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Abstract

Transmembrane channel-like (TMC) proteins 1 and 2 are necessary for hair cell
mechanotransduction but their precise function is controversial. A growing body of evidence
supports a direct role for TMC1 and TMC2 as components of the transduction complex. However,
a number of important questions remain and alternate hypotheses have been proposed. Here we
present an historical overview of the identification and cloning of Tmc genes, a discussion of
mutations in TMC1 that cause deafness in mice and humans and a brief review of other members
of the Tmc gene superfamily. We also examine expression of Tmc mRNAs and localization of the
protein products. The review focuses on potential functions of TMC proteins and the evidence
from Beethoven mice that suggests a direct role for TMCL1 in hair cell mechanotransduction. Data
that support alternate interpretations are also considered. The article concludes with a discussion
of outstanding questions and future directions for TMC research. This article is part of a Special
Issue entitled “Annual Reviews 2014”.
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Historical overview

Genetic hearing loss has been categorized as either syndromic, affecting auditory function
and at least one other bodily function, or non-syndromic, affecting auditory function alone.
Because non-syndromic hearing loss affects the ear alone, it has been reasoned that genes
that contribute to the unique mechanosensory function and cytoarchitecture of inner ear hair
bundles may be identified by screens for non-syndromic hearing loss genes. Indeed, over the
past twenty years this strategy has proven remarkably successful and has lead to the cloning
and identification of a number of non-syndromic hearing loss genes that are critical for
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normal hair cell function. One example is Transmembrane channel-like 1 gene (TMC1),
mutations in which cause dominant and recessive non-sydnromic hearing losses, DFNA36
and DFNB7/11, respectively (Kurima et al., 2002). Ironically, discovery of this essential hair
cell gene, which may encode a component of the mechanotransduction channel, actually
began over 55 years ago with one of the first descriptions of non-syndromic hearing loss in a
mouse model.

Deol and Kocher (1958) characterized a mouse line that lacked auditory startle reflexes
without other complications that they simply termed, deafness (dn). Although, their stimulus
was crude, striking forceps against a glass bottle, the lack of an ear twitch was obvious even
at the onset of hearing, postnatal day (P) 10 to P14 in control littermates. Despite the
profound deafness in the dn mice, Deol and Kocher (1958) reported normal hair cell
morphology until two weeks of age. Interestingly, they also reported a subtle vestibular
phenotype described as “a barely perceptible abnormality”.

Further characterization of the dn mouse line would await another 22 years, until Karen
Steel and Gregory Bock (1980) examined the mice electrophysiologically. Steel and Bock
reported complete lack of compound action potentials in the 8! cranial nerve in response to
sound stimuli that spanned the auditory frequency range for control mice (1-60 kHz) at ages
between P12 and P20. In a second assay, they measured cochlear microphonics, a measure
of the summed activity of hair cell receptor potentials and here again found a complete lack
of response across the same frequency and age ranges, suggesting the deficit may be due to
hair cell dysfunction, even as early as P12. For the third assay, they described a diminished
decay rate for the endocochlear potential under anoxic conditions suggesting disruption of
the normal pathway for recirculation of endolymph potassium. With these three lines of
evidence and remarkable foresight Steel and Bock (1980) concluded that since “mechanical
stimulation controls the opening of ion channels in the hair cell membrane...the most likely
explanation for the absence of the microphonics is that the ion channels are not opening
normally”. Confirmation of this notion would require another 30 years.

