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Abstract 

Hair cells transduce physical forces into electrical signals in nerves through a 

process called mechano-electrical transduction (MET), allowing auditory and vestibular 

perception. While the molecular identity of the pore-forming subunits of the channel 

remains a topic of debate, researchers have identified many proteins that are 

indispensable to MET. Only a select few are directly involved in gating the MET 

channel. In this dissertation, we used zebrafish to study two proteins involved in gating 

this channel, Protocadherin 15a (Pcdh15a) and Transmembrane Inner Ear (Tmie). 

Pcdh15a was previously confirmed to comprise the base of a rope-like structure that 

transfers mechanical stimulation to the channel. Using transgenic GFP-tagged versions of 

Pcdh15a, we discovered the C-terminal regions critical for Pcdh15a to localize and 

function in MET, as well as the distribution and unique functional contributions of the 

two major ear isoforms of Pcdh15a, CD1 and CD3. We also identified some transduction 

proteins required to localize Pcdh15aCD3. Previous studies localized Tmie at the site of 

MET and found that loss of Tmie causes deafness due to lack of MET currents. We 

determined that Tmie regulates the hair bundle expression of GFP-tagged 

Transmembrane Channel-like proteins, Tmc1 and Tmc2b, which are MET channel 

subunits. Through a structure-function analysis, we identified the regions of Tmie 

involved in MET and linked dysfunction to the levels of Tmc2b in the bundle. This 

finding suggests that loss of Tmcs underlies deafness in tmie mutants, supporting the 

controversial notion that the Tmcs form the pore of the MET channel. Our data helps us 

understand the workings of this complex molecular machine and brings the scientific 

community closer to identifying the pore subunits of the famously elusive MET channel.
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Chapter 1: Introduction 

Hair cells are the sensory cells that detect auditory and vestibular stimuli. They 

line the basilar membrane of the mammalian auditory cochlea (Richardson et al. 1987), 

and in vertebrates are also present in several vestibular organs: the utricle, saccule, and 

semi-circular canals of the inner ear (Roberts, Howard, and Hudspeth 1988). Through 

these structures, vertebrates can sense gravity and acceleration. Fish and amphibians, 

which have no cochlea, use the saccule for auditory detection, and have additional hair 

cells in the lateral line organ and lagena (Nicolson 2017). Hair cells convert mechanical 

stimuli into electrical responses through a process called mechano-electrical transduction 

(MET) (Hudspeth 1989b). Hair cells are polarized, with a basal soma embedded in an 

epithelium of supporting cells (Gulley and Reese 1976), and finger-like projections called 

cilia extending from the apical soma into the surrounding fluid (McLaren and Hillman 

1979, van Netten and Kroese 1987). These cilia come in two forms, a single true cilium 

called the kinocilium comprised of tubulin, and 20-300 smaller stereocilia (Roberts, 

Howard, and Hudspeth 1988) comprised of parallel actin fibers that make them stiff 

along their shafts. Combined with a tapered base, stereocilia are capable of pivoting at the 

base (Hudspeth 1983) instead of bending (Crawford and Fettiplace 1985, Howard and 

Ashmore 1986, Flock and Strelioff 1984). The stereocilia are arranged in a staircase-like 

pattern of rows and are connected to their neighbors through rope-like protein linkages 

present at the ankles, sides, and tips (Fig. 1.1) (Kachar et al. 2000, Roberts, Howard, and 

Hudspeth 1988). When pressure waves shift the surrounding fluid, the cilia are displaced 

and move together as a single unit called the hair bundle (Flock, Flock, and Murray 
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1977). If this deflection is toward the tallest cilia, they will then tug on their shorter 

neighbors through the linkages, stretching the apical membrane of the shorter stereocilia 

and thereby activating mechanosensitive channels (Shotwell, Jacobs, and Hudspeth 1981, 

Flock, Flock, and Murray 1977) in proximity to the lower base of the tip link (Beurg et al. 

2009). Open MET channels then pass positive ions into the cell, leading to depolarization 

and subsequent signaling to the brain through the eighth cranial nerve (Roberts, Howard, 

and Hudspeth 1988). The basic design of hair cells is essential to their function and is 

thus highly conserved across hearing species. Likewise, the molecules involved in MET 

are conserved, making the study of hair cell activity in model organisms highly 

applicable to humans. While there is some variability amongst species and hair cell 

subtypes, this chapter will focus on those universal details of hair cell activity, the MET 

process, and the protein assemblage that gates the MET channel. 

Hair cell signaling 

Hair cells signal through a complex series of events that occur on the microsecond 

level, beginning with channel activation and ending with neurotransmitter release. The 

first responder is the MET channel, which is located at the apical stereocilia (Beurg et al. 

2009) and opens when mechanical deflection of the stereocilia puts tension on the tip 

links (Basu et al. 2016, Corey and Hudspeth 1983). Supporting cells maintain ion 

concentrations in the surrounding fluids so that each pole of a hair cell is bathed in 

solutions with different ion concentrations: relative to the intracellular environment, the 

apical bundles of stereocilia are bathed in solution with high concentrations of K+ and 

low concentrations of both Na+ and Ca2+ (Hibino and Kurachi 2006, Bosher and Warren 

1978). The solution bathing the soma is low in K+ and high in Ca2+ relative to the 
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cytoplasm. These ionic gradients, combined with a resting membrane potential of -65mV, 

creates an electrochemical gradient such that most of the depolarization and 

hyperpolarization in hair cells can be performed with the passive movement of a single 

ion, K+ (Roberts, Howard, and Hudspeth 1988). When the MET channel opens, it passes 

cations (mainly K+) down their electrochemical gradient into the cell (Kros, Rusch, and 

Richardson 1992). The cell becomes depolarized, activating voltage-gated Ca2+ channels 

located in the basal soma (Platzer et al. 2000, Brandt, Striessnig, and Moser 2003, 

Spassova et al. 2001). Since the soma is bathed in a Ca2+-rich solution, Ca2+ fluxes 

passively into the cell. Increased internal Ca2+ triggers the fusion of nearby glutamate-

filled vesicles with the plasma membrane at the basal soma (Parsons et al. 1994, Zenisek 

et al. 2003). Electron-dense bodies called synaptic ribbons, largely comprised of the 

protein RIBEYE (Schmitz, Konigstorfer, and Sudhof 2000, Zenisek et al. 2004), are 

thought to act as a vesicle treadmill to promote the observed sustained release of 

neurotransmitter (Becker et al. 2018). Once in the synaptic cleft, glutamate is detected by 

receptors on the nearby afferents of the vestibulocochlear nerve (Kataoka and Ohmori 

1994). 

For the system to return to baseline activity, the MET current must cease. The 

most obvious and common mechanism is for the stereocilia to return to an upright 

position, thus relieving tension on the tip links and allowing channels to return to rest 

(Shotwell, Jacobs, and Hudspeth 1981). Part of this process is accomplished through 

adaptation mechanisms, which are discussed in a subsequent section. Once the MET 

channel is no longer passing current, pumps and channels located in both the hair cells 

and surrounding support cells return ionic concentrations back to normal (Roberts, 
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Howard, and Hudspeth 1988). BK channels, which are Ca2+-activated K+ channels, play a 

particularly important role in re-hyperpolarizing hair cells. They are localized to plasma 

membrane of the hair cell soma, and pass K+ down its electrochemical gradient out of the 

cell (Oliver et al. 2006, Pyott et al. 2007, Kros, Ruppersberg, and Rusch 1998). With the 

cell hyperpolarized once again, the hair cell returns to resting state. 

