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The TMC1 channel was identified as a protein essential for hearing in mouse and human, and
recognized as one of a family of eight such proteins in mammals. The TMC family is part of a
superfamily of seven branches, which includes the TMEM16s. Vertebrate hair cells express
both TMC1 and TMC2. They are located at the tips of stereocilia and are required for hair cell
mechanotransduction. TMC1 assembles as a dimer and its similarity to the TMEM16s has
enabled a predicted tertiary structure with an ion conduction pore in each subunit of the
dimer. Cysteine mutagenesis of the pore supports the role of TMC1 and TMC2 as the core
channel proteins of a larger mechanotransduction complex that includes PCDH15 and

LHFPL5, and perhaps TMIE, CIB2 and others.

ince the first characterization of the hair cell

mechanotransduction current in the 1970s, a
central quest has been to identify the protein(s)
constituting the conductance. Over the years,
many proteins have been suggested as transduc-
tion channel candidates, often with substantial
supporting evidence, but most have been shown
to be not essential for transduction when their
genes were disrupted. Two proteins, TMCI and
TMC2, are essential, but their role was confused
by the emergence of another mechanosensitive
conductance in hair cells (mediated by PIEZO2)
when TMC1 and TMC2 are deleted. Recent ev-
idence from several laboratories now supports a
role for TMC1 and TMC2 as core proteins of a
mechanotransduction complex and has sug-
gested a tertiary structure with independent
pores in a dimeric channel. Here, we review

the function of TMC channels from the early
mouse mutants to the first glimpse of a molec-
ular structure.

THE DISCOVERY OF TMC1 FROM
HEREDITARY DEAFNESS IN MOUSE
AND HUMAN

The cloning of genes mutated in hereditary deaf-
ness, in both mice and humans, has led to the
identification of a great many protein constitu-
ents of the hair cell mechanotransduction com-
plex. Similarly, the discovery of TMCl—and by
homology, TMC2—came from both deaf mice
and deaf humans. In 1958, Deol and Kocher
(1958) described a new deaf mouse, the deafness
(dn) strain, with recessive inheritance. Steel and
Bock (1980; Bock and Steel 1983) showed that it
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lacked a cochlear microphonic and that its hair
cells, present but distorted in neonatal mice, de-
generated over the next 2-6 weeks.

Within a few years, human siblings were
identified at a school for the deaf in Maharashtra,
India, which led to an extended family with
recessive deafness linked to 9qll-q21 (DFNB7;
Jain et al. 1995). This region of the human ge-
nome is syntenic to the mouse dn locus, and Jain
et al. suggested that the dn mouse could be a
good model for the human DFNB7. The reces-
sive human deafness DFNB11 also maps to the
same locus. Kurima et al. (2002) then identified
a family with dominant, progressive deafness
(DENA36) in the same interval (9q13-q21)
as DFNB7/11. Positional cloning with the
DFNA36 and DFNB7/11 families revealed path-
ogenic variants in a new gene that Kurima et al.
named transmembrane channel-like (TMC) 1,
for the six or more predicted transmembrane
domains. Analysis of similar sequences in the
genome showed a closely related gene, TMC2.
Kurima et al. (2002) also demonstrated that the
deafness mouse carries a 1656-bp deletion in
Tmcl. Finally, a companion paper (Vreugde
et al. 2002) reported a new ENU-generated
mouse mutant with dominantly inherited deat-
ness named Beethoven (Bth), and showed it to
have a missense mutation (M412K) in the Tmcl
gene. In these landmark papers, the confluence
of both recessive and dominant mutations in
both mouse and human TMCI set the stage
for elucidation of TMC1 function, but the path
was not to be easy.

THE TMC/TMEM16 SUPERFAMILY

The following year, both Griffith (Kurima et al.
2003) and Heller (Keresztes et al. 2003) used
database searches and reverse transcription po-
lymerase chain reaction (RT-PCR) to show that
TMC1 and TMC2 belong to a protein family
with eight members in mammals and additional
homologs in other vertebrates and invertebrates.
They predicted up to ten transmembrane do-
mains based on hydrophobicity. A common
feature of the family is the TMC domain, corre-
sponding to amino acids 512-627 in mmTMCl1
(UniProt ID: Q8R4P5). It begins with very

highly conserved amino acids cysteine, trypto-
phan, glutamic acid, and often threonine—the
signature CWET sequence.

