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Abstract: Bone morphogenetic proteins (BMPs) are the largest subfamily of the transforming growth factor- super-
family, and they play important roles in the development of numerous organs, including the inner ear. The inner ear is
a relatively small organ but has a highly complex structure and is involved in both hearing and balance. Here, we
discuss BMPs and BMP signaling pathways and then focus on the role of BMP signal pathway regulation in the de-
velopment of the inner ear and the implications this has for the treatment of human hearing loss and balance

dysfunction.
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1 Introduction

Bone morphogenetic proteins (BMPs) are mul-
tifunctional cytokines that belong to the transforming
growth factor-B (TGF-B) superfamily. The first BMP,
discovered by Urist (1965), was originally identified
as an osteoinductive growth factor with the capacity
to induce endochondral bone formation. However,
BMPs are now well known as multifunctional pro-
teins that play important roles in various organs, in-
cluding bone, cartilage, the nervous system, the kidney,
blood vessels, and the ear (Hoffmann and Gross, 2001;
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Wordinger and Clark, 2007; Lowery and de Caestecker,
2010; Chen et al., 2012; Nakamura and Yanagita,
2012). They are involved in numerous biological ac-
tivities, including iron metabolism, muscle develop-
ment, stem cell and organ formation, vascular biology,
and cancer development (Wordinger and Clark, 2007).
The inner ear, a tiny organ involved in both
hearing and balance, can be divided into the bony
labyrinth and the membranous labyrinth. It consists of
three semicircular ducts, the saccule, the utricle, the
endolymphatic duct, and the cochlear duct. This com-
plex organ develops from the simple otic placode, which
arises as a patch of thickened ectoderm adjacent to the
hindbrain (Alvarez and Navascués, 1990; Sai and
Ladher, 2015; Ekdale, 2016). The development of the
inner ear has been studied for more than 100 years,
but only recently have the numerous signaling pathways
involved in this process been identified, including
wingless-type MMTYV integration site family (WNT)
signaling, sonic hedgehog (SHH) signaling, notch
signaling, and BMP signaling (Alsina et al., 2009).
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2 BMP family and members in signaling
pathways

2.1 BMPs

BMPs, of which around 20 members have been
identified to date, are the largest subfamily of the
TGF-B superfamily and have highly conserved struc-
tures. The one exception is BMP1, which does not
belong to the TGF-B superfamily and has been
reported to be a secreted N-glycosylated metallopro-
tease that cleaves the COOH-propeptides of procol-
lagens I, I1, and III, and to be crucial for cartilage and
bone formation (Kessler et al., 1996). In addition,
because BMPs were identified by multiple approaches,
they might have synonyms, such as growth differen-
tiation factors (GDFs), osteogenic proteins, Vg-related
proteins, and osteogenin. In this review, only BMP
and GDF are used to avoid confusion. According to
their amino acid sequences and their different func-
tions, BMPs are divided into four subfamilies (Fig. 1):
(1) BMPs 2 and 4; (2) BMPs 5, 6, 7, 8a, and 8b;
(3) BMPs 9 and 10; and (4) BMPs 12, 13, and 14
(Wordinger and Clark, 2007). Some BMPs are not
included in the classification such as BMPs 3, 15, 16,
17, and 18 and GDF9. BMPs are reported to have
various functions. BMP4 is the most studied BMP
involved in inner ear development (Takemura et al.,
1996; Blauwkamp et al., 2007; Omata et al., 2007).

Except for BMP1, BMPs have conserved struc-
tures that are found in all members of the TGF-B
superfamily, which are dimeric molecules synthe-
sized as large precursors of about 400-500 amino
acids. Their precursor proteins consist of one signal
peptide at the N-terminus, one non-conserved pro-
domain, and the mature sequence at the C-terminus.
Cleavage of the precursor proteins by a subtilisin-
like convertase yields the mature BMP monomer,
which contains 100-140 amino acid residues. The
monomer contains seven conserved cysteine resi-
dues, six of which form a cysteine knot. The seventh
is involved in dimerization with another monomer
by forming a covalent disulfide bond, thus forming
the biologically active signaling molecule (Carreira
et al., 2014a, 2014b; Katagiri and Watabe, 2016).
However, some BMPs, including BMP3 and BMP15,
lack the seventh cysteine and are biologically active
as monomers. The other mature BMP molecules
appear to exist either as homodimers consisting of
two similar BMPs or as heterodimers consisting of
two different BMPs.

2.2 BMP receptors

BMP signaling is transmitted through type I and
type II transmembrane serine/threonine kinase re-
ceptors (Miyazono et al., 2005). These receptors
share a similar structure comprising a relatively short

BMP ligands Other names Type | receptor Type |l receptor R-Smad Co-Smad
BMP2/4 BMP2 BMPR-la
group BMP4 BMPR-Ib
BMP5
ALK2
OP1 BMP6 Vgr1, DVR6 BMPR-Ia
BMP7 OP1
group BMPR-Ib
BMP8a OP2
BMPSb BMPR-II Smad1
ActR-11A Smad5 Smad4
ActR-IIB Smad8
BMP9 BMP9 GDF2
group BMP10
GDF5 BMP14/CDMP1
Gr|255 GDF6 BMP13/CDMP2 EMES-E
group GDF7 BMP12/CDMP2 .