The MET channel 

The MET channel of hair cells is a topic of scientific intrigue. While the 

biophysical properties of the MET channel have been measured in myriad ways, 

deciphering its precise molecular components has proven a more arduous task. The effort 

to identify the pore-forming subunits of the MET channel is an ongoing saga built upon 

decades of work from dozens of labs worldwide, and it is only with the molecular 

advances in the last ten years that researchers have been able to experimentally test large 

numbers of pore candidates. Through these rigorous tests, researchers have now 

identified strong candidate molecules that pass multiple criteria for pore identity, as 

discussed in the following sections. 

Properties of the channel 

MET channels are located at the apex of the shorter stereocilia (Beurg et al. 

2009), with some reports estimating 1 or 2 channels per stereocilium (Ricci, Crawford, 

and Fettiplace 2003, Kros, Rusch, and Richardson 1992) while a recent paper suggested 

as many as 5 or 6 with single-channel conductances of 3.7 pA (Beurg et al. 2018). Each 

channel has a negatively charged opening that attracts positive charges (Adams, Dwyer, 

and Hille 1980), thus the channels are non-selective for cations but highly permeable to 

divalent metal ions, particularly Ca2+ (Crawford, Evans, and Fettiplace 1991, Lumpkin 
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and Hudspeth 1995, Ohmori 1985, Ricci and Fettiplace 1998). The pore has a funnel-

shaped opening with a diameter less than 1.7 nm, a membrane-spanning length of 3.1 nm, 

and a diameter of 1.25 +/- 0.08 nm at its most constricted point (Farris et al. 2004). With 

these unusually large dimensions, the MET channel can pass positively charged 

compounds of long and narrow shape, like vital dyes (Gale et al. 2001) and 

aminoglycosides (Alharazneh et al. 2011, Marcotti, van Netten, and Kros 2005). The 

channel is activated by tension in the tip links (Hudspeth 1989b), which has been 

generated experimentally by mechanical forces such as water-jets or probes (Crawford 

and Fettiplace 1985, Corey and Hudspeth 1979); recently, thermal stimulation was also 

shown to activate MET channels (Azimzadeh et al. 2018). After the hair cell is 

mechanically stimulated, the response latency of the channel is around 40	µs (Corey and 

Hudspeth 1979). 

Since the tip link is held taut (LeMasurier and Gillespie 2005), around 5-10% of 

MET channels are open at rest (Russell and Kossl 1992). The open probability of the 

MET channel is controlled by external Ca2+ (Ricci and Fettiplace 1998, Farris, Wells, and 

Ricci 2006) but can also be influenced by the local lipid environment (Peng, Effertz, and 

Ricci 2013). After activation, the channel usually closes within milliseconds of opening 

(Crawford, Evans, and Fettiplace 1989, Corey and Hudspeth 1983). However, in the case 

of sustained deflection of the stereocilia, the channels have been observed to adapt to the 

new position through two distinct mechanisms, each driven by Ca2+ entry through the 

MET channel (Ricci and Fettiplace 1998, Wu, Ricci, and Fettiplace 1999). Fast 

adaptation occurs within a few milliseconds (Eatock, Corey, and Hudspeth 1987) through 

binding of recently-entered Ca2+ to the channel or an accessory subunit, which then 
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blocks channel activity (Cheung and Corey 2006, Choe, Magnasco, and Hudspeth 1998, 

Crawford, Evans, and Fettiplace 1989, 1991). Slow adaptation takes between 10-50 ms 

(Vollrath and Eatock 2003) and is mediated through motor proteins such as myosins, 

whose movements up and down the actin of the stereocilia core are thought the regulate 

the tensioning of the tip links at rest and during stimulation (Assad and Corey 1992, 

Assad, Hacohen, and Corey 1989, Howard and Hudspeth 1987, Holt, Corey, and Eatock 

1997, Holt et al. 2002). Recently there has been contention over whether motor proteins 

play a significant role in adaptation of cochlear hair cells, with some evidence suggesting 

not (Peng, Effertz, and Ricci 2013, Pyrpassopoulos et al. 2012, Schneider et al. 2006) and 

other evidence suggesting yes (Corns et al. 2014, Marcotti et al. 2016, Stepanyan and 

Frolenkov 2009). This conflict is yet to be resolved conclusively. 

Pore-forming subunits 

At the turn of the millennium, there were a host of contenders for the pore-

forming subunits of the MET channel. In the 18 years hence, this list has been whittled 

down to just two major candidates. To be considered a pore subunit, a protein must meet 

several criteria that were established for identifying mechanosensitive channels 

(Cunningham and Muller 2018, Christensen and Corey 2007, Arnadottir and Chalfie 

2010, Ranade, Syeda, and Patapoutian 2015). The protein must be (i) demonstrably 

required for mechanosensitivity of hair cells; (ii) expressed in the correct place and 

timeframe; (iii) of the proper topology to form a pore; (iv) shown to change single-

channel properties when mutated; and (v) capable of reforming a mechanosensitive 

channel in a heterologous expression system. The first four criteria will never exclude the 

pore subunits, but may include non-pore proteins. For example, properties of channel 
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currents can be changed with manipulations to accessory subunits, or even to lipid 

molecules such as PIP2 (Effertz et al. 2017), and so a mutated protein that changes 

channel properties does not guarantee that the protein is the pore. The fifth criterion is the 

most rigorous test for pore identity, but it is possible that full reconstitution of the channel 

requires multiple MET-associated proteins, not just the pore subunits. These experimental 

flaws make it challenging to conclusively identify the pore of the MET channel. 

Another difficulty in identifying the pore subunits is that the MET channel is only 

one of many channels that are expressed in hair cells. Transient Receptor Potential (TRP) 

proteins, a large superfamily of channel subunits, made for attractive candidates at first 

and now comprise the bulk of the rejects. Following the criteria outlined above, several 

proteins were discarded due to lack of proper placement or timing of expression, such as 

VR-OAC (Liedtke et al. 2000), TRPN1/NOMPC (Shin et al. 2005), and TRPA1 (Kwan 

et al. 2006, Prober et al. 2008, Takumida et al. 2009). The TRPML3 protein looked 

promising for a few years because a point mutation affecting the helix resulted in 

constitutive inward-rectifying currents in hair cells, eventually leading to cell death and 

deafness (Grimm et al. 2007, Nagata et al. 2008, van Aken et al. 2008). However, when a 

null-mutant of TRPML3 was generated, there were no effects on MET currents (Jors et 

al. 2010). Most candidate pore subunits were dismissed because MET channels remained 

active even in mutants or knockouts, including HCN1 and HCN2 (Horwitz et al. 2010), 

TRPP1/PKD1 (Steigelman et al. 2011), TRPC3 and TRPC6 (Quick et al. 2012), LHFPL5 

(Xiong et al. 2012), TRPM1 (Gerka-Stuyt et al. 2013), TRPM2, TRPP2/PKD2, 

TRPP5/PKD2L1, PKD2L2, and PKD2L3 (Wu et al. 2016), and TRPV6, TRPM6, and 

TRPM7 (Morgan et al. 2018), eliminating the last of the available TRP channels. 
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Amidst this successful pruning of potential pore subunits, a complicating factor 

was discovered. An anomalous current, given the misnomer “reverse polarity” current, 

was measured under pathological conditions (Kim et al. 2013, Zhao et al. 2014, Xiong et 

al. 2012, Beurg et al. 2015, Beurg, Kim, and Fettiplace 2014) as well as during 

development (Kindt, Finch, and Nicolson 2012, Waguespack et al. 2007). It was 

proposed that this anomalous current is mediated through the MET channel, and 

concluded that any mutants which still show these currents cannot be pore subunits 