Based on limited sequence similarity, Hahn
et al. (2009) suggested that the TMC family is
related to the family of ion channels and lipid
scramblases called anoctamins or TMEM16s.
There are ten TMEM16s in mammals (ANO1-
10 or TMEM16A-K). A phylogeny tree derived
from an alignment of vertebrate TMC and
TMEM16 sequences (Pan et al. 2018) is shown
in Figure 1A. Based on the TMC domain, the
PFAM database identifies a third group, the os-
mosensitive calcium-permeable, stress-sensitive
cation channel (CSC) family (pfam.xfam.org/
family/PF07810#tabview=tab2). Medrano-Soto
et al. (2018) then expanded the family with an
iterative sequence search, identifying four more
branches that they designated ANO-like (ANO-
L or TMEM16-L), TMC-like (TMC-L), CSC-
like 1 (CSC-L1), and CSC-like 2 (CSC-L2) (Fig.
1B). Three motifs, found in transmembrane do-
mains S1, S4-S5, and S7-S8, link the three fam-
ilies. The first, in S1, is of unknown functional
significance. A second maps to S4 and S5, which
form part of the groove for lipid scrambling in
the Nectria lipid scramblase nhTMEM16 and
the pore in the mouse chloride channel
mmTMEMI16A (Whitlock and Hartzell 2016;
Jiang et al. 2017). The most conserved motif
maps to residues in the S7-S8 region, which in-
cludes calcium-binding residues in TMEM16.
Because atomic structures for nhnTMEM16 and
mmTMEMI16A have been solved, the homology
among families, distant though it is, has provid-
ed considerable insight into the structure and
function of TMCI1 (see below).

EXPRESSION AND LOCATION OF
MAMMALIAN TMC1 AND TMC2

In vertebrates, Tmcl and Tmc2 are expressed by
hair cells of the inner ear (Kawashima et al.
2011) and of the lateral line in fish (Chou et al.
2017). Tmcl is expressed in other organs as well
such as brain, eye, and colon (Keresztes et al.
2003). In the inner ear, the temporal expression
profile differs for the two genes and differs
among auditory and vestibular end organs. In

2 Cite this article as Cold Spring Harb Perspect Med 2019;9:a033506


http://pfam.xfam.org/family/PF07810#tabview=tab2
http://pfam.xfam.org/family/PF07810#tabview=tab2
http://pfam.xfam.org/family/PF07810#tabview=tab2
http://pfam.xfam.org/family/PF07810#tabview=tab2

fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

www.perspectivesinmedicine.org

A hsTMC2
hsTMC1

hsTMC7
TMC

hsTMC4

hsTMC8

hsTMC6
hsTMC5

CSC-L2

CSC-L1

TMC-L

T™MC

TMEM16-L

TMC Channels in Inner Ear Hair Cells

hsTMEM16H

hsTMEM16K

hsTMEM16J
hsTMEM16G

TMEM16
hsTMEM16E
hsTMEM16F

hsTMEM16C
hsTMEM16D

hsTMEM16A
hsTMEM16B

nhTMEM16

CcscC

0.5

TMEM16

Figure 1. Phylogeny of the TMC and TMEM16 families. (A) An unrooted phylogeny tree of the TMC and
TMEM16 families, derived from an alignment of vertebrate TMCs and mammalian TMEM16s. Only Nectria and
human orthologs are shown here. Within the TMC branch, TMC1-3 cluster in a distinct subfamily. (B) The
TMC/TMEMI16 superfamily. (Panel B based on data in Medrano-Soto et al. 2018.)

the cochlea, Tmc2 messenger RNA (mRNA)
expression begins to rise at the base around birth
and at the apex around postnatal day 2 (P2).
Tmc2 expression peaks during the first postnatal
week and declines to near zero by postnatal day
10. As Tmc2 expression declines, Tmcl expres-
sion begins to rise and its expression is main-

tained into adulthood (Kawashima et al. 2011).
In the vestibular organs, Trmc2 mRNA expres-
sion also precedes the expression of Tmcl, but
both Tmcl and Tmc2 are expressed in mature
vestibular hair cells. In both auditory and ves-
tibular organs, the spatiotemporal expression
pattern of Tmc2 is tightly correlated with the
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spatiotemporal onset of mouse hair cell mecha-
nosensitivity (Géléoc and Holt 2003; Lelli et al.
2010; Kawashima et al. 2011).

Appearance of the TMC1 and TMC2 pro-
tein parallels that of the mRNA (Kurima et
al. 2015). Using fluorescently tagged TMCs
in knockin mice, Kurima et al. demonstrated
protein localization at the tips of shorter row
stereocilia in inner and outer hair cells, the
same region where calcium indicators suggested
hair cell transduction channels are located
(Beurg et al. 2009). TMC2 protein peaked dur-
ing the first postnatal week, was transiently co-
localized with TMCI, and then declined. The
rise of TMC1 localization at the tips of hair
cell stereocilia paralleled, but preceded, the on-
set of auditory function in mice by a few days.
The significance of this developmental shift in
expression from TMC2 to TMC1 is unclear, but
seems necessary for normal auditory function,
as forced expression of TMC2 cannot compen-
sate for loss of expression of TMC1 in auditory
hair cells (Asai et al. 2018; Nakanishi et al. 2018).

