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a b s t r a c t

Background: Bone morphogenetic proteins (BMPs) induce ectopic bone formation in vivo and osteoblast
differentiation of various cells in vitro. Therefore, BMPs are thought to be useful in bone regeneration
medicine and for treating bone-related diseases. However, clinical application of BMPs is not widespread.
Highlight: BMP signal transduction and BMP-induced osteoblast differentiation are negatively regulated
at several steps. BMP-3 acts as an antagonist to activin receptor type 2B and suppresses osteoblast
differentiation of bone marrow stromal cells (BMSCs). Targeted disruption of Bmp-3 in mice increases
trabecular bone formation and bone mass. A selective inhibitor of classical NF-κB pathway enhances
BMP-2-induced ectopic bone formation in vivo. NF-κB inhibits BMP-induced osteoblast differentiation by
directly targeting SMAD proteins. p65, the main subunit of NF-κB, interacts with SMAD4 and interferes
with the DNA binding of SMAD complex, thus suppressing BMP-induced osteoblast differentiation.
Transducin-like enhancer of split 3 (TLE3), a member of Groucho/TLE family, represses the transactiva-
tion of RUNX2, one of the master regulators of osteoblast differentiation, thus suppressing BMP-induced
osteoblast differentiation of BMSCs.
Conclusion: In addition to BMP-3, NF-κB, and TLE3, numerous inhibitors suppress BMP-induced
osteoblast differentiation. Therefore, a precise understanding of mechanisms underlying the inhibition
of osteoblast differentiation may help develop novel methods for treating bone-related diseases or for
the tissue engineering of the bone.

& 2015 Japanese Association for Oral Biology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Bone morphogenetic proteins (BMPs) induce ectopic bone
formation when implanted into the muscle tissue and stimulate
osteoblast differentiation of various cell types [1,2]. BMPs are the
most thoroughly studied bone regeneration molecules and have
received United States Food and Drug Administration (FDA)
approval for application in bone regeneration in humans. How-
ever, clinical use of BMPs is limited by difficulties associated with
their optimal delivery, incomplete identification of target cells
involved in bone regeneration, and lack of understanding of
systems that modulate BMP signaling or osteoblast differentiation.

BMP signaling is transduced by 2 types of transmembrane serine/
threonine kinase receptors, namely, type I and II receptors [3,4]. To
date, 3 type I BMP receptors have been identified. Of these, ALK3
(BMPRIA) only binds to BMPs, ALK6 (BMPRIB) binds to BMPs and
anti-Mullerian hormone, and ALK2 (ACVR1) binds to BMPs and
activins. Among type II BMP receptors, BMPRII recognizes only BMPs
while activin receptor type 2A and 2B (ACVR2A and ACVR2B,
respectively) recognize both BMPs and activins [5]. A BMP-bound
type II receptor phosphorylates a type I receptor, which in turn
phosphorylates downstream substrates such as receptor-regulated
SMADs (R-SMADs), including SMAD1, SMAD5, and SMAD8 (SMAD9)
and mitogen-activated protein kinases such as ERK, JNK, and p38 [2].
SMAD signaling plays a central role among the downstream effectors
of BMP receptors and plays an important role in osteoblast differ-
entiation [6]. R-SMADs are phosphorylated by BMP receptors at
2 serine residues in Ser-X-Ser (SXS) motif at the C terminus [7–9].
Phosphorylated R-SMADs form heteromeric complexes with SMAD4
and directly activate the transcription of BMP-responsive genes such
as ID1, ID2, and ID3 (Fig. 1) [10–13]. Both Osterix and RUNX2 are

essential factors for osteoblast differentiation, and their expression is
activated by BMP–SMAD signaling [14,15].

BMP signaling and BMP-induced osteoblast differentiation are
negatively regulated at each step by various factors. In this review,
we will focus on BMP signaling and its inhibitory mechanisms
during osteoblast differentiation. In addition, we will discuss
strategies for treating bone-related diseases such as osteoporosis
as well as for the tissue engineering of the bone by using BMPs.

2. Extracellular factors

Several secreted, extracellular proteins bind to BMPs and
prevent their binding to specific receptors. Noggin, chordin,
follistatin, gremlin, and proteins belonging to DAN family acts as
BMP antagonists in various animal species [3,16]. Expression of
some of these antagonists such as noggin and gremlin is upregu-
lated by BMPs, suggesting that these antagonists are a part of a
negative feedback loop [17,18].

BMP-3 is the most abundant BMP in the bone matrix and is
mainly secreted by osteoblasts and osteocytes [19,20]. When BMP-
3 was originally purified and cloned in 1988, it was thought to
have osteoinductive activity similar to BMP-2 and BMP-4 [21].
However, adult mice lacking BMP-3 have increased bone mass
while mice having increased levels of skeletal BMP-3 show
delayed endochondral ossification with spontaneous rib fractures
[19,22]. Experiments on in vitro cultures of primary bone marrow
stromal cells (BMSCs) have shown that overexpression of BMP-3
suppresses osteoblast differentiation while loss of BMP-3 increases
the colony-forming units of fibroblasts and osteoblasts. These
results indicate that BMP-3 acts as an antagonist to osteoinductive
BMPs. This ability of BMP-3 to affect osteoblast differentiation is
due to its interaction with ACVR2B because knockdown of endo-
genous Acvr2b in BMSCs reduces the suppressive effect of BMP-3
on osteoblast differentiation (Fig. 2) [20]. These findings are
consistent with the receptor usage of BMP-3. BMP-3 cannot bind
to BMPRII or ACVR2A because of structural constraints [23,24] and
only interacts with ACVR2B among BMP type II receptors. Bio-
chemical studies indicate that BMP-3 antagonizes osteoinductive
BMPs by acting as a decoy ligand. Moreover, BMP-3 cannot act as a
signaling molecule after binding to ACVR2B [23]. Thus, the name
“BMP-3” is historical rather than based on function.

3. Intracellular factors

SMAD6 and SMAD7 inhibit the kinase activity of type I receptors
by directly interacting with them in the cytoplasm [25,26]. SMAD
ubiquitination regulatory factor 1 (SMURF1), a member of HECT
family of E3 ubiquitin ligases, interacts with SMAD1 and SMAD5
through PPAY motif in their linker regions, thus triggering their
ubiquitination and degradation [27]. SMURF2, which is also a HECT
family protein, preferentially targets SMAD1 and induces its ubiqui-
tination and proteasome-mediated degradation [28].

Different phosphatases, such as small C-terminal domain
phosphatase 1 (SCP1) and protein phosphatase magnesium-
dependent 1A (PPM1A), suppress BMP activity by dephosphor-
ylating the C-terminal SXS motif of SMADs [29–31]. To determine
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Fig. 1. BMP–SMAD signal transduction. BMPs bind to BMP type I and II receptors
expressed on the surface of target cells. The type II receptors activate the type I
receptor by phosphorylation. The activated type I receptor kinase phosphorylates
2 serine residues at the C-termini of SMAD1, SMAD5, and SMAD8 (SMAD1/5/8). The
phosphorylated SMAD1/5/8 form heteromeric complexes with SMAD4 and trans-
locate to the nucleus to regulate the transcription of target genes.
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