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Abstract
Stereocilia, the mechanosensory organelles of hair cells, are a distinctive class of actin-based cellular
protrusions with an unparalleled ability to regulate their lengths over time. Studies on actin turnover
in stereocilia as well as the identification of several deafness-related proteins essential for proper
stereocilia structure and function provide new insights into the mechanisms and molecules involved
in stereocilia length regulation and long-term maintenance. Comparisons of ongoing investigations
on stereocilia with studies on other actin protrusions offers new opportunities to further understand
common principles for length regulation, the diversity of its mechanisms, and how the specific needs
of each cell are met.
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1. Introduction
Actin-based cellular protrusions such as microvilli, filopodia, and stereocilia serve a broad
range of functions in eukaryotic cells. The length and lifespan of these cellular protrusions -
often matched to their specific functions - depend on regulatory mechanisms acting on the
protrusions’ dominant structure, the core bundle of actin filaments. Although much has been
revealed about the signaling mechanisms and assembly processes that initiate the formation of
these structures, considerably less is known about their length regulation.

Stereocilia, the mechanosensory actin protrusions on the surface of hair cells, are the key
players in the transduction of sound waves or motion into electrical signals that underlie our
senses of hearing and balance. Each stereocilium is supported by a rigid paracrystalline array
of parallel, uniformly polarized and regularly cross-linked actin filaments. Stereocilia share
many construction principles with the actin formations in microvilli and filopodia, yet different
stereocilia in a single cell can be from 1 up to 120 µm in length and in the hair cells of the
mammalian organ of Corti they persist for a lifetime, as the hair cells are not replaced. In each
hair cell, stereocilia are graded in length and organized into a characteristic staircase shape
(Figure 1). Also, each stereocilia bundle displays a tightly regulated size and shape that depends
on the location of the hair cell within the tissue. For example, the vertebrate auditory epithelium
displays a tonotopic gradient of stereocilia bundles with lengths inversely proportional to the
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frequency of sound the cell is tuned to detect. The overall organization gives the impression
of an array of ‘strings’ organized like a piano, with a systematic increase in length from one
end of the instrument to the other. Although stereocilia are exquisitely sensitive to mechanical
vibration, orderly structured, and easily damaged by over-stimulation, many are maintained in
proper working order for a lifetime. The precision and the range of operation of the stereocilia
length regulation machinery in hair cells is a challenging but excellent system for asking the
general cell biology question: How can the length of an organelle or cytoskeletal ensemble be
controlled?

Like other actin protrusions, stereocilia structure and properties emerge largely from the
intrinsic and extrinsic factors modulating the structure and dynamic properties of the actin core.
Factors intrinsic to the actin core include: 1) molecules that influence the rate of actin
polymerization and depolymerization at the plus and minus ends of the actin filaments,
respectively; 2) crosslinking within the actin core; and 3) the action of myosin motors and their
binding partners. Factors extrinsic to the actin core, such as plasma membrane tension,
interstereociliary links, and overlying extracellular structures, also influence stereocilia lengths
and actin dynamics. We do not yet have a completely integrated molecular understanding of
the architecture, dynamics, function, and renewal of these specialized cellular structures.
However, several pieces of this complex system are being unraveled in mouse model and
overexpression studies that are often supported and inspired by the discovery and
characterization of novel mouse and human deafness genes. Here we review recent and ongoing
investigations on the molecules and processes underlying stereocilia self-renewal and dynamic
length regulation.

2. Actin turnover and actin core treadmilling
The formation of stereocilia [3] and functional maturation [4] of the hair bundle occur during
the differentiation of the hair cell through a precisely choreographed process of elongation,
thickening and reduction of stereocilia number to form an ordered and stable structure with a
characteristic staircase pattern. Upon maturation, structural stability is deemed important
because the mechanoelectrical transduction apparatus, presumably anchored to the actin core
[5], is sensitive to nanometer displacements [6].