Fig. 1 BMPs, BMP receptors, and activated Smads
Based on their function and structure, BMPs are divided into four subgroups: (1) BMPs 2 and 4; (2) BMPs 5, 6, 7, 8a, and
8b; (3) BMPs 9 and 10; and (4) BMPs 12, 13, and 14. In addition, the related BMP receptors, Smad proteins, and some other
names for the BMP ligands are listed. BMP, bone morphogenetic protein; OP, osteogenic protein; GDF, growth differen-
tiation factor; Vgr, vegetal related; DVR, decapentaplegic vegetal related; CDMP, cartilage-derived morphogenetic pro-
tein; BMPR, BMP receptor; ALK, activin receptor-like kinase; ActR-II, activin type II receptor
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extracellular domain, a single membrane-spanning
domain, and an intracellular domain containing a
serine-threonine kinase domain (Miyazono et al., 2010).
In other TGF- receptor systems, the type I receptors
can bind to ligands only in the presence of the type II
receptors to which the ligands are directly bound.
However, BMPs can bind to type I receptors without
type II receptors, but their binding affinities increase
dramatically when both type I and type II receptors
are present (Rosenzweig et al., 1995).

In vertebrates, seven type I receptors have been
identified for the TGF-B superfamily, including ac-
tivin receptor-like kinases (ALKs) 1-7. Three type II
receptors have been identified for BMPs: the BMP
type II receptor (BMPR-II), the activin type 1IB re-
ceptor (ActR-1IB), and the activin type II receptor
(ActR-II) (Miyazono et al., 2005). BMPR-II is spe-
cific for BMPs, while ActR-IIB and ActR-II also bind
to other members of the TGF-f superfamily. BMPR-II
has a unique C-terminal tail of 530 amino acids fol-
lowing the serine/threonine kinase domain.

2.3 Smad-dependent BMP pathways

BMP binding activates type | receptors, and
the signal is subsequently transmitted through both

BMP

canonical Smad-dependent pathways (Fig. 2) and
noncanonical Smad-independent pathways.

Based on their functions, the eight Smad proteins
are divided into three subgroups: receptor-regulated
Smads (R-Smads), common-mediator Smads (Co-
Smads), and inhibitory Smads (I-Smads) (Heldin et al.,
1997). Smads 1, 5, and 8 are R-Smads and are acti-
vated by type I BMP receptors, while Smads 2 and 3
are involved in TGF-B signaling. Smad4 is the only
Co-Smad known in mammals, and it is important for
both BMP signaling and TGF-f signaling. Smads 6
and 7 are I-Smads that negatively regulate signaling
by the R-Smads and Co-Smads (Miyazono et al., 2005).

The Smad protein structures are highly con-
served and consist of Mad homology 1 (MH1) and
MH2 domains. The MH2 domain interacts with type |
receptors and is responsible for the transduction of the
signaling, while the MH1 domain binds to specific
DNA sequences and negatively regulates the function
of the MH2 domain (Shi et al., 1998).

In the Smad-dependent BMP pathway, upon
ligand binding, the constitutively active type II re-
ceptor phosphorylates the Gly-Ser domain of the type
I receptor. The activated type I receptor recruits and
phosphorylates R-Smads, which then form a complex

- ™
Type | Type Il /
receptor receptor
<D , Eg@% Smad complex
Co-Smad/Smad4
, Co-activitors/co-repressors
Transcription
factors
A _d

Fig. 2 Smad-dependent BMP signaling
BMP ligands interact with the BMP receptor complex consisting of type I and type II receptors (BMPR-I and BMPR-II,
respectively). After the interaction, BMPR-I phosphorylates BMPR-II and leads to the phosphorylation of R-Smads
(Smad1/Smad5/Smad8). This activation allows the formation of Smad complexes consisting of R-Smads (Smad1/Smad5/
Smad8) and Co-Smad (Smad4). The Smad complexes then translocate into the nucleus where they induce transcription of
the target genes. R-Smad, receptor-regulated Smad; Co-Smad, common-mediator Smad; I-Smad, inhibitory Smad
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with Co-Smads (Smad4). This Smad complex then
translocates from the cytoplasm to the nucleus where
it regulates the expression of target genes by directly
binding to specific DNA sequences, interacting with
certain DNA-binding proteins, and recruiting specific
transcriptional coregulators (Miyazono et al., 2010;
Macias et al., 2015).

2.4 Smad-independent BMP pathways

Smad-independent BMP pathways are also called
noncanonical BMP pathways and include many
branches of the mitogen-activated protein kinase
(MAPK) pathways, the Rho-like GTPase signaling
pathways, and the phosphatidylinositol-3-kinase (PI3K)/
serine/threonine kinase (AKT) pathways (Derynck
and Zhang, 2003; Zhang, 2009, 2017; Miyazono et al.,
2010; Mu et al., 2012). Among these pathways, some
regulate Smad activation, while others are unrelated
to transcription.

2.5 Regulation of BMP signaling

BMP signaling is regulated by both intracellular
and extracellular factors at various levels. Most of the
mechanisms that control BMP pathways are inhibi-
tory, including: (1) the action of extracellular BMP-
binding proteins that inhibit BMP binding to its
receptors; (2) the action of dominant-negative non-
signaling membrane pseudo-receptors; (3) the regu-
lation of BMP signaling through the I-Smads; (4) the
regulation of BMP signaling by the ubiquitin-mediated
proteasomal system; and (5) other mechanisms (Gazzerro
and Canalis, 2006; Brazil et al., 2015).

