mm.41681). We previously
showed that inhibition of ERK1/2 enhanced Smad3-induced bone
anabolic action in osteoblasts [14]. Tmem119was identified in a com-
parative DNA microarray analysis between empty vector-transfected
and ERK1/2 inhibitor-treated stably Smad3-overexpressing mouse
osteoblasticMC3T3-E1 cells [15].We studied Tmem119 further because
of its rapid induction by parathyroid hormone (PTH) independent of
later increases in endogenous TGF-β. Although Tmem119 promotes
osteoblast differentiation [15,16], the precise mechanisms by which
Tmem119 induces the differentiation and how it affects the commit-
ment of undifferentiated mesenchymal stem cells into osteoblasts,
chondrocytes and myocytes are not known.

In the present study, we performed a comparative DNA micro-
array analysis between empty vector-transfected and ALK2 with the
R206H mutation [ALK2(R206H)]-transfected mouse myoblastic
C2C12 cells. Tmem119 was identified as one of the factors which
were enhanced by ALK2(R206H) and detected in muscle cells. Here,
we investigated its role in the differentiation of myoblastic cells into
osteoblasts, chondrocytes and myocytes.

Materials and methods

Materials

Human (h) recombinant bone morphogenetic protein-2 (BMP-2),
anti-β-actin, anti-troponin T antibodies, actinomycin D and cyclohexi-
mide were obtained from Sigma-Aldrich Corp (St. Louis, MO). Anti-
Runx2, anti-alkaline phosphatase (ALP), anti-phosphorylated Smad1/
5/8, anti-Smad1, anti-Smad5, anti-BMP-2, anti-Smad6, anti-Smad7
antibodies, BMP-2 siRNA (m), Tmem119 siRNA (m) and control
siRNA were from Santa Cruz Biotechnology (Santa Cruz, CA). The
pcDEF3-ALK2(R206H) V5-tagged construct was previously described
[3]. Anti-osterix antibody was from Abcam Inc. (Cambridge, MA). Anti-
V5, anti-noggin, and anti-human BMP-2/4 neutralizing antibody were
from Invitrogen (San Diego, CA), AlphaGenix (West Lafayette, IN), and
R&D Systems, respectively. Dorsomorphin dihydrochloride was from
Tocris Cookson Ltd. (Bristol, UK). All other chemicals used were of ana-
lytical grade.

Cell culture

Mouse myoblastic C2C12 (ATCC) cells were cultured in Dulbecco's
modified Eagle's medium (DMEM) (Invitrogen) with 10% fetal bovine

serum (FBS) and 1% penicillin–streptomycin (Invitrogen). The medium
was changed twice a week.

Transient and stable transfection

Each vector was transfected into C2C12 cells with Lipofectamine
(Invitrogen Life Technologies, Inc., Grand Island, NY), as previously
described [15]. Six hours later, the cells were fed fresh DMEM
containing 10% FBS. Forty-eight hours later, the transiently trans-
fected cells were used for experiments. To generate stably transfected
C2C12 cells, after incubation in DMEM containing 10% FBS for 48 h,
the cells were passaged, and clones were selected in DMEM sup-
plemented with G418 (0.3 mg/ml; Invitrogen Life Technologies,
Inc.) and 10% FBS. Twenty-four clones were picked after 3 weeks of
culture in G418. Several clones were selected after Western blotting
with anti-Tmem119 or anti-V5 antibody and semi-quantitative RT-PCR.
At least three independent clones for each stable transfection were
characterized to rule out the possibility of clonal variation. Empty
vector-transfected cells were used as control.

Protein extraction and Western blot analysis

Cells were lysed with radioimmunoprecipitation buffer containing
0.5 mM phenylmethylsulfonylfluoride, complete protease inhibitor
mixture (Roche Applied Science, Tokyo, Japan), 1% Triton X-100,
and 1 mM sodium orthovanadate. Proteins were transferred in
25 mM Tris, 192 mM glycine, and 20% methanol to polyvinylidene
difluoride. Blots were blocked with 20 mM Tris–HCl (pH 7.5),
137 mM NaCl, 0.1% Tween 20, and 3% dried milk powder. The mem-
branes were immunoblotted with each primary antibody. The antigen–
antibody complexes were visualized using the appropriate secondary
antibodies (Sigma-Aldrich Corp.) and the enhanced chemilumi-
nescence detection system, as recommended by the manufacturer
(Amersham Biosciences, Arlington Heights, IL). The results depicted
in each figure are representative of at least three independent cell
preparations.

RNA extraction and real-time PCR

Total RNA was prepared from cells using TRIZOL reagent. cDNA
was synthesized using the Superscript™ First-Strand Synthesis Sys-
tem for RT-PCR (GIBCO BRL). Specific mRNA was quantified by real-
time PCR using a 7500 Real-time PCR system (Applied Biosystems,
Rotkreuz, Switzerland) with SYBR Premix Ex Taq™ II (Perfect Real
Time) kits (TaKaRa) according to the manufacturer's standard proto-
col. The mRNA value for each gene was normalized relative to the
mouse GAPDH mRNA levels in RNA samples. Primer sequences (for-
ward and reverse) were as follows: GAPDH, 5′-GTGTACATGGTTCCAGT
ATGAGTCC-3′ and 5′-AGTGAGTTGTCATATTTCTCGTGGT-3′; Tmem119,
5′-TGGTTCCTCCTGTCTCTGCT-3′ and 5′-ATGATCCCTTCCAGGAGGTT-3′;
osteocalcin (OCN), 5′-CCTGAGTCTGACAAAGCCTTCA-3′ and 5′-GCCGGA
GTCTGTTCACTACCTT-3′; Runx2, 5′-AAATGCCTCCGCTGTTATGAA-3′ and
5′-GCTCCGGCCCACAAATCT-3′; ALP, 5′-ATCTTTGGTCTGGCTCCCATG‐3′
and 5′-TTTCCCGTTCACCGTCCAC-3′; Osterix, 5′-AGCGACCACTTGAGCAA
ACAT-3′ and 5′-GCGGCTGATTGGCTTCTTCT-3′; Type I collagen, 5′-
ATGCCTGGTGAACGTGGT-3′ and 5′-AGGAGAGCCATCAGCACCT-3′; Type
II collagen, 5′-CCTCCGTCTACTGTCCACTGA-3′ and 5′-ATTGGAGCCCTG
GATGAGCA-3′; Type X collagen, 5′-GCCAAGCAGTCATGCCTGAT-3′ and
5′-GACACGGGCATACCTGTTACC-3′; BMP-2, 5′-GGTCACAGATAAGGCAT
TGC-3′ and 5′-GCTTCCGCTGTTTGTGTTTG-3′; MyoD, 5′-GACGGCTCTCTC
TGCTCCTT‐3′ and 5′-AGTAGAGAAGTGTGCGTGCT‐3′; Myogenin, 5′-GCT
GCCTAAAGTGGAGATCCT‐3′ and 5′-GCGCTGTGGGAGTTGCAT‐3′; Myf-6,
5′‐ATGGTACCCTATCCCCTTGC‐3′ and 5′‐TAGCTGCTTTCCGACGATCT‐3′.
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