Despite the requirement for relatively rigorous structural stability, stereocilia undergo
continuous actin turnover [7] and length regulation similar to what has been described for actin
protrusions such as microvilli [8] or filopodia [1], albeit at much slower rates. When the
incorporation and turnover of actin in the stereocilia was examined using the expression of
GFP-tagged proteins in cultured hair cells, it was observed that the actin filament core is
renewed and remodeled continuously [7,9]. In these experiments, hair cells showed
incorporation of actin-GFP that appears at the tips of the stereocilia within hours after
transfection and progresses towards the base [7]. In developing hair cells in culture (postnatal
days 3 to 5) where the stereocilia are still elongating, actin-GFP fluorescence was observed
along the entire length of the stereocilia as early as 6 hours after transfection [7]. During this
early phase of stereocilia maturation, actin filaments polymerize at rates ~50 times higher than
the rate of stereocilia elongation [3]. This shows that stereocilia elongation proceeds while the
actin core is undergoing continuous turnover. In the cultures of well-developed hair cells (10–
15 days old) with presumably mature bundles, actin-GFP incorporation continues from the tips
to the base at estimated flux rates ranging from ~1–10 µm/24 h (~0.004 – 0.04 monomers/
second/filament) depending on the length of the stereocilia [9]. These treadmilling rates are
within an order of magnitude of the treadmilling rates observed for individual actin filaments
in in vitro systems [10,11]. By comparison, the treadmilling rates measured in parallel actin
bundles of microvilli (0.27 µm/min, [2]) and filopodia (0.63 µm/min, [1]) are up to 100 times
faster. The slower treadmilling rates in stereocilia compared to microvilli and filopodia are in
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part a reflection of the differences in number of filaments, density of packing, and nature of
the crosslinking proteins. Stereocilia can have over 200 actin filaments tightly packed into a
dense paracrystal by the crosslinking activity of fimbrin [12] and espin [13], while microvilli
may have only ~20 loosely crosslinked filaments [14,15]. In Drosophila bristles, which have
actin cores similar to stereocilia, the extent and nature of crosslinking can stabilize their actin
filaments and regulate their turnover rates [16,17].

Transfection of cultured hair cells with GFP-espin shows that espin is also incorporated at the
tip of the stereocilia dense actin paracrystal and moves rearwards at the same rate as actin[9].
These results indicate that the entire stereocilia actin paracrystalline core is being constantly
assembled at the tip, treadmilling downward, and disassembling at the base (Figure 2). The
matching rates of actin and espin incorporation suggest that the processes of actin
polymerization and actin crosslinking in stereocilia are coupled, similar to what has been
described for the in vitro formation of parallel actin filament bundles crosslinked by fimbrin
[18].

While it is clear that actin-GFP monomers newly synthesized in the cytoplasm are quickly
incorporated into the stereocilia tip [7], it remains undetermined to what extent the stereocilia
actin monomer pool is segregated from the cytoplasmic pool. The entire actin paracrystalline
core is enclosed by a membrane, save for a relatively small opening to the cytoplasm at the
base. The stereocilia taper and the narrow opening at the base may be an anatomical feature
that facilitates retention and recycling of monomers within stereocilia. This might allow for
self-renewal of the actin core by the recycling of actin monomers within each stereocilium, as
has been shown to occur in filopodial and lamellipodial protrusions in neuronal growth cones
[19] and fibroblasts [20].

Recent experiments using multi-isotope imaging mass spectrometry [21] in adult frogs and
mice indicate a slow rate (on the order of months) of incorporation of newly synthesized protein
in the stereocilia [21,22]. If these results hold true, then either turnover is slow in stereocilia
in vivo, or a large fraction of actin monomers are recycled within each stereocilia with minimal
cost in terms of protein synthesis. Future studies elucidating the relative contribution of
recycled versus newly synthesized actin monomers to the continual renewal of stereocilia may
provide further insight into the hair cell’s mechanisms for stereocilia renewal and length
regulation over time.

3. Concerted actin turnover and length regulation
Analyses of the actin incorporation and treadmilling rates in relation to stereocilia length reveal
that longer stereocilia have faster actin incorporation and treadmilling rates [9]. In other words,
the treadmill rates of stereocilia actin cores are matched to their lengths. One consequence of
this is that actin monomers take the same amount of time to treadmill through the length of the
shortest and longest stereocilia in a single bundle, such that the entire bundle renews
synchronously [9]. The direct relationship between stereocilia length and polymerization rates
may reveal new insights into the mechanisms of assembly and maintenance of the stereocilia
actin core. Theoretical studies indicate that faster polymerization rates can help push out longer
membrane protrusions [23–25], suggesting that the faster assembly rates observed in longer
stereocilia are an inherent requirement for attaining their prescribed lengths. However, the
precise molecular mechanisms that control the rate of assembly and disassembly of the
stereocilia actin cores remain to be determined. One possible mechanism is the accumulation
of graded distributions of regulatory proteins at the tips or along the shafts of different length
stereocilia, as has been shown for myosin XVa [9]. Alternatively, one theoretical study suggests
that the direct relationship between treadmilling rates and length is controlled by
depolymerization rates at the base [23].
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Experiments using cytochalasin D to inhibit actin polymerization show that disassembly
continues at the same treadmilling rates measured in the actin-GFP transfection experiments,
independently of whether assembly is occurring at the tip [9,26]. While these experiments
indicate that disassembly at the base proceeds independently of assembly at the tip, these
processes likely influence each other over time because mature hair cells maintain stereocilia
at steady-state lengths. One mechanism that might help maintain the steady-state balance
between polymerization at the tip and depolymerization at the base is one in which the pool of
actin monomers is maintained constant and the polymerization at the tips depends on a
continuous supply of recycled actin monomers provided by disassembly at the base. In support
of this hypothesis, such dependence of polymerization activity on recycled actin monomers
has been described in neuronal growth cones [19] and fibroblasts [20].

