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Abstract

Sound signals are acquired and digitized in the cochlea by the hair cells that further transmit the coded information to the
central auditory pathways. Any defect in hair cell function may induce problems in the auditory system and hearing-based
brain function. In the past 2 decades, our understanding of auditory transduction has been substantially deepened because
of advances in molecular, structural, and functional studies. Results from these experiments can be perfectly embedded in
the previously established profile from anatomical, histological, genetic, and biophysical research. This review aims to sum-
marize the progress on the molecular and cellular mechanisms of the mechano-electrical transduction (MET) channel in the
cochlear hair cells, which is involved in the acquisition of sound frequency and intensity—the two major parameters of an
acoustic cue. We also discuss recent studies on TMC1, the molecule likely to form the MET channel pore.
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From organization to function

For a thorough description on cochlear structure and func-
tion, one can refer to books and reviews from others [1-3].
The mammalian cochlea is a tube-like tissue inside a snail-
shaped bony capsule that compacts a longitudinal tube into
a spiral space (Fig. la). The approximately 40-mm-long
human cochlea is a 2.5-turn cone, 9 mm in diameter and
4 mm in height [4], which provides an excellent environment
and structure for sound decoding. The cochlea is divided into
three fluid-filled chambers: scala vestibuli, scala media, and
scala tympani (Fig. 1b). The scala vestibuli and the scala
tympani are connected as one lumen to support fluid oscil-
lation, while the scala media provides unique physical and
chemical conditions (see below) for hair cell function. In the
scala media, two types of hair cells, inner hair cells (IHCs)
and outer hair cells (OHCs), together with a variety of sup-
porting cell types form an integrated structure, also known
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as the organ of Corti (Fig. 1¢). The tectorial membrane is an
extracellular structure that is overlaid on the top of the hair
cells, while the basilar membrane forms the bottom of the
organ of Corti and displays varied geometrical and mechani-
cal properties (Fig. 1c). Different frequencies induce the best
vibration at different places on the basilar membrane, which
are amplified locally and actively by the OHCs (a process
known as the tonotopy principle; Fig. 1d). The basilar mem-
brane is the first resonator and frequency analyzer to respond
when the cochlea encounters sound stimulation (Fig. 1c—e);
this is the main concept of the “travelling wave” theory [5,
6]. Recent studies have shown that the tectorial membrane
may have an active role in this process [7-9], which is not
surprising, considering that it is required to support cochlear
mechanics. The cochlea exhibits a variety of sophisticated
designs that support its role in decoding acoustic parameters.
Here, we list several aspects that form the basis for the abil-
ity of hair cells to decode acoustic cues.

Organization of hair cells in cochlea

Morphologically, IHCs possess a flask-like cell body and
OHCs have a rod-like cell body (Fig. 1c). The hair bun-
dle is the mechanosensitive subcellular structure of the
hair cell that protrudes from the apical cell surface and is
composed of F-actin-based stereocilia at graded heights
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Fig. 1 Organization of hair cells for sound acquisition. a Schematic
of the inner ear showing cochlea and vestibule. The conical structure
in the center of cochlea is the modiolus, which hosts spiral ganglion
neurons to innervate hair cells. b The cochlea contains three cham-
bers: scala vestibuli, scala media, and scala tympani. ¢ In the scala
media, the inner hair cells (IHCs) and the outer hair cells (OHCs)
are the receptor cells in the organ of Corti. The efferent and affer-
ent nerve fibers are simplified as one tract. d Schematic showing the
coiled array of IHCs and OHCs. e Cartoon showing mechanics of
the organ of Corti with sequential steps: Basilar membrane vibration

(Fig. 1c). Notably, the hair bundles of the OHCs, but not the
IHCs, are embedded in the tectorial membrane (Fig. Ic, e).
When the sound-induced vibration is converted into shear
stress between the tectorial membrane and the hair bundles,
the OHCs acquire oscillation of the receptor potential that
simultaneously drives the motility of their soma; this is
highly dynamic and further enhances the mechanical vibra-
tion of the organ of Corti (Fig. le). This outstanding elec-
tromotility of the OHCs is mediated by the electromotile
protein, Prestin, which is abundantly expressed on the lateral
wall of the OHC soma. This lays the foundation for the high
sensitivity with which cochlea detect the low-intensity sound
stimulation, with a measured gain of approximately 60 dB
[10, 11]. The OHC-based cochlear mechanics guarantees
that the IHCs acquire the wide-range acoustic intensity at
graded sensitivity from the force-matched vibration of the
tectorial membrane (Fig. le).
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(1) induces shear stress of tectorial membrane (2) which further pro-
vokes receptor potential to enhance OHC motility (2). This increases
the intensity and sharply tunes the frequency resonating at the point
of the basilar membrane. The enhanced signals are simultaneously
transited to the IHC (2) which encodes the vibrations and transmit the
signals to the postsynaptic SGNs (3). f Cartoon showing ionic flux
of IHCs and OHCs in a sealed environment providing driving force
of voltage. The values of resting membrane potentials of IHCs and
OHC:s from 2-week mice as described [48, 133]