In the meantime, the dn mouse became a valuable animal model for human deafness as well
as for investigations into the consequences of peripheral quiescence on development of
central auditory pathways. Steel and Bock (1984) demonstrated normal spiral ganglion
neuron density and normal responses to electrical stimulation in young animals, suggesting
that although dn mice lacked sound evoked-activity, central pathways seemed to develop
normally at least during early postnatal stages. At the same time the search for the defective
gene in the dn mouse was well underway. Human geneticists identified that the autosomal
recessive non-syndromic hearing loss locus DFNB7/11 was mapped to human chromosome
9 and may affect an orthologous gene mapped to chromosome 19 in the dn mouse (Keats et
al. 1995). The search intensified as several novel genes within the DFNB7/11 interval were
identified (Greinwald et al., 1997), two of which were later dismissed due to a lack of
disease-causing mutations (Scott et al., 1998; 2000). In 2002 two groups, led by Friedman
and Griffith and by Avraham and Steel, converged upon a common answer, but from
different angles. The Friedman/Griffith group (Kurima et al., 2002) identified multiple
mutations scattered throughout the coding sequence of a novel gene named Transmembrane
cochlear-expressed gene 1 which was later renamed Transmembrane channel-like gene 1
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(TMC1). Both dominant (DFNA36) and recessive (DFNB7/11) TMC1 mutations were
identified in deaf patients. A 1.6 kb deletion in mouse Tmc1 was found to be causative
disruption in the dn mouse. In a companion paper the Avraham/Steel group (Vreugde et al.,
2002) identified a novel semi-dominant mutation that arose from an ENU mutagenesis
screen. The mutation, termed Beethoven (Bth), resulted in a methionine to lysine substitution
at amino acid position 412 in mouse TMC1. Together the two papers established a solid role
for TMC1 in auditory function in mice and humans.

Tmcl mutations in mice and men

Although the structure and function of TMC proteins are unknown, the location of
pathogenic TMC1 mutations may provide some clues about this novel family of proteins.
Hydropathy plots predict six to eight transmembrane domains (Kurima et al., 2002). Labay
et al. (2010) used epitope tags strategically placed in several regions of the human TMC1
sequence. Using the epitope-tagged versions expressed in heterologous cells and antibodies
directed against the epitopes, they predicted a TMC1 topology that includes six
transmembrane domains with a long N-terminus, three extracellular loops, a large
intracellular loop between transmembrane domain four and five and a short C-terminus
(Figure 1). Within the S4-S5 loop there are two highly conserved domains known as the
TMC domains. To date, 29 pathogenic mutations (Figure 1) have been identified in TMC1
that cause deafness in humans (Hilgert et al., 2008 and references there in; Sirmaci et al.,
2009; Brownstein et al., 2011; Diaz-Horta et al., 2012; Gao et al., 2013). Twenty-three are
located in coding regions and another six occur in non-coding regions and cause deletions or
affect splice sites. Of the 23 mutations in the TMC1 coding sequence, three are dominant
point mutations. G417R affects the human residue adjacent to the mouse Bth mutation
(M412K; Yang et al., 2010) and D572 seems to be a mutational hot spot with D572N or
D572H causing dominant-progressive deafness (Hilgert et al., 2009). The 26 recessive
mutations are linked to DFNB7/B11 while the three dominant mutations are associated with
DFNA36.

In mouse, five mutations have been identified in the Tmcl coding sequence (Figure 1), all of
which produce deafness. There are four recessive mutations and one dominant. The dn
mutation appears to cause congenital, recessive deafness while the Bth mutation causes an
early onset semi-dominant progressive deafness (\Vreugde et al., 2002).

The Tmc gene family

Tmcl is the founding member of the Tme superfamily and is present in genomes throughout
the animal kingdom ranging from model invertebrates such as fruitflies and round worms to
model vertebrates including zebrafish, frogs, chickens and mice, but is not present in plants
or yeast (Keresztes et al., 2003). Within the mammalian class, the Tmc1 gene is found in
species ranging from alpacas to apes including, opossums, dolphins, sloths, rodents, dogs,
cats and bats (Davies et al., 2012). The gene sequence is highly conserved, the TMC
domains in particular (Figure 1), suggesting strong selective pressure throughout animal
evolution. Invertebrates get by with just one or two Tmc genes, while mammalian genomes
include eight Tmc genes (Tmc1-8). The TMC domains are signature amino acid sequences
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present in all TMCs but are absent in non-TMC proteins. The structural and functional
significance of the TMC domains are unclear.

Figure 2 shows a dendrogram based on the amino acid sequences of all eight mouse and
human TMCs and includes the TMCs from several other model organisms. The sequences
have been clustered into three subfamilies that include TMCs 1-3, TMCs 5 and 6 and TMCs
4,7 and 8 (Keresztes et al., 2003). Gene duplication may account for some of the
redundancy within the subfamilies (Kurima et al., 2003). The mouse and human orthologs
share 75-95% amino acid sequence identity and there is 22-57% amino acid sequence
identity among TMC proteins encoded in the human genome (Kurima et al., 2003). The
highly conserved amino acid sequence — 95% for mouse and human TMC1 — suggests an
important function for these proteins. Indeed, normal auditory function, for which Tmcl is
necessary, has proven advantageous over the course of animal life on earth.

