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The mechanotransduction (MT) complex in auditory hair cells converts the mechanical stimulation of sound
waves into neural signals. Recently, the MT complex has been suggested to contain at least four distinct inte-
gral membrane proteins: protocadherin 15 (PCDH15), transmembrane channel-like protein 1 (TMC1), lipoma
HMGIC fusion partner-like 5 (LHFPL5), and transmembrane inner ear protein (TMIE). However, the composi-
tion, function, and regulation of the MT-complex proteins remain incompletely investigated. Here, we report
previously undescribed splicing isoforms of TMC1, LHFPL5, and TMIE. We identified four alternative splicing
events for the genes encoding these three proteins by analyzing RNA-seq libraries of auditory hair cells from
adult mice [over postnatal day (P)28], and we then verified the alternative splicing events by using RT-PCR
and Sanger sequencing. Moreover, we examined the tissue-specific distribution, developmental expression
patterns, and tonotopic gradient of the splicing isoforms by performing semiquantitative and quantitative real-
time PCR (qRT-PCR), and we found that the alternative splicing of TMC1 and LHFPL5 is cochlear-specific and
occurs in both neonatal and adult mouse cochleae. Our findings not only reveal the potential complexity of
the MT-complex composition, but also provide critical insights for guiding future research on the function, reg-
ulation, and trafficking of TMC1, LHFPL5, and TMIE and on the clinical diagnosis of hearing loss related to
aberrant splicing of these three key genes in hearing.
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Introduction
The mechanotransduction (MT) complex is a channel-

containing macromolecular complex in auditory hair cells
that converts the mechanical stimulation of sound waves
into neural signals in auditory perception. The precise
molecular composition of this macromolecular trans-
ducer remains incompletely established, but the MT
complex has been suggested to contain at least four
membrane proteins: transmembrane channel-like pro-
tein 1 (TMC1), protocadherin 15 (PCDH15), lipoma

HMGIC fusion partner-like 5 (LHFPL5), and transmem-
brane inner ear protein (TMIE). The human orthologs of
TMC1 and TMIE were first identified as products of
genes associated with nonsyndromic hearing loss (Kurima
et al., 2002; Naz et al., 2002), and LHFPL5 was first re-
ported as the protein whose mutation caused deafness in
hurry-scurry mice (Longo-Guess et al., 2005). TMC1 and
TMIE were recently identified as components of the MT
channel (Kawashima et al., 2011; Kim and Fettiplace, 2013;
Pan et al., 2013, 2018; Cunningham et al., 2020), PCDH15
forms part of the tip link that is generally accepted to serve
as the gating spring of the MT channel (Ahmed et al., 2006;
Bartsch et al., 2019), and LHFPL5 is considered to func-
tionally couple the tip link to the MT channel and stabilize
TMC1 expression (Xiong et al., 2012; Beurg et al., 2015; Yu
et al., 2020). Moreover, these MT-channel components
have been found to display specific spatiotemporal pat-
terns of expression. For example, TMC1 mRNA is specifi-
cally expressed in the cochlea (and several other tissues;
Keresztes et al., 2003) and also exhibits a specific temporal
pattern, it is first detected at postnatal day (P)4 and is main-
tained through adulthood in the cochlea (Kawashima et al.,
2011); moreover, TMC1 protein expression gradually in-
creases along the tonotopic axis from the apex to the base
in outer hair cells (OHCs; Beurg et al., 2018). Despite these
recent notable advances in our understanding of the MT
complex, the composition, function, and regulation of the
MT-complex proteins remain to be comprehensively
investigated.
Alternative splicing, which occurs in ;95% of multiex-

onic genes in humans (Pan et al., 2008), substantially
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Significance Statement