(Beurg, Kim, and Fettiplace 2014). This conclusion removed nearly all of the remaining 

candidate molecules. Then came evidence that this current had different permeation 

properties compared to the MET current (Marcotti et al. 2014), and elicitation of these 

currents with orthogonal stimulation (Marcotti et al. 2014) or even just plasma membrane 

deformation (Beurg et al. 2016), hence why “reverse polarity” is unfitting. By contrast, 

the MET channel had no response to orthogonal motions of the stereocilia bundle, and 

inhibitory response when deflected toward the shorter stereocilia (Shotwell, Jacobs, and 

Hudspeth 1981, Hudspeth and Corey 1977). Finally, this confounding factor was resolved 

with the discovery that the PIEZO2 protein underlies the anomalous current. The channel 

formed from PIEZO2 is also mechanosensitive, but knockout of PIEZO2 abolished the 

anomalous current while the MET current remained intact (Wu et al. 2017). This was the 

first definitive proof that the anomalous current is not mediated through the MET 

channel, which retroactively brought several candidates back from the proverbial grave 

and simultaneously struck PIEZO2 from the list of potential pore subunits. 

After this long process of elimination, the remaining candidates were CIB2, 

PCDH15, CDH23, TMIE, and TMC1/2. These proteins were all localized to the tips of 
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stereocilia at the right developmental time; genetic mutations were associated with 

deafness in humans; and mutants (double mutants in the case of TMC1/2) showed 

complete loss of mechanosensitivity in all hair cells. Moving on to the third criteria, 

elimination can be based on topology. Calcium and Integrin-binding protein 2 (CIB2) can 

be immediately discounted because it does not contain a transmembrane domain 

(Riazuddin et al. 2012). Closer inspection revealed that CIB2 is required for MET (Wang 

et al. 2017), possibly through interactions with TMC1 and TMC2 (Giese et al. 2017), and 

is at most an accessory subunit of the channel. Both PCDH15 and CDH23 are long and 

rope-like, with repeated extracellular cadherin motifs and a single transmembrane domain 

at their C-termini (Boeda et al. 2002, Seiler et al. 2005). Through immunogold labeling, 

they were definitively identified as components of the tip links, PCDH15 lower and 

CDH23 upper (Kazmierczak et al. 2007), making them unlikely to also form the channel. 

Of the final two candidates, TMIE and TMC1/2, neither was shown to reconstitute a 

mechanosensitive channel in an exogenous expression system, though attempts have been 

made (Zhao et al. 2014, Kawashima et al. 2011, Guo et al. 2016, Labay et al. 2010). 

Since negative results in these experiments cannot be used to draw conclusions, both 

proteins remain as candidates. 

The MET complex 

With all the criteria experimentally tested and the identity of the MET channel 

still unresolved, it becomes logical to shift study to those proteins we know to be in 

proximity to the channel. Such studies may lead to new discoveries about the channel 

components, and perhaps even the pore subunits. We will define the MET complex as 
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membrane proteins that are involved in gating the channel through proximity rather than 

far-reaching action. This short list includes PCDH15, TMIE, and the TMCs (Fig. 1.2). 

Protocadherin 15 (PCDH15) 

In humans and mice, mutations in PCDH15 lead to deafness (Ahmed et al. 2001, 

Alagramam et al. 2001). Previous work demonstrated that PCDH15 forms the lower base 

of the tip link (Kazmierczak et al. 2007); work in mice also implicated PCDH15 in 

forming transient linkages prior to the introduction of CDH23 (Indzhykulian et al. 2013). 

PCDH15 homodimerizes (Dionne et al. 2018) and embeds its C-terminus into the 

membrane (Fig 1.2) located at the apex of the shorter stereocilia. The extracellular N-

terminus stretches upward toward the next tallest row of stereocilia, where it meets 

midway and binds to the N-terminus of CDH23 (Kazmierczak et al. 2007). This 

arrangement places the C-terminal transmembrane domain and cytoplasmic regions of 

PCDH15 in close proximity to the channel, and indeed the C-terminus of PCDH15 was 

shown to interact with several proteins known to be involved in transduction, including 

LHFPL5 (Xiong et al. 2012), TMIE (Zhao et al. 2014), and TMC1/2 (Maeda et al. 2014, 

Beurg et al. 2015). Zebrafish have an ortholog, Pcdh15a, which is also required for 

hearing and interacts with the N-termini of Tmc1 and Tmc2a (Maeda et al. 2014). 

Transmembrane Inner Ear (TMIE) 

TMIE is a putative two-pass transmembrane protein (Fig. 1.2) with an unusual 

sequence unlike any known protein. Although TMIE is expressed in a variety of organs 

(Mitchem et al. 2002, Su et al. 2008), only its role in hair cells has been scrutinized 

because deafness is the only observed phenotype of TMIE deficiency. DFNB6 was first 

identified as a deafness locus in humans (Fukushima et al. 1995) and was later linked to 
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deletion of TMIE with a mouse deafness model called spinner (Mitchem et al. 2002). 

Shortly after that, another mouse model emerged, the aptly-named circler mutant (Cho et 

al. 2006). Morpholino knockdown of zebrafish tmie corroborated the auditory-vestibular 

defects and revealed lack of hair cell labeling with DASPEI, a vital mitochondrial dye 

that typically indicates cell activity levels (Shen et al. 2008). A later zebrafish mutant of 

tmie called ru1000 revealed a defect in labeling by FM 1-43, a permeant blocker of the 

MET channel, suggesting defective mechanosensitivity (Gleason et al. 2009). However, 

because of EM showing degenerated or misshapen hair cells, early papers attributed the 

defects in TMIE mutants to problems in hair cell development (Mitchem et al. 2002, 

Gleason et al. 2009), and subsequent papers referred to TMIE as a developmental protein. 

The first suggestion that it may be involved in MET came when a group found that 

cochlear hair cells appeared healthy at day P3 in mice, but that they still failed to label 

with FM 1-43 and resisted gentamicin-induced death (Park et al. 2013). As gentamicin 

requires active MET channels to enter and toxify hair cells (Wang and Steyger 2009, 

Alharazneh et al. 2011), Park et al. proposed that TMIE may contribute to 

mechanosensitivity rather than development. 

TMIE’s expression patterns were studied by several groups. Antibodies against 

TMIE showed labeling in the cochlea of rats and mice (Mitchem et al. 2002, 

Karuppasamy et al. 2012) and more specifically the hair cell stereocilia (Shin et al. 2010, 

Su et al. 2008). Then an epitope-tagged TMIE was localized to the tips of the shorter two 

rows of stereocilia in mouse cochlear hair cells, the exact region of the MET channel 

(Zhao et al. 2014). The authors further determined that hair cells developed with grossly 

normal morphology in mice. Despite their healthy appearance, MET currents were absent 
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in these Tmie knockouts. The authors also discovered an interaction between TMIE and 

LHFPL5, as well as an interaction between TMIE and a cochlea-specific form of 

PCDH15 called the CD2 isoform. They demonstrated that TMIE could interact with the 

conserved isoforms of PCDH15, CD1 and CD3, if co-expressed with LHFPL5, 

suggesting a ternary complex of these three molecules. However, TMIE did not co-

immunoprecipitate with the TMCs when both were expressed in HEK cells. The 

interaction with LHFPL5 and PCDH15-CD2 supported the idea that TMIE is an essential 

member of the MET complex. 