The expression pattern and function of other Tmc genes is not clear. The exception being
Tmces 6 and 8 which may have a role in zinc transport in cutaneous tissue (reviewed by
Lazarczyk and Favre, 2008).

TMC expression and localization in hair cells

Tmcl mRNA is expressed in inner and outer hair cells at P5 (Kurima et al., 2002) and at P15
(Vreugde et al., 2002) as shown by in situ hybridization. Tmc1l mRNA is also evident in P5
vestibular epithelia (Kurima et al., 2002), while Tmc2 mRNA signals can be detected in
vestibular organs at embryonic day 17 and in auditory hair cells as early as PO (Kawashima
etal., 2011). Mutai et al. (2005) showed expression of Tmc2 mRNA isolated from chicken
basilar papilla hair cells and Tmcl expression restricted to the basal region. To further
characterize Tmcl and Tmc2 expression patterns Kawashima et al. (2011) generated targeted
disruption constructs of these genes by replacing exons 8 and 9 or exon 7, respectively, with
an IRES LacZ construct. Expression of the LacZ reporter was evident in hair cells of
auditory and vestibular epithelia at P28. Interestingly, LacZ expression was strongest in
peripheral vestibular regions of Tmc1 mutants, while faint LacZ expression was evident
throughout the sensory epithelium of Tmc2 mutants. Together, these studies confirmed
expression of Tmcl and Tmc2 in auditory and vestibular hair cells from birth through the
end of the first month of age.

Localization of the Tmcl and Tmc2 protein products has proven more challenging. Although
Mutai et al. (2005) showed immunolocalization of TMC2 in the apical and lateral
membranes of chicken hair cells, this result could not be reproduced in mouse for technical
reasons. Kawashima et al. (2011) generated five antibodies that targeted the N-termini of
mouse TMC1 or TMC2, but none were found to be specific. The chicken TMC2 antibody
was directed against the C-terminus but its specificity was not confirmed due to a lack of a
chicken model that lacked TMC2 protein. As an alternate approach to immunolocalization,
TMC1::GFP and TMC2::GFP fusion constructs were generated and transfected into mouse
and rat hair cells, respectively. Punctate GFP fluorescence was evident in stereocilia tips of
transfected hair cells. Although less than ideal, localization of the fusion constructs in
stereocilia confirmed that TMC fusion proteins can be targeted to the site of hair cell
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transduction in exogenous expression experiments. Whether endogeneous TMCs are
localized at the site of hair cell transduction will require highly selective antibodies with
minimal background staining patterns.

Tmc function in mechanotransduction

Beginning with the initial studies of Steel and Bock (1980), it was clear that the dn mouse
lacked cochlear microphonic potentials, which arise from the summed electrical activity of
inner and outer hair cells. This result implicated a hair cell defect, but what? Marcotti et al.
(2006) tackled this question in a large study that examined hair cell physiology in both the
dn and Bth mouse models. However, for reasons that would not become clear for another
five years, a role for TMCL1 in hair cell transduction evaded detection. Marcotti et al. (2006)
correctly reported normal mechanotransduction in homozygous dn and Bth outer hair cells
excised from the cochlear apex at P6-P8. The transduction currents were similar to those of
heterozygous and wild-type controls which prompted the investigators to focus their search
elsewhere. They identified several physiological deficits in hair cell maturation at later
stages. Beginning in the second postnatal week both inner and outer hair cells failed to
acquire specific voltage-dependent currents and other mature phenotypes. They proposed
that the failure to mature electrophysiologically may have been the proximal cause leading
to hair cell degeneration. However, they also astutely pointed out that ion channel
expression can be regulated by calcium entry, which may provide a link between Tmcl
mutations, ion channel expression and eventual hair cell degeneration.