MECHANOTRANSDUCTION CURRENT
MEDIATED BY TMC1 AND TMC2

In addition to the difference in the spatiotem-
poral expression profile, physiological evidence
suggests that TMCI1 and TMC2 play distinct
roles. Mouse hair cells that express just TMC1
or just TMC2 have sensory transduction cur-
rents with different calcium selectivity (Kim
and Fettiplace 2013; Pan et al. 2013; Corns et
al. 2017). With TMC2 alone, selectivity for cal-
cium is approximately sixfold higher than for
cesium, whereas with TMC1 alone, selectivity
for calcium is only two- to threefold higher.
Transduction currents are larger in auditory
hair cells that express TMC2. Together with the
higher calcium selectivity of TMC2, cells ex-
pressing TMC2 may be challenged with a signifi-
cantly higher calcium influx. In vestibular or-
gans, which do not have a large endocochlear
potential, the driving force on calcium is lower,
which may permit persistent expression of
TMC2 into adulthood, whereas the endoco-
chlear potential in the cochlea may necessitate
the developmental switch in TMC expression to

channels with lower calcium permeability (Asai
et al. 2018; Nakanishi et al. 2018). Whether
greater calcium selectivity has any secondary
consequences for hair cell function is not known.
However, it is clear that cells lacking the proper
TMCI1 and TMC2 expression fail to acquire a
number of physiological properties that typify
mature hair cells (Marcotti et al. 2006; Nakanishi
etal.2018), suggesting that disruption of calcium
signaling pathways in TMC mutant hair cells
may prevent normal development.

A key property of any ion channel is its sin-
gle-channel conductance. While there is agree-
ment that single-channel conductance for the
mechanotransduction current varies along the
length of the cochlea and among cochlear hair
cells expressing TMC1 or TMC2, the amplitude
is controversial. In part, the controversy may be
a result of the difficulty of estimating sin-
gle-channel current levels in the whole-cell con-
figuration, where numerous endogenous ion
channels are also active. The Fettiplace group
has focused on a technique for destroying all
tip links in a hair bundle except one, and then
using a fluid jet to stimulate the one remaining
tip link and its associated channel. Examination
of closed-to-open transitions has yielded esti-
mates of single-channel conductance that range
from 50 pS (Beurg et al. 2018) to 260 pS (Beurg
et al. 2006). They have argued that multiple
channels may be simultaneously gated to appear
as a single-channel opening and that a gradient
of TMC1 expression in outer hair cells along the
cochlea—and a gradient in the number of cou-
pled channels per tip link—may account for the
broad range of apparent single-channel conduc-
tances (Beurg et al. 2018).

Using two alternate methods in inner hair
cells expressing just TMC1, the Holt group re-
ported relatively uniform single-channel con-
ductances of ~140 pS (Pan et al. 2013, 2018).
In one case, fine-tipped stimulus probes were
used to deflect single inner hair cell stereocilia
(Pan et al. 2013), while for the other method,
nonstationary noise analysis of whole-cell cur-
rents was used to estimate single-channel cur-
rents (Pan etal. 2018). That the two independent
methods yielded similar results lends support
for the reported values. However, reconciliation

4 Cite this article as Cold Spring Harb Perspect Med 2019;9:a033506



fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

Voo’

www.perspectivesinmedicine.org

of the values reported by the Holt and Fettiplace
groups may require more conventional methods
of recording single-channel events in an excised
patch of membrane that includes just one chan-
nel, which in turn may depend on membrane
expression and gating of TMC1 in heterolog-
ous cells.

TMC1/2-BINDING PARTNERS AND THE
MECHANOTRANSDUCTION COMPLEX

The proper targeting of TMC1 and TMC2 to
the tips of hair cell stereocilia, as well as their
functional integrity as pore-forming channel
subunits, depends critically on their working
partnership with a number of other essential
proteins (see also Cunningham and Miiller
2018). Some may be essential for targeting, and
others for function. Like TMCI, genes encoding
these partners are often deafness genes as well.

PCDH15

Constituting the tip links between stereocilia,
protocadherin-15 (PCDH15) and cadherin-23
(CDH23) proteins feature long extracellular do-
mains with multiple extracellular cadherin (EC)
repeats. They each form parallel dimers and bind
to each other at their amino-termini to form the
tetrameric tip link (Pickles et al. 1984; Kachar
et al. 2000; Kazmierczak et al. 2007; Sotomayor
et al. 2012; Dionne et al. 2018). PCDH15 and
CDH23 are both products of Usher syndrome
genes, producing both deafness and blindness
when mutated (Ahmed et al. 2006; Alagramam
et al. 2001a,b). According to the gating-spring
model of mechanotransduction (Corey and
Hudspeth 1983; Howard and Hudspeth 1988),
the tension in the tip link directly modulates the
opening of the mechanotransduction channels.
Indeed, at the lower end of the tip link, PCDH15
interacts directly with TMCl and TMC2
(Maeda et al. 2014), as well as with other channel
components (Fig. 2) (Beurg et al. 2015b).