Close observation of the bundle shows that stereocilia of the same rank in the staircase
organization often show slight differences in length [9]. During actin-GFP incorporation
experiments, the transient rate of incorporation can vary and consistently appears to be slightly
faster at the slightly more elongated stereocilia and slightly shorter at the slightly shorter
stereocilia [9]. These observations suggest that the length of each stereocilium fluctuates but
is regulated to maintain an average steady-state length matched to its position in the staircase
organization. Fluctuations in actin assembly rates are also observed as part of the regulation
of actin assembly in filopodia [1].

4. Intrinsic factors regulating stereocilia length
Considering that neighboring stereocilia are regulated to form the staircase bundle and that the
entire stereocilia bundle structure is dynamically maintained, it is clear that intrinsic processes
of actin regulation and the extrinsic constraints of the bundle organization coexist and mutually
influence each other. In the following section we discuss the proteins that are intrinsic to the
actin core and are involved in the length regulation process.

4.1 Crosslinkers play multiple roles in stereocilia structural organization
Studies performed in a variety of in vitro and in vivo systems show that crosslinking can
increase the stiffness [27,28], stability [12,13,29–32], and length [2,33] of parallel actin
filament bundles. Stereocilia have particularly rigid paracrystalline cores [15]. Recent analysis
of espin-crosslinked actin bundles in vitro demonstrates that specific amino acid changes
associated with deafness mutations disrupt the paracrystalline organization of the actin filamant
bundles, thereby decreasing their bending modulus by three orders of magnitude [34]. Clearly,
crosslinkers play a critical role in maintaining stiffness, which is particularly important for
generating long protrusions such as the stereocilia.

Crosslinking can also regulate the depolymerization rates of actin bundles. In densely
crosslinked actin bundles (e.g., Drosophila bristles), crosslinkers act as minus-end ‘cappers’
due to their binding to one or more of the other actin filaments in a parallel bundle, resulting
in a decrease in probability of a crosslinker-bound monomer from completely dissociating from
the actin bundle [16,17]. A recent modeling study of stereocilia actin dynamics and length
regulation showed that hypothetical F-actin minus-end ‘cappers’ that down-regulate the
effective depolymerization rates could be involved in regulating stereocilia lengths and
treadmilling rates proportionally [23].

Mutations in the gene encoding espin causes deafness in jerker mice [13] and humans [35],
and examination of espin-null jerker mouse hair cells shows that their stereocilia are
abnormally thin and short and degrade after several days [13]. Espin is not only likely to cross-
link and stabilize the actin core, but also to play an important role in regulating its length.
Crosslinking-mediated upregulation of actin polymerization [2] or downregulation of
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depolymerization rates [16,17] are likely to explain the elongation of stereocilia and microvilli
when espin is overexpressed [2,33]. That the jerker mice hair cells are able to form stereocilia
at all in the absence of espin is probably due to the presence of fimbrin [12]. Genetic studies
on Drosophila bristles indicate that the presence of more than one crosslinker is critical for
efficient and stable actin bundling [29]. The specific contributions of espin and fimbrin to the
stereocilia actin core remain to be elucidated, but one possibly important difference is that
fimbrin is calcium sensitive [36]. Thus, espin may be the more stable of the two actin
crosslinkers in stereocilia, especially near the tips, where calcium is thought to enter the
stereocilia through the mechanoelectrical transduction (MET) channel (Figure 2) [37].