A missing piece of the puzzle, about which Marcotti et al. (2006) had little information, was
expression of the Tmcl ortholog, Tmc2. As identified by Kawashima et al. (2011), Tmc2
expression precedes Tmcl and appears to provide somewhat redundant functions.
Kawashima et al. (2011) found that expression of Tmc2, even in the absence of functional
Tmcl, is sufficient for hair cell mechanotransduction at early postnatal stages. Thus, wild-
type Tmc2 was available to compensate for mutant Tmcl in the Marcotti et al. (2006)
experiments. Using a quantitative RT-PCR approach (qPCR), Kawashima et al. (2011)
identified an expression switch in cochlear hair cells from Tmc2 to Tmcl at the end of the
first postnatal week. Tmc2 expression rises just prior to the developmental onset of hair cell
transduction — PO—P2 in mouse (Lelli et al., 2009) — peaks during the first postnatal week
and declines to very low levels around P8. In other words, robust Tmc2 expression during
the first week may have accounted for the large mechanotransduction currents recorded at
P6-P8 (Marcotti et al., 2006), despite the presence Tmcl mutations. At stages beyond P8
when Tmc2 expression declines and Tmcl expression rises, the consequences of the dn and
Bth mutations are evident. Indeed, Kim and Fettiplace (2013) showed a loss in
mechanotransduction during the second postnatal week in outer hair cells of dn mice. The
physiological significance of the developmental switch from Tmc2 to Tmcl in wild-type
mice is unclear.

What is clear, however, is that hair cells that lack both Tmc1 and Tmc2, lack conventional
mechanotransduction entirely (Kawashima et al., 2011; Pan et al., 2013; Kim et al., 2013).
Hair cells from Tmc1/Tmc2 doubly deficient mice lack conventional mechanotransduction,
regardless of organ, region, age or hair bundle stimulation method (Figure 3A). The data
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clearly show that expression of either Tmc1 or Tmc2 is required for conventional hair cell
transduction.

In a recent report, Kim et al. (2013) described a form of non-conventional or anomalous
mechanosensitivity that differs from conventional hair-cell mechanotransduction in a
number of respects. The anomalous mechanosensitivity does not require tip links or intact
hair bundles and differs in its sensitivity to antagonists, calcium permeability and single-
channel conductance. It also differs in its sensitivity to mechanical stimulation, being
activated by fluid jet stimuli of the opposite polarity to that of conventional
mechanotransduction, i.e., stimuli directed toward the tall edge of the bundle. Anomalous
mechanosensitivity has also been reported in hair cells of mice that expressed mutant tip-
link proteins, PCDH15 or CDH23 (Alagramam et al., 2011) and in hair cells with mutant
ankle link protein, VLGR1 (Michalski et al., 2007). Interestingly, the response does not
depend on expression of TMC1 or TMC2 as mutant mice that lacked wild-type Tmc1 and
Tmc2, retained anomalous mechanosensitivity. Based on these observations Kim et al.
(2013) proposed that TMC1 and TMC2 are not components of the conventional hair cell
mechanotransduction channel. However, since conventional mechanotransduction was
absent in Tmc1/2 double mutant hair cells (Kim et al., 2013) but anomalous
mechanosensitivity was retained, it could be argued that TMC1/2 expression is required for
the conventional but not the anomalous response. Whether there are any mechanistic or
molecular similarities between conventional and anomalous mechanosensitivity has not been
established.

Although the interpretations of Kim et al. (2013) and Pan et al. (2013) differ, both studies
showed that TMC1/2 double mutant mice lacked conventional mechanotransduction. They
were also in agreement that the biophysical properties of conventional transduction differed
in cells that expressed TMC1 relative to those that expressed TMC2. Pan et al. (2013) found
that hair cells that expressed TMC2 had large whole-cell transduction currents, large single-
channel currents (Figure 3B), high calcium permeability and slower adaptation relative to
cells that expressed TMC1 ( Pan et al., 2013). Kim and Fettiplace (2013) showed that outer
hair cells of dn mice, which presumably lack normal TMC1 function but expressed wild-
type TMC2, had higher calcium permeability than outer hair cells of mice that expressed
wild-type TMCL1 in the absence of TMC2. Although Kim et al. (2013) were in agreement
that single-channel conductance values differed between cells that expressed wild-type
TMC1 or TMC2, the values they reported were significantly smaller than those reported by
Pan et al. (2013) and smaller than those reported for conventional transduction in wild-type
animals (Géléoc et al., 1997; Ricci et al., 2003; Beurg et al., 2006). Together, the data
(Kawashima et al., 2011; Pan et al., 2013; Kim and Fettiplace, 2013 and Kim et al., 2013)
agree that expression of TMC1 and TMC2 affect several core biophysical properties of
conventional mechanotransduction in auditory and vestibular hair cells.

