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Abstract
Hereditary deafness is genetically heterogeneous such that mutations of many different genes can
cause hearing loss. This review focuses on the evidence and implications that several of these
deafness genes encode actin-interacting proteins or actin itself. There is a growing appreciation of
the contribution of the actin interactome in stereocilia development, maintenance,
mechanotransduction and malfunction of the auditory system.

1. Introduction
Mutant alleles of 57 genes have been shown to cause non-syndromic deafness and 19 of
them encode proteins that interact directly or indirectly with actin (Table 1). There are six
different actin genes in mammalian and avian genomes. Four are muscle-specific (ACTA1,
ACTC1, ACTA2, and ACTG2) and two encode β and γ cytoplasmic actins (ACTB,
ACTG1). Mutations of human β-actin are associated with syndromes that include deafness
as a significant feature (Nunoi et al., 1999; Procaccio et al., 2006; Riviere et al., 2011) while
mutant alleles of γ-actin cause syndromic and non-syndromic progressive hearing loss (van
Wijk et al., 2003; Zhu et al., 2003; Rendtorff et al., 2006; Liu et al., 2008; de Heer et al.,
2009; Morin et al., 2009; Riviere et al., 2011). Despite being encoded by six different genes,
mammalian actins are 90% identical to one another (reviewed in Khaitlina, 2001). β-actin
and γ-actin differ from one another by only four amino acid substitutions in the first ten
residues of these 375 amino acid proteins, and are each 100% conserved among mammals
and birds (Sheterline et al., 1998). β-actin is the predominant actin in almost all tissues of
the body except brush border cells of intestinal epithelium and hair cells of the inner ear, in
which there is a 2:1 γ:β ratio in young chickens (Hofer et al., 1997) and adult guinea pig
(reviewed in Khaitlina, 2001; Furness et al., 2005), although the relative amounts of these
two actins may change during development and aging.

Actins are 42-kDa proteins that exist in a cell as monomers (globular or G-actin) or
polymers (filamentous or F-actin). Each monomer has two major domains, each with two
subdomains (Schutt et al., 1993) with an ATP binding pocket near the center of the protein
(Fig. 1) (Sheterline et al., 1998). Under certain conditions, ATP-G-actin polymerizes to form
F-actin which is used to fabricate both stable and dynamic cell structures. Actin filaments
are helical and polar, with the ends designated as barbed (plus) and pointed (minus). In
dynamic cytoskeletal structures such as lamellipodia and filopodia protrusions, F-actin
undergoes a polarized process known as treadmilling in which new ATP-actin monomers
are added to the barbed-end of an active filament, while ADP-actin monomers are released
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from the pointed-end (Sheterline et al., 1998; Bugyi and Carlier, 2010). Assembly of actin
filaments can produce force for directional movement or alteration of cell shape (Sheterline
et al., 1998; Welch and Mullins, 2002; Pollard and Borisy, 2003; Ridley, 2011). The
structural features of actin are shaped by a variety of protein partners, some of which are
necessary for normal hearing. In this review we focus on actin and actin-interacting proteins
in the context of hereditary hearing loss.

2. Cytoplasmic actins and deafness
2.1. Dominant mutations of ACTG1 are associated with non-syndromic progressive
hearing loss

Progressive hearing loss segregating in a large North American family as a dominant trait
was genetically mapped to chromosome 17q25 and the locus was designated DFNA20/26
(Morell et al., 2000). Genes in the 2.4-Mb DFNA20/26 interval were screened by DNA
sequencing, and a missense mutation (p.T89I) that substitutes an isoleucine for the wild-type
threonine at residue 89 of ACTG1 was found to co-segregate with deafness in this family
(Zhu et al., 2003). Nine additional missense mutations of ACTG1 have been identified, each
of which has been reported in just one family (van Wijk et al., 2003; Zhu et al., 2003;
Rendtorff et al., 2006; Liu et al., 2008; de Heer et al., 2009; Morin et al., 2009).

All ten of the DFNA20/26 ACTG1 missense mutations described to date (Fig. 1) result in a
similar phenotype. Hearing initially appears normal in young DFNA20/26 individuals and
begins to deteriorate at high frequencies in the 1st to 3rd decade of life followed by nearly
complete hearing loss at all tested frequencies by the 4th to 6th decade. Distortion product
otoacoustic emissions are absent in individuals with the p.T89I mutation (Elfenbein et al.,
2001), which may indicate loss of cochlear amplification due to a malfunction of outer hair
cells. Given that hearing appears normal in the 1st decade in most DFNA20/26 subjects, one
possibility is that ACTG1 mutations somehow affect durability of actin structures and/or
interfere with a repair process. However, these observations do not rule out a developmental
defect in the inner ear that may manifest in the first to second decade of life. It is tempting to
speculate that the similar longitudinal audiologic phenotype observed in individuals carrying
different DFNA20/26 missense mutations of ACTG1 is the result of a common molecular
pathology of the mutant γ-actins.

Knowledge of the molecular defects caused by missense mutations of γ-actin is derived
from a variety of biochemical analyses and studies using yeast, explant cultures of mouse
inner ear sensory epithelia and Actg1 knockin and knockout mouse models. Biochemical
studies investigated the folding, thermal stability, ATP-exchange rates, polymerization
kinetics, and interaction with an actin-severing protein, cofilin, for the mutant actins. Each
mutation affected protein function in a slightly different fashion (Bryan et al., 2006; Zhu,
2008; Bryan and Rubenstein, 2009; Morin et al., 2009). Yeast engineered to express the
single yeast actin gene with DFNA20/26 mutations have diminished growth rates with the
exception of yeast with the p.K118N DFNA20/26 mutation which grew as well as wild-type
and had a comparable actin cytoskeleton (Bryan et al., 2006; Morin et al., 2009). These data
are valuable starting points for understanding DFNA20/26 deafness, but provide no direct
insight into the inner ear pathology caused by mutations of ACTG1.