Completing their study, Zhao et al. (2014) mimicked three unique point mutations 

in TMIE known to be associated with human deafness, and showed that in the mouse 

model these mutations reduced MET currents and concurrently decreased TMIE binding 

to PCDH15-CD2. The authors concluded that TMIE’s role in hair cells is dependent on 

its interaction with CD2, and suggested that TMIE may be a force-coupler between the 

tip link and channel. However, with none of TMIE’s known interacting partners 

remaining as pore candidates, this suggestion left an open question. Their conclusion also 

did not explain the finding that PCDH15-CD2 is not essential to the function of vestibular 

hair cells in mammals (Webb et al. 2011), and yet TMIE mutants still showed vestibular 

defects indicating dysfunction of all hair cells, not just auditory hair cells (Mitchem et al. 

2002, Cho et al. 2006). Further, as demonstrated in the first manuscript of this 

dissertation, zebrafish do not have transcripts of the CD2 isoform, yet still require Tmie 

(Gleason et al. 2009). The question of a conserved role for Tmie in MET remains 

unanswered. 
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Transmembrane Channel-like (TMC) 1 and 2 

Even though TMC1 mutations cause deafness in humans (Kurima et al. 2002) and 

murine models (Marcotti et al. 2006), and the TMC family was suspected of being ion 

channels or modifiers (Keresztes, Mutai, and Heller 2003, Labay et al. 2010), the TMCs 

were initially ignored as pore candidates because currents were still measurable in mouse 

cochlear hair cells lacking TMC1 (Marcotti et al. 2006). For nearly a decade after its link 

to deafness was made, the TMCs drew little attention. This changed with the generation 

of a double knockout of TMC1 and TMC2 (Kawashima et al. 2011). The authors showed 

that otherwise healthy hair cells without TMC1/2 have absolutely no MET currents, and 

GFP-tagged TMC2 localized to the tips of stereocilia. They also showed that TMC2 is 

expressed before TMC1 in cochlear hair cells, explaining why the 2006 paper found 

currents in TMC1-deficient mice: the cells were not yet expressing TMC1. Virtually 

overnight, the TMCs became strong candidates for the pore subunits, and they have been 

intensely scrutinized to this day. 

These initial findings have since been confirmed by several labs. Tip links were 

still intact in double knockouts of the TMCs (Kawashima et al. 2011). Immunostaining 

and tagging of TMC1 and TMC2 confirmed their presence at the site of MET (Zhao et al. 

2014, Kawashima et al. 2011, Beurg et al. 2015, Cunningham et al. 2017, Erickson et al. 

2017, Kurima et al. 2015), with the most recent estimate suggesting 8-20 TMC1 proteins 

per stereocilia (Beurg et al. 2018). Both TMCs were expressed throughout the life of 

vestibular hair cells but TMC2 preceded TMC1 in cochlear hair cells, where the decline 

of TMC2 coincided with the rise and eventual exclusive expression of TMC1 (Kurima et 

al. 2015, Kim and Fettiplace 2013). In zebrafish, GFP-tagged Tmc1 and Tmc2b 
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expressed at the tips of stereocilia in living hair cells (Erickson et al. 2017), and mutating 

both tmc2a and tmc2b abolished mechanosensitivity in hair cells of the lateral line organ 

(Chou et al. 2017). The TMCs are thus in the right place at the right time to be considered 

pore candidates. Interestingly, the TMCs also required a Golgi-localized protein called 

Transmembrane O-Methyltransferase (TOMT) for proper localization in both zebrafish 

(Erickson et al. 2017) and mice (Cunningham et al. 2017), and loss of TOMT in humans 

causes profound deafness (Ahmed et al. 2008, Du et al. 2008). In HEK 293 cells, TOMT 

localized to the ER and was shown to co-immunoprecipitate with both TMC1 and 2 

(Cunningham et al. 2017, Erickson et al. 2017), along with PCDH15, TMIE, and 

LHFPL5 (Cunningham et al. 2017), though it does not appear to affect the bundle 

localization of any but the TMCs (Erickson et al. 2017, Cunningham et al. 2017). The 

question of how TOMT is contributing to TMC localization or the assembly of the 

complex is unclear, though it is not through any potential methyltransferase activity as 

revealed by mutants lacking regions critical to enzymatic activity (Cunningham et al. 

2017, Erickson et al. 2017). That a Golgi-localized protein affects the trafficking of a 

stereocilial protein evidences the fact that TMC expression is highly regulated, even at 

early stages of the secretory pathway. 

The topology of the TMCs is conducive to pore identity, with predictions of 6-10 

transmembrane domains. One paper suggested that TMC1 has at least six transmembrane 

domains based on HA-tagging experiments (Labay et al. 2010), while another used 

prediction algorithms and alignments to suggest eight transmembrane regions plus one 

re-entrant loop (Keresztes, Mutai, and Heller 2003). Recent papers suggested that the 

TMCs are structurally similar to TMEM16A/Ano1, a 10-pass transmembrane protein that 
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forms a Cl- channel (Medrano-Soto et al. 2018, Ballesteros, Fenollar-Ferrer, and Swartz 

2018). All TMCs have a highly conserved, unique region known simply as the TMC 

domain, the role of which is unknown (Holt et al. 2014). Among the other confirmed 

members of the MET apparatus, the TMCs only interacted with PCDH15 (Maeda et al. 

2014), even though LHFPL5 was implicated in localizing TMC1 (Beurg et al. 2015). 

However, in all attempts to determine TMC interactions in heterologous expression 

systems, the TMCs invariably became stuck in intracellular compartments, likely the ER. 

This could indicate that they are not folding properly, or are otherwise not accessible for 

native interactions. 

Several other lines of evidence supported the idea that the TMCs are pore 

subunits. Measurements in single knockouts of TMC1 and TMC2 showed different 

biophysical properties (Pan et al. 2013), such as Ca2+ permeabilities of the MET channel 

(Kim and Fettiplace 2013). This suggests that the TMCs are not interchangeable, and 

indeed overexpression of either TMC1 or TMC2 only partially rescued function in mouse 

mutants (Nakanishi et al. 2018, Asai et al. 2018, Askew et al. 2015, Kawashima et al. 

2011). When TMC1 and 2 were co-expressed, a range of single channel properties was 

measured, possibly from the formation of heteromeric complexes (Pan et al. 2013). 

TMC1 was implicated in contributing to the tonotopic gradient in the cochlea (Beurg et 

al. 2018). Even more enticing, a Tmc1 point mutation in the Beethoven mouse mutant 

(Vreugde et al. 2002) caused alterations to single channel conductance and Ca2+ 

permeability, suggesting changes to the pore (Corns et al. 2016, Kim and Fettiplace 2013, 

Pan et al. 2013, Beurg, Goldring, and Fettiplace 2015). In zebrafish, overexpression of an 

N-terminal fragment of Tmc2a caused a reduction in evoked mechanosensitivity; this 
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dominant negative effect suggests interference of the fragment in endogenous channel 

activity (Maeda et al. 2014). As discussed earlier, these findings confirm that the TMCs 

are intimately involved in MET but does not conclusively prove they are the pore 

subunits. 