Beethoven provides a key

Both Vreugde et al. (2002) and Marcotti et al. (2006) reported normal transduction in hair
cells of Bth mice. However, since the data were obtained from apical hair cells at P6-P8, a
region and time in which wild-type TMC2 was likely available to compensate, Pan et al.
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(2013) chose to investigate the consequences of the Bth mutation (TMC1 p.M412K) in the
absence of TMC2 and crossed Bth mice with Tmcl/Tmc2 double knockout mice. Offspring
that expressed the Bth allele were profoundly deaf, had significant loss of inner hair cells
but, surprisingly, the inner hair cells had large mechanotransduction currents at P8 (Figure
4A-C), suggesting that the Bth mutation was not a loss-of-function or dominant-negative
mutation. Importantly, since transduction was retained, Pan et al. (2013) were able to
examine the biophysical consequences of the Bth mutation in the absence of wild-type Tmcl
and Tmc2. A number of mechanotransduction properties differed from those of mice that
expressed wild-type TMC1: single-channel currents were smaller; calcium selectivity was
significantly reduced (Figure 4D); calcium block through open transduction channels was
greater and adaptation was slower (Pan et al., 2013). Since a single point mutation altered
several biophysical properties intimately associated with ion channel permeation properties,
the parsimonious explanation was that TMC1 must be a component of the transduction
channel itself.

The Bth mutation did not affect the slope of the stimulus-response curve, suggesting that the
relationship between force and channel open probability was unaltered. Furthermore, this
relationship did not vary among cells that expressed TMC2, TMC1 or TMCL1 Bth. In other
words, TMC expression does not alter the properties of channel gating and sensitivity but
seems to affect permeation properties specifically. Because three of the properties that were
altered in Bth hair cells are associated with ion channel permeation, the mutation may reside
in the pore region or in close enough proximity to affect ion permeation.

The Bth mutation at amino acid 412 is in a predicted extracellular loop between the 3 and
4™ membrane spanning domains (Figure 1). Whether this region helps form the cation
permeation pathway is not clear. One intriguing possibility that fits nicely with the Pan et al.
(2013) data, is that the S3—S4 loop may form a vestibule at the mouth of the channel pore. If
so, the Bth mutation which swaps a neutral methionine residue for a positively charged
lysine may yield a charge screening effect. In other words, the positive charge of a single
lysine or a cluster of 3 to 4 positive charges — one lysine per channel subunit — at the mouth
of the pore may repel divalent cations and thus decrease the local concentration of calcium
such that both the single channel currents and the effective calcium permeability are
reduced. Whether this is indeed the case will require further structural information.

Although the data suggest TMC1 and TMC2 are components of the transduction channel,
there are alternate explanations that could account for the constellation of observations
reported thus far. TMC1 or TMC2 expression is clearly necessary for hair cell
mechanotransduction and a point mutation in TMC1 affects transduction channel
permeation properties. It is conceivable that TMC1 and TMC2 could serve as indispensable
protein subunits and that the Bth mutation alters the permeation properties of some other
pore-forming subunit. While plausible, this configuration seems less likely and is
unprecedented among known ion channels. TARP proteins have been shown to modulate
AMPA receptor permeation properties and Morgan and Barr-Gillespie (2013) suggested that
TMCs may perform an analogous function for the hair cell transduction channel. However,
TARPs are not essential subunits — AMPA receptors can function as ion channels in their
absence — whereas TMCs are clearly essential for transduction channel function.
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It does seem likely that other proteins may contribute the hair cell transduction channel
complex. Both known and unknown hair bundle components may interact with TMC1 or
TMC2. Known proteins required of normal transduction, such as PCDH15 (Kazmierczak et
al., 2007), TMHS (Xiong et al., 2012) or TMIE (Gleason et al., 2009), may interact with
TMCs to module hair cell transduction, yet functional interactions with TMC proteins is,
thus far, hypothetical. Nonetheless, since the hair cell transduction complex is a highly
specialized structure, identification of other molecular components and functional
interactions will require unconventional thinking and an unbiased perspective.