One row of IHCs and three rows of OHCs are arrayed on
the basilar membrane (Fig. 1c—f), and humans are estimated
to have approximately 3500 IHCs and 12,000 OHCs in total.
The cochlear coil wraps around the modiolus from base to
apex (Fig. 1a); IHCs are close to the modiolus, while OHCs
are at the rim (Fig. 1d). This highly organized allocation of
hair cells lays a general physical foundation for decoding
intensities and frequencies of sound: apical hair cells sense
low frequencies, basal hair cells detect high frequencies, and
middle hair cells sense frequencies in between. Shape and
function are strongly correlated in IHCs and OHCs as their
shapes change gradually along the cochlear coil [12-14].
The apical low-frequency (LF) OHCs have longer soma and
longer stereocilia, as well as a smaller opening of their hair
bundle in a ‘V’ shape. In contrast, the high-frequency (HF)
OHC:s at the basal region are much shorter in their soma
and stereocilia length, and also have a broader “W’-shaped
opening of their hair bundle [15, 16]. All these physical
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parameters perfectly match the mechanical requirement for
OHC:s to execute their frequency selectivity and mechanical
motility [17, 18]. Thus, the mechanical force posed on each
THC contains modulated frequency and intensity information
at single-cell resolution along the cochlear coil; from this the
tonotopic pattern is initiated at the cochlear level and further
projects to every auditory station in the brain.

Extracellular environment of hair cells

A significant characteristic of the scala media is that it
contains a high concentration of K+ (150 mM) and lower
concentration of Ca** (20 pM), which in combination
power a high endocochlear potential (EP, + 80~ + 100 mV)
[19, 20]. The scala vestibuli and scala tympani fluid con-
tains ~5 mM K™, equal to the concentration in regular peri-
lymph fluid [19, 20]. Because of the tight junction at the
top of the organ of Corti, only hair bundles where mech-
ano-electrical transduction (MET) channels are located are
immersed in the endolymph fluid, while the hair cell bodies
are bathed in the perilymph fluid (Fig. 1f). This design pro-
vides a direct driving force of potential (A150~170 mV)
and K* (instead of Na*) is used as the major ion for influx
through the MET channel. This makes the hair cell perform
transduction more efficiently, without any temporal delay
because of ionic exchange between Na™ and K* [20]. Inter-
estingly, some physical and chemical factors in the scala
media also exhibit a tonotopic gradient from apex to base.

a b
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(CDH23)

Protocadherin15
(PCDH15)

LHFPL5/TMHS
Channel

Fig.2 The MET channel complex in hair cells. a Cartoon showing
tip link and the characterized molecules at the lower end of the tip
link. The MET channel complex is at the lower tip-link density. b
Schematic showing molecular coordination at the lower tip-link den-
sity, including PCDH15, TMC1, TMC2, LHFPL5/TMHS, TMIE, and

. Extracellular
cadherin domain

Transmembrane
domain

‘ Proline rich domain

*Cytosol domain

For example, in guinea pigs (a general mammalian model
for auditory study), Ca>* concentration is graded from 20
to 40 uM [21] and EP is graded from+ 65 to+85 mV [21,
22]. The organ of Corti consumes a great deal of energy to
perform auditory transduction, which is supported by stria
vascularis, the power plant of scala media, as reviewed else-
where [20].

MET channel and acoustic acquisition

The development of these well-designed parts in the cochlea
provides mammals with excellent hearing capability, and
the MET channel is an extremely fascinating aspect of this.
To accomplish the sound acquisition, the mammalian MET
channel functions as a protein complex and demonstrates
complicated biochemical and biophysical properties that are
frequency dependent and tunable by many factors.

The MET channel complex

In terms of the MET machinery, OHCs and IHCs likely use
identical components. To date, many laboratories have pro-
vided sufficient genetic and functional evidence for us to
speculate about a working model for the assembly and con-
stitution of the MET channel complex; six transmembrane
proteins have been proposed to constitute MET machin-
ery (Fig. 2a) and two cytosol proteins are crucial for MET

Lateral view

CIB2, which are in the same color as in (a). ¢ Top view of putative
MET complex with characterized molecules in speculated stoichio-
metric ratio. The PCDH15 and LHFPL5 are in a 2:2 arrangement,
while other molecules (TMC1/2, TMIE, and CIB2) are shown in the
dashed boarders as their numbers are not precisely defined
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function. As an integrated protein machine, MET channel
assembly, maintenance, and kinetics can be influenced by
the genetic variations in MET molecules. In the most serious
cases, such variation can cause MET damage that results in
deafness.