2.5.1 Extracellular mechanisms that regulate BMP
signaling

Extracellular BMP antagonists are secreted pep-
tides that bind to BMPs with high affinity, thus pre-
venting them from binding to their receptors. These
antagonists contain six cysteine residues that form a
cysteine knot, similar to that of the TGF- superfam-
ily members. Based on the known spacing of the
cysteine residues and their cysteine rings, the extra-
cellular BMP antagonists have been categorized into
three subgroups: (1) the differential screening-selected
gene aberrative in neuroblastoma (DAN) family of
proteins (eight-membered ring), (2) the twisted gas-
trulation protein, and (3) chordin and noggin (ten-
membered ring) (Avsian-Kretchmer and Hsueh, 2004;

Gazzerro and Canalis, 2006). The DAN family includes
DAN, Coco, gremlin, cerberus, sclerostin, protein
related to DAN and cerberus, and uterine sensitization-
associated gene 1 protein (Kattamuri et al., 2012).
Previous studies suggest that these BMP antag-
onists play important roles in regulating cell functions
and are essential for early development (McMahon
et al., 1998). For example, homozygous deletion of
the noggin gene in mice causes overactivity of BMPs
and results in serious developmental abnormalities,
including failure of neural tube formation and failure
of axial skeleton and joint formation (Brunet et al.,
1998; McMabhon et al., 1998; Wijgerde et al., 2005).
Previous reports also showed that BMP antagonists
bind to different BMPs with different affinities. For
example, noggin binds to BMPs 2, 4, 5, 6, and 7, and
GDFs 5 and 6 with variable degrees of affinity
(Zimmerman et al., 1996), while chordin binds spe-
cifically to BMPs 2, 4, and 7 (Piccolo et al., 1996).
Another extracellular mechanism to control BMP
signaling is through the BMP and activin membrane-
bound inhibitor (BAMBI), which is a non-signaling
membrane pseudo-receptor with an extracellular
domain similar to that of type I BMP receptors
(BMPR-I). BAMBI can compete with the BMPR-Ia
and BMPR-Ib receptors for BMP binding, thereby
inhibiting the downstream signaling of BMPs.

2.5.2 Intracellular mechanisms that regulate BMP
signaling

BMP signaling can also be regulated by antag-
onists within the target cell, including I-Smads,
Smad-ubiquitination regulatory factors (Smurfs), and
intracellular Smad-binding proteins. Among these
intracellular mechanisms, the most widely studied are
the I-Smads, which contain conserved MH2 domains,
but divergent MH1 domains, and thus can compete
with R-Smads by binding to the activated type I BMP
receptors (von Bubnoff and Cho, 2001; Sieber et al.,
2009; Li, 2015; Miyazawa and Miyazono, 2017).
Smad6 can interact with activated Smad1 and prevent
the formation of R-Smad/Co-Smad complexes (Hata
et al., 1998). In the nucleus, Smad6 regulates BMP
signaling by modifying the interactions of Smads 1, 5,
and 8 with co-repressors. For example, Smadl can
induce transcription by dislodging transcriptional
repressors, such as homeobox C8 (Hoxc-8), from
DNA binding sites, while Smad6 can bind to Hoxc-8
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and prevent the dislodging thereby inhibiting the
expression of the target genes of BMP signaling (Bai
and Cao, 2002; Gazzerro and Canalis, 20006).

The Smurf proteins are members of the ubiquitin
enzyme family that participate in a cascade of ubig-
uitin transfer reactions which require three enzymes:
ubiquitin-activating enzyme (E1), ubiquitin conju-
gating enzyme (E2), and ubiquitin ligases (E3). Both
Smurfs 1 and 2 are Smad-specific E3 ubiquitin ligases
(Gazzerro and Canalis, 2006; Das and Chang, 2012;
Zhang et al., 2014). Smurfl selectively interacts with
R-Smads specific for BMP signaling, thus triggering

their ubiquitination and degradation (Zhu et al., 1999).

The Smurf2 protein controls both TGF-f and BMP
signaling by selectively regulating the degradation of
activated Smad?2 and to some extent activated Smad1
and Smad3 (David et al., 2013). Besides interacting
with R-Smads, the Smurf proteins also interact with
[-Smads, which can act as adaptors to recruit Smurf
proteins from the nucleus to the cytoplasm, and thus
mediate receptor degradation and downregulation of
BMP signaling (Izzi and Attisano, 2004).

3 BMP signaling in the development of the
inner ear

The vertebrate inner ear has a very complicated
structure (Fig. 3a) and shows high sensitivity. It con-
sists of the cochlea, which provides the sense of
hearing, and the vestibule that provides the sense of

(a)

The vestibule
—

Cochlea
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balance (Kelley et al., 2005; Whitfield, 2015; Ekdale,
2016). The early development of the inner ear can be
divided into three phases: the formation of the otic
placode, which arises as thickened ectoderm adjacent
to the caudal hindbrain, the morphogenesis of the otic
placode into the otocyst, and the regional patterning
of the otocyst to form the inner ear (Kelley et al., 2005).