In addition to the biophysical changes caused by the Bth mutation, there were other
downstream consequences of the mutation. There was a statistically significant increase in
the number of transduction channels expressed in Bth inner hair cells (Pan et al., 2013).
Consistent with that observation, quantitative PCR analysis revealed an upregulation of
Tmcl mRNA levels which may explain the large transduction currents at the end of the first
postnatal week. However, it is difficult to reconcile the large currents at P8 with the loss of
inner hair cells and the profound deafness at the end of the first month of life. Perhaps these
physiologically relevant consequences may be the result of reduced calcium permeability in
hair cells that express the Bth mutation. If so, this hints at a possible mechanism for the
stunted hair cell maturation and eventual hair cell death reported by Marcotti et al. (2006)
and Pan et al. (2013). If hair cells employ calcium-dependent gene transcription
mechanisms, those mechanisms may be disrupted in the dn and Bth mouse lines leading to
loss of normal gene transcription and loss of mature physiological properties such as mature
voltage-dependent currents (Marcotti et al., 2006). Indeed, this general mechanism may also
contribute to hair cell loss and hence the profound deafness in humans with dominant TMC1
mutations (Yang et al., 2008).

Tmc gradients in the cochlea

Given that wild-type TMC1 and TMC2 contribute to hair cell transduction with distinct
biophysical properties, developmental and tonotopic gradients in Tmc expression may
contribute to frequency selectivity along the length of the cochlea. During the first postnatal
week, when both Tmcl and Tmc2 are expressed, Pan et al. (2013) found a broad range of
single-channel conductances (Figure 3B). This result suggests a mechanism for variation of
transduction properties along the length of the cochlea. If gradients in TMC1 and TMC2
protein expression persist into adulthood, variation in their stoichiometry may contribute to
variation in single-channel properties, such as conductance and calcium permeability.
Similarly, whole-cell properties such as current amplitudes and adaptation rate and extent
may also vary as a function of gradients in TMC expression. Because these properties help
shape the graded hair cell receptor potential, gradients in TMC expression may contribute to
frequency selectivity and tuning along the cochlear tonotopic axis. Pan et al. (2013) reported
four distinct single-channel conductance levels in wild-type inner hair cells. If transduction
channel composition varies within a single cell and there are ~100 channels/hair cell, there
could be up to 300 unique whole-cell conductance levels. Other properties such as calcium
permeability and adaptation also vary along the length of the cochlea, but have not yet been
measured at the single-channel level. Thus, gradients in TMC1 and TMC2 expression along
the tonotopic axis of the mammalian cochlea may be sufficient to account for known
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variation in hair cell mechanotransduction properties. Other factors may also contribute to
tonotopic variation, such as expression of other Tmcs (Tmc3-8), expression of Tmc
alternative splice forms or modification by potential interacting proteins, perhaps TMHS
(Xiong et al., 2012) or TMIE (Gleason et al., 2009), or gradients in other as yet, unidentified
components of the transduction complex.

Future directions

A number of important questions regarding TMC function remain unanswered. The
following section presents a partial list. Some of this work is currently underway, while
other aspects will take considerable time and effort. Nonetheless, as TMC1 mutations cause
deafness in humans and mice and since compelling evidence already exists implicating a
TMC1 and TMC2 as components of the transduction channel, the following experiments
should be considered high priority with considerable impact for the field of inner ear biology
as well as the more extend fields of mechanotransduction and sensory biology.