Connecting two neighboring stereocilia, the tip link is
an extracellular filament which gates the MET channel
(Fig. 2a). When mechanical force is applied to open the
MET channel via the tip link, K* and Ca** rapidly flux into
the hair bundles to alter receptor potential [23]. The tip link
is formed by two unconventional cadherins with a single
TM domain: Cadherin 23 (CDH23) and Protocadherin 15
(PCDH15), which form the upper and lower parts, respec-
tively [24-26]. CDH23 has 27 EC (extracellular cadherin)
domains and PCDH15 has 11 EC domains. These proteins
form cis-dimers to connect with each other through their
N-terminal EC1 and EC2 in a “handshaking” style [27-29]
(Fig. 2a). The MET channel complex is localized at the
membrane insertion site of PCDH15 (lower tip-link density,
LTLD) [30], which makes structural and functional study of
PCDHI15 important to the understanding of MET channel
properties. Importantly, two structural studies both pointed
out a collar-like extracellular linker (EL, also called PICA)
domain between the EC11 and TM domains (Fig. 2b) [31,
32]; previously overlooked, this domain is worthy of further
functional study. PCDH15 was found to undergo dimeriza-
tion at only two sites (EC2-3 and membrane-proximal EL
domain) of the extracellular fragment and with 0.5 helical
turns, which suggests that molecular elasticity is important
for MET [31]. In addition, PCDH15 elongates under ten-
sion and shows reversible EC unfolding, which relies on
its lateral thermal undulations at physiological Ca** con-
centration (20 pM) [33]. The intracellular part of PCDH15
contains a common region (CR) enriched with prolines and
a cytosol domain (CD), followed by PDZ-binding interface
as its C-terminal [34, 35]. Three isoforms of PCDH15 were
found based on alternative splicing of CD (CD1, CD2, and
CD3) [34]. It was further revealed that CR is critical for
MET function [36] and CD?2 is essential for kinocilial links
[35]. Generally, deficiency of CDH23 or PCDHI5 causes
problematic tip-link formation (and thus a MET defect) in
addition to hair bundle disorganization and degeneration.
Mutations of CDH23 and PCDH15 cause Usher syndrome
type 1D and 1F, respectively [37-41].

Transmembrane channel-like 1 and 2 proteins (TMC1
and TMC2) are putative MET channel pore proteins, and
the first two proteins of an eight-member family [42—44].
Defects in TMC1, including dominant DFNA36 and reces-
sive DFNB7/11, in humans cause deafness [42, 45-47].
Similarly, mouse models with variable TMC1 mutations
show dominant or recessive deafness [44, 48-50]. TMCl1
and TMC2 have enriched expression in cochlear and ves-
tibular hair cells and knockout of both TMC1 and TMC2
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completely abolishes the MET response in mice [51]. In
mouse cochlea, TMC1 and TMC2 are expressed in hair cells
with an obvious spatiotemporal pattern, which coincides the
maturation of MET function. Spatially, the basal coil always
shows higher expression level than the apical coil. As for
the expression timing, TMC1 and TMC2 are both expressed
earlier in basal coil and later in apical coil. However, TMC1
and TMC2 seem to be expressed sequentially; TMC2 expres-
sion starts from embryonic stage and disappears until P4,
while TMC1 emerges later (from P2) and is sustained in
adults [51]. Deletion of TMC1 does not immediately abolish
the MET current, which can be partially rescued by forced
TMC?2 expression, or vice versa, demonstrating that the two
proteins are functionally redundant and can compensate for
each other [51-53]. Similar to the spatiotemporal expression
pattern of TMC1/2, the MET currents are graded at differ-
ent regions of the cochlea to follow the tonotopy [54, 55].
In a transgenic mouse model generated to illuminate TMC1
and TMC2 [56], the number of TMC1/2 shown by quantity
of fluorescent signal increases only for OHCs (not IHCs)
along the cochlear coil tonotopically, which is considered
to represent the MET channel conductance gradient [57].
However, these data were obtained from the transgenic mice
under overexpression conditions; the quantitative distribu-
tion at endogenous expression level remains an open ques-
tion. In two independently generated 7mcI-knockin mouse
lines (Tmc1-HA and Tmc1-Flag), the immunostaining of
tags showed obvious TMC1 molecules in hair bundle [58,
59], and also strong TMC1 expression in cell body [59].
However, neither study looked at the number of TMC1 mol-
ecules in OHCs along the cochlear coil.