In explant cultures of neonatal mouse organ of Corti, wild-type GFP-tagged γ-actin
localizes to the tips of stereocilia within 4 h after biolistic transfection (our unpublished
data). However, no differences in targeting were seen using some of the GFP-tagged mutant
γ-actins and no obvious alterations in stereocilia morphology were observed over a period
of up to 96 h (Morin et al., 2009; our unpublished data). Perhaps within the time constraints
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of the experiment, the high level of endogenous wild-type γ-actin masked any effect of
mutant γ-actin.

2.2. To establish hearing, γ-actin is not required
A γ-actin knockout mouse initially appeared to have normal hearing. However, by 16 weeks
of age a >70 dbSPL loss was observed across all frequencies tested (Belyantseva et al.,
2009). At this age stereocilia in all three rows of auditory hair cell bundles begin to
degenerate and there is an increased number of gaps in the actin core of stereocilia that do
not stain with phalloidin. In wild-type mice phalloidin-negative gaps are found rarely and
typically only in vestibular hair cell bundles (Belyantseva et al., 2009). The ultrastructure of
these gaps in Actg1-null mice has not been reported. Perhaps phalloidin-negative gaps
represent damage to the paracrystalline core; which might still contain F-actin but in some
way the binding sites for phalloidin are obstructed.

Actg1-null mice also show reduced viability, are smaller, and develop signs of muscular
myopathy. A hair cell-specific γ-actin-null mouse recapitulates only the hearing phenotype
of the whole-body knockout of this gene (Perrin et al., 2010). Although the recessive null
allele of Actg1 provided valuable insight into the functions of γ-actin in many tissues
including the inner ear, heterozygous γ-actin knockout mice have normal hearing and do not
model DFNA20/26 deafness, which is caused by dominant missense alleles of ACTG1.
Wild-type hearing in mice heterozygous for the Actg1-null allele does suggest that γ-actin
hap-loinsufficiency is not the mechanism of DFNA20/26 hearing loss.

To investigate the molecular pathogenesis of DFNA20/26 alleles, a knockin mouse with the
orthologous human p.P264L missense mutation was engineered. Mice homozygous for the
Actg1P264L knockin allele develop progressive high frequency hearing loss by 4–5 weeks of
age. Hearing deteriorates rapidly to a complete loss across all frequencies by 7 weeks.
Unlike γ-actin-null mice, hearing loss in Actg1P264L homozygotes is accompanied by
degeneration of just the shorter rows of stereocilia within auditory hair cell bundles
(Drummond et al., 2010). Furthermore, these mice have no other obvious pathological
features; they are comparable in size to wild-type littermates, do not show signs of muscular
myopathy, and survive as well as wild-type. These data suggest a dominant negative or gain-
of-function mode of pathogenesis in which the mutant DFNA20/26 γ-actin damages hair
cells but is tolerated in other cell types.

2.3. Dominant mutations in ACTB cause syndromic hearing loss, but β-actin is not
required to establish hearing

A de novo heterozygous missense mutation, p.R183W, of ACTB encoding cytoplasmic β-
actin was reported in a pair of monozygotic twins that showed a broad range of
abnormalities (MIM 102630) including adolescent dystonia, midline malformations, and
hearing loss (Procaccio et al., 2006). When transfected into NIH3T3 cells, expression of
p.R183W β-actin induced morphological changes and conferred resistance to latrunculin A-
induced actin depolymerization. A second dominant mutation (p.E364K) in ACTB was
reported in a child with cardiomegaly, hepatomegaly, hypothyroidism, and recurrent
infection including otitis media although hearing was not tested (Nunoi et al., 1999).

Dominant missense mutations in β-actin and γ-actin are also reported to co-segregate with
Baraitser-Winter syndrome (MIM 243310); a rare disorder characterized by developmental
delay, facial dysmorphologies, brain malformations, colobomas and variable hearing loss
(Riviere et al., 2011). It is likely that a dominant negative or gain-of-function mechanism of
action is responsible for the phenotype produced by all of these ACTB mutant alleles (Nunoi
et al., 1999; Procaccio et al., 2006; Riviere et al., 2011).
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Homozygous Actb-null mice die as early as E7.5 (Shawlot et al., 1998; Bunnell et al., 2011),
indicating that β-actin is essential for embryogenesis. A conditional Actb-flox Foxg1-cre
mouse was engineered to produce hair cells devoid of β-actin and circumvent the lethality
thought to be from impaired cell growth and migration (Perrin et al., 2010; Bunnell et al.,
2011). Similar to Actg1-null mice, hair-cell specific Actb-null mice have high frequency
hearing loss at 6 weeks of age. But unlike Actg1-null mice (Belyantseva et al., 2009) the
subsequent progression of hearing loss is slower and characterized by loss of the two shorter
rows of stereocilia (Perrin et al., 2010). Knockin mouse models for the human dominant
ACTB missense mutations have not been generated, though they would be expected to have
unique inner ear pathology.

As might be expected, stereocilia do not develop in hair cells devoid of both cytoplasmic
actins (Perrin et al., 2010). Therefore, either one of the two cytoplasmic actins is sufficient
for development of stereocilia and initial hearing ability, but both cytoplasmic actins are
required in hair cells over the long term. Phenotypic differences between the progression of
hearing loss and hair bundle pathology in hair cells of β-actin versus γ-actin knockout
mouse strains also suggest non-redundant functions of these two cytoplasmic actins.