Convincing localization of TMC proteins is needed. Unfortunately, immunolocalization of
TMC proteins has suffered a similar fate as many other hair bundle proteins: non-specific
labeling even in genetically-null mice; high background levels that prevent identification of
dim signals from few proteins and so forth. To circumvent these issues, Kawashima et al.
(2011) localized exogenous GFP-tagged TMC1 and TMC2. The tips of inner, outer and
vestibular hair cell stereocilia were decorated with green puncta, suggesting that TMC1 and
TMC2 can be trafficked to the site of hair cell transduction. Whether this was an artifact of
€X0genous over expression experiments in vitro or representative of the endogenous
localization pattern in vivo has not been determined. To be consistent with a direct role in
mechanotransduction, endogenous TMC1 and TMC2 must be localized at the site of the
mechanotransduction apparatus. Localization at additional sites would not rule out a role in
transduction, provided hair bundle tip localization persists. For example, if TMCs are also
localized along the length or at the base of the stereocilia or in the cuticular plate region,
they may be in a state not activated by conventional stimulation, perhaps in a reserve pool
awaiting transport to the stereocilia tips. Of course, sub-organelle localization of TMCs
within the transduction complex will also be of great interest. Are TMCs at the upper or
lower end of the tip link, or both? Are they directly linked to the tip link complex or are they
tethered and at some distance where they might sense tension applied through membrane
stretch? Does their localization pattern change during development or regeneration of
mechanotransduction as suggested for PCDH15 (Indzhykulian et al., 2013)? Answers to
these questions may require reliable, specific, high-affinity TMC antibodies or endogenous
tagged TMC constructs, combined with super-resolution microscopy, back scatter scanning
electron microscopy or immunogold transmission electron microscopy.

Another line of evidence that could potentially support a direct role for TMCs in
mechanotransduction would be reconstitution of mechanosensitivity in a heterologous cell
line. This is an obvious line of investigation but thus far has proven challenging, not just for
TMCs but for a number of other putative mechanosensitive channels as well. Two notable
exceptions are the mechanosensitive NOMPC channel first identified in Drosophila (Walker
et al., 2000), and recently shown to generate mechanosensitive currents when expressed in a

Hear Res. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Holt et al.

Page 10

heterologous cell line (Yan et al., 2013) and Piezol which forms mechanosensitive channels
when expressed in HEK293 cells (Coste et al., 2012). Although TMCs have yet to fulfill the
heterologous expression criterion, one line of evidence has suggested that C. elegans tmc-1
can be expressed in heterologous cells to yield sodium-activated currents (Chatzigeorgiou et
al., 2013), suggesting that the Tmc superfamily includes genes that encode ion channels.
Whether this property extends to human and mouse TMCs remains to be determined. While
C. elegans tmc-1 bears some resemblance to human and mouse TMCs, they are distantly
related (Figure 2). Heterologous cell lines may lack the appropriate lipid environment,
appropriate binding partners or the correct cytoarchitecture that permit reconstitution of
mechanosensitivity when transfected with mouse or human TMC genes. If the correct
parameters can be identified that permit reconstitution of mechanosensitivity in Tmc-
transfected cell lines it would not only demonstrate that TMCs form mechanosensitive ion
channels, but would also provide a valuable platform for investigating TMC structure-
function relationships. A principle focus would be identification of the sequence that
encodes the channel pore, but other worthy investigations may focus on identification of
sequences that affect calcium-dependent adaptation, channel gating and perhaps the
biophysically defined gating spring. Some of these issues could be advanced by expression
in a heterologous system while others may require elucidation of a TMC crystal structure.

Lastly, there are a number of outstanding questions regarding the physiological significance
of Tmcl and Tmc2 expression patterns in the inner ear. Tmc2 is highly expressed in
vestibular end organs where its expression is retained into adulthood. The physiological
significance of Tmc2 expression in these organs is not clear. However, there are several
aspects which seem to fit with our current understanding of vestibular function. For
example, hair cells that express Tmc2 have slower adaptation rates, consistent with low
frequency sensitive of vestibular organs. The larger single-channel conductance seems
consistent with the lack of an endolymphatic potential in vestibular organs (Pan et al., 2013).

In the auditory organ there is a developmental switch in expression with high Tmc2 mRNA
levels during the first postnatal week which drops precipitously as Tmcl mRNA levels rise.
Is Tmc2 expression in the cochlea an evolutionary hold over reflecting the possibility that
auditory organs evolved as a specialization from primordial vestibular organs? Or does the
high calcium permeability of TMC2 channels contribute some developmental signal,
perhaps one that contributes to calcium-dependent gene transcription? The switch to TMC1
is consistent with a growing body of evidence that TMC1 may be more specialized for high
frequency hearing. Kawashima et al. (2011) noted gradients in Tmc1 expression with higher
levels at the basal, high frequency, end of the cochlea and Davies et al. (2012) suggested that
molecular adaptations in Tmc1 may be associated with the evolution of high frequency
hearing in echolocating bats and marine mammals.