The unitary MET current can be recorded using a modi-
fied MET recording configuration [60, 61]. Normally, the
single-channel conductance of MET in basal OHCs would
be nearly two fold compared to that of the apical OHCs
[61], consistent with the tonotopic principle. If TMCI is
deleted, the gradient of the single MET channel conductance
in different locations within the cochlea is nearly the same
[62], as is the Ca** permeability of OHCs [63]. Mutations
in TMC1/2 caused changes in MET channel conductance
and dynamics, however, conflicting data have been presented
in different reports. Pan et al. observed reduced MET con-
ductance in Tmcl-knockout, Beethoven (M412K mutation of
TMC1), and Tmc2-knockout mice compared to control wild-
type mice [64]. Beurg et al. also showed reduced MET con-
ductance in the Tmc1-knockout mice, but did not find obvi-
ous alteration of the MET conductance in the Beethoven and
the Tmc2-knockout mice [63, 65]. It has been proposed that
TMC1 mimics the structure of TMEM16A due to sequence
similarity [66, 67]. Furthermore, a cysteine substitution test
showed that changing certain residues’ electrical proper-
ties causes a decrease in macroscopic current and single-
channel conductance [67]. Several key amino acids (N404,
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G411, M412, N447, D528, T532, D569) within the trans-
membrane domain 4-8 were shown to be critical for MET
current, and were proposed to be the pore lining residues
[67]. In contrast, Beurg et al. showed that M412K mutation
did not change the conductance [49, 65], and that a D569N
substitution affects transportation of TMC1 rather than
changing conductance [49]. Although these discrepancies
may arise from the experimental configurations and prepara-
tions, they demonstrate that further studies are required to
understand the precise role of TMC1/2 in modulating MET
conductance.

The localization of TMCI1 expression remains a mystery.
Co-immunoprecipitation experiments showed that TMC1
binds PCDH15 via its cytoplasmic and extracellular domains
[68, 69], yet a recent structural study failed to detect the
complex of PCDH15 and TMC1 by chromatography [32].
When TMCI1 was expressed in HEK293T or other cell lines,
most of the proteins were trapped in the ER rather than local-
izing on cytoplasm membrane [51, 70]. It has been specu-
lated that co-expression of other MET components may
improve transport through the MET channel; however, no
working combinations have been found to localize TMC1
to the cytoplasmic membrane and/or reconstruct MET cur-
rent in heterogeneous systems (Xiong, unpublished observa-
tions). Sequence prediction data suggest that TMC1/2 has
ten transmembrane domains [66, 67], and negative stain and
cryo-EM data indicate that TMC1 is likely a two-pore struc-
ture [67]. More recently, Jia et al. demonstrated that recon-
stitution of CmTMCI from the green sea turtle or MuTMC2
from the budgerigar in liposomes exhibits mechanosensitive
channel activity [71]. These data are intriguing, but are wait-
ing to be independently confirmed.

LHFPL5 (lipoma HMGIC fusion partner-like 5), also
known as TMHS (tetraspan membrane protein of hair cell
stereocilia), was characterized from deaf humans [72-74]
and mice [75, 76]. LHFPL5 has four TM domains and
binds with PCDH15's TM domain and cytosol CR [32, 77].
LHFPLS is essential for proper transportation and localiza-
tion of PCDH15 and TMC1 [69, 77]. A previous co-immu-
noprecipitation experiment showed that LHFPLS had no
detectable interaction with TMC1 [69], but recently a more
sensitive single-molecule pull-down assay demonstrated an
interaction of LHFPL5 and TMC1, which was disrupted by
a deafness mutation (D569N in mouse TMC1) [50]. A Cryo-
EM structure of LHFPLS and PCDH15 fragments (trans-
membrane domain with 1-4 ECs and CR) clearly showed
that the TM region is key for interaction of the two pro-
teins at two copies of each, suggesting a possible assembly
core for the MET complex. Lack of LHFPLS causes a 30%
decrease in unitary channel conductance in hair cells [77].
The same mutation caused a greater than 90% reduction
of the macroscopic MET current due to the formation of

tip links also being affected in LAfpl5-knockout mice [77].
Intriguingly, an electrophysiological study on unitary MET
current revealed that the gradient of MET conductance in
OHC:s is abolished in Lhfpl5-knockout mice [69], which is
reminiscent of the effect of TMC1 [62]. These data sug-
gest that TMC1 and LHFPLS are essential for establishing
a gradient of MET conductance. Mutants of LHFPLS5 cause
DFNB76/77, which manifests as nonsyndromic hearing loss
in humans and both auditory and vestibular dysfunction in
mice [72-76, 78].