3. Differences between cytoplasmic actins
3.1. Biochemical properties

Understanding the biochemical differences between β-actin and γ-actin is an active area of
research. The nucleotide exchange and ion-dependent polymerization rates of the two
cytoplasmic actins are different, but cytoplasmic actins can copolymerize (Fig. 2C), and the
kinetic properties reflect the β:γ ratio (Bergeron et al., 2010). In the presence of calcium,
purified β-actin polymerizes in vitro nearly twice as fast as γ-actin; a difference owing to
faster rates of filament nucleation and elongation. Furthermore, the rate of phosphate release
and depolymerization of actin monomers from treadmilling filaments occurs rapidly for β-
actin-based filaments but slowly for γ-actin-based filaments. Interestingly, these differences
were less pronounced when magnesium is present in place of calcium (Bergeron et al.,
2010) suggesting the possibility of tunable kinetics depending on the intracellular
microenvironment.

3.2. Interacting partners
The interactomes of β-actin and γ-actin are similar. This is not surprising since cytoplasmic
actins are 99% identical at the protein level. However, there are a few exceptions that
presumably directly result from or are influenced by the encoded four amino acid
differences at their N-termini. In addition, after removal of the methionine at the N-terminus
of β-actin, an arginine is sometimes added at the N-terminus by arginyl-tRNA-protein
transferase (ATE1). For reasons not fully understood, arginylated γ-actin is not detected in
cells (Karakozova et al., 2006; Zhang et al., 2010). The possible significance of this post-
translational modification of β-actin in the auditory system has not been investigated or
appreciated.

The only report of a γ-actin-specific interacting protein is annexin A5 (ANXA5) (Tzima et
al., 2000), which is expressed abundantly in the organ of Corti (Peters et al., 2007; Shin et
al., 2007). Tzima and colleagues showed that during platelet activation, the actin
cytoskeleton undergoes remodeling (Tzima et al., 1999) during which γ-actin associates
with ANXA5 at cell membranes (Tzima et al., 2000). ANXA5 is a member of a family
containing 12 paralogous proteins, all of which bind reversibly to membranes in the
presence of high Ca+2 (Moss and Morgan, 2004). Other annexins also bind F-actin, implying
a calcium-sensitive role in coordinating membrane and cytoskeleton dynamics (Hayes et al.,
2004). To date, only ANXA5 is thought to interact exclusively with γ-actin although a
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systematic search has not been reported for unique partners of each of the cytoplasmic
actins.

3.3. Actin homeostasis
The regulatory mechanisms that maintain a constant total amount of actin in some cells are
not understood. Up-regulation of one particular actin in response to down-regulation of
another usually does not rescue the phenotype, reinforcing the conclusion that each actin has
at least one exclusive function (Shawlot et al., 1998; Lloyd and Gunning, 2002; Procaccio et
al., 2006; Sonnemann et al., 2006; Belyantseva et al., 2009; Bunnell and Ervasti, 2010;
Perrin and Ervasti, 2010). Though expressed at relatively low levels in differentiated skeletal
muscle compared to other tissues, γ-actin is required for proper muscle function, as its
absence in a skeletal muscle-specific γ-actin knockout results in a progressive myopathy
(Sonnemann et al., 2006). Additionally, in skeletal muscle, γ-actin was found up-regulated
ten-fold in animal models of muscular dystrophy suggesting that γ-actin may be involved in
a compensatory remodeling process (Hanft et al., 2006).

In the inner ear, the loss of one cytoplasmic actin and the subsequent degeneration of hair
cells are not compensated for by the presence of the remaining cytoplasmic actin, or the up-
regulation of total actin levels (Belyantseva et al., 2009; Perrin et al., 2010). However, some
examples of compensation for the loss of one actin by a paralogous actin have been
reported. Over-expression of αcardiac-actin, but not γ-actin from a transgene can rescue the
lethality and muscle abnormality due to loss of αskeletal-actin (Jaeger et al., 2009; Nowak et
al., 2009). Taken together, the various rescue experiments and phenotypes of actin gene
mutations indicate that muscle actins have a degree of functional overlap. Although either β-
actin or γ-actin can initially build a functional stereocilium, both are required for long term
maintenance of hair cells (Perrin et al., 2010), which means that the two cytoplasmic actins
have unique functions, at least in the inner ear.

3.4. Differential distribution of cytoplasmic actins
There are differences in subcellular localization of the cytoplasmic actins (Otey et al.,
1987,1988; Hill and Gunning,1993; Hofer et al., 1997; Khaitlina, 2001; Furness et al., 2005;
Dugina et al., 2009). γ-actin was reported to be preferentially located in stress fibers of
myoblasts whereas β-actin was found at sites of active remodeling such as lamellipodia (Hill
and Gunning, 1993). In fibroblasts and endothelial cells, β-actin is associated with the less
dynamic stress fibers and γ-actin is localized to lamellipodia (Dugina et al., 2009).
Differences between these studies may be due to the specificity of antibodies and methods
of fixation. This topic was recently revisited. β-actin was examined during cell migration
and found to be essential for membrane protrusion dynamics (Bunnell et al., 2011). From
these in vivo observations comparing the two cytoplasmic actins, β-actin is the more
dynamic, an observation consistent with biochemical data (Bergeron et al., 2010).