General aims 

This dissertation focuses on the proteins of the MET complex in zebrafish as 

presented in two submitted manuscripts. The first manuscript focused on Pcdh15a, 

defining its essential C-terminal features and examining its two conserved isoforms. It 

also explored Pcdh15a localization in a variety of hearing mutants. The second 

manuscript scrutinized Tmie and its effects on other proteins of the MET complex, 

particularly the Tmcs. A comprehensive structure-function analysis of Tmie revealed 

domains required for self-localization and mechanosensitivity, and illuminated a 

previously undiscovered and conserved role for Tmie in MET. These findings are major 

stepping stones in blueprinting the complicated molecular machinery that governs the 

gating of the MET channel, and brings us closer to determining its pore-forming subunits. 
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Figure 1.1: Cartoon of a hair bundle viewed laterally 
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Figure 1.2: Ribbon diagrams of essential MET complex proteins 

PCDH15 has a long extracellular N-terminus which was mostly cut off in this depiction. 
These diagrams are not to scale. 
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Chapter 2: Manuscript I 

Functional analysis of the transmembrane and cytoplasmic domains of 

Pcdh15a in zebrafish hair cells 
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Abstract 

Protocadherin 15 (PCDH15) is required for mechanotransduction in sensory hair 

cells as a component of the tip link. Isoforms of PCDH15 differ in their cytoplasmic 

domains (CD1, CD2, and CD3), but share the extracellular and transmembrane (TMD) 

domains, as well as an intracellular domain known as the common region (CR). In 

heterologous expression systems, both the TMD and CR of PCDH15 have been shown to 

interact with members of the mechanotransduction complex. The in vivo significance of 

these protein-protein interaction domains of PCDH15 in hair cells has not been 

determined. Here we examined the localization and function of the two isoforms of 

zebrafish Pcdh15a (CD1 and CD3) in pcdh15a null mutants by assessing Pcdh15a 

transgene-mediated rescue of auditory/vestibular behavior, hair-cell morphology and 

activity. We found that either isoform alone was able to rescue the Pcdh15a-null 

phenotype, and that the CD1 or CD3 specific regions were dispensable for hair-bundle 

integrity and labeling of hair cells with FM 4-64, which was used as a proxy for 

mechanotransduction. When either the CR or TMD domain were deleted, the mutated 

proteins localized to the stereocilial tips, but were unable to rescue FM4-64 labeling. 

Disrupting both domains led to a complete failure of Pcdh15a to localize to the hair 

bundle. Our findings demonstrate that the TMD and cytoplasmic CR domains are 

required for the in vivo function of Pcdh15a in zebrafish hair cells.  
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Introduction 

Hair cells of the inner ear are specialized for perception of sound, gravity, and 

head movements in all vertebrates.  The hair bundle, which is the mechanically sensitive 

organelle of a hair cell, is a cluster of actin-filled stereocilia located at the apical surface.  

Mechanical stimuli such as sound pressure and head movement is converted into 

electrical signals by deflections of the hair bundles along the excitatory axis. This process 

is called mechanotransduction (Hudspeth 1989a). Extracellular protein filaments known 

as tip links connect the tips of shorter stereocilia to neighboring taller stereocilia. The tip 

links are required for mechanotransduction and are thought to transmit physical force to 

the mechanotransduction channels located at the stereocilia tips (Assad, Shepherd, and 

Corey 1991). Although composition may differ during development and regeneration 

(Ahmed et al, 2006, Indzhykulian et al, 2013), tip links are composed from the 

heterophilic interaction between cadherin 23 (CDH23) homodimers at the upper end and 

protocadherin 15 (PCDH15) homodimers at the lower end (Kazmierczak et al. 2007). 

Because PCDH15 forms the lower portion of the tip link where the mechanotransduction 

channels are located (Beurg et al, 2009), it is well positioned to interact with other 

components of the mechanotransduction complex. Indeed, the transmembrane and 

cytoplasmic domains of PCDH15 have been shown to interact with Transmembrane 

Channel-like (TMC) proteins (Maeda et al, 2014), Lipoma HMGIC fusion partner-like 5 

(LHFPL5) (Xiong et al, 2012) and, in the case of PCDH15-CD2, with Transmembrane 

Inner Ear (TMIE) (Zhao et al, 2014). Although these interactions are of particular interest 

when considering how the tip link is tethered to other components of the 
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mechanotransduction complex, it is not clear what domains of PCDH15 are essential for 

mechanotransduction. 

Mammalian hair cells express three isoforms of PCDH15 arising from differential 

splicing that differ only in the C-terminal cytoplasmic domains (CD1, CD2 and CD3) and 

share the remaining structures, including the extracellular cadherin (EC) repeats, the 

transmembrane (TMD) domain and a short stretch of amino acids adjacent to the TMD 

helix called the ‘common region’ (CR) (Ahmed et al. 2006).  PCDH15 isoforms are 

thought to function redundantly in immature hair cells, because isoform-specific 

knockout mice lacking PCDH15-CD1, PCDH15-CD2, or PCDH15-CD3 form normal tip 

links (Webb et al. 2011).  However, mice lacking PCDH15-CD2 are profoundly deaf, 

whereas hearing is normal in mice lacking PCDH15-CD1 or PCDH15-CD3.  The hearing 

loss in mice lacking PCDH15-CD2 was attributed to the loss of kinociliary links in 

immature cochlear hair cells, causing abnormally polarized hair bundles (Webb et al. 

2011). A more recent report showed that the CD2 isoform is required for tip links in 

mature cochlear hair cells by using a specific conditional knockout in mice that lack CD2 

after normal hair-bundle development.  In these mice, the loss of CD2 from mature cells 

caused profound deafness (Pepermans et al. 2014). Both reports focused on the function 

of PCDH15 isoforms in cochlear hair cells, as vestibular function was unaffected when 

the isoforms were knocked out individually.  Whether the individual isoforms can rescue 

vestibular function and how the various intracellular regions of PCDH15 contribute to 

hair-bundle integrity and mechanotransduction has not been explored.  

In zebrafish, there are two paralogs of protocadherin 15: protocadherin 15a 

(pcdh15a) is expressed in hair cells and is required for mechanotransduction, whereas 
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protocadherin 15b (pcdh15b) is expressed in the eye (Seiler et al. 2005). Recently, we 

reported that there are only two isoforms of Pcdh15a in zebrafish, Pcdh15aCD1 and 

Pcdh15aCD3; the Pcdh15aCD2 isoform is not detectable at either the transcript level nor 

within the genomic region of pcdh15a (Maeda et al. 2014, Seiler et al. 2005). As in 

mammals, the zebrafish CD1 and CD3 isoforms share the extracellular cadherin repeats, 

the transmembrane domain, and the intracellular common region. To test the function of 

the zebrafish Pcdh15a isoforms in hair cells, we quantified the ability of wild-type and 

mutated versions of pcdh15a transgenes to rescue defects in behavior, hair-bundle 

morphology and activity in pcdh15a null mutants.  
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Materials & Methods 

Zebrafish husbandry 

Zebrafish (Danio rerio) were maintained at 28°C and bred using standard 

conditions.  Animal research complied with guidelines stipulated by the Institutional 

Animal Care and Use Committed at Oregon Health and Science University.  In this study, 

the following zebrafish mutant alleles were used: pcdh15ath263b (Nicolson et al. 1998, 

Seiler et al. 2005), lhfpl5atm290d (Obholzer et al, 2012), myo6btn3137 (Seiler et al. 2004), 

cdh23nl9 (Obholzer et al, 2012), myo7aaty220d (Ernest et al. 2000).   All lines in this study 

were maintained in a Tübingen or Top long fin wild-type background. For experiments, 

we used larvae at 4-6 dpf, which are of indeterminate sex at this stage. 

