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Chapter 4
Molecular Components 
of Mechanotransduction Machinery

Zhigang Xu

Abstract  After decades of intense investigation, the molecular components of 
mammalian hair-cell mechanotransduction (MET) machinery have started to 
emerge. Convincing evidences suggested that tip links are composed of two atypical 
cadherin proteins, protocadherin 15 (PCDH15) and cadherin 23 (CDH23). 
Meanwhile, the identity of the MET channel is still not confirmative, although sev-
eral promising candidates have been put forward. In this chapter, we will first intro-
duce the recent progress of our understanding of tip links, as well as the so-called 
upper and lower tip-link complexes associated with them. Then we will focus on the 
MET channel that lies at the heart of the MET machinery. TMC1, TMC2, LHFPL5, 
TMIE, and CIB2 have been suggested to be integral components of the machinery, 
but confirmative evidences for them as the pore-forming subunits of the channel are 
still missing. Lastly, we will briefly discuss the recent identification of PIEZO2 as 
the channel responsible for the reverse-polarity MET currents.
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4.1  �Tip-Link Proteins

Tip links play a critical role in hair-cell MET. The molecular composition of tip 
links had been the subject of intense debate for decades, until two atypical cadher-
ins, cadherin 23 (CDH23) and protocadherin 15 (PCDH15), were identified as tip-
link components [1–3]. CDH23 and PCDH15 bind to each other via their 
extracellular N-terminal ends and make up the upper part and the lower part of tip 
links, respectively. Their cytoplasmic ends interact with other stereociliary proteins 
and form the so-called upper tip-link complex and lower tip-link complex.
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Mutations of CDH23 and PCDH15 genes cause nonsyndromic autosomal reces-
sive deafness as well as syndromic deafness (Usher syndrome type I) [4–8]. Usher 
syndrome (USH) is an autosomal recessive genetic disease, characterized by the 
association of hearing loss with retinitis pigmentosa and occasional balance prob-
lems. USH is classified into three types based on the severity of clinical symptoms. 
In terms of hearing phenotype, USH type I (USH1) patients suffer from congenital 
severe-to-profound deafness; USH2 patients suffer from congenital moderate-to-
severe hearing loss; USH3 patients, the least severe ones, show progressive hearing 
loss. Ten USH proteins have been identified so far, including five USH1 proteins, 
three USH2 proteins, one USH3 protein, and one USH modifier protein [9] 
(Table 4.1). All known USH proteins could be detected in the hair-cell stereocilia 
and are able to interact with each other and form protein complexes [21, 22]. USH 
proteins are required for the development and function of hair bundles, and some of 
them, especially CDH23 and PCDH15, play an important role in MET.

4.1.1  �CDH23 and Upper Tip-Link Complex

�CDH23 Gene and Protein

CDH23 is a large single transmembrane protein, which belongs to atypical cad-
herin. It consists of multiple extracellular cadherin (EC) repeats, a single transmem-
brane fragment, and a short cytoplasmic domain (Fig. 4.1). Cdh23 gene contains 69 
exons, and transcription starting from different initiation sites gives rise to various 
transcripts encoding proteins with different numbers of EC repeats [23]. Typical EC 
repeat is composed of ~110 amino acids that form 7 tightly packed β-strands and 
adopts a “Greek key” topology that spans approximately 4 nm [24]. The longest 
CDH23 isoform has 27 EC repeats and hence could span more than 100 nm. In 

Table 4.1  Known USH genes and proteins

USH type Locus Gene Protein Description References

USH1 USH1B MYO7A Myosin VIIA Unconventional myosin [10]
USH1C USH1C Harmonin PDZ scaffold protein [11, 12]
USH1D CDH23 Cadherin 23 Atypical cadherin [4, 5]
USH1F PCDH15 Protocadherin 15 Atypical cadherin [6, 7]
USH1G USH1G SANS Scaffold protein [13]

USH2 USH2A USH2A Usherin Transmembrane protein [14]
USH2C ADGRV1 ADGRV1 G-protein-coupled receptor [15]
USH2D WHRN Whirlin PDZ scaffold protein [16]

USH3 USH3A CLRN1 Clarin-1 Transmembrane protein [17–19]
n/a n/a PDZD7 PDZD7 PDZ scaffold protein [20]
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classical cadherins, the linker region between EC repeats binds Ca2+ ions, which 
makes it very rigid [24]. Molecular dynamics simulations suggested that the EC 
repeats of CDH23 are also quite stiff [25].

The cytoplasmic part of CDH23 bears no homology with that of classical cadher-
ins. As a result, it does not interact with β-catenin as classical cadherins do. CDH23 
contains a type-I PDZ domain-binding interface (PBI) at its C-terminal end, which 
mediates the interaction with PDZ domains [26–29]. Exon 68 of Cdh23 gene 
encodes part of the cytoplasmic domain and is subjected to alternative splicing [30]. 
The resulting Cdh23 variants have different expression patterns: Cdh23(−68) is 
expressed broadly in various tissues, whereas Cdh23(+68) is preferentially 
expressed in the inner ear [1, 28]. The biological significance of the inclusion or 
exclusion of exon 68 has not been fully understood yet, although it might affect the 
conformation of CDH23 and protein-protein interaction [27, 29, 31].