Not only are cytoplasmic actins sometimes differentially localized in the cells, but the
distribution of β-actin mRNA in cells is polarized. The mechanism of this intracellular
nonuniformity involves the 54 nucleotide zipcode motif in the sequence of the 3′ UTR
immediately downstream of the translation stop codon (Kislauskis et al., 1993). The zipcode
sequence in the β-actin mRNA interacts with ZBP1 RNA-binding protein, which then
facilitates trafficking of β-actin mRNA (Ross et al., 1997; Condeelis and Singer, 2005). The
3′ UTR of γ-actin mRNA appears not to have a zipcode sequence and is presumably
trafficked differently than β-actin mRNA. How regulation of mRNA distribution affects
actin distribution in the inner ear is a completely unstudied phenomenon. Will an Actb
bacterial artificial chromosome (BAC) transgene lacking the zipcode sequence rescue the
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progressive hearing loss phenotype when expressed in a conditional inner ear β-actin
knockout?

3.5. Actin in hair cells
The distribution of cytoplasmic actins has been examined by transmission electron
microscopy (TEM) in auditory hair cells (Hofer et al., 1997; Furness et al., 2005) and is
summarized in Fig. 2. The stereocilia core is a paracrystalline array of cross-linked and
bundled actin filaments with a 2:1 ratio of γ- to β-actin, perhaps as a copolymer (Tilney et
al.,1980; Hofer et al.,1997; Beyer et al., 2000; Furness et al., 2005). Each stereocilium is
anchored into the cuticular plate by a rootlet that is composed of more densely bundled F-
actin compared to the core. Little is known about the developmental factors controlling
formation of the cuticular plate (Fig. 1). Actin in the cuticular plate comprises a network of
branched, primarily γ-actin-based filaments distinct from that of the F-actin paracrystalline
core in the stereocilium, which is also distinct from the arrangement of F-actin in the rootlet
(DeRosier and Tilney, 1989; Hofer et al., 1997; Furness et al., 2005). Formation of the
rootlet begins around P0 and is largely completed by P16 (Furness et al., 2008; Kitajiri et al.,
2010). A rootlet spans the entire tapered region of a stereocilium and protrudes into the
cuticular plate. The overall length of a rootlet is proportional to the length of the
stereocilium it anchors (Furness et al., 2008), but there is no causal connection between
rootlet and stereocilia lengths (Kitajiri et al., 2010).

In mammals, hair cells are terminally differentiated and do not normally regenerate from
surrounding cells. Due to the sustained mechanical stress placed on hair cell stereocilia from
nearly constant acoustic stimulation, mechanisms must have evolved to monitor and repair
critical actin-based structures to maintain hearing for the lifetime of hair cells. At the cellular
level, loss of stiffness and phalloidin-negative gaps within stereocilia actin cores are
observed after noise damage and in aged vestibular hair cells (Tilney et al., 1982; Avinash et
al., 1993; Belyantseva et al., 2009). Phalloidin-negative gaps do contain γ-actin and β-actin
(Belyantseva et al., 2009) however; the organization of actin in these gaps is unclear because
antibodies recognize both monomeric and filamentous actin. The absence of phalloidin
labeling does not necessarily exclude the presence of F-actin in a form that does not bind
this phallotoxin. Gaps are stained by DNaseI, supporting the assumption that at least some
of the actin is monomeric. Other proteins found in these gaps include cofilin and espin that
could be involved in remodeling of a damaged core (Belyantseva et al., 2009). Phalloidin-
negative gaps observed in auditory stereocilia of Actg1-null mice may reveal a previously
unknown mechanism of stress-induced dissociation and subsequent rebuilding of the F-actin
core, which is regulated at the level of an individual stereocilium (Belyantseva et al., 2009).
The gaps in stereocilia F-actin are strikingly similar to those that occur during disassembly
of actin filaments in Drosophila bristles (Tilney et al., 1996; Guild et al., 2005). This
suggests that mammals may utilize an ancient, evolutionarily conserved mechanism of actin
bundle assembly and disassembly to repair and reinforce the F-actin core of stereocilia
during the lifetime of hair cells.

4. Actin-binding proteins in stereocilia and associated structures
Mass spectrometry (LC-MS/MS) analyses of stereocilia bundles isolated from chicken
utricles were used to identify at least 60 proteins (Shin et al., 2007). Another proteomics
study of hair cell bundles identified 138 proteins (Peng, 2009). In both studies, the majority
of the proteins observed are part of the actin interactome. Mutations of the genes encoding
several of these proteins are associated with hereditary hearing loss and produce a variety of
abnormalities of stereocilia architecture and function (Table 1).
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4.1. Proteins that regulate filament elongation
De novo formation of F-actin requires a nucleation event in which three actin monomers
interact to form a trimer, referred to as an actin seed, from which rapid elongation of
filaments proceeds (Pollard, 1986; reviewed in Welch and Mullins, 2002). In vitro, this can
be achieved by incubating actin above a critical concentration at which spontaneous filament
formation occurs. Formation of an actin seed is a kinetically unfavorable event, but several
actin-binding proteins facilitate this process in vivo (reviewed in Welch and Mullins, 2002;
Pollard, 2007). In hair cells, actin dysregulation can cause uncontrolled filament formation
producing actin-rich projections (cytocauds) that even protrude from the basal surface of
cells (Probst et al., 1998; Beyer et al., 2000; Kanzaki et al., 2002).