3.1 Expression of BMPs during the induction of
the placode and the formation of the otocyst

Specialized sensory organs in the heads of ver-
tebrates arise as patches of thickenings in the em-
bryonic ectoderm called cranial sensory placodes,
including the otic placode that later forms the inner
ear (Saint-Jeannet and Moody, 2014). These sensory
placodes originate from a zone of ectoderm called the
pre-placodal region (PPR), which lies lateral to the
neural crest. The neural crest and the PPR originate
from a zone of ectoderm that borders the neural plate.
The bilateral otic placode is located at the hindbrain
level of rhombomere 5 or rhombomere 4 in some
species (Ruiz i Altaba and Jessell, 1991). The induc-
tion of the otic placode is the first stage of inner ear
development (all staging relates to the chick and is
according to Hamburger and Hamilton (1951)). After
specification of the otic placode (stage 11), this
placodal ectoderm rapidly invaginates to form a pit
that later deepens into the otic cup (stages 12—16), and
this finally closes to become the otic vesicle otocyst
(stages 18-21) (Cole et al., 2000; Barald and Kelley,
2004; Ohyama et al., 2007).

Pre-placodal region Ofic placode

g
(@]

Aoy — ~E-

Neuraltube ¢ Ofic vesicle

Neural plate

Neural tube o

Fig. 3 Inner ear and the induction of the otocyst
(a) The inner ear consists of the cochlea, which is involved in hearing, and the vestibule, which is involved in balance.
(b) The pre-placodal region is a zone of ectoderm that lies lateral to the neural plate. It gives rise to all sensory placodes in
the head, including the otic placode. The placode invaginates into the otic cup, which later closes to become the otic
vesicle/otocyst. ASC, anterior semicircular canal; LSC, lateral semicircular canal; PSC, posterior semicircular canal
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Expression of the BMP4, BMP5, and BMP7
genes was observed in the chick prior the formation of
the otocyst (Liem et al., 1995; Oh et al., 1996). BMP7
is the earliest BMP gene to be expressed in the pre-
sumptive otic placode and is expressed from stage 8.
The otic placode becomes morphologically visible at
stage 11 (Groves and Bronner-Fraser, 2000). In addi-
tion, incubation of 5-9 somite-stage chick embryos
with the BMP receptor inhibitor dorsomorphin strongly
downregulated expression of the LmxI/b gene—a
marker of the posterior non-neurogenic otic epithe-
lium (Abelld et al., 2010). This suggests that BMP7
has a possible influence on the development of the
otic placode. BMP4 mRNA was detected in the me-
dial and posterior placodes at stage 11 (Wu and Oh,
1996). In the otic cup, the expression of BMP7 is
concentrated in the dorsal and posterior regions,
which is similar to the pattern of expression of BMP4
and BMP5 but is much stronger and broader. The
expression of BMP5 begins at stage 13 and disappears
by stage 21 (embryonic day 3.5), while expression of
BMP4 and BMP7 is more extensive and is still ob-
served in the later stages (Oh et al, 1996). In
zebrafish, bmp2b is the earliest bmp gene to be ex-
pressed in the ear, from 18 to 20 h post fertilisation
(hpf), which is prior to otic placode formation. By
24 hpf, bmp2b and bmp4 were reported to be ex-
pressed in the zebrafish otic vesicle with patterns that
are similar to that of BMP4 in chickens (Mowbray
etal., 2001).

Previous studies have shown that a gradient of
BMP signaling, which is high in the ventral and low
in the dorsal region, is essential for the establishment
of the dorsoventral axis and for the patterning of the
ectoderm during gastrulation (Ramel and Hill, 2012).
Inhibition of BMP signaling is required to the speci-
fication of the PPR after gastrulation (Glavic et al.,
2004; Litsiou et al., 2005; Kwon et al., 2010; Reichert
et al., 2013). However, even though the expression of
BMPs during this period suggests a possible role of
BMP signaling in otic placode induction and for-
mation of the otocyst, compelling evidence for such a
role is still lacking.

3.2 Expression of BMPs during otocyst patterning

After the otocyst forms, it gradually establishes a
ventral auditory chamber that gives rise to the cochlea,
and a dorsal vestibular chamber that gives rise to the

vestibular structures (Fig. 4a). Previous studies of the
gene expression patterns of BMPs in the otocysts of
different animals, including chickens, mice, zebrafish,
and frogs, have shown that BMPs play critical roles in
the morphogenesis of the inner ear (Oh et al., 1996;
Takemura et al., 1996; Cole et al., 2000; Mowbray
et al., 2001; Chang et al., 2002).