4.2 Actin regulatory proteins at the plus and minus ends of the actin filament core
Despite the large number of actin-regulatory proteins involved in other actin protrusions
(reviewed in [38], [39], [40] and [41]), very few of these proteins have been proven to be
involved in stereocilia length regulation. However, evidence exists that some of these proteins,
as well as some novel proteins initially linked to inherited deafness, may be involved in actin
regulation at either the plus ends (espin and the formin protein mDia1) or minus ends (radixin,
PTPRQ, triobp, and tropomyosin) of stereocilia actin cores, and are discussed below.

A recent study showed that the actin crosslinker espin contains a WH2 domain essential for
the formation of actin bundles in transfected cells, supposedly via up-regulation of actin
polymerization activity [42]. This WH2-dependent activity points to yet another mechanism
by which espin crosslinkers can regulate stereocilia length, since espin incorporates into the
stereocilia actin core at the polymerizing tip [9,33], where WH2- domains must be localized
in order for their polymerization up-regulation activity to occur [43]. Espin has several
similarities to the Ena/VASP proteins, and both of these proteins are implicated in the initiation
and elongation of actin protrusions [15,40]. For example, espin and Ena/VASP contain G-actin
binding motifs, actin bundling motifs, profilin-binding and proline-rich domains [15,40], all
of which are implicated in actin regulation [38–41]. Ena/VASP is thought to mediate filopodial
protrusion via G-actin-binding [44,45], actin bundling [45,46], and is also thought to have anti-
capping activity [47]. Thus, it should not be surprising if, like Ena/VASP, espin regulates or
influences actin dynamics and stereocilia lengths via multiple mechanisms [9,23,24,48].

The well studied roles of formins in actin polymerizarion and their widespread presence in
actin protrusions makes formins attractive candidates for regulation of stereocilia length. While
no formins have yet been reported to be localized in stereocilia, one member of the formin
family, mDia1, which is implicated in nonsyndromic progressive deafness DFNA1 [49], has
been suggested to be involved in stereocilia elongation [50] and [51]. Since DFNA1 is a
progressive hearing loss phenotype, it is possible that mDia1 is involved in the long-term
maintenance of stereocilia structure.

Stereocilia length can also be affected by the minus-end actin dynamics at the stereocilia base
[23]. Radixin localizes to the stereocilia base [52], and is required for normal hearing and is
essential for normal stereocilia structure in cochlear hair cells [53]. Radixin is a member of the
ERM (ezrin, radixin, moesin) family, which is important for regulation of morphogenesis and
the actin cytoskeleton in a variety of cells [54]. The tethering of actin filaments to the plasma
membrane is important for regulating actin structures [55], and radixin is known to directly
mediate this process in neuronal cells [56,57]. Thus, it is likely that radixin regulates stereocilia
actin by anchoring the minus-end of actin filaments to the plasma membrane in the tapered
region of the stereocilia, given its localization at the stereocilia base in between the actin core
and the plasma membrane [52]. Interestingly, ezrin can compensate for radixin in vestibular,
but not cochlear hair cell stereocilia [53], suggesting an important role for ERM proteins in
stereocilia structure.
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Protein tyrosine phosphatase receptor Q (PTPRQ) [58] is another protein localized to the
stereocilia base [59,60] that is required for normal stereocilia structure [60,61], function [59]
and hearing [61]. PTPRQ is a multifunctional protein with a long extracellular domain
containing 18 fibronectin III repeats, a membrane spanning domain, and an unusual
cytoplasmic phosphatase domain with phosphatidylinositol phosphatase (PIPase) and tyrosine
phosphatase activity [58]. Phosphatidylinositol is a lipid that binds to, and influences the
activity of several actin associated proteins that regulate the architecture of the actin
cytoskeleton [62]. Mutations in PTPRQ lead to a loss of the tapered base normally seen in
wild-type stereocilia and result in giant stereocilia [60,61]. PTPRQ is likely a source of PIPase
activity [58] at the stereocilia base [59] and therefore may be involved in minus-end actin
regulation [62].

Several mutations in the gene coding for Triobp (previously named Tara), cause nonsyndromic
deafness DFNB28 [63,64]. Triobp is an F-actin binding protein that associates with the Trio
guanine nucleotide exchange factor, and is involved in regulating actin cytoskeletal
organization [65]. Triobp immunoreactivity has been shown along the entire length of
stereocilia [64], while an antibody specific to one of the Triobp isoforms (isoform 5) shows
reactivity only at the stereocilia rootlets [66], which are electron dense regions in the most
central portion of the actin core that extend from the basal region of stereocilia into the cortical
actin layer below the apical surface of the hair cell [67]. While little is known about the role
of this protein in stereocilia and the cellular basis for DFNB28, in vitro experiments in HeLa
cells demonstrate that Triobp can stabilize and bundle actin filaments [65]. Thus, it is likely
that Triobp is involved in regulating the stability of the minus-end of the stereocilia actin core.