Hair cells express several different splice
forms of PCDH15, which differ in their cyto-
plasmic domains. There are three classes of cy-
toplasmic isoforms (CD1-3; Ahmed et al. 2006).
Mice lacking PCDHI15-CD1 or PCDHI5-

TMC Channels in Inner Ear Hair Cells
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TMIE <> LHFPL5 <> PCDH15 <> TMC

TOMT  CIB2

° M

PCDH15

Figure 2. Possible schematic of the hair cell mechano-
transduction apparatus. (A) Reported interactions
among six proteins essential for mechanosensory
transduction in hair cells. (B) A possible arrangement
of proteins within the transduction apparatus. TMC1
and PCDHI15 are both dimers, so it is attractive to
suppose that there is a one-to-one relationship be-
tween them, with one PCDH15 opening the pore in
one TMC subunit of the dimeric channel. In addition,
PCDH15 and LHFPLS5 can form a tetrameric complex
(Geetal.2018) so LHFPL5 may also be near the dimer
interface, rather than as depicted. There is little infor-
mation about stoichiometries for the other proteins of
the complex, nor is it known which are part of a
mature complex and which are only necessary for
assembly.

CD3 maintain hearing, whereas mice lacking
PCDHI15-CD2 are deaf (Webb et al. 2011). On
the other hand, in mice lacking any of the three
isoforms, tip links are observed at postnatal day
1 (P1), suggesting no isoform is indispensable
for tip-link formation (Webb et al. 2011). Using
antibodies generated against peptide sequences
unique to each isoform, Ahmed et al. (2006)
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reported that PCDH15-CD2 is intensely labeled
in early stages of development but is completely
undetectable in mature hair bundles, suggesting
that its role may be developmental. In contrast,
PCDHI15-CD1 is distributed evenly among the
length of auditory stereocilia but excluded from
the tips, and CD3 is specifically localized to the
tips of stereocilia, except for the tallest row (Ah-
med et al. 2006). Consistent with the hypothesis
that CD3 may be the mature, lower tip-link pro-
tein, the distribution of PCDH15-CD3 but not
CD1 or CD2 is rapidly affected by calcium che-
lation, which is known to break tip links. Using a
different set of antibodies, on the other hand,
Pepermans et al. (2014) demonstrated the pres-
ence of PCDH15-CD2 on the tips of stereocilia
in mature hair cells and argued that PCDH15-
CD2 is the only essential isoform in mature au-
ditory hair cells.

Using a two-hybrid screen, Maeda et al.
(2014) reported interactions between zebrafish
orthologs of TMCs and PCDH15. Their bait
vectors were truncated versions of PCDH15a-
CD1 or PCDH15a-CD3, containing the trans-
membrane domain and the full cytoplasmic
domain, and they identified the TMC2a amino-
terminus as interacting. Similarly, Beurg et al.
(2015b) found that both mouse TMCI and
TMC2 expressed in HEK cells coimmunopreci-
pitated with all three forms of PCDHI5.

TMHS/LHFPL5

TMHS (tetraspan membrane protein of hair cell
stereocilia), now known as LHFPL5 (lipoma
HMGIC fusion partner-like 5, where HMGIC
[high mobility group protein I-C], now known
as HMGAZ2), is an essential protein for mecha-
notransduction (Longo-Guess et al. 2005; Xiong
etal. 2012) and is mutated in DFENB67 deafness.
The protein encoded by LHFPL5 is a member of
a superfamily of tetraspan proteins, which in-
cludes the claudin tight junction proteins, gap
junction proteins, and peripheral myelin pro-
teins. LHFPLS5 is located at stereocilia tips but
also near the shaft and ankle links. By the onset
of hearing, LHFPL5 localization shows a gradual
refinement to the tips of the shorter stereocilia
(Mahendrasingam et al. 2017). In the absence of

PCDHI15, LHFPL5 fails to localize to the tips
(Mahendrasingam et al. 2017).

LHFPL5 interacts with the transmembrane
and cytoplasmic domain common to all three
PCDHI15 isoforms (Xiong et al. 2012). It has also
been shown to be essential for targeting of
TMCI but not TMC2 (Beurg et al. 2015b). Al-
though Beurg et al. (2015b) did not observe in-
teraction between LHFPL5 and TMCl1, it would
be important to examine this more comprehen-
sively. It is interesting that both LHFPL5 and
TMCI1 are proposed to bind to the same cyto-
plasmic domain of PCDH15 and might mediate
formation of a ternary complex.