TMIE (transmembrane inner ear expressed gene) is rela-
tively smaller (153 amino acids) protein with only two puta-
tive transmembrane domains. Hair cells with TMIE deletion
show no detectable MET current [79]. TMIE mainly binds
with the CD of PCDH15-CD2 isoform and LHFPLS5, but
can also bind CD1 and CD3 isoforms of PCDH15 only with
LHFPLS's participation [79], suggesting that CD2 is more
strongly correlated with MET function. TMIE interacts with
TMC1 and TMC?2 and lack of TMIE severely blocks the
proper localization of TMC1 and TMC2 in the hair bun-
dle [59]. However, exogenous overexpression of TMC1
or TMC2 caused them to be found along the stereocilia
of Tmie-/- hair cells, but still they were unable to rescue
MET, indicating a role for TMIE in MET channel assembly
[59]. This observation underlines that physiological stim-
ulation (e.g. hair bundle deflection) and preparation (e.g.
hair cell) are important for investigating TMC1-mediated
MET, although a liposome study showed that ER-enriched
cmTMC1/MuTMC?2 could directly provide MET current
activated by the membrane stretch [71]. It has been deter-
mined that N-terminal part of TMIE affects gating of the
MET channel but not binding with TMC1/2, while TMIE
can bind TMC1/2 via 80-121 amino acids in its C-terminal
[59]. Intriguingly, PIP2 binds to TMIE, at least at sites R82,
R85, and R93 [59], suggesting that TMIE is a portal for
direct modulation of MET channel kinetics. Deficiency of
TMIE causes autosomal recessive nonsyndromic deafness
DENBG6 in humans [80-82].

Besides these membrane proteins, emerging results
have shown that two soluble proteins, CIB2 (Calcium- and
integrin-binding protein 2) and TOMT (transmembrane
O-methyltransferase, previously named COMT?2, catechol-
O-methyltransferase 2), functionally participate in the MET
machinery, as shown by loss of MET current when either
of the two proteins are deleted [83—87]. CIB2 has three EF
hand domains that are known for Ca**-binding capabilities
[88]. Co-immunoprecipitation and florescence resonance
energy transfer experiments found that CIB2 interacts with
TMC1 and TMC2 via an essential sequence of 81-130
amino acids in TMC1 [85]. Mutants in CIB2 cause nonsyn-
dromic hearing loss DFNB48 in humans [86, 89-91], and
some of these mutants disrupt the interaction between CIB2
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and TMC1 [85], however, the precise role of CIB2 in MET
is still largely unknown. TOMT does not show stereocili-
ary localization but it interacts with all the LTLD proteins,
which have been speculated to transiently transport MET
proteins in the cytosol [83, 84]. Surprisingly, the methyl-
transferase domain is not essential for maintaining TOMT
function in hair cells [83]. TOMT deficiency causes nonsyn-
dromic deafness DFNB63 in humans [92-94].

MET channel and modulatory factors

Gating kinetics (activation, fast adaptation, and slow adapta-
tion) [95] are functionally modulated by non-genetic factors,
including biophysical and pharmacological factors. The roles
of Ca®* and lipids in this process are extremely intriguing
due to their potential roles in frequency coding of hair cells.
Ca’* has been recognized as a crucial regulator in MET
channel kinetics, although the physiological concentration
of Ca®* is about 0.02—0.1 mM in the scala media. Ca>* was
revealed to modulate the physical status (e.g. stiffness) of the
stereocilia [96]. When exposed to a high Ca>* concentration,
the gating compliance in hair bundles is weakened [97]. On
the other hand, Ca?>* modulates the MET channel kinetics
intracellularly. In one experimental configuration, an influx
of Ca** modulates the activation and adaptation of the trans-
ducer currents in a concentration-dependent way [98—103].
It was generally recognized that a higher concentration of
Ca”* induces smaller amplitude waves and increases the
amount of adaptation, while the transducer current has larger
amplitude and slower adaptation in lower concentrations of
Ca”*. In recent years, the role of Ca?* in fast adaptation
has been debated [104—106]. The discrepancy regarding fast
adaptation may come from the different stimulation configu-
rations—when modified ultrafast stimulation configurations
are used to avoid mechanical creep, either stiff probe [104]
or fluid jet [106] can elicit MET currents with fast adaptation
at a time constant of dozens microseconds.

In recent years, lipids have drawn significant attention for
their promising participation in MET. It has been shown that
the lipid composition is complicated and compartmentalized
[107, 108]. Some lipid-linked proteins, including PTPRQ,
Radixin, and Espin, show strong effects on maturation and
maintenance of hair bundles [108—110]. Some phospholip-
ids, such as PIP2, can bind to ion channels and regulate their
kinetics [111]. Hirono et al. proposed that in vestibular hair
cells, PIP2 regulates channel dynamics, including adapta-
tion, partially via binding Myolc IQ domains [107]. How-
ever, in cochlear hair cells, the MET channel is located at
the low end of the tip link [30]. This may use a different gat-
ing mechanism to achieve improved temporal sensitivity as
suggested recently by the following evidence: PIP2 directly
modulates kinetics of the MET channel (e.g. fast adapta-
tion and open probability) [112, 113], and slow adaptation
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may come from the Myosin motors close to the MET chan-
nel instead of the upper insertion site of the tip link [114].
These apparent discrepancies need to be resolved by further
studies.