In the early developmental stages, BMP4 ex-
pression patterning in the chick otocyst, which is
strongest in the anterior and posterior regions, is
similar to the pattern in mice (Jones et al., 1991) and
in Xenopus (Hemmati-Brivanlou and Thomsen, 1995).
By the otocyst stage, BMP4 is expressed in specific
domains of the otic epithelium that presage the ap-
pearance of all eight chicken sensory organs (the
basilar papilla, three cristae, lagena, macula utriculi,
macula sacculi, and macula neglecta) as well as in the
otic mesenchyme (Oh et al., 1996; Wu and Oh, 1996).
Similar expression of BMP4 in the frog inner ear was
found in all sensory organs (Kil and Collazo, 2001). It
was also reported that BMP4 is an early marker for the
three cristac in the mouse inner ear (Morsli et al.,
1998) and that it is expressed asymmetrically in the
mouse cochlea (Ohyama et al., 2010). A study in
zebrafish showed that bmp2b and bmp4 marked the
developing cristae and that bmp4 was also expressed
in the dorsal non-sensory region of the inner ear
(Mowbray et al., 2001). Some other BMPs have been
shown to be expressed in this process as well, in-
cluding BMPs 2, 5, and 7 (Oh et al., 1996; Chang et al.,
2002).

In addition to the expression of BMPs in the
otocyst, some BMP regulators have also been ob-
served in the otic mesenchyme and otocyst, and these
might have an influence on otocyst patterning. Nog-
gin is the most-studied BMP regulator. It was identi-
fied as an extracellular antagonist of BMP signaling
that acts by binding to BMP2 and BMP4 with high
affinity, thereby preventing these BMPs from acti-
vating their receptors. Noggin was reported to be
expressed in tissues surrounding the otic cup at em-
bryonic days 2.0-2.5 (E2.0-E2.5) and to be weakly
expressed in the ventral tip of the cochlear duct at
E4.0-E6.5 in the chick (Chang et al., 1999). Another
study showed that noggin was expressed in the anterior
and posterior periotic mesenchyme adjacent to the
otic pit at early stages (stages 11-15), but disappeared
by stages 17-20 in the chick embryo (Gerlach et al.,
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Fig. 4 Specification of the inner ear
(a) The development of the mouse inner ear from 10.75 to 17 d past coitum (dpc). (b) In the mouse otocyst, BMP4 ex-
pression was detected in two regions at 10.75 dpc—an anterior streak and a posterior focus. (c) In the mouse cochlea, a
gradient of BMP signaling was detected along the abneural-neural axis at 13.5 dpc. The BMP4 expression is high in the
outer sulcus and low in Kélliker’s organ. ASC, anterior semicircular canal; LSC, lateral semicircular canal; PSC, posterior
semicircular canal; LA, lateral ampulla; PA, posterior ampulla; SA, superior ampulla; SM, saccular macula; UM, utricular

macula; A, anterior; D, dorsal; L, lateral

2000). Using RNA probes against noggin in mouse
embryos, noggin was found to be expressed in the
dorsal periotic mesenchyme at 9.5 d past coitum as
well as in the cochlear duct and semicircular canals of
the inner ear (Bok et al., 2007). Like noggin, DAN
expression was observed in the development of both
the mouse and chicken inner ears. However, in the
chicken, DAN was found in both the otic epithelium
and notochord, while in mice it was restricted to the
otic mesenchyme (Gerlach-Bank et al., 2002). In ad-
dition, Smad6, an inhibitory SMAD, was expressed in
the ventrolateral otocyst in chicken.

From all the studies described above, we con-
clude that BMPs, especially BMP4, as well as some
BMP regulators, are expressed during the develop-
ment of the inner ear of various species and are es-
sential for this process. To further strengthen the
evidence linking BMP signaling with otocyst pat-
terning, exogenous BMP regulators and various

knockout animals have been used. For a better un-
derstanding of this process, below we review sepa-
rately the roles of BMP signaling in the patterning of
the vestibule and the cochlea.

3.2.1 Roles of BMPs in the patterning of the vestibule

In the otocyst stages, BMP4 is expressed in all
seven pre-sensory vestibular organs in chickens (Wu
and Oh, 1996) and in all three presumptive cristae in
mice (Morsli et al., 1998). For the non-sensory ves-
tibular organs, BMP4 is expressed in the otic mes-
enchyme that later gives rise to the semicircular ca-
nals in both the mouse and chicken (Oh et al., 1996;
Wu and Oh, 1996; Morsli et al., 1998). These studies
show the expression of BMP4 and the possible in-
fluence it has on the development of the vestibule.

BMP signaling has been shown to influence
the formation of the vestibular chamber as well as
the subsequent morphogenesis of the sensory and
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non-sensory vestibular structures. Ohyama et al. (2010)
have demonstrated the sufficient role of BMP sig-
naling in the formation of the primordial canal out-
pouch that gives rise to the anterior and posterior
semicircular canals. All components of the active
BMP signaling pathway are present in or adjacent to
the dorsolateral otocyst in the chicken. They drive the
growth of cells involved in otocyst thinning and ex-
pansion, which results in the formation of the vestib-
ular chamber from the dorsolateral otocyst. In addi-
tion, overexpression of BMP4 results in an enlarged
primordial canal outpouch, whereas overexpression
of a BMP antagonist inhibits this process. The analy-
sis of mice with BMP4 haplo-insufficiency showed
that BMP4 affects outgrowth of the lateral canal plate,
resulting in defects in the lateral semicircular canal
(Vervoort et al., 2010).