Fig. 4.1  Structures of core MET components
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�CDH23 Is an Upper Tip-Link Component

The first evidence of CDH23 as a tip-link component came from its localization 
near the tips of stereocilia [1]. Immunostaining with specific antibodies localized 
CDH23 on the stereocilia, at a position corresponding to the upper end of tip links 
[3]. CDH23 was also associated with transient lateral links as well as kinociliary 
links, both of which are important extracellular links during hair bundle develop-
ment [32]. Moreover, the recombinant extracellular fragment of CDH23 formed 
coiled homodimers, in which the membrane-proximal C-terminus separated into 
two strands [3], just as the upper insertion site of tip links did [33]. CDH23 interacts 
with the lower tip-link component PCDH15 via their most N-terminal two EC 
repeats, forming a CDH23-PCDH15 heterotetramer that is about 180 nm long, con-
sistent with the length of tip links [3, 34]. As mentioned in Chap. 2, tip links were 
disrupted by application of Ca2+ chelators such as EGTA, while exogenous applica-
tion of CDH23 fragments encompassing the extracellular EC1 inhibited tip-link 
recovery from EGTA-induced disruption [35].

If CDH23 is a component of tip links, inactivation of Cdh23 gene in mice would 
cause tip-link disruption as well as MET deficit. Indeed, in waltzer mice, a Cdh23-
null mutant mouse line, tip links were missing, and MET was affected, consistent 
with the role of CDH23 as a tip-link component [36]. However, in the Cdh23-null 
mice, the development of hair bundle was also severely affected, and the stereocilia 
were never developed into a mature morphology [37]; hence it’s difficult to separate 
the role of CDH23  in hair bundle development from tip-link formation and 
MET. The final conclusive proof came from a mutant mouse line named salsa that 
harbours a point mutation in Cdh23 gene [38]. In salsa mice, hair bundles were 
developed normally, and tip links were formed during early developmental stages 
and then started to disappear after postnatal day 10 (P10), accompanied by increased 
hearing threshold [38]. Similar phenotypes were also observed later in another 
mutant mouse line jera that contains different point mutation in Cdh23 gene [39].

�CDH23 and Upper Tip-Link Complex

As mentioned in Chap. 2, the upper tip-link insertion sites on the lateral shaft of 
taller stereocilia display electron-dense plaques, referred as upper tip-link density 
(UTLD). Several proteins have been shown to interact with the cytoplasmic domain 
of CDH23 and participate in the formation of UTLD. USH1C protein harmonin is a 
scaffold protein containing three PDZ domains, of which PDZ2 binds the C-terminal 
PBI of CDH23 [26, 27]. Additionally, a highly conserved N-terminal fragment pre-
ceding PDZ1 of harmonin binds an internal fragment of CDH23 [40]. Immunostaining 
showed that harmonin localized at UTLD [41], and this localization was dependent 
on the presence of CDH23 [42]. Deletion of the coiled-coil and PST domains 
between harmonin PDZ2 and PDZ3 in deaf circler (dfcr) mice prevented the forma-
tion of UTLD, suggesting that harmonin plays a central role in UTLD [41]. Harmonin 
could also bind F-actin; hence it might connect tip links to the cytoskeleton [26].
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Two other USH1 proteins, USH1B protein myosin 7a (MYO7A) and USH1G 
protein SANS, also bind the cytoplasmic domain of CDH23 [42, 43]. Both MYO7A 
and SANS localized at the UTLD, whereas in Cdh23-null mutant mice, their stereo-
ciliary localization was altered or completely absent [42, 44]. Myo7a mutation in 
mice resulted in MET deficits and altered adaptation [45], while sans inactivation in 
mice led to loss of tip links and MET deficits [43]. Taken together, CDH23, harmo-
nin, MYO7A, and SANS interact with each other and form the core of upper tip-link 
complex.

�Upper Tip-Link Complex and Slow Adaptation

Slow adaptation occurs on a timescale of several milliseconds. According to the 
commonly accepted adaptation motor model, slow adaptation is mediated by a 
motor that sets the MET channel operating point [46, 47]. The motor is associated 
with tip links as well as the F-actin core near the upper tip-link insertion site and 
hence regulates the tension of tip links and sets the operating point of the MET 
channels. In the resting state, the motor climbs up along the stereocilia and hence 
sets the resting tension of the tip links. When the stereocilia are deflected in the 
positive direction, tension of tip links increases, and Ca2+ enters stereocilia through 
the MET channels. Ca2+ then diffuses to the upper tip-link insertion site and causes 
the motor to slide down the stereocilia through an unknown mechanism. This move-
ment of motor decreases the tension of tip links and resets the MET channel operat-
ing point to the resting level.

Slow adaptation rates vary considerably between vestibular and cochlear hair 
cells, as well as among different species [46, 48–51]. Hence it is possible that the 
molecular mechanisms for slow adaptation in vestibular and cochlear hair cells in 
different species are different. At present, the most prominent candidate of adapta-
tion motor is an unconventional myosin MYO1C. In frogs, MYO1C was concen-
trated at the UTLD [52, 53]. In mammals, MYO1C was shown to localize along the 
length of stereocilia [54], and it could interact with the upper tip-link component 
CDH23 [1]. The most convincing evidence came from a transgenic mouse model 
that expresses a mutant MYO1C Y61G. The substitution of tyrosine (Y) to glycine 
(G) in the nucleotide-binding pocket of MYO1C conferred susceptibility to inhibi-
tion by N6-modified ADP analogs such as NMB-ADP [55]. The MYO1C Y61G 
transgenic mice had normal MET in the absence of NMB-ADP; however, when 
NMB-ADP was present, slow adaptation in the vestibular hair cells was blocked 
[56]. Similar results were observed in MYO1C Y61G knockin mice, supporting an 
important role of MYO1C in slow adaptation [57].

The second candidate for the adaptation motor is MYO7A. As mentioned above, 
MYO7A is a component of the UTLD and could bind CDH23. Moreover, slow 
adaptation was affected in Myo7a mutant mice [45]. Similarly, another UTLD com-
ponent harmonin also binds CDH23 and F-actin, and adaptation was significantly 
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slowed in harmonin mutant mice dfcr [41]. Given their actin-binding ability, 
MYO1C, MYO7A, or harmonin could act as the adaptation motor. Alternatively, 
they might affect adaptation through regulating the localization or assembly of the 
adaptation motor.