  

Plasmid construction and transgenic lines 

The Tol2/Gateway system was used to make expression vectors (Kwan et al. 

2007).  pcdh15a-CD1 (GenBank accession number AY772390), -CD3 (KY432405), and 

engineered variants were subcloned using restriction enzymes and ligation or the in-

fusion method into the middle entry vector, with monomeric EGFP gene fused to the C-

terminus.  In these constructs, the flexible linker “(GGGGS)4” was introduced between 

the pcdh15a variants and EGFP (Chen, Zaro, and Shen 2013).  Standard Gateway LR 

reactions were performed to generate the following constructs:  pDest(-

6myo6b:pcdh15aCD1-EGFP-pA), pDest(-6myo6b-pcdh15aCD3-EGFP-pA), pDest(-

6myo6b-pcdh15aCR-EGFP-pA), pDest(-6myo6b-pcdh15a(∆cyto)-EGFP-pA), pDest(-

6myo6b-pcdh15a(CD8TMD)CR-EGFP-pA), pDest(-6myo6b-pcdh15a(CD8TMD)(∆cyto)-

EGFP-pA).  Each construct contained either a GFP or Redstar heart marker for 
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transgenesis. To generate transgenic fish, plasmid DNA and tol2 transposase mRNA 

were co-injected into eggs collected from th263b heterozygous fish; injections were done 

at the one-cell stage as previously described (Kwan et al. 2007). More than 500 eggs 

were injected for each construct and five or more founders were analyzed. The founders 

with the brightest signal in the hair bundles were selected for breeding. Founders were 

bred with th263b heterozygous or wild-type homozygous fish. To obtain th263b 

heterozygous fish carrying an insertion, heterozygous founders were crossed to 

nontransgenic heterozygous fish and expression of the GFP fusion protein was 

ascertained by confocal microscopy; the genotype of the adult fish was confirmed by 

performing PCR with DNA isolated from fin clips. To generate th263b homozygous 

adults with inserts, transgenic heterozygous fish were crossed to nontransgenic 

heterozygous fish; the resulting progeny was raised to adulthood and genotyped. Either 

heterozygous or homozygous transgenic fish were crossed to non-transgenic 

heterozygous fish for the AEBR and FM labeling experiments. 

In situ hybridization and semiquantitative polymerase chain reaction (PCR) 

 The CD1 or CD3 specific template for in vitro transcription was amplified 

by PCR using primers containing promoter sequence (T7/T3 promoter).  Following pairs 

of primers were used: T3-CD1 forward, 

CATTAACCCTCACTAAAGGGAAATGCTTGGACTACAAAGACG and T7-CD1 

reverse, TAATACGACTCACTATAGGGTTATACATCGTTCTTGTTGT for CD1 

specific region (1017 bp); T3-CD3 forward, 

CATTAACCCTCACTAAAGGGAAATCAGGCGGGGCATGGGCAG and T7-CD3 

reverse, TAATACGACTCACTATAGGGTCAGAGTTTTGTCATTGGTA for CD3 



 26 

specific region (807 bp).  Digoxigenin (DIG) labeled sense or anti-sense RNA probes 

were synthesized by using DIG labeling mix (Roche) and T7 or T3 RNA polymerase 

(Promega).  In situ hybridization was performed as previously described by Thisse and 

Thisse, 2008 and Erickson et al., 2010. Specimens were mounted on a depression slide in 

1.2 % low-melting point agarose and imaged on a Leica DMLB microscope fitted with a 

Zeiss AxioCam MRc 5 camera using Zeiss AxioVision acquisition software (Version 

4.5). 

 For semiquantitative PCR, cDNA was prepared from RNA isolated from 

the maculae of adult inner ears. The following primers were used: pcdh15aCD1-

F, ATCCAGATGGCACTTCCTGC, pcdh15aCD1-R, CCGCCTCCTCGATTACAGAC, 

predicted product at 163 bp; pcdh15aCD3-F, GGAGGCTGATCACTCCGATG, 

pcdh15aCD3-R, GTGACTGCTGACGTTGGGTA, predicted product at 197 bp. Lower 

and higher weight amplicons represent different splice variants (Maeda et al, 2014). The 

PCR reactions were run through 25, 30, and 35 cycles. The resulting PCR products from 

the 35 cycle reaction (all three bands for CD1, and two bands for CD3) were quantified 

using ImageJ software. 

Immunofluorescent staining and microscopy 

To visualize actin filaments in hair bundles of inner ear, larvae (4 dpf) were fixed 

with 4% formaldehyde in PBST (0.1% Tween 20 in PBS) for overnight at 4°C, rinsed 

with PBST, and then stained with Rhodamine-Phalloidin (Life Technologies, 1:50 

dilution in PBST) for an additional night at 4°C. To immunolabel hair bundles with anti-

Pcdh15a monoclonal antibody directed against an N-terminal fragment of Pcdh15a (1-

324 aa; Maeda et al, 2014), larvae (6dpf) were fixed with 4% formaldehyde in PBST 
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(0.01% Tween20 in PBS) for overnight at 4°C, rinsed with PBST. Larvae were 

permeabilized in 0.5% TritonX100 in PBS for 1 hour with 50 rpm shaking at room 

temperature (RT), then at 4oC overnight without shaking. They were then incubated in 

blocking solution (PBS / 1% BSA / 5% goat serum) for 2 hours, followed by overnight 

incubation with primary antibody at 4°C.  The Pcdh15a antibody was used at 1:200 in 

blocking solution. Alexa546-conjugated goat anti-mouse IgG (Life Technologies) was 

used at 1:500 for 4-5 h at RT.  Rhodamine-phalloidin (Life Technologies) was used at 

1:50 with the secondary antibody. 

For imaging of live and fixed samples with confocal microscopy, an upright Zeiss 

LSM700 laser-scanning confocal microscope with a Plan Apochromat 40x/1.0 DIC or 

Acroplan 63x/0.95W lens was used. Live larvae were anesthetized with E3 plus 0.03% 3-

amino benzoic acid ethylester (MESAB, Western Chemical Inc.) and live or fixed larvae 

were mounted in low-melting-point agarose (Sigma).   