Previous studies have demonstrated that the
formation of vestibular structures, especially the
semicircular canals and sensory cristae, is sensitive to
the BMP signaling pathway. Mice lacking the Bmp4
gene die as embryos (Winnier et al., 1995), but Bmp4
heterozygous null (Bmp4+/ ") mice survive, have
semicircular canal dysfunction, show a poor response
in the yaw axis, and exhibit circling behavior (Blau-
wkamp et al., 2007). Exogenous noggin, delivered to
the chick inner ear during E2-E3 using an avian ret-
rovirus or by implanting beads, affected the structural
patterning of the cristae and led to the truncation of
the semicircular canals (Chang et al., 1999; Gerlach
et al., 2000). Co-implantation of BMP4 beads next to
the noggin beads was reported to rescue these defects
in the chick inner ear (Gerlach et al., 2000). Similarly,
analysis of BMP4 otic-conditional-deleted mice and
chickens—in which BMP signaling is knocked down
specifically in the cristae—showed that BMP4 is
essential for the formation of the three cristae and the
three associated semicircular canals (Chang et al.,
2008). In addition, Alk3-CKO; Alk6™™ mutant mice,
in which BMP signals were reduced, also showed
malformation in the semicircular canals while the
vestibular sensory structures appeared normal (Ohyama
etal., 2010). Malformations of the semicircular canals
were observed after implanting DAN-expressing cell
pellets into the otocyst and the periotic mesenchyme.
In addition, the endolymphatic ducts and sacs were
partially or completely merged with the crus or grew
toward or connected to the superior semicircular ca-

nal in the DAN-treated inner ear in chicken, while
blocking DAN protein synthesis resulted in enlarged
endolymphatic ducts and sacs, and smaller semicir-
cular canals (Gerlach-Bank et al., 2004).

In addition, the BMP signaling pathway affects
chondrogenesis of the otic capsule, which surrounds
the developing otic vesicle and later develops into the
bony labyrinth of the internal ear. Expression of
BMP4 was detected in the otic mesenchyme, and
addition of noggin or BMP4-specific antisense oli-
gonucleotides to the mouse inner ear led to suppres-
sion of chondrogenesis in the otic capsule (Liu et al.,
2003). Similarly, BMP4, as well as BMP2, has been
suggested to play a role in the otic capsule chondro-
genesis of chickens (Chang et al., 2002).

3.2.2 Roles of BMPs in the patterning of the cochlea

As mentioned above, BMP4 is expressed in the
non-sensory cochlear structure from early stages in
various species, including chickens, frogs (Kil and
Collazo, 2001), and mice (Ohyama et al., 2010).
However, in the chicken cochlea, BMP4 is detectable
in the hair cells of the basilar papilla (Oh et al., 1996;
Cole et al., 2000), while in the mouse cochlea it is
observed only in Hensen’s and Claudius’ cells (sup-
porting cells in the cochlea) (Takemura et al., 1996).
Several studies have demonstrated the indispensable
roles of BMP signaling in patterning both the sensory
and non-sensory regions of the cochlea.

Mice lacking the Bmp4 gene die as embryos
(Winnier et al., 1995), but Bmp4 heterozygous null
(Bmp4™") mice survive and show defects in both the
structure and function of the cochlea (Blauwkamp
et al., 2007). Bmp4™™ mice have elevated hearing
thresholds and have fewer neuronal processes in the
organ of Corti. These findings suggest an indispen-
sable role for BMP4 in cochlear development.

During the early stages of mouse cochlear de-
velopment, the primordium is patterned into three
distinct domains along the abneural-neural axis of
the cochlea: Kolliker’s organ on the neuro side, the
prosensory auditory domain, and the out sulcus on the
abneural side. Ohyama et al. (2010) demonstrated that
a BMP signal gradient is established in the mouse
cochlea along the abneural-neural axis and that this
gradient runs from high levels on the abneural side to
low levels on the neural side. Alk3-CKO; Alk6" "~ mutant
mice, in which BMP signaling is otic-conditionally
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deleted, showed expansion of the Kolliker’s organ
region at the expense of the prosensory domain and
the primordial out sulcus. In contrast, in cultured
cochleae, a high dose of BMP4 led to expansion of the
outer sulcus at the expense of Kolliker’s organ, while
an intermediate dose induced the prosensory domain
(Ohyama et al., 2010). BMP7 was also expressed
throughout the mouse cochlea but was not localized to
any particular region. These findings show the es-
sential roles of an asymmetric gradient of BMP
signaling in mouse cochlear patterning.

Similarly, expression profiling analysis demon-
strated a gradient of BMP7 along the developing
tonotopic axis of the basilar papilla in the chicken
embryo. Disruption of that gradient in vivo or in vitro
caused the loss of tonotopic organization and the
failure of cochlear specification (Mann et al., 2014).

3.3 Functions of BMPs during cell type differen-
tiation and functional maturation

During the late period of inner ear development,
some BMPs are localized within particular cell types,
which suggests possible roles of BMPs in cell type
differentiation and functional maturation (Oh et al.,
1996; Ohyama et al., 2010). In the chicken vestibule,
BMP4 expression is eventually concentrated in sup-
porting cells, and in the chicken cochlea it is localized
in hair cells, whereas the expression of BMP7 is
eventually concentrated in supporting cells of the
cochlea (Oh et al., 1996).