4.1.2  �PCDH15 and Lower Tip-Link Complex

�PCDH15 Is a Lower Tip-Link Component

Similar to CDH23, PCDH15 is also an atypical cadherin. PCDH15 consists of mul-
tiple EC repeats, a single transmembrane fragment, and a short cytoplasmic domain 
(Fig. 4.1). Several lines of evidence supported PCDH15 as a component of tip links. 
Immunostaining with specific antibodies localized PCDH15 near the tips of shorter 
stereocilia, a position corresponding to the lower end of tip links [3]. PCDH15 inter-
acts with the upper tip-link component CDH23 via their N-terminal two EC repeats, 
and the resulting PCDH15-CDH23 heterotetramer is about 180 nm long, consistent 
with the length of tip links [3, 34]. Exogenous application of the extracellular frag-
ments of PCDH15 inhibited tip-link recovery from EGTA-induced disruption [35].

Further evidences came from Pcdh15-null or mutant mice. Tip links were sub-
stantially reduced in early postnatal cochlear hair cells of Pcdh15-null mutant mice 
Ames waltzer 3J (av3J) [36]. Comparatively, tip links were reduced to a less extent 
in early postnatal cochlear hair cells of Pcdh15-mutant mice av6J, in which part of 
PCDH15 EC9 is deleted [36]. MET currents were reduced in both av3J and av6J 
mice [36]. Pcdh15-mutant mice noddy harbours an isoleucine-to-asparagine 
(I108N) mutation in EC1 repeat, which impairs the interaction between PCDH15 
and CDH23. In noddy mice, both bundle morphology and tip-link formation were 
disrupted, and MET in cochlear hair cells was also affected [58].

�PCDH15-CD2 Is Indispensable for Tip-Link Formation

Pcdh15 gene contains 39 exons, and alternative splicing produces various PCDH15 
isoforms with different numbers of EC repeats. The longest PCDH15 isoform con-
tains 11 EC repeats. Different from classical cadherins, some linker regions between 
adjacent PCDH15 EC repeats are calcium-free or partially calcium-free, which 
might confer some elasticity to the otherwise rigid tip links [59, 60].

Furthermore, according to the alternative inclusion of exon 35, 38, or 39, Pcdh15 
transcript variants are classified into three groups: Pcdh15-CD1, Pcdh15-CD2, and 
Pcdh15-CD3, respectively [2]. PCDH15-CD1, PCDH15-CD2, and PCDH15-CD3 
differ in their C-terminal cytoplasmic domains except for a common region (CR) 
that is proximal to the transmembrane fragment. Nevertheless, they all contain a 
type-I PBI at their C-terminal end, which mediates interaction with PDZ domains 
[21, 61, 62]. The alternative inclusion of exon 26a gives rise to the fourth PCDH15 
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group without a transmembrane domain and hence might represent a secretory pro-
tein and is not likely involved in the formation of tip links.

Expression of different PCDH15 isoforms was examined by performing immu-
nostaining, which showed that they have different spatiotemporal expression pat-
terns in the developing and mature inner ear [2]. In the developing organ of Corti, 
PCDH15-CD2 immunoreactivity was stronger at the apical turn, whereas 
PCDH15-CD1 and PCDH15-CD3 immunoreactivity was more intense at the basal 
turn. PCDH15-CD1 was distributed evenly along the length of the stereocilia except 
for the tips in mature cochlear hair cells. PCDH15-CD3 immunoreactivity detected 
with one antibody is restricted to the tips of the shorter stereocilia in immature IHCs 
and OHCs, but not present in the mature hair cells. Another antibody, however, 
detected PCDH15-CD3 at the tips of all the stereocilia in adult OHCs, but not in 
IHCs. In the same study, PCDH15-CD2 immunoreactivity was shown to decrease to 
an undetectable level in mature cochlear stereocilia [2]. However, another study 
showed that PCDH15-CD2 immunoreactivity localized at the tips of the three rows 
of stereocilia in both immature and mature IHCs and OHCs [63]. These discrepan-
cies might result from variations in epitopes recognized by different antibodies or 
posttranslational modifications of the epitopes.

Knockout mice that lack each of the three PCDH15 isoforms (Pcdh15-∆CD1, 
Pcdh15-∆CD2, and Pcdh15-∆CD3) helped us to learn more about the role of each 
isoforms [64]. Hair bundle development and auditory function were normal in 
Pcdh15-∆CD1 and Pcdh15-∆CD3 mice. However, in Pcdh15-∆CD2 mice, kinocili-
ary links were lost, and hair bundles were misorientated, which contributed to pro-
found hearing loss. Nevertheless, tip links were still present in P1 hair cells in all 
three knockout mice, suggesting that none of the three PCDH15 isoforms is indis-
pensable for tip-link formation in immature hair bundles. To circumvent the func-
tional redundancy among these PCDH15 isoforms in tip-link formation during early 
development, conditional Pcdh15-CD2 knockout mice were developed so that the 
CD2-encoded exon 38 was deleted only in adult hair cells [63]. In the conditional 
Pcdh15-CD2 knockout mice, hair bundles were correctly oriented, and the auditory 
function was normal by P15. But by P30, the conditional Pcdh15-CD2 knockout 
mice were profoundly deaf, and tip links were almost completely lost, suggesting 
that PCDH15-CD2 is essential for tip-link formation in mature auditory hair cells. 
In line with this, MET was reduced when a dominant negative PCDH15-CD2 frag-
ment was expressed in wild-type hair cells [65].