Tropomyosin is another actin-binding protein that localizes to the stereocilia rootlet [68,69].
Tropomyosin has been implicated as an actin minus-end capper that can slow down
depolymerization of actin filaments in vitro [70]. It has been suggested that tropomyosin
activity can affect actin cytoskeleton dynamics in migrating epithelial cells [71], and normal
retrograde flow and stability of actin filaments in yeast has been shown to be dependent on
tropomyosin activity [72]. All of these data suggest that tropomyosin may be regulating actin
dynamics at the stereocilia rootlet. The role the rootlet plays in stereocilia length regulation is
unclear, but the electron dense region near the minus-ends of stereocilia actin filaments
suggests the presence of large amounts of proteins, any of which may be involved in regulating
the overall minus-end dynamics of the stereocilia actin core.

4.3 Regulation of stereocilia length mediated by myosin activity
Myosins are involved in actin protrusion initiation and length regulation via a number of
mechanisms, including actin-filament convergence [73], retrograde flow of actin filaments
[72], and dynamic localization of cargo that directly or indirectly regulate actin protrusion
length [74,75]. Unconventional myosins XVa, IIIa, VI, and VIIa were first identified as
products of genes causing nonsyndromic deafness. These myosins have been localized in
stereocilia and shown to cause deafness through disruption of stereocilia structure and dynamic
properties. Recent reports have begun to describe the specific roles of these myosins in actin
dynamics, length regulation, and the active maintenance of stereocilia bundle structure.

Myosin XVa is essential for the normal staircase formation and elongation of stereocilia of the
organ of Corti and vestibular hair cells [76]. Myosin XVa deficient mice (Shaker 2 mice) have
very short stereocilia [76] that lack a clearly defined tip density [9]. Myosin XVa localizes at
the tips of stereocilia in concentrations proportional to the stereocilia length [9]. The
mechanism by which hair cells sort myosin XVa, depending on the length of stereocilia [9],
as well as the precise mechanism by which myosin XVa regulates stereocilia lengths, are likely
interdependent and remain to be fully elucidated.
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Myosin XVa has been shown to transport whirlin, a PDZ domain-containing scaffolding
protein required for normal hearing in humans and mice [77], to the tips of stereocilia [74].
Studies suggest that whirlin recruits the membrane-associated guanylate kinase (MAGUK)
proteins p55 and Ca2+-calmodulin serine kinase (CASK), and protein 4.1R to the stereocilia
tip-complex [78], any of which may be involved in regulating actin assembly[78]. Whirler
mice, which have a mutation in the gene coding for whirlin [77], display very short stereocilia,
indicating a defect in the stereocilia elongation machinery [79]. A more recent study showed
that while both shaker-2 and whirler mice both have short stereocilia, the shaker-2 mice have
a more severe phenotype suggesting that myosin XVa has additional roles other than
transporting whirlin [80]. Interestingly, the abnormally short stereocilia in shaker-2 mouse
inner hair cells are still able to mechanotransduce in culture [81], emphasizing the importance
of stereocilia length regulation in vivo - although the shaker-2 hair cells are able to
mechanotransduce in isolated tissue preparations, the mice are deaf [82].

Myosin IIIa, one of two human class III myosins [83,84], was identified as essential for normal
hearing when it was shown that loss-of-function mutations in MYO3A cause nonsyndromic,
progressive hearing loss DFNB30 [85]. Recent studies show that myosin IIIa is localized at
the tips of stereocilia [4,86]. In contrast to myosin XVa, whose localization forms a cap at the
extreme tips of stereocilia [9], myosin IIIa localizes around the tip-density and extends further
down the length of the stereocilia [86], suggesting distinct roles for these two proteins. Myosin
IIIa has a kinase domain that allows for self-regulation of myosin IIIa’s phosphorylation state
[87] and affinity for actin [88]. When hair cells are transfected with myosin IIIa constructs
without the kinase domain, the stereocilia display enhanced elongation and bulging tips [86].
This phenotype demonstrates that regulated amounts of myosin IIIa activity in stereocilia are
required for proper length maintenance. Myosin IIIa possesses two tail homology domains
(designated as 3THDI and 3THDII) that are highly conserved among different species[89].
Current studies (Salles et al., in preparation) suggest that 3THDI is involved in transporting
espin isoform 1 to the stereocilia tips, and that this activity profoundly affects the lengths of
actin protrusions in both hair cells and transfected COS-7 cells. Interestingly, immunostaining
studies show that myosin IIIa expression levels correlate with the onset and maturation of hair
cells’ ability for adaptation to mechanotransduction [4]. Not only does this suggest that myosin
IIIa may serve multiple roles in stereocilia function, but it also raises the question of whether
mechanotransduction channel activity and length regulation affect one another.