We have identified previously unreported splicing variants of transmembrane channel-like protein 1 (TMC1),
lipoma HMGIC fusion partner-like 5 (LHFPL5), and transmembrane inner ear protein (TMIE), the pivotal mol-
ecules forming the hair-cell mechanotransduction (MT) machinery in the inner ear. Our findings reveal the
potential complexity of the MT-complex composition and provide valuable guidance for future research on
the function, regulation, and trafficking of TMC1, LHFPL5, and TMIE. Furthermore, our study could help di-
rect the clinical diagnosis of hearing loss related to aberrant splicing of TMC1, LHFPL5, and TMIE.
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increases the diversity of the proteins that can be en-
coded by the genome, and this protein diversity contrib-
utes to tissue-identity acquisition, organ development,
and tissue and organ physiology (Baralle and Giudice,
2017; Liu et al., 2017). For example, numerous splicing
variants of the mechanosensitive channel PIEZO2 have
been found to be expressed in a cell-type-specific man-
ner in sensory ganglia, and these isoforms confer distinct
biophysical properties that allow the detection of different
types of mechanical stimuli (Szczot et al., 2017).
Furthermore, in the case of the mechanosensitive two-
pore-domain potassium channel TREK-1, a splicing iso-
form resulting from an alternative stop codon in the re-
tained intron, TREK-1e, has been identified, and
coexpression of TREK-1e with TREK-1 reduces the sur-
face expression of TREK-1 in HEK293T cells (Rinné et al.,
2014), this finding indicates that alternative splicing iso-
forms can regulate the trafficking of the major isoform of a
protein. The advent of next-generation sequencing tech-
niques and the development of various computational
tools have substantially enhanced our ability to identify al-
ternative splicing at the genome-wide level.
To comprehensively understand the function and regu-

lation of the MT complex, it is crucial to investigate the
precise composition of the MT complex, regardless of
whether the complex contains other unknown proteins or
distinct splicing variants of the known components.
Previous studies have identified three splicing variants of
PCDH15 (Pepermans et al., 2014) and two splicing var-
iants, featuring alternative translation start sites, of TMC1
(Kawashima et al., 2011). Here, by using publicly available
data from mouse auditory hair cells (Li et al., 2018), we
identified previously unreported splicing variants of
TMC1, LHFPL5, and TMIE, and we then performed RT-
PCR and Sanger sequencing to verify the alternative
splicing events. The complexity and accuracy of the MT-
complex composition revealed by our findings should be
carefully considered in future research and in clinical diag-
nosis of deafness.

Materials and Methods
Bioinformatics
Illumina reads of a recently published cDNA-seq library

of auditory hair cells of adult mice (Li et al., 2018) were
aligned to GRCm38 (mm10) available from Ensembl by
using the rapid and sensitive alignment program HISAT2
(Pertea et al., 2016). The Mixture of Isoforms (MISO)
Sashimi Plot Feature [Integrative Genomic Viewer (IGV);
Broad Institute] was used to visualize alternative splicing
events.

Mice
C57BL/6 background mice were used for experiments.

All animal procedures were approved by the University
Committee on Research Practices at the Hong Kong
University of Science and Technology (the ethics research
project number A19005).

RNA extraction
For use in conventional PCR studies, we dissected the

cochlea from four P8 mice of either sex and the cerebrum,
cerebellum, cochlea, colon, eye, and testis from three
adult (P32–P40) male mice. For quantitative real-time
PCR (qRT-PCR), the organ of Corti was dissected from 15
P6 mice of either sex. The distal end at the basal side of
the tissues, which was frequently damaged during dissec-
tion, was discarded to ensure the integrity of four rows of
auditory hair cells, and the remaining part was divided
equally into apical, middle, and basal segments (Fig. 3C).
The same segments from three mice were pooled for one
data point. Tissues were homogenized in an RNase-free
glass abrader and total RNA was extracted by using a
Minibest universal RNA extraction kit (Takara) according
to the manufacturer’s protocol. RNA concentration and
purity were determined using a Nanodrop 2000 spectro-
photometer (Thermo Fisher Scientific).

PCR and validation of isoforms
To validate the existence of the splicing isoforms of

Tmc1, Lhfpl5, and Tmie, primers were designed to target
exon 8 and exon 10 of Tmc1, exon 1/2 and exon 3 of
Lhfpl5, or exon 4 and exon 5 of Tmie flanking the alterna-
tive splicing region; two pairs of unique primers were also
designed for verifying the alternative splicing event in
exon 14 of Tmc1 (see details in the legend for Fig. 2B).
Total RNA was reverse-transcribed into cDNA by using a
High-Capacity RNA-to-cDNA kit (Thermo Fisher Scientific).
The amount of cDNA used as the PCR template was equiva-
lent to 30ng of total RNA.
PCR was performed using KAPA HIFI polymerase

(Kapa Biosystem). To amplify the alternative splicing iso-
forms for Sanger sequencing, we used two rounds of
PCR, each with 32 cycles of reaction, and an annealing
temperature of 60°C. The PCR products from the first
round of PCR were separated in 2% agarose gels, and
the bands that were of the size predicted for the alterna-
tive splicing isoforms were excised and purified for use as
the template for the second round of PCR. The final ampli-
fied PCR products were purified and subject to Sanger
sequencing.
For semiquantitative PCR, the process and conditions

were identical to those mentioned above, but only one
round of PCR was used and the PCR products were then
electrophoretically separated and visualized using a
ChemiDoc MP Image System (Bio-Rad).
The primers used in these experiments are listed in