�PCDH15 and Lower Tip-Link Complex

The lower tip-link insertion site at the tips of shorter stereocilia displays electron-
dense plaques, referred as lower tip-link density (LTLD). Four transmembrane pro-
teins have been reported to localize at the lower tip-link insertion site, which are 
TMC1, TMC2, LHFPL5, and TMIE. These transmembrane proteins interact with 
PCDH15 and are considered as integral components of MET machinery. These pro-
teins will be discussed in more details in the following sessions.
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LTLD might also involve cytosolic proteins that interact with PCDH15 cytoplas-
mic domain. SANS interacts with PCDH15-CD2 and PCDH15-CD3, but not 
PCDH15-CD1, and has been located at the tips of short and middle row stereocilia, 
close to LTLD [43]. Harmonin and MYO7A bind the cytoplasmic domain of 
PCDH15-CD1 [21, 61, 66]; however their localization at LTLD has not been 
reported.

4.2  �Mechanotransduction Machinery

Identification of the MET machinery  components, especially the pore-forming 
channels, has been a great challenge because of the scarcity of hair cells and the low 
expression levels of the channels and associated proteins. For example, in the mouse 
cochlea, there are about 15,000 hair cells with around 100 functional tip links within 
each hair cell, and only one or two functional channels are estimated to be associ-
ated with each tip link [67, 68]. Genetic studies have suggested several candidates 
for MET channels, most of which were disapproved later on. Recently, many lines 
of evidence suggested that four integral transmembrane proteins, TMC1, TMC2, 
LHFPL5, and TMIE, as well as a soluble protein CIB2, might form the core com-
ponent of MET machinery. Especially, TMC1 and TMC2 were proposed as the 
pore-forming subunits of the MET channel. However, further investigation is needed 
before a final conclusion could be drawn.

4.2.1  �TMC1/TMC2

�TMC1/TMC2 Gene and Protein

Transmembrane channel-like 1 and 2 (TMC1 and TMC2) are homologous proteins 
with six predicted transmembrane domains and two additional hydrophobic domains 
that are not predicted to span the membrane [69]. TMC1 and TMC2 are members of 
TMC protein family that includes eight proteins in humans or mice [70, 71]. Mouse 
Tmc1 gene contains 24 exons, and exon 2 is subjected to alternative splicing [72]. 
The two Tmc1 variants use different translation initiation codons in exons 1 and 2, 
respectively, giving rise to TMC1 protein with different N-termini. Both splicing 
variants were detected in the mouse inner ear with similar expression levels [72].

In mammals, eight TMC proteins (TMC1 through 8) form a distinct protein fam-
ily, sharing six-transmembrane domains as well as a highly conserved TMC motif 
with unknown function [70] (Fig. 4.1). The topology of TMC1 has been investi-
gated by inserting HA epitope tag at different positions of heterogeneously expressed 
TMC1. The result showed that TMC1 is an integral membrane protein localized at 
ER, containing six-transmembrane domains and cytosolic N- and C-termini [73]. 
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Heterogeneously expressed TMC1 or TMC2 is unsuccessful to be targeted to the 
plasma membrane at present, which hinders further functional examination of these 
proteins.

In situ hybridization revealed that Tmc1 and Tmc2 were expressed specifically in 
auditory and vestibular hair cells in the mouse inner ear [72]. This hair cell-specific 
expression of Tmc1/Tmc2 was further supported by RNA-seq results (SHIELD; 
https://shield.hms.harvard.edu) [74, 75]. The temporal expression profile of Tmc1/
Tmc2 in the mouse inner ear was examined by quantitative RT-PCR (qPCR) analy-
sis [72]. In the cochlea, Tmc2 expression started at P0–P2, around the same time 
that hair cells became mechanosensitive (P1–P3) [76]. Then Tmc2 expression 
declined at P3–P5, while Tmc1 expression started. In the adult mouse cochlea, 
Tmc2 expression dropped to an undetectable level, whereas Tmc1 expression per-
sisted [72]. Both Tmc1 and Tmc2 were expressed in the vestibular system through 
development to adulthood [72].

�TMC1/TMC2 Localizes Near the Lower End of Tip Links and Binds 
PCDH15

The subcellular localization of TMC1 and TMC2 in hair cells was examined using 
BAC-transgenic mice that express fluorescence protein-tagged TMC1 and TMC2. 
The result showed that both TMC1 and TMC2 were concentrated near the lower end 
of tip links [77], where the transduction channels were suggested to localize [68]. 
Similar results were obtained with antibodies against the endogenous TMC1 and 
TMC2 [77]. This localization puts TMC1/TMC2 at the centre of the MET 
machinery.

Moreover, immunoprecipitation experiments showed that heterogeneously 
expressed TMC1 and TMC2 interact with the lower tip-link component PCDH15, 
which further supported the role of TMC1/TMC2 as an integral component of MET 
machinery [78, 79]. However, caution is needed to be exercised in interpreting these 
results, since when expressed heterogeneously, TMC1/TMC2 and PCDH15 were 
distributed in different intracellular compartments.

�TMC1 Disruption Causes Hearing Loss

TMC1 gene mutations are responsible for recessive and dominant nonsyndromic 
autosomal deafness, DFNB7/B11 and DFNA36, respectively [69]. Meanwhile, 
mutations of Tmc1 gene cause recessive hearing loss in deafness (dn) mice as well 
as semidominant hearing loss in Beethoven (Bth) mice [69, 80]. Dn mice were origi-
nally identified as spontaneous mutant mice that are congenitally deaf [81]. Dn mice 
contains an in-frame deletion of exon 14 (171 bp) of Tmc1 gene [69] and showed 
significant hair-cell loss by P30 [82]. Bth mice harbour a methionine-to-lysine 
(M412 K) point mutation in Tmc1 gene. In Bth/+ mice, progressive hair-cell degen-
eration started from P20, followed by progressive hearing loss from around P30. In 
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Bth/Bth mice, hair-cell degeneration was much more severe, and Bth/Bth mice were 
congenitally deaf [80]. Mutations in human or mouse TMC2/Tmc2 gene have not 
been reported so far. Consistently, hearing threshold was normal in Tmc2 knockout 
mice [72].