Myosin VI is a minus-end directed motor whose loss of function causes deafness in Snell’s
waltzer mice [90] and humans [91]. Snell’s waltzer mice hair cells have malformed bundles
with giant stereocilia[60,92]. In Snell’s waltzer mice stereocilia, PTPRQ localizes all along the
length of the stereocilia, suggesting that myosin VI activity is required to actively confine
PTPRQ to the base of the stereocilia in wild-type mice[60]. A combined role for myosin VI
and PTPRQ in regulating stereocilia structure is likely given that these two proteins both
localize to the base of the stereocilia, and similar giant stereocilia form when either of these
proteins are not functioning in the stereocilia [60]. The active transport of actin regulating
proteins to the plus and minus ends of actin filaments is one way myosins could regulate actin
dynamics and, ultimately, stereocilia length. Immunolocalization and transfection studies show
that myosin VI [60] and PTPRQ [60] display an exponentially decaying gradient in distribution
(notably, radixin displays a graded distribution as well [52]). These distributions reveal an
active localization process involving a combination of minus-end (myosin VI) directed
processive motion, transient unbinding, and diffusion of these molecules[60]. Therefore, it
appears that myosins shuttle actin regulatory proteins to increase their local concentrations and
catalytic activites at the ends of actin filaments, which in turn could influence stereocilia
lengths.
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Mutations in myosin VIIa are responsible for deafness in the shaker 1 mouse [93] and USH1B
humans[94]. Recently it was observed that stereocilia lacking myosin VIIa displayed longer
stereocilia [26]. Blocking actin polymerization with cytochalasin D shows that the longer
stereocilia in myosin VIIa mutants are indeed treadmilling faster [26], in accordance with
previous stereocilia actin treadmilling studies [7,9]. The localization of myosin VIIa along the
length of stereocilia makes it a reasonable candidate for regulating the actin core’s rearward
flow rates. This rearward flow could be in part due to myosin moving upwards on the actin
filaments while attached to the plasma membrane, thereby pulling the actin core down [95].
The effects on stereocilia length of myosin VIIa’s tethering of the actin cytoskeleton to
extracellular links, were not investigated. However, it was proposed that myosin VIIa regulates
length via some other mechanism, e.g., competing with actin polymerization factors for F-actin
barbed-ends [26]. In support of this hypothesis, there seemed to be enhanced localization of
whirlin at the tips of myosin VIIa deficient hair cells. Thus, myosin VIIa may influence or
regulate length and stereocilia function through a variety of mechanisms.

Myosin-1c is also well known for its role in maintaining tension in interstereociliary links,
which is required for proper adaptation of the hair cell’s mechanoelectrical transduction
responses [96]. The localization of myosin-Ic along the shaft of the stereocilia in mammalian
hair cells [4] also makes it a candidate for regulating rearward flow rates [95]. In support of
this notion, the closely related myosin-1a, another myosin- 1 isoform expressed in the inner
ear [97], was recently shown to be involved in the relative movement of the plasma membrane
and the actin cytoskeleton in brush border microvilli [98]. Myosin-1a is essential for proper
hearing [99], and is also critical for the proper formation of brush border microvilli [100].
Interestingly, when myosin-1a is absent in brush border microvilli it is partially compensated
for by myosin-1c activity [100]. Although the biophysical characterization of a myosin-1a
mutation that causes nonsyndromic deafness has begun [101], future studies will be necessary
to determine the precise role of myosin-1a in stereocilia structure and function.

5. Extrinsic factors that influence stereocilia length
Hair cell stereocilia are not free from external influences in vivo. For example, the tallest row
of stereocilia in mammalian cochlear hair cells is constrained by an overlying tectorial
membrane, while the shorter stereocilia are connected to their taller neighbors by the tip link.
In addition, all stereocilia are laterally interconnected by various other links. Finally, the
stereocilia plasma membrane mechanically interacts with the tips of the actin cores. Any of
these factors may exert mechanical or biochemical influences on actin polymerization and
stereocilia length. Not only could extrinsic biochemical and biomechanical factors influence
actin turnover and length regulation in stereocilia, but they could also alter response properties
of MET. What is the interplay between these critical and dynamic hair cell bundle processes?
How does mechanical stimulation, either directly to the membrane or indirectly via MET,
modulate stereocilia treadmilling?