Table 1.

qRT-PCR
To separate the signal of the alternative splicing isoform

from that of the constitutive splicing isoform, reverse pri-
mers harboring isoform-specific sequences were used.
Total RNA was reverse-transcribed into cDNA by using a
high-capacity RNA-to-cDNA kit, and the amount of cDNA
used as the template for each reaction in qRT-PCR was
equivalent to 4.6 ng of total RNA. The primers used are
listed in Table 2.
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Reaction mixtures were prepared using LightCycler 480
SYBR Green I Master Mix (Roche), as per the manufac-
turer’s protocol, and qRT-PCR was performed using a
LightCycler 480 instrument (Roche). The CT value was de-
termined using a built-in fit-points method. The ratio of
concentration of each gene relative to GAPDH gene was
calculated using the DDCT method.

Statistics
All data are shown as mean 6 SEM. Statistical analysis

was performed using Student’s t test, and p, 0.05 was
considered statistically significant.

Results
In silico analysis of alternative splicing in Tmc1,
Lhfpl5, and Tmie
Owing to the development of second-generation se-

quencing techniques, RNA-seq data of rare cells such as
auditory hair cells have now become available. By using a
recently published cDNA-seq library of auditory hair cells
of adult mice (Li et al., 2018), we analyzed alternative
splicing in the genes Tmc1, Lhfpl5, and Tmie (see
Materials and Methods) and obtained the following
results.
First, we found that Tmc1 starts at exon 1 (and then

skips exon 2) or alternatively starts at exon 2 (data not

shown) as previously reported (Kawashima et al., 2011),
the two isoforms are designated as TMC1A (starting at
exon 1) and TMC1B (starting at exon 2). TMC1A is consid-
erably more abundant than TMC1B (ratio ;95:5) and
is therefore considered to be the canonical form
(Yamaguchi et al., 2020). More importantly, we identified
two previously undescribed alternative splicing events:
exon 9 skipping and alternative 39 splicing in exon 14 at
chr19:20 823987 (Figs. 1A, 4).
Second, we identified an alternative 39 splicing site in

exon 2 of Lhfpl5 at chr17:28580014 (Fig. 1A). Intriguingly,
this alternative splicing site was fortuitously detected and
suggested as a cryptic splicing site in Lhfpl5hscy-2J mice,
in which the normal splicing donor-recognition site of
exon 2 was disrupted as a result of N-ethyl-N-nitrosour-
ea-induced mutagenesis and hearing was severely dam-
aged (Longo-Guess et al., 2007). We designated the full-
length, constitutive splicing LHFPL5 isoform as LHFPL5A
and the alternative splicing isoform as LHFPL5B (Fig. 4).
LHFPL5A is substantially more abundant than LHFPL5B
(Fig. 1A, ratio ;93:7) and is thus regarded as the canoni-
cal form.
Third, we also identified an alternative 39 splicing site

in Tmie exon 4 at chr9:110870665 (Fig. 1A). The con-
stitutive and alternative splicing isoforms of TMIE
(ratio ;95:5) were designated as TMIEA and TMIEB,
respectively (Fig. 4).
All the newly identified splicing events showed the high-

est junction coverage and could be reproduced in at least
four out of the five batches of biological replicates in the
study of Li et al. (2018; Fig. 1A). Interestingly, both of the
newly identified alternative splicing events in TMC1 and
the alternative splicing event in TMIE appeared to feature
a higher ratio in OHCs than in inner hair cells (IHCs; Fig.
1B). The alternative splicing ratio was determined by di-
viding the number of alternative splicing junctions by the
total number of junctions (alternative and constitutive). By
contrast, the alternative splicing ratio of LHFPL5 was sim-
ilar in OHCs and IHCs (Fig. 1B). Because RNA-seq data
for human inner ear are unavailable, we analyzed the
conservation of the splicing donor/receptor sites and the
nearby adjunct nucleotides between mice and humans.
The high conservation observed indicates that the alter-
native splicing events might occur in humans as well
(Fig. 1C).
One concern regarding RNA-seq is that the reverse-

transcription process in this technique might dispropor-
tionally amplify shorter isoforms because the dT primer
targets the poly-A region and longer isoforms are more dif-
ficult to reverse-transcribe than shorter isoforms; this could
lead to overestimation of the ratio of alternative/constitutive
splicing isoforms. A similar concern could apply to PCR
amplification of cDNA. However, the length differences be-
tween the transcripts of the alternatively and constitutively
spliced isoforms in this study were small (length ratios:
TMC1B2/TMC1B1= 0.973; LHFPL5B/LHFPL5A= 0.88;
TMIEB/TMIEA = 0.988) and presumably would have min-
imally affected the analysis of the ratio of alternative/
constitutive splicing isoforms.