�TMC1/TMC2 Disruption Affects MET

Consistent with the fact that Tmc2 knockout mice had normal hearing threshold, the 
MET currents were normal in early postnatal auditory hair cells of Tmc2 knockout 
mice [72]. Surprisingly, despite the fact that homozygous dn and Bth mice were 
congenitally deaf, the MET currents were normal in early postnatal auditory hair 
cells of these Tmc1 mutant mice [82]. Similar result was obtained in Tmc1 knockout 
mice [72]. However, the MET currents were completely absent in Tmc1/Tmc2 dou-
ble knockout mice; meanwhile, hair bundle morphology and tip links were unaf-
fected [72, 83, 84]. The specific deficit of MET in Tmc1/Tmc2 double knockout 
mice suggested that TMC1 and TMC2 are important components of the MET 
machinery.

�Transportation of TMC1/TMC2 to the Stereocilia Requires TOMT/
LRTOMT

Transportation of TMC1/TMC2 to the tips of stereocilia is tightly regulated by other 
proteins, one of which has recently been identified as transmembrane 
O-methyltransferase (TOMT) [85, 86]. The human ortholog of Tomt gene is called 
leucine rich transmembrane and O-methyltransferase domain containing 
(LRTOMT), which has evolved from the fusion of TOMT gene with the neighbour-
ing LRRC51 gene, and mutations in LRTMOT gene cause nonsyndromic recessive 
deafness DFNB63 [87, 88]. Similarly, mutations in mouse or zebrafish TOMT gene 
cause progressive degeneration of hair cells and profound hearing loss [85, 86, 88]. 
Further investigation revealed that MET currents were completely absent in TOMT-
deficient mice and zebrafish [85, 86].

The subcellular localization of TOMT in mouse hair cells was examined by 
immunostaining, which showed that endogenous TOMT was distributed throughout 
the cytoplasm of hair cells, but not in the stereocilia [87]. Similar results were 
obtained when epitope-tagged TOMT/LRTOMT was expressed in transgenic 
zebrafish or cultured mouse cochlear sensory epithelium [85, 86]. Epitope-tagged 
TOMT/LRTOMT partially co-localized with the Golgi marker in hair cells of trans-
genic zebrafish, or ER marker in heterologous cells, suggesting a possible role in the 
regulation of membrane protein transportation [85, 86]. In line with this, epitope-
tagged TOMT was co-immunoprecipitated with TMC1/2, LHFPL5, TMIE, and 
PCDH15-CD2 in vitro, and TMC1/2 was absent in the stereocilia in TOMT-deficient 
mice or zebrafish [85, 86]. Taken together, the present data suggested that TOMT 
plays an essential regulatory role in the transportation of TMC1/2 to the stereocilia 
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and is indispensable for hair-cell MET. Meanwhile, despite of the important role of 
TOMT in TMC1/2 transportation, co-expression of TOMT did not alter the cyto-
plasmic localization of TMC1/2  in heterologous cells, suggesting that protein(s) 
other than TOMT is also necessary to target TMC1/2 to the plasma membrane [85].

�Are TMC1/TMC2 the MET Channels?

As mentioned above, many lines of evidence are consistent with the hypothesis that 
TMC1/TMC2 are MET channels of mammalian auditory hair cells. First, TMC1 
and TMC2 are expressed during the right time and at the right place. In the mouse 
cochlea, hair cells become mechanosensitive at P1–P3, whereas Tmc2 expression 
starts at P0–P2, followed by expression of Tmc1. In the mouse cochlea, Tmc1 and 
Tmc2 are exclusively expressed in hair cells. Within hair cells, TMC1 and TMC2 
were shown to localize near the tips of shorter stereocilia, coincident with the local-
ization of MET channels. Second, heterologously expressed TMC1/TMC2 could be 
co-immunoprecipitated together with the lower tip-link component PCDH15, which 
also localizes at the tips of shorter stereocilia. Third, Tmc1/Tmc2 double knockout 
completely eliminates the MET currents in mouse hair cells while leaving hair bun-
dle and tip links unaffected.

At present the role of TMC1/TMC2 as MET channels is under hot debate [89–
91]. Other proteins such as LHFPL5 and TMIE behave similarly to TMC1/TMC2: 
they localize at the tips of shorter stereocilia and interact with PCDH15, and their 
mutations lead to deafness as well as loss of MET current (discussed below). 
Probably the biggest challenge comes from the fact that TMC1 or TMC2 so far has 
not been successfully shown to serve as a channel in a heterologous expression 
system. Heterogeneously expressed TMC1 localizes at the ER, not on the plasma 
membrane [73], which hinders further examination of its potential channel activity. 
Heterologously expressed TMC-1, one of the two TMCs that exist in C. elegans, 
was reported to have sodium channel activity [92], whereas similar observation has 
not been reported on mammalian TMCs yet.