An asymmetric gradient of BMP signaling in
cell type determination in the mouse cochlea was
described above, which is high in the out sulcus and
low in Kélliker’s organ (Ohyama et al., 2010). Simi-
larly, in the chicken embryo, a gradient of BMP7
along the developing tonotopic axis of the basilar
papilla was observed, and changes in hair cell mor-
phology and physiology were observed along this
axis (Mann et al., 2014). Disruption of this gradient
induced a loss of tonotopic organization and led to
changes in hair cell morphology. In addition, exoge-
nous BMP4 delivered to mouse cochlear explants
induced an increase in the number of outer hair cells
(Puligilla et al., 2007). These findings show the es-
sential roles of the BMP signaling pathway in cell
type differentiation and functional maturation.

Some recent studies have explored the effect of
BMP signaling in the generation of hair cells in the

inner ear, but the role of BMP signaling in this pro-
cess is still not clear (Li et al., 2005; Pujades et al.,
2006; Hwang et al., 2010). Pujades et al. (2006)
demonstrated that BMP4 expression and BMP inhi-
bition are critical for the proper generation of hair
cells in the chick inner ear. Their study showed that
high BMP4 activity inhibited cell fate specification,
while suppression of BMP activity with noggin fa-
vored hair cell specification. Another study in the
chicken otocyst culture system showed a different
result. Li et al. (2005) found that the generation of
hair cells and supporting cells was significantly re-
duced when BMP signaling was blocked using its
antagonist noggin or soluble BMP receptors. An in-
crease in hair cells was also observed in the presence
of exogenous BMP4. Ohyama et al. (2010) gave a
possible explanation for the differences between these
studies, suggesting that high concentrations of BMP4
inhibit hair cell formation (Pujades et al., 2006) and
low concentrations of BMP4 promote cell type
differentiation (Li et al., 2005). A concentration-
dependent effect of BMP4 in cell type differentiation
has also been demonstrated in the mouse cochlea
(Ohyama et al., 2010). In addition, Hwang et al. (2010)
found that a BMP2 conditional knockout did not lead
to abnormal hair cells in mice, while the lack of nog-
gin caused increased rows of inner and outer hair cells
in the organ of Corti, suggesting that noggin might
regulate BMP4, but not BMP2, during the generation
of hair cells in the cochlea.

Despite the numerous high-quality studies de-
scribed above, the role of BMP signaling in the de-
velopment of the inner ear is still not fully understood,
but its critical importance has been clearly demon-
strated. Most of these studies specifically demon-
strated the importance of BMP4 and BMP inhibitors
in this process, gave hints as to the complexity of
BMP signaling within the inner ear, and provided
evidence that the role played by BMP signaling might
change in different developmental stages.

3.4 Expression of BMPs in the development of
other organs

In addition to their essential functions in the
development of the inner ear, BMPs are involved in
the early formation and patterning of various other
organs, including the eye, heart, and nervous system
(Mehler et al., 1997; Krispin et al., 2010; Bond et al.,
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2012; Garside et al., 2013; Huang et al., 2015; Pandit
et al., 2015). In the early stages of development,
BMPs are involved in the specification of neu-
roectoderm from ectoderm (Ishimura et al., 2000),
and several studies have suggested an essential role of
BMP signaling in the formation and patterning of the
neural tube (Liem et al., 1995; Lee et al., 1998; Lee
and Jessell, 1999; Liu and Niswander, 2005). During
the cell fate specification of the forebrain, a gradient
of BMP signaling has also been detected in the neural
crest. BMP signaling has been shown to have a pro-
moting effect on neuronal cell differentiation and a
suppressive role in oligodendroglial cell differentia-
tion (Li et al., 1998; Mabie et al., 1999; Mehler et al.,
2000; Moon et al., 2009).

4 Crosstalk between BMP signaling and
other signaling pathways in the development
of the inner ear

In addition to BMP signaling, other signaling
pathways that are important in the development of the
inner ear include SHH signaling and WNT signaling
(Alsina et al., 2009; Wu and Kelley, 2012). The
transformation from the simple epithelial otocyst to
the structurally and functionally complex inner ear
takes place through numerous morphogenetic events,
and these signaling pathways coordinate the mor-
phogenesis of the otocyst and determine its dorso-
ventral polarity (Whitfield, 2015). WNTs and BMPs
are secreted from the dorsal tissue to the otocyst,
while SHH is secreted from the ventral tissue to the
otocyst (Ohta and Schoenwolf, 2018). In this part of
the review, we focus on the interaction between BMP
signaling and other signaling pathways in the process
of polarizing and patterning the developing otocyst.

4.1 Crosstalk between BMP signaling and SHH
signaling

In addition to the observation that BMPs are
widely expressed in the developing otocyst (Wu and
Oh, 1996), the SHH protein, which is a member of the
hedgehog family of signaling proteins, is also critical
for the development of numerous organs, including
the inner ear (Ingham and McMahon, 2001). Studies
in Shh-knockout mouse embryos reported the mal-
formation of the cochlear ducts while the dorsal inner