Some proteins, such as members of the formin family of actin-cappers, serve multiple
functions in regulating actin dynamics. In vitro evidence demonstrates that formins function
to nucleate filaments as well as cap existing filaments (Zigmond, 2004). These caps are
considered “leaky” because they also allow monomers to be added to the barbed-end of a
filament (Goode and Eck, 2007). We are unaware of reports showing localization of formins
in the inner ear, however a non-coding dominant point mutation in the preprocessed
DIAPH1 transcript encoding diaphanous 1, a formin, co-segregated with DFNA1 hearing
loss in a large Costa Rican kindred (Lynch et al., 1997). This mutation alters splicing of
DIAPH1 preprocessed mRNA and is predicted to generate a protein lacking the
autoregulatory domain, leading to over-activation of the mutant DIAPH1. Excessive
DIAPH1 activity may be the cause of DFNA1 deafness (Lynch et al., 1997; Peng et al.,
2007). A knockout Diaph1 mouse develops myeloproliferative defects, but has normal
hearing (Peng et al., 2007) suggesting that the DFNA1 mutation is probably a dominant
negative or gain-of-function allele. Consistent with the hypothesis that constitutive
activation of a formin causes deafness, a point mutation in the 5′ UTR of DIAPH3 was
associated with auditory neuropathy (AUNA1) in a North American family (Schoen et al.,
2010). Functional studies in vitro and in a Drosophila model demonstrated that this non-
coding point mutation induces over-expression of DIAPH3. Mouse models of DFNA1 and
AUNA1 deafness in which the orthologous human mutations are knocked into mouse
Diaph1 or Diaph3 might provide insight into the role of formins in the inner ear and the
mechanism of pathogensis of the human mutations.

4.2. Proteins that cross-link or bundle
There are several proteins that cross-link and/or bundle F-actin in stereocilia, including
espin, fimbrin, plastin-1, plastin-2, plastin-3, GRXCR1, TRIOBP, fascin-1, fascin-2, espin-
like protein, and Xin-related protein-2 (Kitajiri et al., 2010; Shin et al., 2010). Mutations of
human ESPN, GRXCR1, and TRIOBP genes cause autosomal recessive nonsyndromic
deafness at the DFNB36, DFNB25 and DFNB28 loci, respectively (Naz et al., 2004;
Riazuddin et al., 2006; Shahin et al., 2006; Odeh et al., 2010; Schraders et al., 2010). Espin
is an essential actin cross-linking protein in the stereocilia core (Zheng et al., 2000), while
TRIOBP is localized to rootlets and the stereocilia core proper, depending on the isoform
(Kitajiri et al., 2010). As such, the phenotypes at the cellular level associated with loss of
function mutations in Espn and Triobp are different. Espin cross-linking of actin filaments
along the length of stereocilia cores is essential for establishing the wild-type height and
thickness of a stereocilium. In the spontaneous Espn mouse mutant, jerker, a missense
mutation reduces levels of espin in homozygous mice resulting in abnormally short and thin
stereocilia despite the presence of espin-like protein encoded by Espnl, and several other
actin cross-linkers in these structures (Sekerkova et al., 2006, 2011). The spontaneous
Grxcr1 mouse mutant, pirouette, also produces abnormally thin stereocilia, though the
molecular mechanisms remain to be investigated (Odeh et al., 2010).
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In contrast to espin and GRXCR1, loss of TRIOBP function (iso-forms 4 and 5) in an
engineered knockout mouse results in a failure to form stereocilia rootlets. Without rootlets,
stereocilia lose their durability and are more flexible at the point of insertion into the
cuticular plate. Triobp-deficient stereocilia are more prone to damage, fuse to one another
and degenerate shortly after the onset of hearing (Kitajiri et al., 2010). Data from in vitro
functional assays indicate that while espin joins actin filaments through cross-linking,
TRIOBP may instead wrap around the periphery of multiple actin filaments to create a dense
bundle in which each filament in the rootlet can slide past its neighbors. Rootlets also
provide a majority of stiffness to the hair bundle (Kitajiri et al., 2010; reviewed in Boutet de
Monvel and Petit, 2010).

4.3. Myosins and their cargo
Myosins are actin-activated ATPases that utilize ATP hydrolysis to generate force along
actin filaments. Development of stereocilia requires several myosins and their associated
cargo, and mutations of seven different myosins cause deafness in humans and mice (Table
1). Pathogenic alleles of MYO7A encoding myosin 7a cause recessive nonsyndromic
deafness DFNB2, dominant nonsyndromic deafness DFNA11, or Type 1 Usher Syndrome
(USH1B), a genetically heterogeneous deaf-blindness syndrome characterized by
progressive loss of vision due to retinitis pigmentosa, vestibular dysfunction and congenital
deafness (Weil et al., 1995, 1997; Liu et al., 1997; Luijendijk et al., 2004; Riazuddin et al.,
2008; Ammar-Khodja et al., 2009; Ben Rebeh et al., 2010; Hildebrand et al., 2010;
Friedman et al., 2011). The phenotypic outcome is hypothesized to depend on the level of
residual function of the mutant allele.

Recessive mutations of MYO15A encoding myosin 15a cause DFNB3 hearing loss in
individuals from many different populations world-wide. Mutant alleles of MYO15A are the
third most common cause of recessive deafness after GJB2 and SLC26A4 (Wang et al.,
1998; Liang et al., 1999; Liburd et al., 2001; Friedman et al., 2002; Kalay et al., 2007; Nal et
al., 2007; Lezirovitz et al., 2008; Belguith et al., 2009; Hilgert et al., 2009; Shearer et al.,
2009; Cengiz et al., 2010). Mutations in the unconventional myosin gene, MYO6A encoding
myosin 6a, underlie DFNB37 and DFNA22 human deafness (Melchionda et al., 2001;
Ahmed et al., 2003; Hilgert et al., 2008; Sanggaard et al., 2008; Topsakal et al., 2010).