4.2.2  �LHFPL5

�LHFPL5 Gene and Protein

LHFPL5 (lipoma HMGIC fusion partner-like 5), also known as TMHS (tetraspan 
membrane protein of hair-cell stereocilia), is a predicted tetraspan transmembrane 
stereociliary protein, as its name implicates. Human LHFPL5 gene contains 4 
exons, encoding 219 amino acids. LacZ reporter assay and in situ hybridization 
showed that Lhfpl5 mRNA was expressed in mouse cochlear and vestibular hair 
cells [93, 94]. The hair cell-specific expression of Lhfpl5 was further supported by 
RNA-seq results (SHIELD; https://shield.hms.harvard.edu) [74, 75].
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LHFPL5 is predicted to contain four transmembrane helices as well as two extra-
cellular loops (Fig. 4.1). LHFPL5 belongs to a small tetraspan transmembrane pro-
tein family that includes LHFP as well as LHFP-like 1–5 (LHFPL1–5) [95, 96], 
whose biological functions largely remain unknown. In general, tetraspan proteins 
constitute a large protein superfamily, which includes claudin tight junction pro-
teins, connexin gap junction proteins, clarins, etc. Some tetraspan proteins are 
involved in channel activity. For example, some claudins act as channels that spe-
cifically allow certain ions to cross tight junctions [97]. Connexins are subunits of 
gap junctions that form transmembrane channels connecting the cytoplasm of adja-
cent cells [98]. LRRC8 family tetraspan proteins form the pore of volume-regulated 
anion channels (VRAC) that sense ionic strength [99]. Additionally, tetraspan pro-
teins TARPs regulate AMPA channel activity as auxiliary subunits [100]. It awaits 
further investigation whether LHFPL5 could act as pore-forming subunit or auxil-
iary subunit of channels.

�LHFPL5 Localizes Near the Lower End of Tip Links and Binds PCDH15

Immunostaining showed that LHFPL5 localized near the lower end of tip links in 
hair cells [94], putting LHFPL5 at the position where MET machinery localizes 
[68]. Moreover, LHFPL5 directly binds to the transmembrane and membrane-
proximal domains of PCDH15 [94]. Further investigation demonstrated that 
LHFPL5 was necessary for the localization of PCDH15 and TMC1 on the stereo-
cilia, thereby controlling the formation of tip link and MET machinery [79, 94].

�LHFPL5 Disruption Causes Hearing Loss

Mutations in LHFPL5 gene cause autosomal recessive nonsyndromic deafness 
DFNB67 [101, 102]. Lhfpl5 mutation is also responsible for profound hearing loss 
and balance deficits in hurry-scurry (hscy) mice [96]. Hscy mice harbour a cysteine-
to-phenylalanine (C161F) missense mutation in LHFPL5, which occurs in the sec-
ond extracellular loop. The mutant LHFPL5 is unstable and is undetected in the 
inner ear of hscy mice. In hscy mice, stereocilia were disorganized when examined 
at P8, followed by hair-cell degeneration [96]. Lhfpl5 knockout mice were also 
developed and showed phenotype identical to that of the hscy mice [93].

�LHFPL5 Disruption Affects MET

Recently, Lhfpl5 mutation was shown to lead to a nearly 90% reduction in MET in 
cochlear hair cells of hscy mice and Lhfpl5 knockout mice [94]. Single-channel 
recordings revealed that the conductance of MET was reduced and adaptation was 
severely impaired in the absence of LHFPL5, suggesting that LHFPL5 is an integral 
component of the MET machinery [94]. Moreover, the tonotopic gradient in the con-
ductance of the transducer channels was also blunted in Lhfpl5 knockout mice [79].
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4.2.3  �TMIE

�TMIE Gene and Protein

Human TMIE gene consists of 6 exons that encode a small protein of 156 amino 
acids. Northern blot showed that three Tmie transcripts were expressed in various 
mouse tissues with a molecular weight of 2.2 kb, 2.8 kb, and 3.2 kb, respectively 
[103]. RNA sequencing revealed that Tmie was enriched in hair cells in mouse 
organ of Corti (SHIELD; https://shield.hms.harvard.edu) [74, 75]. LacZ reporter 
assay also showed that Tmie mRNA was specifically expressed in cochlear and 
vestibular hair cells [65].

TMIE contains two predicted transmembrane domains (Fig. 4.1). Consistently, 
heterologously expressed TMIE localized on the plasma membrane of HEK293 
cells [65, 104]. Western blot with a polyclonal antibody detected a single band of 
approximately 17 kD in rat tissues [105]. TMIE shows no homology with any 
known proteins, and at present its molecular function remains elusive. It is worth 
noticing that proteins with two transmembrane domains such as ENaC/DEG have 
been shown to form the pore of MET channels in C. elegans [106].

�TMIE Localizes Near the Lower End of Tip Links and Binds PCDH15

Immunostaining revealed that TMIE localized at the tips of shorter stereocilia, 
where the lower end of tip links inserts [65]. In cultured cochlear explants that injec-
toporated with TMIE-HA expression plasmid, HA immunoreactivity accumulated 
at the tips of the shorter rows of stereocilia, confirming the localization of TMIE 
near the lower end of tip links [65]. Furthermore, yeast two-hybrid screen and co-
immunoprecipitation experiments showed that TMIE directly binds LHFPL5 as 
well as PCDH15-CD2 [65].

The localization of TMIE and its interaction with known MET components sug-
gested that it is an integral component of hair-cell MET machinery. TMIE, LHFPL5, 
and PCDH15 could form a ternary complex, but the geometry of this protein com-
plex differs when different PCDH15 isoforms are present. When PCDH15-CD2 is 
present, TMIE, LHFPL5, and PCDH15-CD2 bind to one another directly. On the 
other hand, when PCDH15-CD1 or PCDH15-CD3 is present, TMIE and 
PCDH15-CD1/CD3 bind to each other indirectly via LHFPL5. The TMIE/LHFPL5/
PCDH15 complex might further connect to TMC1/TMC2 via PCDH15. Hence 
LHFPL5 seems to play a central role in the organization of this protein complex. 
Consistently, disruption of LHFPL5, but not TMIE, affected tip-link assembly as 
well as the expression of TMC1/TMC2 on stereocilia [65, 79, 94].
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�TMIE Disruption Causes Hearing Loss

Mutations of TMIE cause autosomal recessive nonsyndromic deafness DFNB6 
[107]. Tmie mutations are also responsible for hearing loss and vestibular dysfunc-
tion in spinner (sr) as well as circling (cir) mutant mice [103, 108]. Sr and cir mice 
have deletions in the genome that include the entire Tmie gene, while srJ mice con-
tain a single-base-pair substitution that truncates TMIE protein. Both sr and cir 
mice showed disorganized stereocilia of auditory hair cells after P10 [103, 109]. 
Similarly, when selective exons of Tmie gene were deleted through homologous 
recombination, the mice showed profound hearing deficits [65].