ear structures were morphologically normal, which
indicates that SHH is required for the formation of
ventral inner ear structures (Riccomagno et al., 2002).
A recent study showed that BMPs regulate the ex-
pression of DIx5 and Hmx3, which are transcription
factors required for the formation of the primordial
canal pouch. The expression of DIx5 is regulated
through the canonical Smad-dependent BMP path-
way, while the expression of Hmx3 is regulated by a
noncanonical BMP pathway related to cyclic adeno-
sine monophosphate (cAMP)-dependent protein ki-
nase A (PKA) (Ohta and Schoenwolf, 2018). PKA is
also essential for the regulation of SHH signaling.
The SHH signaling pathway is regulated by gliotactin
(GLI) transcription factors, which can be functionally
divided into activators (GLIAs) and repressors (GLIRs).
PKA can phosphorylate full-length GLI, promoting
its transformation into GLIR (Ohta et al., 2016a). This
suggests that the noncanonical BMP pathway related
to PKA might negatively regulate the SHH signaling
pathway. SHH signaling was reported to inhibit PKA
activity and to downregulate the expression of Hmx3.
Moreover, Otc2, another gene involved in the de-
velopment of the inner ear, is upregulated by SHH
signaling and downregulated by BMP signaling (Ohta
et al., 2016b). These results suggest that SHH sig-
naling might in turn downregulate BMP signaling in
the developing inner ear. BMPs are expressed mainly
in the dorsal otocyst, while SHH is expressed in the
ventral otocyst, and thus the two signaling pathways
might inhibit each other and polarize the otocyst.

4.2 Crosstalk between BMP signaling and WNT
signaling

The interaction between BMP signaling and
WNT signaling in the development of the inner ear is
complex and is still poorly understood. Although both
WNTs and BMPs are expressed in spatially overlap-
ping manners, and both are secreted from the dorsal
tissue to the otocyst, the effect of WNT-BMP cross-
talk varies in different parts of the inner ear and can be
either synergistic or antagonistic. It was demonstrated
that both WNT and canonical BMP signaling path-
ways are required to maintain the regulation of D/x5
expression, which occurs throughout the entire dorsal
otocyst and is indispensable for the formation of the
vestibular organ (Ohta and Schoenwolf, 2018). The
BMPs are likely to regulate DIx5 expression in the
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dorsolateral otocyst, while the WNTs are likely to
regulate DIx5 expression in the dorsomedial portion
of the otocyst. In addition, deletion of Bmp4 in the
otic epithelium led to the loss of DIx5 expression in
the dorsolateral otocyst, while Dix5 expression was
still observed in the endolymphatic duct (Chang et al.,
2008). These findings suggest that BMP signaling and
WNT signaling are complementary in the develop-
ment of the vestibular organ and have synergistic
effects. However, when it comes to the regulation of
cochlear patterning, WNT and BMP seem to have
antagonistic effects (Munnamalai and Fekete, 2016).
In the mouse’s cochlea, after activation of WNT
signaling by CHIR99021—an inhibitor of glycogen
synthase kinase 3f—the number of inner hair cells
increased. This number also increased when using
dorsomorphin, a selective small molecule inhibitor of
BMP signaling, suggesting that both BMP inhibition
and WNT activation increase the number of inner hair
cells in the cochlea. In addition, BMP4 expression
was weak in the cochlea when it was treated with
CHIR99021, which suggests that the activation of
WNT antagonizes BMP signaling in the development
of the cochlea.

5 Conclusions and future directions

BMPs are an important subfamily of the TGF-p
superfamily and play critical roles in numerous cel-
lular activities. The transformation of the otocyst into
the inner ear is a complex process, during which the
ventral part develops into the cochlea and mediates
sound perception, while the dorsal part develops into
the vestibular system and maintains the body’s bal-
ance (Martin and Swanson, 1993; Wu and Kelley,
2012). It is clear from this review that BMP signaling
plays important roles in the development of the inner
ear, especially in the formation of the semicircular
canals. However, the role of BMP signaling in the
development of the other parts of the inner ear is not
so clear. The influence of BMP signaling on the
generation of hair cells is also unclear, and results
have been contradictory, as indicated above. Deeper
studies are needed to determine the role of BMP
signaling in this process. Such studies might contrib-
ute to new methods for the regeneration of hair cells
in the cochlea, utricle, and saccule, and thus lead to

new therapeutic treatments for diseases related to the
loss of hair cells. A recent study showed that BMP4
has effects on postnatal cochlear spiral ganglion
neurons (SGNs) in mice in addition to its influence on
the inner ear during development (Wagqas et al., 2017),
which indicates that BMPs and BMP signaling in-
fluence hearing in many different respects. It has been
demonstrated that BMP4 promotes the survival and
growth of neurites in cultured SGNs in vitro, and
further studies are needed to determine the in vivo
effects of BMPs on SGNS, thereby contributing to our
understanding of sensorineural hearing loss that re-
sults from damage or loss of SGNs.

In addition to BMP signaling, several other
signaling pathways have been shown to take part in
the development of the inner ear, including the SHH
signaling and WNT signaling pathways. It has also
become clear in recent years that these signaling
pathways and growth factors do not regulate the
morphogenesis of the inner ear independently. In-
stead, there is a significant crosstalk among these
signaling pathways (Fritzsch et al., 2006). We have
reviewed some of the interactions between BMPs and
other signaling pathways in the developing otocyst. It
is clear that the noncanonical BMP pathway is im-
portant in the crosstalk with other signaling pathways,
and further studies of other noncanonical pathways in
the developing inner ear are needed. In addition, only
a small number of studies have focused on the cross-
talk among signaling pathways in the developing
inner ear, and further studies in this regard are also
needed.
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