MET channel modulation and sound acquisition

The sound intensities and frequencies acquired in mammals
occur across a very broad range. For example, frequencies
audible to humans range from 20 Hz to 20 kHz, yet humans
can distinguish intensity at 0 dB SPL (e.g. 20 pPa for 1 kHz
pure tone) if ambient noise is low enough. The MET chan-
nel properties are modulated by the MET molecules and
multiple biochemical factors (e.g. Ca** and PIP2) along the
cochlear coil, which coincide with requirements of the sound
acquisition in many ways.

Compared to other mechanosensitive channels, the hair-
cell MET channel has large conductance, ultrafast open and
close kinetics, and elastic gating springs (at the extracel-
lular tip link and likely the intracellular link). Based on the
amount of stereocilia and tip links, it has been estimated that
one tip link connects with two MET channels [61]. From
apical OHCs to basal OHCs, the number of tip links does not
increase significantly, however, the whole-cell macroscopic
current and single MET channel conductance increases dras-
tically (145-210 pS in rats), which is not the case for IHCs
[61]. Consistent with this finding, it has been shown in a
transgenic mouse line that the number of TMCI1 proteins
increases along the cochlear coil [57]. The TMC1 puncta
were measured at an average of 8—20 molecules per MET
site, further suggesting that the MET channels may be more
than 2 per tip link [57]. There may be a minimum require-
ment of MET molecules for assembly of the functional MET
channel with baseline conductance. TMC1 and LHFPLS
similarly modulate the gradient of MET conductance and
Ca”* permeability, suggesting that the two proteins have at
least one important role in expanding the physical properties
of MET complex assembly, such as the number of molecules
and space of scaffold (Fig. 2c). Along the cochlear coil, the
time constant of fast adaptation becomes shorter from LF
OHCs to HF OHCs [100, 115], which explains the correlated
responsiveness of OHCs to their representative frequencies.
The larger conductance in HF OHCs may also gain enough
ionic influx that compensates for the shorter time constant
of adaptation to activate the OHC electromotility. This likely
results from the integrity of hair bundle organization, at least
partly, as TMC1/2 also defines the maturation of the hair
bundles, that is, increasing the number of TMC1/2 results
in stereocilia forming the three typical rows [57]. Similarly,
the typical three-row morphology is missing in LAfpl5- and
Tmie- deficient mice [77, 79]. These results also suggest that
normal functionality of the MET channel defines the matura-
tion of hair bundle morphology, including the staircase-like
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organization [116]. However, the temporal order of MET
deficiency and hair bundle disorganization needs to be
defined when these key MET molecules are disrupted. There
is always a resting tension of stereocilia in OHCs, which
induce a background MET current (which can be blocked by
aminoglycosides); this is called the resting open probability
(Po) of the MET channels [3]. Meanwhile, a leak conduct-
ance (which cannot be inhibited by blocking MET channels)
exists in OHCs, which is functionally coupled with TMC1
protein [117]. Both Po and leak conductance increase along
the cochlear coil, which also follows the frequency-depend-
ent pattern. These two background currents together may set
OHC:s at an intermediate resting potential to best oscillate
with the sound-induced vibration [3]. Ca2+—dependent mod-
ulation is also important for MET functionality, including
tip-link tension, Ca>* homeostasis and Ca** dependent adap-
tation. Some of the processes may rely on the Ca**-binding
protein CIB2, a critical binding partner of TMC1/2, how-
ever, this needs further investigation (Fig. 2¢c). As a classic
channel modulator, PIP2 is also an indispensable factor for
regulation of MET channel kinetics, including channel open
probability, channel conductance, and fast adaptation [112,
113]. Reduced PIP2 synthesis impairs high-frequency acqui-
sition, which may be induced by Ca* signaling, but its regu-
lation on MET cannot be ruled out [118]. Intriguingly, TMIE
modulates MET channel kinetics/properties by interacting
with PIP2 [59], which provides a mechanistic insight into the
PIP2-dependent MET channel modulation (Fig. 2c). Thus,
represented by PIP2, lipid bilayers may generally modulate
channel properties in a frequency-dependent way [119]. This
concept is worthy of thorough study.