Mouse models have helped to elucidate the wild-type function and mutant pathophysiology
for each of these unconventional myosins. Shaker 1, shaker 2, and Snell’s waltzer mice are
deficient in myosin 7a, myosin 15a, and myosin 6a, respectively, and each displays a
distinctive hair cell abnormality that provides insight into the likely corresponding human
pathology. Myosin 7a is found along the length of stereocilia, and missense mutations cause
abnormally long and disorganized stereocilia in shaker 1 (Myo7sh1) mice (Self et al., 1998).
This phenotype may be due to improper localization of twinfilin 2, an actin capping protein
that co-localizes with myosin 7a in stereocilia (Rzadzinska et al., 2009) and is required for
length regulation of the shorter rows of stereocilia (Peng et al., 2009). Myosin 7a may also
interact with SANS and harmonin-b as a complex that participates in adaptation of
mechanotransduction in hair cells (Kros et al., 2002; Grati and Kachar, 2011).

Missense and truncating mutations of myosin 15a cause abnormally short stereocilia in the
shaker 2 (Myo15sh2) mouse (Probst et al., 1998; Anderson et al., 2000). Myosin 15a delivers
whirlin to the tips of stereocilia where it is proposed to mediate their differential elongation
(Belyantseva et al., 2003, 2005; Delprat et al., 2005; Kikkawa et al., 2005). Similar to
Myo15sh2, whirler (Whrnwi) mice also have abnormally short stereocilia, and
Myo15sh2;Whrnwi double homozygotes have a slightly exacerbated phenotype (Mogensen et
al., 2007; Mustapha et al., 2007). Eps8 interacts with actin to regulate filament dynamics in
filopodia (Roffers-Agarwal et al., 2005) and is another myosin 15 cargo. Resembling both
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Myo15sh2 and Whrnwi, Eps8 knockout mice are deaf and have abnormally short stereocilia
(Manor et al., 2011; Zampini et al., 2011). Many of the protein partners of myosin 15a have
probably not been identified and the mechanisms by which myosin 15a, whirlin and Eps8
cooperate to shape stereocilia architecture are largely unknown and remain a challenging
question.

Protein tyrosine phosphatase receptor type Q (PTPRQ) is a membrane protein important for
formation of the shaft connectors of stereocilia (Goodyear et al., 2003). PTPRQ is
improperly localized in degenerating hair cells from Snell’s waltzer (Myo6sv) mice
(Sakaguchi et al., 2008), which are deficient in myosin 6a (Avraham et al., 1995), the only
reported myosin that moves toward the pointed-end of actin filaments (Wells et al., 1999;
Sweeney and Houdusse, 2010). Myo6sv and PTPRQ deficient mice have fused stereocilia
with occasional formation of giant stereocilia devoid of the taper at the site of insertion into
the cuticular plate (Fig. 2C) (Goodyear et al., 2003). Another protein localized to the taper
region in stereocilia is taperin encoded by TPRN. Mutations in TPRN were recently
identified as the cause of human DFNB79 nonsyndromic deafness (Rehman et al., 2010). Of
the 749 amino acids which comprise taperin, a 66 amino acid segment has 53% identity to
phostensin, a pointed-end actin capping protein (Lai et al., 2009). Does taperin participate in
capping the pointed-ends of peripheral F-actin of stereocilia in the taper region? Does
taperin interact with the membrane and cytoskeleton, perhaps as a scaffolding protein, to
regulate curvature or mechanical properties of the taper, the location where stereocilia pivot
when deflected by sound (Crawford et al., 1989; Karavitaki and Corey, 2006)? Additional in
vitro biochemical and biophysical studies of purified taperin in combination with mouse
models deficient for taperin are essential to answer these questions.

4.4. Scaffolding proteins
Scaffolding proteins link the membrane to subcortical actin through the cytoplasmic domain
of integral membrane proteins (Algrain et al., 1993; Bretscher et al., 2002). Radixin, which
localizes to the base of stereocilia, and ezrin are two scaffolding proteins of the ezrin/
radixin/moesin (ERM) family. Mutations of RDX encoding radixin are associated with
human DFNB24 hearing loss (Ahmed et al., 2003; Khan et al., 2007). Rdx-null mice have
hearing loss but no obvious vestibular phenotype (Kitajiri et al., 2004). Ezrin is also
expressed in stereocilia, but it is unable to compensate for the loss of radixin in cochlear hair
cells of Rdx-null mice. This may be due to limited expression of ezrin only at the early
stages of development in auditory hair cell stereocilia (Kitajiri et al., 2004). However, ezrin
expression persists through maturation in vestibular hair cells, an observation that may
explain the lack of a vestibular phenotype in Rdx-null mice (Kitajiri et al., 2004).