TMIE

The TMIE (transmembrane inner ear) protein is
similarly essential for hearing and was also iden-
tified through positional cloning of deafness
genes in mice (the spinner mouse; Deol and
Robins 1962; Mitchem et al. 2002) and humans
(DENB6; Naz et al. 2002). The spinner mouse
has malformed stereocilia bundles and no audi-
tory brainstem response; a zebrafish mutant of
TMIE also lacks hearing (Gleason et al. 2009).
In searching for additional components of the
mechanotransduction machinery of hair cells,
Zhao et al. (2014a) performed yeast two-hybrid
screens with proteins including LHFPLS5,
PCDHI5, and TMC1. TMIE was identified as
a binding partner for LHFPL5 and PCDH15.
Biochemical data show that TMIE binds to the
unique carboxy terminus of PCDHI15-CD2.
TMIE was also reported to interact with all three
PCDHLI15 isoforms through its interaction with
LHFPL5. The relationship of TMIE to TMC1/2
is currently unclear. TMIE does not bind to
TMC1/2, and the localization of TMC1/2 in ste-
reocilia does not appear to be affected in mouse
hair cells lacking TMIE (Zhao et al. 2014a).
Thus, the mechanism by which TMIE affects
transduction remains to be established.

CiB2

Calcium and integrin-binding protein 2 (CIB2)
is essential for hearing and mutant forms are as-
sociated with nonsyndromic deafness (DFNB48)
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and Usher syndrome type 1] (USH1J) (Riazud-
din et al. 2012; but see Booth et al. 2018). Ca*"
binds CIB2 to induce a conformational change.
CIB2 was shown to localize to stereocilia but
its Ca** sensing role there is not clear. CIB2
binds to both TMCI1 and TMC2, and these in-
teractions are disrupted by deafness-causing
mutations in CIB2 (Giese et al. 2017). The ami-
no-terminal domain of TMCI is essential for
this interaction (Giese et al. 2017). Importantly,
CIB2 is not essential for the localization of
TMCI1/2 or PCDH15 (Giese et al. 2017).

TOMT

The transmembrane  O-methyltransferase
(TOMT/LRTOMT) gene is mutated in nonsyn-
dromic deafness DFNB63 (Ahmed et al. 2008).
In HEK293 cells, mouse TOMT and TMCI can
directly interact and, in hair cells, TOMT is re-
quired for proper localization of TMCI1 and
TMC2 (but not LHFPL5, TMIE, or PCDH15)
(Cunningham et al. 2017; Erickson et al. 2017).
In hair cells, moreover, TOMT is localized in the
soma, suggesting it is not part of the transduc-
tion complex itself. These suggested that TOMT
was an essential accessory protein, mediating
TMC transport to the plasma membrane. In
HEK293 cells, however, TOMT alone is not suf-
ficient to regulate the transport of TMC1 and
TMC2 to the cell membrane.

PREDICTED MOLECULAR STRUCTURE
OF TMCS

Pan et al. (2018) used a variety of methods, in-
cluding chemical cross-linking, nonreducing
gels, size-exclusion chromatography/multi-an-
gle light scattering, and low-resolution cryoelec-
tron microscopy (cryo-EM), to show that TMC1
assembles as a dimer. Together with sequence
similarity (Hahn et al. 2009; Medrano-Soto et al.
2018) and a predicted topology of 10 trans-
membrane domains (Pan et al. 2018), this stoi-
chiometry suggested that TMCs are similar to
the TMEM16 family of ion channels and lipid
scramblases. Similarly, algorithms that identify
homologs through iterative sequence similarity
searches, such as the Phyre2 and I-TASSER

TMC Channels in Inner Ear Hair Cells

servers (Kelley et al. 2015; Yang and Zhang
2015), consistently identify the TMEM16s as
the family of proteins with known structures
closest to TMCs. Structures of two TMEM16
family members have been solved, the Nectria
hematococca nhTMEM16 scramblase and the
mouse mmTMEMI6A anion channel (Brun-
ner et al. 2014; Dang et al. 2017; Paulino
et al. 2017a,b). Both Phyre2 and I-TASSER
then threaded the TMC query sequence onto
the known mmTMEMI16A structure to create a
predicted tertiary structure of a TMC (Fig. 3)
(Pan et al. 2018). Ballesteros et al. (2018) also
recognized the similarity to the TMEM16 fam-
ily and, using similar tools, suggested a possible
structure.

Like the structures of TMEM16s, the pre-
dicted structure of TMCI shows a dimeric chan-
nel with 10 transmembrane domains (S1-S10)
and intracellular amino- and carboxyl-termini
in each monomer. The tenth transmembrane
domain, S10, forms the relatively limited di-
merization domain. There are four extracellular
loops (the S7-S8 connector is a tight hairpin),
which have little sequence similarity between
TMCs and TMEM16s, and the modeling of
loops is not reliable. Four intracellular loops
are also not reliably predicted. Two conserved
cysteines, one in the CWET sequence in the
S5-56 loop and one in the S9-S10 loop, are close
enough to form a disulfide bond and these cys-
teines show coevolution in analysis of 3000+
TMC sequences, suggesting close apposition
(Pan et al. 2018).