Table 1: Primers for conventional PCR (including nested
PCR and semiquantitative PCR)

Primer name Sequence
Tmc1 exon 8 F AGTGGCCTCGTACTTCCTGTT
Tmc1 exon 10 R CGTGCGTTTATTGTCGTAATAGCC
Tmc1 exon 14 F_1
(primer 1 in Fig. 2B)

TCGTTCATCCTGCAGATG

Tmc1 exon 15 R
(primer 2 in Fig. 2B)

ACGTAAGTGGTCAGGACG

Tmc1 exon 14 F_19
(primer 19 in Fig. 2B)

CACAGGAGCACCCTTTTT

Tmc1-D9bp-span R
(primer 29 in Fig. 2B)

TGAGACGCACGAATTCCA

Lhfpl5 exon 1 F_1 CCATCATCTGCTTCAGCCTG
Lhfpl5 exon 3 R_1 ACCTCGGTTGCTTCAGACTT
Lhfpl5 exon 1 F_2 GCCTTCAAGACTGCCATGTTC
Lhfpl5 exon 3 R_2 GAATTGTTGCTGCCAGCACC
Tmie exon 4 F ACCAAGGAGACTGTGGTGTT
Tmie exon 5 R AGCCTCGATCTCCTTCCGC

F, forward primer; R, reverse primer.

Table 2: Primers for qRT-PCR

Primer name Sequence
mGAPDH F TCACCACCATGGAGAAGGC
mGAPDH R GCTAAGCAGTTGGTGGTGCA
Tmc1 F GTCAGTTTGGTTCCTCAGTGGC
Tmc1 constitutive R CTAGGTAAGCTGCCGTACGG
Tmc1 alternative R GCCAGGCCCTCCGGTAA
Lhfpl5 F CCATCATCTGCTTCAGCCTG
Lhfpl5 constitutive R CATGAAGGCCCAGCGGAT
Lhfpl5 alternative R GACTTCCTCCGTCTGCTCG

F, forward primer; R, reverse primer.
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Validation of splicing events in Tmc1, Lhfpl5, and Tmie
through Sanger sequencing
To eliminate potential artifacts in in silico analyses, al-

ternative splicing identified by analyzing RNA-seq data
must be verified using Sanger sequencing. Here, se-
quencing results obtained using primers flanking the pre-
dicted alternative splicing sites in Tmc1 (exon 9 skipping;
Fig. 2A), Lhfpl5 (Fig. 2C), and Tmie (Fig. 2D) confirmed the
existence of three splicing events in Tmc1 (exon 9 skip-
ping), Lhfpl5, and Tmie. However, this approach involving
the use of primers flanking the predicted alternative splic-
ing site cannot be used to verify the alternative splicing
event in exon 14 of Tmc1; this is because the alternative
splicing removes only nine nucleotides (Figs. 1A, 2B), and
the alternative splicing isoform therefore cannot be re-
solved without contamination by the predominant

constitutive splicing isoform in the agarose-gel electro-
phoresis performed before Sanger sequencing, although
the PCR products were as short as ;100bp and showed
clear separation (Fig. 2BI,II). Thus, as an alternative, we
used the strategy of primer-template mismatch (Kwok et
al., 1990; Stadhouders et al., 2010).
In principle, every mismatch between a primer and tem-

plate reduces priming efficiency and overall PCR product
yield; however, mismatches in the last five bases of the
39-end region of a primer produce a considerably stronger
effect than do mismatches located more toward the 59
end (Kwok et al., 1990; Stadhouders et al., 2010).
Intriguingly, this undesirable effect of primer-template
mismatch can be useful in basic research and molecular
diagnostics: it enables differential detection of nucleic
acid sequences featuring small differences, such as in the