Membrane tension may mechanically regulate actin polymerization at the tip [23,48,102,
103]. Moreover, actin polymerization and elongation at the ends of each filament exert a
reciprocal force on the membrane and influence membrane shape [23]. In principle, it is
possible to couple actin polymerization to an external load in order to drive movement and
generate force [41]. In such a model, actin polymerization and protrusion elongation would
stall when a balance between opposing forces produced by the membrane tension and the actin
polymerization is attained [23,24,48,102]. Examination of the tip shape and structure of
stereocilia provides evidence in support of this concept. Thin sections of directly frozen
stereocilia show a smooth profile for the stereocilia-encapsulating membrane as if the
membrane is under tension, with actin filaments graded in length and exactly matching the
membrane profile (Figure 1). In order for the actin filaments to display such ordered length
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gradations, the compressive force normal to the membrane tension must influence the actin
elongation process. The re-tailoring of actin filaments and progressive rounding of the
stereocilia tip that follows the disruption of the tip link with the calcium chelator BAPTA [9]
supports the hypothesis that membrane tension can influence actin turnover rates. However,
we cannot exclude that other signaling mechanisms such as Ca2+ entry through the
mechanotransduction channel are involved in producing this effect, since BAPTA treatment
inhibits Ca2+ entry into the stereocilia. All of the myosins known to be present in stereocilia
possess calmodulin-binding IQ domains, pointing towards a role for Ca2+ in regulating their
activity [104], which could in turn directly influence stereocilia length. Since many actin-
regulatory proteins are calcium-dependent [105], tip link tension and the corresponding influx
of Ca2+ may regulate the stereocilia actin core via both physical and chemical mechanisms.

Extracellular structures may also influence stereocilia length. For example, the height of the
tallest row of stereocilia in the organ of Corti perfectly matches the separation of the overlying
tectorial membrane and the reticular lamina[106], suggesting that the load exerted by the
tectorial membrane serves as a mechanical feedback that influences stereocilia length.
Alternatively, chemical signaling from the tectorial membrane to stereocilia membrane
proteins regulates stereocilia lengths. For example, α8β1 integrin[107], tetraspan membrane
protein of hair cell stereocilia (Tmhs) [108], and transmembrane inner ear (Tmie) protein
[109,110] are all membrane proteins that localize to stereocilia tips and are required for normal
hearing and stereocilia structure. Regardless of the precise mechanism, it is expected that the
tectorial membrane regulates stereocilia lengths given that stereocilia lengths are critically
maintained at least in part due to a need for close coupling of stereocilia tips to the tectorial
membrane [106].

In the vestibular system, the tallest row of stereocilia isn’t always defined by the overlying
structures, which are directly coupled to a single true cilium called kinocilium [111,112].
Instead, the height of the tallest stereocilia appears to be marked by a densely linked region
connecting the stereocilia tips to the kinocilium shaft [113]. Interestingly, the kinocilium is
immediately adjacent to the tallest row of stereocilia, and is critical for the proper orientation
of the staircase shape of the bundle [3]. It has been suggested that links between the kinocilium
and the stereocilia mechanically influence the elongation and orientation of the tallest row of
stereocilia, which in turn mechanically induce the elongation of the next row of stereocilia via
their tip link connections, thereby resulting in the distinctive staircase shaped bundle [3].

Although tip links and kinocilial links are inherently correlated with stereocilia lengths by
virtue of their location at stereocilia tips, other interstereociliary links and their binding partners
localized along the stereocilia shafts may also be involved in regulating the overall stereocilia
actin dynamics. In particular, the scaffolding proteins vezatin, harmonin, SANS and whirlin
along with the transmembrane proteins cadherin 23, protocadherin 15, VLGR1, and usherin
all form complexes that bind to myosin VIIa and tether the actin cytoskeleton to
interstereociliary links (for a recent review, see [114]). Since tethering actin filaments to the
plasma membrane can affect filament stability and dynamics [55], the tethering of treadmilling
stereocilia actin filaments to the membrane via active myosin motors may be an important
process for regulating the dynamic stereocilia actin cores. Also, the fact that these
interstereociliary links may be coupled to two different treadmilling cores raises the question
as to whether two moving actin cores can mechanically influence and communicate with one
another via interstereociliary link tension.