FM4-64 labeling of neuromast hair cells 

To investigate the basal activity of neuromast hair cells, zebrafish larvae (4 dpf or 

6 dpf) were incubated for 30 sec in E3 medium containing 3mM N-(3-

Triethylammoniumpropyl)-4-(6-(4-(Diethylamino)Phenyl)Hexatrienyl)Pyridinium 

Dibromide   (FM4-64, Life Technologies).  After treatment, larvae were washed with E3 

three times and then anesthetized with E3 plus 0.03% MESAB. For each experiment, 

microscope parameters were adjusted to avoid saturation of the pixels. The levels of 

FM4-64 labeling were quantified using NIH ImageJ software. First, maximum 

projections of the neuromasts were made using 7 optical sections, beginning at the 

cuticular plate and moving down so as to include the cell bodies and exclude the bundles. 
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The mean pixel value of each maximum projection was then calculated in the channel 

with an emission peak at 640 nm. The number of hair cells was determined by counting 

the somas within the hair-cell layer in the DIC images. The mean pixel value was divided 

by the number of cells, yielding mean pixel value/cell for each neuromast. The mean 

value/cell of each wild-type dataset was set to 1.0; each mutant value/cell was then 

normalized to the corresponding sibling wild-type mean. 

Behavioral assays 

Quantification of vestibular-induced eye movements was performed in larvae 

using a method described previously (Mo et al. 2010).  In brief, zebrafish larvae at 5 dpf 

were mounted in 2% low melting agarose in E3 media on a cover slip, and agarose 

around the head was removed in order to free the eyes. This space was filled with E3 

media.   Larvae were mounted on the specimen platform of the device in a head-down 

position perpendicular to the platform.  During the rotation of the platform at 0.25 Hz, 

eye movements were recorded with ScopePhoto and the recorded data was processed in 

MATLAB.   

Monitoring of the auditory escape behavioral response (AEBR) was quantified by 

using a method similar to the one described previously (Einhorn et al. 2012). Larvae were 

presorted based on EGFP fluorescence or genotyped afterwards for the presence of the 

fusion protein using primers directed against EGFP (F: ACGTAAACGGCCACAAGTTC 

and R: AAGTCGTGCTGCTTCATGTG).  Briefly, larvae at 5 dpf were placed in the 

central 6 wells of a 96-well microplate, in the dark inside a Zebrabox monitoring system 

(ViewPoint Life Sciences), and stimulated with twelve 100 ms pure-tone stimuli (1 kHz 

at a sound pressure level of 157 decibels (dB) to elicit more than a 50% response in 
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control larvae) spaced at 15 sec intervals for three min. If spontaneous movements 

occurred within 1 sec before the stimulus, then that interval was omitted from analysis 

(indicated with blue asterisks in Figure 4A(f)). If spontaneous movements occurred 

during more than six stimuli, then those larvae were omitted from subsequent analysis. 

Each larva was subjected to one trial; 13.3% of the wild-type larvae were not responsive 

(16/120), resulting in a non-Gaussian distribution of the data.  Larvae were genotyped 

afterwards for the th263b mutation (F: GGCACACCTTCTACGTACCC and R: 

ACGCTCAAATAACGGTGAGC primers).  
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Results 

Both isoforms of Pcdh15a (CD1 and CD3) localize at the tips of hair bundles 

Previously, we reported that zebrafish pcdh15a is expressed in hair cells of the 

inner ear and lateral line organ, and in regions of the larval brain, using an antisense RNA 

probe that recognized both isoforms without differentiating between the two (Seiler et al, 

2005). To determine the spatial and temporal expression of each isoform individually, we 

used probes against the CD1 or CD3 specific coding regions (Fig. 2.1 A).  At 4 dpf, both 

splice variants are expressed in the hair cells of the lateral line organ and inner ear (Fig. 

2.1 B-G), as well as in the brain (Fig. 2.1 B and E).  Compared to pcdh15aCD1 

expression, pcdh15aCD3 appears to be expressed at higher levels in hair cells (Fig. 2.1 C, 

D, F, G).  To assess whether the CD3 isoform is expressed at higher levels in zebrafish 

hair cells, we performed semi-quantitative PCR using cDNA generated from adult inner 

ears. Consistent with the in situ data and previous reports on larval pcdh15a transcripts 

(Sheets et al, 2011, Maeda et al, 2014), we observed that the level of pcdh15aCD3 

mRNA in adult ears was more than two fold higher than pcdh15aCD1 transcripts (Fig. 

2.1 H; normalized to the gapdh control, the relative densities are 0.7 for CD3 and 0.3 for 

CD1 PCR products; multiple bands representing the different splice variants were 

included (Maeda et al, 2014)).    

Our previous study showed that endogenous Pcdh15a is localized at the tips of 

zebrafish hair bundles (Maeda et al. 2014). However, immunolabel of individual isoforms 

was not possible because our monoclonal antibody recognizes an N-terminal antigen in 

Pcdh15a (Fig. 2.2 A, black bar; B-B”’).  We therefore determined the localization of 

Pcdh15aCD1 and -CD3 in zebrafish hair cells by generating transgenic zebrafish 
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expressing either Pcdh15aCD1 or Pcdh15aCD3 tagged with monomeric EGFP and driven 

by the hair-cell specific myosin 6b (myo6b) promoter (Fig. 2.2 A). We imaged inner ear 

hair cells within lateral cristae at 6 dpf. At this stage, the epithelium includes mainly 

mature cells bordered by a few immature hair cells. Hair cells were identified as 

immature based on two criteria: (1) their peripheral position within the epithelium, and 

(2) the shorter height of their hair bundles (Kindt, Finch, and Nicolson 2012). In more 

mature hair cells, subcellular localization of GFP-tagged Pcdh15aCD1 and –CD3 was 

detected in a punctate pattern at the tips of hair bundles (Fig. 2.2 C-D’’’).  Importantly, 

this organized pattern of exogenously expressed Pcdh15a is nearly identical to that seen 

with immunolabeling for the endogenous Pcdh15a (Fig. 2.2 B-B’’’). A less punctate 

pattern was observed in immature hair cells at the periphery of the neuroepithelium (Fig. 

2.2 D, yellow arrowheads), although the signal appeared to be concentrated near the tip 

of these shorter hair bundles. The increase in density and broader distribution of PCDH15 

in immature hair cells (E9-E12) was also reported in the chick basilar papilla (Goodyear 

and Richardson, 2003). Together, these results suggest that GFP-tagged versions of both 

Pcdh15a isoforms localize in a similar fashion to endogenous Pcdh15a and are 

components of tip links in zebrafish hair cells. 

 

Pcdh15a-EGFP localization in mechanotransduction mutants  

Studies in fish and mice have identified several genes implicated in 

mechanotransduction and the integrity of hair bundles. Some of these genes, such as 

Cdh23, Lhfpl5, and Myo7a have been shown to affect the localization of PCDH15 in 

stereocilia (Senften et al, 2006; Xiong et al, 2012). To determine if EGFP-tagged 
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Pcdh15a protein also exhibits the same requirements for localization, we imaged 

Pcdh15aCD3-EGFP in lhfpl5atm290d, cdh23nl9, and myo7aaty220d mutant hair cells. As a 

control, we also examined a fourth mechanotransduction mutant that is not known to 

have a direct effect on the mechanotransduction complex but rather affects bundle 

integrity, the myosin 6b (myo6btn3137) mutant.  

LHFPL5 (previously known as TMHS) is a component of the 

mechanotransduction complex in mouse cochlear hair cells (Xiong et al. 2012).  