Figure 1. In silico analysis of alternative splicing in Tmc1, Lhfpl5, and Tmie. A, upper panel, Sashimi plots showing coverage of
exons and junctions. Individual biological replicates are indicated using different colors; rectangular boxes: regions where alternative
splicing events occur. Exons (ex) corresponding to peaks of reads are indicated below. Lower panel, Schematic of constitutive and
alternative splicing isoforms; lines: introns. B, Corresponding ratios of alternative splicing (AS) events to total splicing (constitutive
and alternative) events illustrated in panel A. AS ratios in IHCs and OHCs are shown; AS ratio = number of junctions using alterna-
tive splicing sites/number of junctions using both constitutive and alternative splicing sites. C, Conservation in mice and humans of
the corresponding splicing sites for the four alternative splicing events depicted in panel A. Exons upstream and downstream of
splicing sites are represented in purple (mouse) or orange (human). Donor sites (gc for splicing event in Lhfpl5 and gt for others) are
shown in red, acceptor sites (ag) in green. Adjunct sequences in exons are uppercased, intronic sequences are lowercased. Vertical
bars, identical nucleotides.
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detection of single nucleotide polymorphisms and in al-
lele-specific PCR (Stadhouders et al., 2010). Here, we de-
signed a special reverse primer for Tmc1 (Figure 2BI,
primer 29) that crosses over the alternative splicing site by
two nucleotides and therefore features a one-nucleotide
mismatch with the constitutive splicing isoform while per-
fectly matching the alternative splicing isoform; notably,
the one-nucleotide mismatch drastically reduced the PCR
product yield of the constitutive splicing isoform (Fig. 2BIII
vs BII) and the contamination of the alternative splicing
isoform by the constitutive splicing isoform. This ap-
proach allowed us to isolate and sequence the alternative
splicing isoform (Fig. 2BIII,IV). Importantly, when the pure

constitutive splicing isoform was used as the template,
primers 19/29 did not generate the PCR product of the al-
ternative splicing isoform (data not shown), which sug-
gests that primer 29 cannot loop out the 59-terminal nine
bases in exon 14 of Tmc1 to artificially generate the PCR
product of the alternative splicing isoform.

Differential expression of TMC1 and LHFPL5 isoforms
Splicing isoforms of proteins are widely suggested to

display tissue-specific or cell-specific expression pat-
terns. To test whether TMC1 and LHFPL5 splicing iso-
forms exhibit tissue-specific expression, we performed

Figure 2. Validation of splicing events through Sanger sequencing. A, Mouse cochlear cDNA was prepared through reverse tran-
scription and used in the first round of PCR with primers flanking predicted splicing sites in Tmc1 (exon 9 skipping). After PCR prod-
ucts were separated using agarose-gel electrophoresis (left, upper panel), the band at the predicted size for the constitutive splicing
variant was excised, purified, and subject to Sanger sequencing. The band at the predicted size for alternative splicing variants was
excised, purified, and used as the template for the second round of PCR (right, upper panel); the final PCR products in the second
round were purified and subject to Sanger sequencing. *, alternative splicing isoforms. Electropherograms are presented in middle
and lower panels; numbers at the top of electropherograms indicate nucleotide positions in the mRNA sequence annotated by
NCBI. B, Validation of Tmc1 splicing: 9-bp skipping at 39 end of exon 14. Mouse cochlear cDNA was prepared through reverse tran-
scription and used as the template for the PCR in panel II and for the first round of PCR in panel III; the band at the predicted size
for the alternative splicing variant in the first round of PCR in panel III was excised, purified, and used as the template for the second
round of PCR. Primers 1/2 (orange) and 19/29 (blue) were used for PCR in panels II, III, respectively; primer 29 contained one base
mismatched to the constitutive splicing isoform (panel I). The PCR product of the second round of PCR in panel III was inadequately
long for clear sequencing of the region around the alternative splicing site, and therefore the product was slightly extended by clon-
ing it into pcDNA3 plasmid before Sanger sequencing. C, D, Experiments similar to A performed for Lhfpl5 (C) and Tmie (D). P8
mice were used in all experiments; M, molecular-weight size markers.
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semiquantitative RT-PCR to examine the expression of
the isoforms in various tissues (Fig. 3). In agreement with
previous work suggesting the presence of TMC1 mRNA in
six tested tissues (Keresztes et al., 2003), the constitutive
splicing TMC1 isoform was amplified from the cDNAs
generated from these tissues (Fig. 3A). Furthermore,
these tissues were also found to contain LHFPL5 mRNA
(Fig. 3A). Interestingly, a lower band representing the al-
ternatively spliced isoform of TMC1 and LHFPL5 was de-
tected only in the cochlea and testis. These results
suggest that TMC1 and LHFPL5 isoforms potentially per-
form tissue-specific functions.
We next examined the developmental profile of TMC1

and LHFPL5 splicing isoforms in the cochlea. The
cDNAs generated from four mouse pups (at P8) and
three adult mice (two at P32 and one at P40) were am-
plified using primers for TMC1 and LHFPL5 isoforms.