Conclusions

Clarification of the precise molecular composition of the hair cell transduction channel
remains an important goal worthy of further investigation. The data from Kawashima et al.
(2011), Pan et al. (2013) and Kim and Fettiplace (2013) all support a role for TMC proteins
that is intimately associated with hair cell mechanotransduction. Yet, many important
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questions remain: are TMC1 and 2 pore-forming subunits, and if so, do transduction
channels consist of solely TMC proteins, or are other subunits involved? Alternatively, if
they are not pore-forming subunits, are they channel components that function in some
peripheral, yet essential capacity? Or could they perform other critical functions, perhaps
linking mechanosensitive channels with other components of the transduction complex
while still modulating channel permeation properties?

Answers to these and many other Tmc related questions will surely follow. Identification of
the molecular functions of Tmc genes is not just an exercise in naming the molecules
involved in hair cell mechanotransduction but is broadly significant because it may provide
a handle on the fundamental mechanisms that mediate human hearing and balance. We are
encouraged by recent progress and optimistic that discovery of TMC function will help
accelerate the pace of auditory and vestibular research including elucidation of the precise
molecular composition of the hair cell transduction complex.
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Topology of human TMC1 showing the amino acid sequence, transmembrane domains,
TMC domains (shaded in grey) and mutation sites. Sites of recessive mutations are shown in
red with human mutations in large upper case letters. Mouse mutations were mapped onto
the human sequence and are shown in lower case. The region deleted in the dn mouse is
underlined. Dominant mutations are shown in green for mouse and human. Amino acid
residues are numbered in intervals of ten and membrane spanning domains are labeled S1-

S6.
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Figure 2.
Dendrogram showing members of the TMC gene family from several model organisms.

Nematode (Ce), fruitfly (Dm), zebrafish (Dr), xenopus (Xt), mouse (Mm) and human (Hs)
TMCs are shown. TMC1-3 form one group, TMC5-6 form a second and a third includes
TMC4, 7 and 8. Human TMCs are shown in blue and mouse TMCs are shown in red. The
dendrogram was generated using Clustal Omega for multiple sequence alignments, Protdist
from PHYLIP to calculate distances and FigTree to draw the tree.
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Figure 3.
Mechanotransduction currents recorded at =84 mV from hair cells of various Tmc

genotypes. Genotypes are shown at the top with the protein product expressed in each case
shown in bold. A, Families of whole-cell transduction currents recorded from cochlear inner
hair cells at postnatal day 5 to 6 as indicated. Each family of traces is the mean of ten
datasets taken from five representative cells. The stimulus was a stiff probe driven by a
piezoelectrical bimorph using the step protocol shown. At the right are four representative
families recorded from hair cells deficient in both Tmcl and Tmc2. Cochlear hair cell type
and age are shown for each family. The lower two families were recorded in response to 50
Hz sine wave fluid-jet deflection of inner and outer hair bundles. The scale bar applies to all
current families shown in panel A. External calcium: 1.3 mM. B, Representative
concatenated traces showing single-channel currents recorded from P6 inner hair cells that
expressed the protein shown above panel A. The top trace shows the concatenated 100-nm
square wave protocol delivered via stiff probes designed to deflect single stereocilia. For the
wild-type traces (left) two examples are shown that illustrate the range of single-channel
amplitudes encountered. By convention, downward deflections represent inward currents
and channel openings. The scale bar at the right applies to all traces. External calcium; 50
UM. Modified from Pan et al. (2013).
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Figure 4.
Data acquired from Bth mice crossed onto a Tmcl/Tmc2-deficient background. A, Auditory

brainstem responses show the mice were profoundly deaf as early as P30, whereas control
mice that expressed wild-type TMC1 had normal hearing thresholds. B, Counts of inner hair
cell survival showed significant cell loss in Bth mice relative those that expressed wild-type
TMCL1. C, Inner hair cells that expressed TMC1 Bth on a TmcLl/Tmc2-deficient background
had large whole-cell transduction currents suggesting that Bth is not a loss of function
mutation. D, Representative mechanotransduction current—voltage relations are shown for
inner hair cells that expressed either wild-type TMC1 (black) or TMC1 Bth (gray). Cells
were bathed in 100 mM calcium and reversal potential was estimated from the x-intercept.
The data suggest that the Bth point mutation causes a significant reduction in calcium
selectivity. Modified from Pan et al. (2013).
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