�TMIE Disruption Affects MET

MET was completely abolished in hair cells of Tmie knockout mice [65]. Moreover, 
MET was reduced when a dominant negative TMIE fragment was expressed in 
wild-type hair cells [65]. These results suggested that TIME is indispensable for 
MET. Surprisingly, although TMIE disruption completely abolished MET in hair 
cells, it didn’t affect the localization of other known components of the MET 
machinery in the stereocilia [65]. The mechanism by which TMIE affects MET 
awaits further investigation.

4.2.4  �CIB2

�CIB2 Gene and Protein

Human CIB2 (calcium- and integrin-binding protein 2) gene contains 6 exons 
encoding 3 isoforms, the longest of which consists of 210 amino acids [110, 111]. 
Cib2 was expressed ubiquitously in multiple tissues such as skeletal muscle, the 
brain, the eye, and the inner ear [110–112]. RNA sequencing revealed that Cib2 was 
enriched in mouse auditory and vestibular hair cells (SHIELD; https://shield.hms.
harvard.edu) [74, 75]. Consistently, LacZ reporter assay showed that Cib2 mRNA 
was specifically expressed in hair cells in mouse inner ear [113].

Different from the MET components discussed above, CIB2 is a soluble protein. 
CIB2 belongs to a protein family that includes CIB1 through CIB4, which is char-
acterized by multiple calcium-binding EF-hand domains [114]. CIB2 contains three 
EF-hand domains and binds calcium through the last two EF-hand domains [115] 
(Fig. 4.1). Moreover, CIB2 underwent N-myristoylation and was associated with 
intracellular membranes in neurons, co-localizing with Golgi apparatus and den-
drite markers [115]. Known CIB2-binding partners include integrins αIIb and α7b, 
myosin VIIA, whirlin, and sphingosine kinase 1 (SK1) [111, 112, 116, 117]. CIB2 
has been suggested to regulate HIV-1 entry through affecting the surface receptor 
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such as CXCR4, CCR5, and integrin α4β7, but the detailed mechanism remains 
elusive [118, 119].

�CIB2 Is Concentrated Near the Tips of Stereocilia and Interacts 
with TMC1/TMC2

In the inner ear, CIB2 immunoreactivity localized along the length of hair-cell ste-
reocilia and was concentrated at the tips of stereocilia [111, 113]. Concentrated 
localization at the stereocilia tips was also observed when CIB2-GFP was trans-
fected into auditory or vestibular hair cells using gene gun [111]. Notably, both 
endogenous and exogenous CIB2 were more concentrated at the tips of shorter row 
stereocilia [111, 113]. This localization suggested that CIB2 might associate with 
the MET machinery. Consistent with this hypothesis, fluorescence resonance energy 
transfer (FRET) and co-immunoprecipitation experiments showed that CIB2 inter-
acts with TMC1/TMC2 in  vitro, and the interaction was affected by deafness-
associated CIB2 mutations [113]. However, the localization of MET components 
TMC1/2 and PCDH15 on stereocilia was not affected by CIB2 deficiency, suggest-
ing that CIB2 is not essential for transporting or stabilizing these proteins to stereo-
cilia [113].

�CIB2 Disruption Causes Hearing Loss

Mutations in the CIB2 gene are associated with nonsyndromic hearing loss DFNB48 
[111, 120, 121]. CIB2 mutation has also been reported to lead to syndromic hearing 
loss USH1J [111], but recently it was suggested that CIB2 mutation might not cause 
Usher syndrome [122, 123]. Morpholino knockdown of Cib2 expression in the 
zebrafish embryo resulted in reduced or even absent response to acoustic stimuli as 
well as balancing problems [111]. To further explore the role of CIB2 in hearing, 
several lines of Cib2-deficient mice have been established, including Cib2tm1a/Cib2tm1b, 
Cib2F91S, Cib2Δex4, and Cib2Δ17bp. Cib2tm1a mice were generated by inserting a gene 
trap cassette containing lacZ and neomycin resistance genes between Cib2 exons 3 
and 4 [113, 124]. Cib2tm1b mice were obtained by crossing Cib2tm1a mice with Cre-
expressing mice to delete the neomycin cassette and exon 4 of Cib2 [113]. Cib2F91S 
knockin mice carry a p.F91S missense mutation, which is the most prevalent CIB2 
mutation that causes nonsyndromic deafness [113]. Cib2Δex4 mice were generated by 
putting loxP sites flanking exon 4 of Cib2 gene and crossing with Cre-expressing 
mice to delete exon 4 [122]. Lastly, Cib2Δ17bp mice were generated using CRISPR/
Cas9 technique that frameshift deletions (8 and 9 bp, respectively) were introduced 
into exon 4 of Cib2 gene [125].

All the Cib2-deficient mice showed profound hearing loss, confirming that CIB2 
plays an important role in hearing transduction [113, 122, 124, 125]. Interestingly, 
the shorter row stereocilia in Cib2-deficient OHCs and IHCs were over-elongated, 

4  Molecular Components of Mechanotransduction Machinery



40

whereas the tallest stereocilia remained unaffected [113, 125]. Furthermore, the 
kinocilia in Cib2-deficient IHCs do not regress properly during development [113, 
122, 125].