Whitlock and Hartzell (2016) proposed that
the pathway for lipid head groups in scrambling
by TMEMI16s is the same as that for ion con-
duction in the TMEMI16s that are channels,
providing considerable insight into a possible
conduction pathway for TMCI. In striking con-
trast to better-known channels such as voltage-
gated K* channels or TRP channels, there is not
a central pore; instead, each subunit of the TMC
dimer has a distinct permeation pathway,
bounded by $4, S5, S6, and S7, that faces the lipid
(Fig. 3). It is not clear whether the pore is
completely bounded by these helices, or bound-
ed in part by other proteins like TMIE, or ex-
posed to the lipid membrane.
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Figure 3. Predicted secondary and tertiary structure of TMCI. (A) Predicted secondary structure of TMCI.
Transmembrane domains assigned by I-TASSER and Phyre2 are based on amino acid similarity to TMEM16A
and solved structures of mmTMEMI16A and nhnTMEM16. Helix and coiled-coil predictions from PSSpred (Yan
et al. 2013). (Reprinted from Pan et al. 2018 with permission from the authors.) (B) Tertiary structure of the
dimeric TMCI1 predicted by I-TASSER. The two subunits are colored blue and gray; the view is from within
the plane of the membrane. The S10 transmembrane domains form the dimer interface. Within the blue subunit,
the predicted pore-forming helices, $4-S7, are purple. The intracellular and extracellular loops are not well
conserved with TMEM16 and are not well modeled by I-TASSER. Arrows show the predicted permeation
pathway in each subunit. (C) Predicted arrangement of transmembrane helices; view from outside the cell.
The red dot indicates the general region of the predicted pore. (D) Predicted arrangement of transmembrane
helices; view from the plane of the membrane. Transmembrane helices S4-S7 form a groove that lines the pore.
Most mutations in pore-facing residues of S4-S7 affect amplitude, single-channel conductance, or selectivity of
the transduction current (Pan et al. 2018).

Sotomayor and colleagues (Pan et al But TMEM16A and B are anion channels,

2018) used molecular dynamics simulations of
the predicted TMC1 structure embedded in the
lipid membrane and surrounded by saline
to probe accessibility of the putative pore. In a
100-nsec simulation, water molecules were
found in the S4-S7 groove as well as potassium
ions, suggesting that this region can be a perme-
ation pathway for cations. The simulation wastoo
short to show complete traversal of the pore by
potassium.

whereas TMC1 and TMC2 mediate cation
permeability. What differences between them
might account for the difference in selectivity?
The predicted extracellular S3/4 loops of TMCs
1, 2, and 3 contain a conserved glutamate resi-
due (E399 in mouse TMC1), which bears a neg-
ative charge and is not present in TMEM16s.
Similarly, the S5/6 loop has two acidic (negative)
residues, E514 and E520, that occur in almost all
TMCs but not in TMEM16s. TMCI has three

8 Cite this article as Cold Spring Harb Perspect Med 2019;9:a033506



fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

Voo’

www.perspectivesinmedicine.org

more acidic residues in the S3/4 loop (E386,
D391, and D393), although these are less con-
served. These might attract cations to a channel
vestibule to increase conductivity as do certain
acidic residues in the vestibule of TRPA1 (Chris-
tensen et al. 2016). We calculated the electrostat-
ic potential near the outer pore of TMEM16A
and the putative pore of TMCI and found
that the potential is tens of millivolts more neg-
ative for TMC1 than for TMEM16A (N Akyuz,
unpubl.), which would tend to attract cations
over anjons. Finally, TMC1 S6 contains two
acidic residues (D528 and D540) that are not
in TMEM16s, which might ease cation passage
through a pore.

If negatively charged residues facilitate cat-
ion flux through TMCI1 channels, positively
charged residues should inhibit cation flux. In-
deed, the mutant Beethoven mouse line (Bth)
(Vreugde et al. 2002) shows dominant progres-
sive hearing loss; it carries a single missense mu-
tation in mmTMCI1 (M412K) that is situated
near the middle of putative S4. Bth homozygous
mice show lower single-channel conductance
and lower selectivity for Ca** than do wild-type
(Pan et al. 2013). M412 faces the putative pore,
and placement there of a large, positive lysine
side chain would be expected to impede passage
of cations, especially divalent cations. Similarly,
the same mutation at the orthologous position
in human (M418K) (Zhao et al. 2014b) causes
the dominantly inherited deafness DFNA36.