Diverse functions of TMC1/2

As described above, TMC1 and TMC?2 play important roles
in MET function and maintenance. They have been consid-
ered as candidates for the pore-forming subunit of the MET
channel in mammals. In parallel, recent studies have showed
that TMC1/2 and their orthologues have multiple physi-
ological functions not limited to MET. In this section, by
discussing the diverse functions of TMC1/2, we hope to pro-
vide a more complete scenario and present a possible “core”
principle to unify TMC1's molecular function that could be
responsible for its diverse physiological consequences.

TMC1 and leak conductance

Liu et al. have recently shown that TMC1, but not TMC2,
mediates a frequency-dependent leak conductance in coch-
lear hair cells [117]. This leak coexists with the spontaneous
opening of the MET channel at resting status [3]. Interest-
ingly, it has been reported that breakup of tip links enhances

a leak current, which may be induced by constantly opened
MET channels [120].

The TMC1-mediated leak conductance has different
channel properties from the MET channel. Dihydrostrepto-
mycin and other aminoglycosides that block MET current
also block the leak channel but at much higher concentration
(~ 100 fold) [117]. Non-selective cation channel blockers,
such as Gd>* and La’*, block the leak channel with~ 100
fold higher KD compare to the MET channel [117]. Most
strikingly, the leak channel can be blocked by high concen-
trations of Ca?* (IC50~ 1.3 mM), which contrasts the high
Ca’* permeability of the MET channel. When extracellu-
lar Ca>* concentration was increased to 10 mM, more than
60% of the leak conductance was blocked [117]. Amino-acid
substitution analysis showed that the MET channel and the
leak channel use different key amino acids in TMCI1 for the
two types of conductance [117], which further suggests that
TMC1 may not be the pore for the leak channel. The identity
of the protein in the channel that confers leak conductance
is yet to be defined.

Neonatal IHCs possess strong spontaneous action poten-
tials in the first 2 weeks, which is essential for the wiring of
the auditory pathway from IHCs to spiral ganglion neurons
before the onset of hearing. IHCs lacking TMC1 showed
hyperpolarized resting membrane potential and diminished
spontaneous action potential firing, suggesting a role for
TMCI and leak conductance in electrophysiological matu-
ration of hair cells [48, 117].

Correlation of leak conductance and MET

Leak conductance and MET conductance are correlated both
molecularly and functionally. The pattern of the leak con-
ductance is synchronous with the MET conductance during
the development in the first neonatal week. Similar to the
spatiotemporal pattern of MET conductance, leak conduct-
ance increases in the OHCs from PO to P7 and from the
apex to the base. However, it is hard to distinguish which
conductance emerges first—the leak conductance or the
MET conductance. The macroscopic MET current and the
unitary MET channel conductance were evaluated when hair
cells were treated with 35 mM Ca>* (a concentration that
almost completely blocks leak conductance) or Tmcl was
knocked out [117]; this showed that the tonotopic gradient of
the MET channel conductance was removed. This observa-
tion is exactly consistent with the evidence that the gradient
of the MET channel conductance is lost in 7mcI-knockout
mice and Lhfpl5-knockout mice [69, 117]. In parallel, leak
conductance was largely abolished when TMC1 or LHFPLS5
was deficient (and resulted in further disruption to the rest-
ing membrane potential, the excitability, the dynamics of the
receptor potential, and the tonotopic gradient of the MET
conductance).
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Fig.3 TMCI mediates a leak conductance. a Schematic showing two
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without TMCI1. The angled line between components indicates an

How does this happen in hair cells? Removal of the hair
bundle resulted in loss of the MET and leak currents [117],
suggesting that TMC1 and LHFPLS5 mediate the leak con-
ductance in hair bundles. These results formulate a scenario
where TMC1 and LHFPLS5 may provide quantitative control
of both the MET channel and the leak channel. Normally,
if there are free TMC1 and LHFPLS that are not caught by
the LTLD, they would assist the formation of the yet-to-be-
defined leak channel (Fig. 3a), as the number of TMC1 mol-
ecules increases from 8 per apical OHC to 20 per basal OHC
[57]. Without either TMC1 or LHFPLS5, the MET channel
could still be assembled with the key components, such as
TMC2, TMIE and CIB2, but the leak channel formation
would be disrupted. However, further evidence is needed to
support this hypothesis.