�CIB2 Disruption Affects MET

FM1-43 dye uptake and microphonic potential were reduced in the lateral-line hair 
cells of Cib2 zebrafish morphants, suggesting that MET is affected by Cib2 knock-
down [111]. In Cib2tm1a hair cells, FM1-43 dye uptake was even completely abol-
ished [113]. Consistently, whole-cell patch-clamp recordings showed that the 
conventional MET currents in Cib2-deficient IHCs and OHCs were completely 
absent, whereas the reverse-polarity MET was unaffected [113, 122, 125]. Taken 
together, these results suggest that CIB2 plays an indispensable role in hair-cell 
MET.

4.2.5  �PIEZO2

In mature hair cells, deflection of the hair bundles towards the tallest stereocilia 
increases the open probability of the sensory MET channels, while deflection in the 
opposite direction decreases the open probability [126]. However, in the developing 
immature hair cells, the hair bundles are less directionally sensitive, and transducer 
currents can be evoked by deflection of the hair bundles in both directions [127, 
128]. Additionally, reverse-polarity currents can also be evoked in hair cells lacking 
tip links, as well as in hair cells deficient for MYO7A, MYO15A, ADGRV1, TMC1/
TMC2, LHFPL5, or TMIE [36, 65, 79, 83, 128–130]. The ion selectivity and 
responsiveness to pharmacological blockers of the reverse-polarity current are simi-
lar but not identical to that of the regular MET current [83, 131]. High-speed Ca2+ 
imaging suggested that the reverse-polarity channels are not localized to the hair 
bundle but distributed at the apical surface of hair cells [132]. These data suggest 
that the reverse-polarity MET currents are mediated by channels different from the 
regular MET channels associated with the lower end of tip links.

Recently, PIEZO2 was suggested to constitute the MET channel responsible for 
the reverse-polarity currents in mouse hair cells [133]. PIEZO2 and its close homo-
log PIEZO1 are the first mammalian mechanosensitive ion channels identified so far 
[134]. Both proteins consist of more than 2500 amino acids that are predicted to 
encompass 26–40 transmembrane domains. PIEZO2 mediated MET in mouse 
Merkel cells, dorsal root ganglion cells, proprioceptors, and airway-innervating sen-
sory neurons, and deletion of Piezo2 gene caused loss of touch sensation and pro-
prioception as well as lung inflation-induced apnoea [135–138]. Mutations of 
human PIEZO2 gene are associated with distal arthrogryposis, muscular atrophy, or 
loss of discriminative touch perception [139–142].
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In the mouse inner ear, Piezo2 expression was detected in OHCs and vestibular 
hair cells, but not in IHCs. Immunostaining revealed that PIEZO2 localized at the 
apical surface of OHCs near the tallest stereocilia [133]. In conditional Piezo2 
knockout mice that Piezo2 was inactivated in the inner ear, the patterning of organ 
of Corti as well as hair bundle morphology was not affected, whereas OHC function 
was mildly affected, but no obvious vestibular defect was observed [133]. 
Interestingly, Piezo2 disruption did not affect regular hair-cell MET but abolished 
the reverse-polarity currents in hair cells lacking tip links or in immature hair cells 
[133]. These data suggest that PIEZO2 is responsible for the reverse-polarity cur-
rents in mouse hair cells.

4.3  �Discussion

The mechanism of mammalian hair-cell MET has been under intense investigation 
in the recent several decades, and significant advances have been achieved. At pres-
ent, researchers have identified the proteins that constitute the tip links as well as 
other MET components and are on the way to discover the MET channel itself. 
However, as we pointed out in the above sections, there is still a long way to go 
before we can fully understand how MET happens in hair cells.

Tip links play a pivotal role in hair-cell MET. Convincing evidences have been 
provided suggesting that PCDH15 and CDH23 bind each other via their N-termini 
and constitute the lower and upper component of tip links, respectively. It’s worth 
noting that tip links might not always be composed of PCDH15 and CDH23. For 
example, during regeneration of disrupted tip links, shorter tip links containing only 
PCDH15 appeared first and then were replaced by mature PCDH15/CDH23 tip 
links [143]. It also remains elusive whether tip links could act as the gating spring 
during MET. High-resolution electron microscopy suggested that tip links are rela-
tively stiff and inextensible [33]. Molecular dynamics simulations based on the 
structure of the CDH23 EC1–EC2 fragment suggested that the EC repeats of 
CDH23 are quite stiff [25]. Recently, however, some of the PCDH15 EC repeat 
linker regions were shown to be calcium-free or partially calcium-free, which might 
confer some elasticity to the otherwise rigid tip links [59, 60].

PCDH15 and CDH23 interact with other proteins via their transmembrane 
domains or cytoplasmic domains and form the so-called lower tip-link complex and 
upper tip-link complex, respectively. The molecular composition of these com-
plexes is just emerging. MYO7A, harmonin, SANS, and possibly MYO1C are 
considered as components of upper tip-link complex. The adaption motor is posi-
tioned near the upper tip-link complex. Through moving along the stereocilia, the 
motor regulates the tension of tip links and adjusts the operating point of the MET 
channels. MYO1C is the most prominent candidate for the adaptation motor, 
whereas MYO7A and harmonin are also suggested to regulate slow adaptation 
directly or indirectly.
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So far four transmembrane proteins have been localized near the lower tip-link 
insertion site, namely, TMC1, TMC2, LHFPL5, and TMIE. They all interact with 
PCDH15 in  vitro and are likely part of the lower tip-link complex. TMC1 and 
TMC2 are potential six-transmembrane proteins and have been proposed as pore-
forming subunits of hair-cell MET channel, although compelling evidence is needed 
to fully support this conclusion. LHFPL5 and TMIE contain four and two predicted 
transmembrane domains, respectively, and are suggested to be integral components 
of hair-cell MET machinery. Another candidate MET component is CIB2, a soluble 
protein that is concentrated at the tips of shorter row stereocilia and binds TMC1/
TMC2. Characterization of the MET channel surely is the most exiting task in this 
field in the coming several years.
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