EVIDENCE THAT TMCs ARE PORE-
FORMING SUBUNITS

TMC1 meets a number of criteria required for
molecular components of the hair cell transduc-
tion channel. Expression of TMC1 or TMC2 is
an absolute requirement for hair cell sensory
transduction (Kawashima et al. 2011; Pan et al.
2013). Both the mRNA and the protein are ex-
pressed at the right time and in the right place to
mediate hair cell transduction (Kawashima et al.
2011; Kurima et al. 2015). A single-point muta-
tion (Bth: M412K) in TMCI alters ionic selec-
tivity (Pan et al. 2013: Beurg et al. 2015a; Corns
et al. 2016). Two different TMCI mutations
(M412K, D569C) alter binding affinity for the

TMC Channels in Inner Ear Hair Cells

pore blocker dihydrostreptomycin (Corns et al.
2016; Pan et al. 2018).

Despite the growing body of evidence that
supports TMCI as a component of the hair cell
transduction channel, an important criterion re-
mains unfulfilled: reconstitution of TMCI1 chan-
nels and mechanosensitivity in a heterologous
cell. Because TMCI1 does not traffic to the mem-
brane in heterologous cells, Pan et al. (2018)
adopted an alternate strategy. They used native
hair cells of Tmcl/Tmc2-null mice, which lack
transduction current, and reintroduced Tmcl
bearing individual cysteine substitutions at 17
different sites predicted to be in or near the
channel pore. Sixteen of the substitutions yield-
ed viable transduction currents. The mutations
themselves or exposure to cysteine modification
reagents reduced calcium selectivity (11 sites),
whole-cell transduction current (five sites), and
single-channel current (three sites tested). Be-
cause these are core permeation properties inti-
mately associated with an ion channel pore, the
affected sites must be part of the pore of TMC1
channels. Furthermore, because the effects of
cysteine modification were protected by channel
closure using negative hair bundle deflections or
open-channel blockers, the alternate explana-
tion that these sites are on the outside of the
channel and cause an allosteric or conforma-
tional change in the channel complex that indi-
rectly alters the channel pore can be dismissed.
Given the large body of evidence, it is hard to
support alternate interpretations that do not in-
clude TMCI1 as part of the ion channel pore in
hair cell sensory transduction channels.

The location of the cysteine substitutions
examined by Pan et al. (2018) are also consistent
with the proposed TMEMI16-based structure
for TMCI. Sixteen cysteine mutations are at
sites within S4, S5, S6, and S7, supporting the
prediction that these transmembrane domains
form the pore. Whether helices S4-S7 form the
entire pore is not yet clear. If reconstitution of
hair cell-like mechanosensitivity in a heterolo-
gous system eventually proves successful, it will
likely require expression of TMC1 in the correct
lipid environment, coexpression with the cor-
rect binding partners, scaffold proteins, and
chaperones.
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IMPLICATIONS FOR A
MECHANOTRANSDUCTION COMPLEX

Arrangement within a Complex

The lower end of the tip link is composed of a
homodimer of PCDHI15 (Kachar et al. 2000;
Ahmed et al. 2006; Kazmierczak et al. 2007;
Dionne et al. 2018), and graphical representa-
tions of the transduction apparatus often depict
the two PCDHI5 strands each binding to dis-
tinct channel complexes (Kazmierczak and
Muller 2012; Fettiplace 2016). The dimeric
structure of TMCI instead suggests the attrac-
tive possibility that a dimer of PCDH15 associ-
ates with a dimer of TMCI1 or TMC2. In this
arrangement, each monomer of PCDH15 would
bind to each TMC monomer (Fig. 2B) to regu-
late the opening of one pore (Pan et al. 2018).

Gating

A central question for any force-gated ion chan-
nel is to understand the conformational change
associated with gating. The hair-cell transduc-
tion channel has a particularly large gating
movement of 4 nm or more (Howard and Hud-
speth 1988; Cheung and Corey 2006). Although
this increases sensitivity (with a gating move-
ment of 4 nm, a force of just 1 pN would lower
the relative energy of the channel open state by
~1 KkT), it is large compared to the size of the
protein. However, for TMEM16s, comparison
of different structures suggests a possible gating
movement of ~1 nm at the outer end of S4 and a
large shift in the intracellular end of S6 by 3-4
nm (Brunner et al. 2014; Jiang et al. 2017; Pau-
lino et al. 2017a; Peters et al. 2018). It may be
that a similar shift underlies gating in TMCI.
Moreover, a shift in the outer end of S4 is con-
sistent with a gate for the hair-cell transduction
channel that is outside the binding site for
charged blockers (Marcotti et al. 2005).

Are the two pores gated simultaneously or
independently? Opening of one TMC1 mono-
mer would relieve tension in its associated
PCDHI5 filament, which would transfer ten-
sion to the partner PCDH15, increasing the like-
lihood that the partner TMC1 subunit would
open. Thus, gating might be highly cooperative.

Most published single-channel current records,
obtained by cutting all but one tip link, do not
show two-step openings, suggesting that if pores
are gated separately, a second opening must fol-
low in a very short time.