TMCs in animal physiology

The Tmc gene is relatively conserved and is found in multi-
ple species. Recently, TMC1 and its orthologues have been
extensively studied in worms and flies, showing a variety of
physiological functions in mice beyond the roles in MET
and hearing (see review from Yue et al.) [121]. In Caeno-
rhabditis elegans, TMCs participate in at least three physi-
ological processes, including the excitability of muscles in
development and sexual behavior [122], the alkaline sen-
sitivity of ASH nociceptive neurons [123], and the excit-
ability of HSN and VM cells for egg laying [124]. While
these efforts have failed to demonstrate that TMCs in worms
are mechanically gated ion channels, Tang et al. recently
pointed out that UNC-44/ankyrin works as an intracellular
tether to gain mechanosensitivity for TMCs in OLQ neurons
[125]. In Drosophila melanogaster, TMCs are associated
with several pathways linked with mechanosensation and
motor function, including the class I and class II dendritic
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arborization neurons and bipolar dendrite neurons that are
critical for larval locomotion [126], and md-L neurons that
sense food texture [127] and proprioceptor-mediated direc-
tion selectivity [128, 129].

These pieces of evidence raise the question of how TMCs
mediate such a variety of functions across different spe-
cies. TMCs likely form and/or associate with channels and
modulate the channel properties. For example, mammalian
TMCI1 and TMC2 may function as integrated components
of the MET channel in hair cells, and TMC1 likely mediates
a leak conductance to regulate the MET dynamics [117].
This mechanism is consistent with a comparable observa-
tion that TMC1-mediated leak conductance regulates the
excitability of the HSN neurons and VM muscle cells, and
thus influences egg laying behavior in C. elegans [124]. This
scenario could also occur in other systems, and it is tempting
to propose that the excitability of cells and neural circuits
is the target for TMCs to regulate physiological processes
from sensory transduction to motor function in organisms
(Fig. 3b).

Outlooks

Several lines of evidence have described the ways in which
hair-cell MET channel transduces sound-induced vibration
and encodes acoustic information. However, there are still
a couple of key questions attracting researchers’ attention;
these questions are the foundation for us to ultimately under-
stand the full mechanism of auditory transduction.

Structural assembly of MET channel complex

The structure of tip link was first found by classical scan-
ning EM and transmission EM [130, 131], which provided
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the seminal insight into the auditory MET assembly. A live
imaging study affirmed that the MET channel functionally
gates at LTLD toward the hair bundle deflection [30]. As
a double-helical dimer, PCDH15 gains putative elasticity
(potential extension about 35 A) and enhanced gating force
[31, 32]. PCDH15 and LHFPLS5 form a robust complex via
their transmembrane domains [32]. As the candidate chan-
nel protein, TMC1 is likely to fold into a two-pore structure
and form dimers [67, 71]. With these pieces of structural
evidence, we speculate that TMC1, TMC2, and TMIE are
accumulated around the PCDH15-LHFPLS5 transmembrane
core in high numbers (Fig. 2b). It remains to be discovered
whether the proximal-to-membrane ‘collar’-like EL/PICA
domain mediates channel assembly. Based on results from
the co-immunoprecipitation and single-cell pull-down
experiments, it is possible that PCDH15 and LHFPLS
directly binds to the MET channel pore (likely TMC1 or
TMC2) [50, 68]. Another possibility is that PCDH15 binds
with TMCs through extended handles formed by LHFPLS5
and TMIE with a stoichiometric ratio (Fig. 2¢), which fits the
observed multiple subconductance of MET channel in audi-
tory hair cells [57, 64]. However, both models need further
structural study and confirmation, particularly to verify, how
TMC1 is embedded in the MET complex. On the other hand,
it is equally important to describe the structures of the intra-
cellular spring and the upper tip-link density to understand
MET channel assembly in a more integrated way.

Gating mechanisms of MET channel

With the limited structural information available, the gating
mechanisms underlying the MET channel remain somewhat
unclear. Detailed structure—function analysis is required as
this approach has provided us with deep insight into the
gating mechanisms of the MET channel. Two aspects in
particular need further study: pore lining principle and gat-
ing principle. Based on the evidence presented by Pan et al.
[67], a more detailed analysis needs to be done by geneti-
cally engineering TMC1. The discovery reported by Jia
et al., that CmTMCI could be reconstructed in liposomes
with mechanotransduction capability [71], need to be fol-
lowed by systematic structure—function analysis in cell lines.
A recent study on worms suggests that Ankyrin is likely
the intracellular spring for the channel gating [125], which
mirrors an anticipated tethering model of the MET chan-
nel gating mechanism from mammals (Fig. 2a). However,
whether mammals use a similar isoform remains to be veri-
fied. Another question is how the gating force is transmitted
to the channel pore, while maintaining the ultrafast speed
of kinetics. The force may be simply conducted by stretch
between the extracellular spring (tip link) and intracellu-
lar spring. For the well-studied mechanosensitive channels

Piezos, they work as a single molecule but with much slower
gating kinetics [132]. Thus, the question of how the MET
complex uses such a large set of proteins to fulfill the trans-
duction requirement at a microsecond timescale remains to
be answered.
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