Recessive mutations of USH1C, encoding the scaffolding protein harmonin-b, cause
DFNB18 nonsyndromic deafness and Usher Syndrome type 1C in humans (Verpy et al.,
2000; Ahmed et al., 2002; Ouyang et al., 2002). In mice, spontaneous deletion mutations of
harmonin-b are the cause of deafness and circling behavior in deaf circler and deaf circler
Jackson 2, characterized by disorganized and splayed hair cell bundles (Johnson et al.,
2003). Harmonin-b interacts with F-actin and the cytoplasmic domains of protocadherin 15
and cadherin 23 (Boeda et al., 2002; Siemens et al., 2002; Adato et al., 2005; Reiners et al.,
2005), thus connecting the mechanotransduction machinery of stereocilia to its F-actin core
(Siemens et al., 2004; Ahmed et al., 2006; Kazmierczak et al., 2007). Together, harmonin-b,
protocadherin 15 and cadherin 23 along with SANS and myosin 7a comprise a multifaceted
supra-molecular complex referred to as the Usher interactome that is required not just for
mechanotransduction of mature hair cells, but also transient filamentous links crucial for
development of the hair bundle (reviewed in Muller, 2008; Richardson et al., 2011).
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5. F-actin in stereocilia
To fully understand the mechanisms of deafness caused by mutations in actin and actin-
binding proteins, it is necessary to characterize the degree of F-actin turnover in mature
stereocilia. One model proposes a treadmilling mechanism featuring continuous
polymerization of actin at the barbed-ends of actin filaments (stereocilia tips) with a
concomitant equal rate of depolymerization from the pointed-ends (stereocilia base) so as to
maintain a constant stereocilium length. This model is based upon studies using GFP-β-actin
biolistically transfected into cells of cultured organ of Corti from postnatal days 1–5
(Schneider et al., 2002). These data show GFP-β-actin at the tips of stereocilia within a few
hours of transfection, and subsequent labeling of the upper half of stereocilia within 24 h.
The labeled actin appears distributed along the full length of stereocilia after 48 h.
Subsequently, the same phenomenon was reported for GFP-espin (Rzadzinska et al., 2004).
Additionally, treatment with cytochalasin D, an inhibitor of actin polymerization at the
barbed-end of filaments, causes shortening of stereocilia at rates consistent with
measurements of GFP-β-actin incorporation into untreated filaments (Rzadzinska et al.,
2004). Based on snap-shots over time in different hair cells over-expressing GFP-β-actin, it
was concluded that a stereocilium treadmills its F-actin core, renewing it every two to three
days (Schneider et al., 2002; Rzadzinska et al., 2004).

Recent data of a different kind demonstrate that F-actin cores of stereocilia do not treadmill
(Zhang et al., 2012). 15N-labeled leucine was fed to mice and frogs and turnover of proteins
in stereocilia was then measured and found to be <0.3% per day in frogs, <2% per day in
adult mice and <9% per day in neonatal mice (Zhang, et al., 2012); rates inconsistent with
total renewal of the stereocilia actin paracrystal in organ of Corti hair cells after
approximately two days in culture (Rzadzinska et al., 2004). Additional data reported in
Zhang, et al., 2012 are also inconsistent with rapid turnover of the actin core of stereocilia.
In utricle cultures from transgenic mice expressing GFP-β-actin under the control of a
myosin 7a promoter, photobleached lines were introduced across hair cell bundles and
monitored for possible movement. Over the course of six days the bleached line moved only
2–3% of the length of the bundle, demonstrating that a treadmill is not induced by culturing
the sensory epithelium (Zhang et al., 2012). Finally, expression of β-actin was halted using
an inducible Cre in combination with a floxed Actb allele in adult mice. After 34 weeks, β-
actin was present along the lengths of stereocilia and absent only at the very tips (Zhang et
al., 2012), thus bolstering the conclusion that the stereocilia cores are stable entities. The
main conclusion from these three independent experimental methods is that stereocilia actin
cores do not normally treadmill (Zhang et al., 2012).

What then are the possible explanations for the apparent movement of GFP-β-actin from the
stereocilia tips to the base? If a stereocilium is a closed system as proposed (Manor and
Kachar, 2008), actin monomers disassembled from the pointed-ends would be retained in
this compartment and not enter into the cell body. In this case, treadmilling of a recycled and
isolated pool of actin in stereocilia would not be detected by examining turnover of
stereocilia proteins using 15N-labeled leucine. However, this idea is inconsistent with data
from photobleaching experiments described above (Zhang et al., 2012). Perhaps over-
expression of GFP-β-actin increases the intracellular concentration of cytoplasmic actin and
in stereocilia induces spurious filament formation (Zhang et al., 2012). Alternatively, the
reported movement of GFP-β-actin from the tips of stereocilia to the base (Schneider et al.,
2002; Rzadzinska et al., 2004) may be due to diffusion of unincorporated monomers or
small fragments of F-actin. Another possibility is that trauma from biolistic transfection of
gold particles damage one or more stereocilia within a hair cell bundle (Di Pasquale et al.,
2005; Belyantseva, 2009) and creates microbreaks in the actin core akin to phalloidin-
negative gaps (Belyantseva et al., 2009). This damage may be imperceptible in the best of
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circumstances, but nevertheless may trigger repair of filaments by incorporation of newly
synthesized actin (Zhang et al., 2012). This hypothesis could be tested by combining the
gene gun method with the photobleaching technique using cultured organ of Corti to
evaluate whether there is an increase in the rate of movement of the photobleached line after
biolistic transfection with “empty” bullets. Nevertheless, using a variety of methodologies in
hair cells of adult frogs and in cultured and freshly excised adult and neonatal mouse
sensory epithelia, there appears to be no evidence of a rapid treadmill in actin cores of
stereocilia (Zhang et al., 2012) as previously concluded (Schneider et al., 2002; Rzadzinska
et al., 2004).