Conductance

How do these gating scenarios affect electro-
physiological estimates of single-channel con-
ductance? If TMC channel dimers include two
separate permeation pathways, it may be neces-
sary to define a single-pore conductance of the
monomer thatis halfthe single-channel conduc-
tance of the dimer. Pan et al. (2018) used noise
analysis to measure TMC1 single-channel cur-
rents of ~13 pA, corresponding to single-chan-
nel conductances of ~150 pS, consistent with
prior estimates (Beurg et al. 2006; Pan et al.
2013). Interestingly, Beurg et al. (2014, 2015a)
reported values for hair-cell sensory trans-
duction channels of ~6 pA, approximately half
those reported by Pan et al. If the Beurg et al.
values represent single-pore estimates and the
Pan et al. values represent single-channel values
for a TMCI dimer, it would reconcile the ap-
parent discrepancy. Last, because FRET exper-
iments showed that TMC1 can form heteromeric
dimers with TMC2 (Panetal. 2018), it suggests at
least three different dimeric configurations in
hair cells: TMC1 homodimers, TMC1-TMC2
heterodimers and TMC2 homodimers. If each
monomer has a distinct single-pore conduc-
tance, wild-type hair cells expressing both
TMCI1 and TMC2 may have at least three sin-
gle-channel conductance levels, consistent with
the Pan et al. (2013) data for early postnatal co-
chlear inner hair cells.

A remarkable feature of the mechanotrans-
duction channels studied in cochlear hair cells is
that their single-channel conductances increase
by almost threefold from the low-frequency to
high-frequency end of the sensory epithelium.
This persists in mice lacking TMC2 (Beurg et al.
2014) so it cannot be accounted for by hetero- or
homo-multimerization with TMC2. RNA edit-
ing or posttranslational modification may mod-
ify channel properties. It is interesting that mass
spectroscopy of purified hsTMC1 identified six
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phosphorylation sites (Pan et al. 2018); these
might play a role in tuning single-channel con-
ductance. Gradients in TMC1 expression level
may also account for the gradient of apparent
single-channel conductance along the length of
the cochlea if groups of channels open together
(Beurg et al. 2018).

Dominant Deafness in DFNA36

How would the mouse M412K and human
M418K mutations cause adominant phenotype?
Dominant mutations block function in otherion
channels in several ways. For instance, G285S is a
dominant mutation of the KCNQ4 potassium
channel (Holt et al. 2007), but in that case dom-
inant suppression is easy to understand; muta-
tion in a single subunit could disrupt permeation
through a single pore formed by all subunits—
including wild-type—of a tetrameric channel.
For TMC1, we argue that each monomer has
an independent pore, so it is not clear how a
mixture of mutant and wild-type subunits would
impair function. It is not simple haploinsuffi-
ciency, as hair cells from TMCI1""X® heterozy-
gotes are functional (Kawashima et al. 2011; Pan
et al. 2013). One possibility is a loss of function.
The Bth mutation causes a reduction in both
calcium selectivity (Pan et al. 2013; Beurg et al.
2015b; Corns et al. 2016) and single-channel
conductance (Pan et al. 2013), reducing net
Ca®" influx through Bth subunits to perhaps
10%-15% of normal. Heterozygotes would
have a little more than half the normal Ca** in-
flux. Because calcium entry provides a signal for
stereocilia growth and maintenance (Vélez-
Ortega et al. 2017), the reduction of Ca** influx
by almost half might not be sufficient to sustain
hair cells over the long term. Another is a gain of
function. It might be that hair cells with TMC1%"
channels have a higher resting open probability
because they have lower Ca®" entry. We previ-
ously found that point mutations in the DEG/
ENaC channels UNC105 and ASIC2a cause con-
stitutive opening, which leads to ion influx that is
eventually lethal to cells expressing those chan-
nels (Garcia-Afnoveros et al. 1998; Tannous et al.
2009). Similarly, a mutation in the TRPML3 ion
channel causes constitutive opening and death of

TMC Channels in Inner Ear Hair Cells

hair cells, causing a semi-dominant deafness in
the varitint-waddler (Va) mouse line (Grimm
et al. 2007; Nagata et al. 2008). It is possible
that TMC1M*** channels have higher resting
current that is eventually toxic to hair cells.

CONCLUDING REMARKS

It has been a long road from the discovery of the
deafness mouse in 1958, through the cloning of
the TMC1 gene in 2002 and the demonstration
that TMCI and TMC2 are essential for mecha-
notransduction in 2011, to a proposed structure
of a dimeric channel in 2018. Together with new
findings on the structures of associated proteins
such as PCDH15 and LHFPL5, we are entering a
new era of structure and function studies of the
hair cell transduction complex at an atomic lev-
el. This will involve the challenging task of un-
derstanding how half a dozen different proteins
bind to each other to form a transduction com-
plex and how force is transmitted through the
complex to open a pore. Nonetheless, it will be
extraordinarily exciting to finally understand
how this exquisite molecular machine actually
works.
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