Our results showed that the TMC1 and LHFPL5 alterna-
tively spliced isoforms, similar to the constitutively
spliced isoforms, appeared at P8 and remained detect-
able at adulthood (Fig. 3B), this suggests that the TMC1
and LHFPL5 spliced isoforms could play critical roles
throughout life in hair cells.
We also assessed the tonotopic gradient of the consti-

tutive and alternative splicing isoforms of TMC1 and
LHFPL5. Considering that the tonotopic gradient might
be too small to allow detection by using semiquantitative
methods, we performed the comparatively more sensitive
qRT-PCR assay with primers specifically targeting the
constitutive and alternative splicing isoforms. Our results
suggest the existence of an upward apicobasal gradient
for the constitutive splicing TMC1 isoform in the organ of
Corti (Fig. 3C), this is consistent with the previously re-
ported tonotopic gradient of TMC1 protein in hair bundles

Figure 3. Differential expression of TMC1 and LHFPL5 isoforms. Total RNA was extracted from different tissues from P31–P33
mice (A) or cochleae from P8 and adult (P32–P40) mice (B), and mRNA was reverse-transcribed into cDNA by using oligo-dT pri-
mers. Approximately 30 ng of starting cDNA from each tissue was used as the PCR template, and final amplified products were sep-
arated on agarose gels. Bands representing constitutive and alternative splicing isoforms are labeled. GAPDH, loading control.
C, upper panel, Schematic of primers used in qRT-PCR of constitutive and alternative splicing isoforms. Lower panel, left,
Organ of Corti from P6 mice was dissected into four segments. Segments 1–3: apical, middle, and basal parts of organ of
Corti. Segment 4 was discarded because it was frequently damaged during dissection. Samples were fixed to flatten the coiled
segments and thereby improve their imaging. Scale bar: 100 mm. Lower panel, right, Results of qRT-PCR. N = 5 independent bi-
ological replicates. From left to right: for Tmc1, *p = 0.010, **p = 0.003, *p = 0.015, **p = 0.005; for Lhfpl5, *p = 0.049, **p = 0.005,
n.s., not significant, **p = 0.002.
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(Beurg et al., 2018). By contrast, the constitutive splicing
LHFPL5 isoform displayed a modest downward apico-
basal gradient (Fig. 3C). Moreover, for both TMC1 and
LHFPL5, the tonotopic gradient of the alternative splicing
isoforms was the same as that of the constitutive splicing
isoforms (Fig. 3C), which suggests that an unbiased splic-
ing machinery operates throughout the organ of Corti.

Schematic protein topology of mouse TMC1, LHFPL5,
and TMIE isoforms
To help visualize the potential functional consequen-

ces of the alternative splicing events reported here, we
schematically depicted the topologies of the identified

TMC1, LHFPL5, and TMIE isoforms (Fig. 4). The topol-
ogy of TMC1 is based on two recent homology models
(Ballesteros et al., 2018; Pan et al., 2018) rather than
on an early model based on hydropathy and epitope ac-
cessibility (Labay et al., 2010), the topologies of
LHFPL5 and TMIE are based on a 3D structure (Ge et
al., 2018) and a predicted model (Zhao et al., 2014),
respectively.
TMC1A (NCBI accession: XP_036017315) and TMC1B

(NCBI Accession: NP_083229), the TMC1 isoforms start-
ing at exon 1 (and skipping exon 2) and exon 2, respec-
tively, differ only in five residues at the extreme N
terminus: MPPKKV in TMC1A and ML in TMC1B (Fig. 4).
We designated the full-length, constitutive splicing

Figure 4. Schematic depiction of splicing variants of TMC1, LHFPL5, and TMIE. Transmembrane domains are shown as columns,
and intracellular/extracellular domains are indicated by lines. For each protein, alternatively spliced-out regions and their starting or
ending amino acids are shown in red. For TMIEB, the C terminus generated by alternative splicing and reading-frame shift is high-
lighted in blue. Bottom panel, C-terminal sequences of TMIEB (blue) and TMIEA (red); dotted line, amino acids identical to that in
TMIEA; IP, isoelectric point.
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isoforms of TMC1A and TMC1B as TMC1A1 and
TMC1B1 and the alternative splicing isoforms as TMC1A2
and TMC1B2. Both TMC1A1 and TMC1B1 might undergo
both of the newly identified alternative splicing events: (1)
exon 9 skipping, which deletes amino acids 213–245
(TMC1A) or amino acids 209–241 (TMC1B) in the first ex-
tracellular loop; and (2) alternative splicing at exon 14,
which deletes amino acids 521–523 (TMC1A) or amino
acids 517–519 (TMC1B) in the sixth transmembrane do-
main. Although these splicing events might occur sepa-
rately in one transcript, for simplicity, we have tentatively
designated TMC1A2 and TMC1B2 as including both the
alternative splicing events. The spliced-out segments in
TMC1A or TMC1B are highlighted by solid red lines in
Figure 4.
LHFPL5 features two isoforms: (1) LHFPL5A (NCBI