6. Conclusions and future directions
Several processes and molecular players involved in stereocilia length regulation have been
uncovered in recent years. However, only about one-third of the genes associated with the 130
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loci linked to nonsyndromic deafness are known, and about half of those genes (~23) express
proteins localized to and are required for normal stereocilia structures [114]. Thus, new proteins
involved in the regulation of stereocilia lengths are likely to be revealed by current and future
studies on deafness genes that code for actin cytoskeleton associated proteins.

What can deafness mutations tell us about stereocilia maintenance? Perhaps the most
interesting mutations are the ones that lead to progressive hearing loss, as they could indicate
subtle, yet significant changes in the actin core dynamics, and some evidence already exists
for this notion. For example, mutations in γ-actin are associated with nonsyndromic progressive
deafness [115–118], and the localization of γ- versus β-actin in stereocilia may be slightly
different [119], suggesting that γ- and β-actin may have non-overlapping roles and dynamics
in stereocilia structure. Of course, future studies will also have to be done on ‘canonical’ actin-
associated proteins, but candidates fortunately do not have to be completely guessed upon –
recent mass spectrometry proteomic studies on hair cell bundles have already demonstrated
their power in identifying new stereocilia proteins and have helped expand the inventory of
known stereocilia essential proteins [120].

The rigorous organization displayed by the hair cell bundle leads us to believe that what may
seem to be parallel processes are likely interconnected by a multitude of processes. For
example, different length stereocilia may need the same concentration of certain proteins
essential for proper inner ear function. This is evident for the plasma membrane Ca2+ ATP-
ase-2 (PMCA2), which is essential for normal hearing [121], and appears in equal
concentrations in each stereocilia [122]. This means that the cell must be sorting higher amounts
of PMCA2 to longer stereocilia [122]. The differential actin treadmilling rates in stereocilia
demonstrate that even though a cytoskeletal structure may be built out of identical components,
each of which have intrinsic biochemical properties, the ensemble dynamics can be highly
variable, perhaps as a result of differences in the relative amounts of just a few key components.
The question of how the hair cell manages length regulation is likely to yield some interesting
insights into how the cell regulates different processes in parallel to one another.
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Figure 1.
Hair cell stereocilia appear in a precisely regulated staircase pattern of rows of increasing
length. (a) Scanning electron micrograph showing a top view of stereocilia bundles on the
apical surface of the inner ear sensory epithelium in the rat cochlea. The asterisk indicates an
area on the surface of a non-sensory cell, which displays normal microvilli much shorter than
stereocilia. Bar = 5 µm (b) A side view cartoon of a cochlear hair cell. Every bundle in the
mammalian cochlea has three rows of stereocilia with rigorously defined lengths. Each
stereocilia has a tip-link connecting it to its neighbor in the next shortest row. (c) A thin section
electron micrograph showing a cross-section of the upper region of two stereocilia in a rat hair
cell, as indicated by the large rectangle in (b). Notice that the tip of the shorter stereocilia is
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tented due to tip link tension, and that the actin filaments closely match the prolate profile of
the membrane. Bar = 150 nm (d) A thin section electron micrograph of the tapered base region
of a frog hair cell stereocilium. Notice that the filaments terminate immediately on the plasma
membrane. Bar = 50 nm
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Figure 2.
Cartoon diagram of two neighboring stereocilia. Actin filaments and crosslinkers are
continuously assembling at the tips and disassembling at the bases at closely matched rates,
resulting in an overall treadmilling core. Note that actin monomers at the tips of stereocilia
may be recycled monomers from the depolymerizing filaments at the stereocilia base, from the
cytoplasm, or some combination of both. Also note that the shorter stereocilium has graded
lengths of F-actin that tightly match the membrane profile, which is tented due to tip-link
tension. Adjacent to the tip link is the putative mechanotransduction channel, which is indicated
along with hypothetical cytoplasmic links that connect to the actin core. Myosins XVa and IIIa
both localize at the stereocilia tip, but myosin XVa localizes to the extreme tip region, while
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myosin IIIa extends further down the stereocilia shaft. Myosin VI localizes to the base,
suggesting a possible role in regulating the minus-ends of actin filaments. Myosins VIIa and
Ic localize along the shaft of the stereocilia, implicating a possible role in regulating the
retrograde flow of the stereocilia core. Myosins VIIa and Ic also interact with interstereociliary
links, which tether neighboring stereocilia actin cores.
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