6. Conclusions
Intuitively, mutations of ubiquitously expressed genes, such as actin, would be assumed to
disrupt not just the auditory system but a variety of organs and tissues causing a syndromic
disorder. Yet, many mutations of γ-actin and several widely expressed actin-interacting
proteins cause nonsyndromic deafness and knockout mouse models confirm that many of
these proteins are only indispensible for hearing. However, knockout mouse models do not
provide crucial insight into hearing loss caused by missense mutations that result in a gain-
of-function, are dominant negative, or have residual function. Knockin mouse models of
mutations orthologous to those causing human deafness will be instrumental in unraveling
the pathophysiology of hereditary hearing loss.

Future work should also address the function and form of actin in other subcellular
compartments aside from stereocilia and investigate the effect of mutations in actin and
actin-binding proteins on these structures and processes. While it is appealing to focus on
abnormalities of the strikingly beautiful actin-rich ster-eocilia as the cause of deafness in
mouse models of actin and actin-binding proteins, the remainder of the hair cell body and
other cell types of the inner ear cannot be ignored. For example, the fusion of stereocilia in
the Myo6sv mouse may be a sufficient but not necessarily the sole cause of deafness
(Sakaguchi et al., 2008). In Myo6sv mice there are also defects in the development and
maturation of inner hair cell ribbon synapses (Roux et al., 2009). In addition, myosin VI is
detected in the nucleus where it is reported to modulate transcription through an interaction
with RNA polymerase II (Vreugde et al., 2006). There has been an upsurge of interest in the
roles of nuclear actin and actin-binding proteins, particularly myosins, as components of the
transcriptional machinery (reviewed in Louvet and Percipalle, 2009; de Lanerolle and
Serebryannyy, 2011).

Mutations of actin and actin-interacting proteins may not just alter steady-state structures,
but could affect rapid intermediate kinetics. This is highlighted by a recent study on the
supporting cells’ cytoskeleton that revealed rapid formation of actin cables that would be
difficult to detect without the use of time-lapse microscopy (Bird et al., 2010). Live cell
time-lapse coupled with recent advances in super-resolution microscopy will be critical in
exploring the intricacies of actin dynamics in cells of the auditory system.
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ADP adenosine diphosphate

BAC bacterial artificial chromosome

DFNA dominantly inherited nonsyndromic deafness locus

DFNB recessively inherited nonsyndromic deafness locus

GFP green fluorescent protein

TEM transmission electron microscopy

USH Usher syndrome

UTR untranslated region
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Fig. 1.
Ribbon diagram of a γ-actin monomer with the locations of 10 missense mutations
associated with human DFNA20/26 deafness. These mutations are found in all subdomains
of the protein and are not clustered within a single functional subdomain or protein
interaction site. Calcium (yellow sphere) and ATP are bound in the center of the monomer.
This structural model was generated in PyMOL using PDB 3HBT (Wang et al., 2010).
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Fig. 2.
β-actin and γ-actin are differentially distributed in hair and supporting cells in the organ of
Corti. The distribution of the two cytoplasmic actins in the organ of Corti (A) was
determined by immuno transmission electron microscopy (TEM) (Hofer et al., 1997;
Furness et al., 2005) and is summarized in this schematic. Red is used to signify β-actin and
blue for γ-actin. An enlargement of an outer hair cell and Deiters’ cell (B) show that the
phalanges of Deiters’ cells are primarily β-actin based, but the remainder of the cell body
contains a relatively homogenous composition of the two cytoplasmic actins. In contrast, the
lateral wall and cuticular plate of the hair cell is enriched for γ-actin. In adult guinea pig
stereocilia (C) the total estimated ratio of γ-actin to β-actin is 2:1, though locally high
concentrations of β-actin exist. The unidirectional paracrystalline array of F-actin in the
stereocilium is illustrated as being composed of both γ-actin and β-actin, but the specific
distribution of the two remains unclear and is represented here as a copolymer.
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Table 1

Mutations in actin and actin-binding proteins cause nonsyndromic hearing loss and Usher syndrome in
humans.

Gene Hearing loss locus MIMa Protein Function

ACTG1 DFNA20/26 102560 Cytoplasmic γ-actin Cytoskeleton

TRIOBP DFNB28 609823 TRIOBP Actin-bundler

ESPN DFNB36 609006 Espin Actin-crosslinker

DIAPH1 DFNA1 602121 Diaphanous 1 Actin cap/nucleator

DIAPH3 AUNA1 609129 Diaphanous 3 Actin cap/nucleator

USH1C DFNB18, USH1C 605242 Harmonin b Scaffold

RDX DFNB24 611022 Radixin Scaffold

MYO7A DFNB2, DFNA11, USH1B 600060, 601317, 276900 Myosin 7a Actin-activated motor

MYO15A DFNB3 600316 Myosin 15a Actin-activated motor

MYO3A DFNB30 606808 Myosin 3a Actin-activated motor

MYO6 DFNB37, DFNA22 607821, 606346 Myosin 6 Actin-activated motor

MYO1A DFNA48 607841 Myosin 1a Actin-activated motor

MYH14 DFNA4 608568 Myosin heavy chain 14 Actin-activated motor

MYH9 DFNA17 603622 Myosin heavy chain 9 Actin-activated motor

CDH23 DFNB12, USH1D 601386, 601067 Cadherin 23 Tip-link componentb

PDCH15 DFNB23, USH1F 609533, 602083 Protocadherin 15 Tip-link componentb

GRXCR1 DFNB25 613283 Glutaredoxin, cysteine-rich 1 Predicted actin-association

SMPX DFNX4 300066 Small muscle protein, X-linked Predicted actin-association

TPRN DFNB79 613307 Taperin Predicted actin-association

a
Mendelian Inheritance in Man (http://www.ncbi.nlm.nih.gov/omim).

b
Indirect interaction with actin through a complex of proteins.
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