Accession: NP_080847), full-length, constitutive splicing
isoform; and (2) LHFPL5B, in which alternative splicing
occurs at exon 2 and results in the deletion of amino acids
166–216, a region containing part of the second extracel-
lular loop, the fourth transmembrane domain, and almost
the entire C terminus (Fig. 4).
TMIE is also expressed as two isoforms: (1) TMIEA

(NCBI Accession: NP_666372), full-length, constitutive
splicing isoform; and (2) TMIEB, in which alternative splic-
ing occurs at exon four and leads to a reading-frame shift
starting at amino acid 61 in the extracellular domain, thus
producing a final protein product containing one trans-
membrane domain and a total of 127 amino acids (Fig. 4).

Discussion
Among the four known proteins assembled in the MT

complex, namely PCDH15, TMC1, LHFPL5, and TMIE,
PCDH15 has been reported to feature three isoforms:
CD1, CD2, and CD3 (Ahmed et al., 2001; Webb et al.,
2011; Pepermans et al., 2014). However, little is known re-
garding the alternative splicing of the other 3 MT-complex
components. In the case of TMC1, previous studies have
suggested the existence of two isoforms with alternative
start codons in mice (TMC1A and TMC1B; Fig. 4;
Kawashima et al., 2011). Here, we report two previously
unidentified alternative splicing events in Tmc1, exon 9
skipping and alternative 39 splicing in exon 14 (Fig. 4), and
we also identify alternative splicing events in Lhfpl5 and
Tmie (Fig. 4). Notably, the alternative splicing sites in the
three genes are highly conserved in mice and humans,
which suggests that the alternative splicing events are
highly likely to occur in humans as well.
Intriguingly, both Tmc1 and Lhfpl5 display a tissue-spe-

cific splicing pattern in the cochlea and testis. Because
TMC1 and LHFPL5 play critical roles in hair-cell function,
alternative splicing might be functionally important in the
case of both proteins (see below). By contrast, the roles of
TMC1 and LHFPL5 in the testis have not been closely ex-
amined, although knocking TMC1 or LHFPL5 does not
appear to affect fertility (Longo-Guess et al., 2007; Kurima
et al., 2015). The functions in the testis of these two pro-
teins (of both their constitutive and alternative splicing iso-
forms) warrant further investigation.

Our data indicate an upward apicobasal gradient for the
constitutively spliced TMC1 mRNA in the organ of Corti
(Fig. 3C), this roughly agrees with the tonotopic gradient
of TMC1 protein expression in hair bundles (Beurg et al.,
2018). By contrast, the constitutively spliced LHFPL5
mRNA displayed a modest downward apicobasal gradi-
ent (Fig. 3C); however, further investigation is required to
determine whether and how this gradient corresponds to
global and hair-bundle LHFPL5 protein expression in hair
cells. Moreover, the tonotopic gradient of the alternative
splicing isoforms of both genes was the same as that of
the constitutive splicing isoforms (Fig. 3C), and the lack of
a tonotopic gradient in the splicing ratio of the two genes
suggests the existence of an unbiased splicing machinery
across the entire organ of Corti.
What are the potential functions of the alternative splic-

ing isoforms of the MT-complex proteins? The three
splice isoforms of PCDH15, CD1, CD2, and CD3, differ
only in their cytoplasmic domains, as a result of exclusion
and inclusion of exons through alternative splicing (Webb
et al., 2011; Pepermans et al., 2014), and whereas the iso-
forms are functionally redundant at an early developmen-
tal stage in mice, CD2 becomes critical in mature hair
cells (Pepermans et al., 2014). Conversely, the difference
in the cytoplasmic domain of the isoforms regulates the
interaction between PCDH15 and TMIE (Zhao et al.,
2014).
The two isoforms of TMC1 featuring alternative transla-

tion initiation sites (TMC1A and TMC1B) differ only within
the first 5 amino acid residues at the N terminus (Fig. 4),
and although the functional difference between the two
isoforms remains unclear, it is expected to be minor
(Yamaguchi et al., 2020). Both isoforms can rescue the
transducer current in TMC1-knock-out mice (Kawashima
et al., 2011; Nist-Lund et al., 2019; Cunningham et al.,
2020). Exon 9 skipping deletes amino acids 213–245 in
TMC1A (amino acids 209–241 in TMC1B) in the first puta-
tive extracellular loop, and this 33-aa segment contains
an alternative N-linked glycosylation site NXG, N237FG,
in TMC1A (Lowenthal et al., 2016). Because N-glycosyla-
tion is involved in protein folding and function, splicing
out this segment might affect TMC1 folding and function.
Furthermore, alternative splicing at exon 14 deletes
amino acids 521–523 in TMC1A (amino acids 517–519 in
TMC1B) in the sixth transmembrane domain (Fig. 4), this
could affect hearing by disrupting TMC1 channel func-
tion: the spliced-out three residues, V521GQ, appear to
form part of the channel pore in the published homology
models (Ballesteros et al., 2018; Pan et al., 2018).
Interestingly, the GluR6a subunit of ionotropic gluta-

mate receptors has been shown to promote cell-surface
expression of its splicing variant GluR6b and several
GluR5 splicing variants (Jaskotski et al., 2004). Thus, it
will be of interest to investigate how the alternative splic-
ing isoforms of TMC1 modulate the trafficking of the con-
stitutive splicing isoform of TMC1.
Alternative splicing in exon 2 of LHFPL5 generates the

LHFPL5B isoform; the splicing deletes amino acids 166–
216, a region that includes part of the second extracellular
loop, the fourth transmembrane domain, and almost the
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entire C terminus (Fig. 4). Notably, LHFPL5B by itself failed to
support any hearing function: profound deafness was re-
corded in homozygous Lhfpl5hscy-2J mice (Lhfpl5B/B mice ex-
pressing the LHFPL5B isoform; Longo-Guess et al., 2007).
Moreover, the LHFPL5B gene (resulting from the hscy-2J
mutation) was suggested to be recessive because heterozy-
gous Lhfpl5hscy-2J mice showed normal hearing. However,
this notion remains to be confirmed because it did not ac-
count for the finding that the wild-type allele in the heterozy-
gous mice produces not only LHFPL5A through canonical
splicing, but also LHFPL5B through alternative splicing: in
principle, the wild-type allele could produce a sufficient
amount of LHFPL5B and thereby mask the dominant (posi-
tive or negative) effect of LHFPL5B generated by the mutant
allele (hscy-2J). Therefore, how LHFPL5B affects LHFPL5A
protein function remains unelucidated.
Alternative splicing in exon four of TMIE, which gener-

ates TMIEB, causes a reading-frame shift starting after
amino acid 60 in the extracellular domain and produces a
final protein product that contains one transmembrane
domain and is 127 aa long (Fig. 4). The C terminus (amino
acids 61–127) in TMIEB shares little homology with the
TMIEA C terminus (amino acids 61–153; 9.8% identify
and 17.9% similarity) and does not appear to contain any
transmembrane helices according to TMpred (data not
shown), this algorithm is used for statistical analysis of
TMbase, which stores naturally occurring transmembrane
proteins (Hofmann and Stoffel, 1993). Because the C-ter-
minal half of TMIEA has been found to be critical for bind-
ing to TMC1, PIP2, PCDH15, and LHFPL5 (Zhao et al.,
2014; Cunningham et al., 2020), TMIEB might potentially
not support any normal hearing function. TMIEB could act
as a dominant-negative regulator of TMIEA function if
TMIEB, particularly its N-terminal 60 aa shared with
TMIEA, still binds to a known or unknown component of
the MT complex. Whether the N terminus of TMIE binds
to any MT-complex component is currently unknown,
although the first 28 aa of TMIE appear to mediate the
MT-channel response to mechanical cues (Cunningham
et al., 2020). Interestingly, the C terminus of TMIEB, similar
to that of TMIEA, is also highly positively charged (Fig. 4) and
might interact with PIP2 (Cunningham et al., 2020).
In summary, we have identified previously unreported

splicing variants of TMC1, LHFPL5, and TMIE, the pivotal
molecules forming the hair-cell MT machinery. Our find-
ings reveal the potential complexity of the MT-complex
composition and provide valuable guidance for future re-
search on the function, regulation, and trafficking of
TMC1, LHFPL5, and TMIE. Furthermore, our study could
help direct the clinical diagnosis of hearing loss related to
aberrant splicing of TMC1, LHFPL5, and TMIE. The key
question to address next is the physiological function of
the alternative splicing isoforms of these proteins critical
for normal hearing.
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