Mutations in LHFPL5 cause nonsyndromic deafness in humans, and auditory/vestibular 

defects in mice and fish (Shabbir et al. 2006, Longo-Guess et al. 2005). Previous data 

showed that LHFPL5 is required for localization of PCDH15 to hair bundles and vice 

versa (Xiong et al. 2012). To first compare whether changes in localization of the tagged 

version of Pcdh15a were similar to perturbations in endogenous Pcdh15a, we examined 

immunolabeling of Pcdh15a in lhfpl5atm290d mutants. As reported in mouse Lhfpl5-/- 

cochlear hair cells, we observed that immunolabeling of Pcdh15a in hair bundles was 

greatly reduced in zebrafish lhfpl5atm290d mutants (Fig. 2.3 B-B’) as compared to wild 

type siblings (Fig. 2.3 A-A’). We next examined the localization pattern of stably 

expressed Pcdh15aCD3-GFP in lhfpl5atm290d mutants and found that Pcdh15aCD3-EGFP 

was largely absent in both mature and immature hair bundles, but detectable in hair cell 

somas (Fig. 2.3 C-C’’’). This pattern is similar to that seen with endogenous label in 

Figure 3B-B’ and to the pattern observed with anti-PCDH15 antibodies in Lhfpl5-/- mice 

(Xiong et al, 2012). One difference is that there were higher levels of tagged Pcdh15a in 

the cell bodies of relatively mature hair cells in lhfpl5atm290d mutants. This difference is 

likely due to exogenous expression of Pcdh15a. Nonetheless, the strong reduction of 
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immunolabeling and Pcdh15aCD3-EGFP in mutant hair bundles suggests that the 

Pcdh15aCD3-EGFP protein behaves similarly to endogenous Pcdh15a. Having 

confirmed that our transgene expression closely matches that of endogenous protein, we 

performed the rest of our experiments using Pcdh15aCD3-EGFP. 

CDH23 has been shown to be a component of tip links in mice and fish (Söllner et 

al, 2004, Siemens et al, 2004); CDH23 homodimers interact in trans with PCDH15 

homodimers to form tip links (Kazmierczak et al. 2007). Moreover, disrupting tip links 

with Ca2+ chelators results in the absence or redistribution of PCDH15 in chick and 

mouse hair cells (Indzhykulian et al. 2013, Goodyear and Richardson 2003). In zebrafish 

cdh23nl9 mutants, Pcdh15aCD3-EGFP was present in the cell bodies of inner ear hair 

cells, whereas accumulation of Pcdh15aCD3-EGFP in hair bundles was only observed in 

immature hair cells (Fig. 2.3 D-D’’’, indicated by yellow arrows).  This result indicates 

that Cdh23 is required for the stable localization of Pcdh15aCD3-EGFP at the tips of hair 

bundles.  

In addition to LHFPL5 and CDH23, MYO7A has also been shown to interact 

with PCDH15 (Senften et al, 2006). Like Myo7a mutant mice, we observed that 

Pcdh15aCD3-EGFP was absent from the tips of mature hair bundles in the orthologous 

zebrafish myo7aaty220d mutant (Fig. 2.3 E-E’’’, white arrowheads), however GFP signal 

was present near the base of the mature hair bundles (Fig. 2.3 E-E’’’, white arrowheads). 

As in cdh23 mutants, we detected GFP signal in immature bundles (Fig. 2.3 E-E’’’, 

yellow arrowheads and bracket), indicating that Myo7aa is not required for trafficking of 

Pcdh15a into hair bundles, but rather is necessary for stable localization of Pcdh15a at the 

tips of stereocilia. Collectively, the results in the cdh23, lhfpl5a and myo7aa mutant 
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backgrounds suggest that GFP-tagged Pcdh15a is behaving as predicted by previous 

studies and that the interactions among these proteins are conserved in zebrafish. 

Zebrafish Myo6b has been shown to be required for maintaining the structural 

integrity of the apical surface of zebrafish hair cells, presumably by regulating actin-

based interactions with the plasma membrane (Seiler et al. 2004). In myo6b mutants, hair 

bundles show multiple phenotypes: they can be splayed, misshapen, or exhibit fusion of 

the stereocilia, similar to the phenotype seen in Snell’s waltzer mice (Seiler et al. 2004). 

We found that in myo6btn3137 mutants, Pcdh15aCD3-EGFP was still distributed to the tips 

of stereocilia in a punctate manner, even in splayed bundles (Fig. 2.3 F-F’’’, arrowheads). 

In fused bundles (Fig. F’, black bracket), the localization at stereocilial tips resulted in 

Pcdh15aCD3-EGFP puncta that were more intense than in wild type. This result suggests 

that the activity of Myo6b and the integrity of the hair bundle are not required for 

localization of Pcdh15a. 

 

Both isoforms of Pcdh15a rescue hearing and balance deficits in pcdh15a mutants 

Within four days of development the zebrafish inner ear is functional, allowing 

larvae to maintain an upright position and exhibit a robust startle reflex to acoustic 

stimuli.  Larvae carrying mutations in pcdh15a have pronounced auditory and vestibular 

defects (Nicolson et al. 1998, Granato et al. 1996). To explore whether the expression of 

a single isoform is sufficient for restoring hearing and balance, we performed rescue 

experiments in pcdh15ath263b mutants. The th263b mutation is a null allele that causes a 

severe truncation of the Pcdh15a protein within the third extracellular cadherin repeat 

(R360X), thus affecting both CD1 and CD3 isoforms and leading to a complete loss of 
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microphonic potentials and mechanically evoked calcium transients in hair cells (Seiler et 

al. 2005).  First, we sought to quantify auditory function by comparing the auditory 

escape behavioral response (AEBR) in wild-type and pcdh15ath263b mutants. We assessed 

this behavior by exposing the larvae to pure tone stimuli (157 dB, 1000Hz for 100ms), 

delivered at regular 15 second intervals for 3 minutes, and quantifying the resulting 

acoustically-evoked movements (Fig. 2.4 A; red indicates large movements above the 

background movements shown in green). As expected, wild-type larvae showed a robust 

response to acoustic stimuli (Fig. 2.4 A, panel (a), and 4B), while pcdh15ath263b mutants 

had almost no response to the tones (Fig. 2.4 A, panel (b), and 4B). Upon stable 

transgenic expression of either full-length isoform of Pcdh15a, we observed that startle 

responses to the tones were restored (Fig. 2.4 A, panels (c-d), and 4B). In each case, the 

rescue of hearing deficits was comparable; the startle responses among homozygous 

mutants expressing the transgenes were not statistically different from the responses of 

their respective transgenic heterozygous siblings (Fig. 2.4 B). We also noted that, 

irrespective of genotype, transgenic fish expressing either full-length isoform often 

exhibited an increase in spontaneous, non-auditory evoked movements. It is not clear 

why expression of the transgenes would cause hyperactivity, and these fish were 

excluded from our AEBR analysis (Fig. 2.4 A panel (f)). Nevertheless, these results 

indicate that either isoform is capable of rescuing auditory deficits in pcdh15a null 

mutants.  

Next, we quantified the rescue of vestibular function by testing vestibular-induced 

eye movements. These reflexive movements in zebrafish larvae occur in response to 

rotation of the head and consequent stimulation of the anterior maculae (Mo et al, 2010).  



 36 

Wild-type larvae moved their eyes robustly in response to rotation (Fig. 2.4 C).  In 

contrast, pcdh15ath263b mutants did not have detectable eye movements during rotation 

(Fig. 2.4 C). Stable expression of a pcdh15aCD1 or –CD3 transgene significantly rescued 

the vestibular deficits in pcdh15ath263b mutants in comparison to wild-type siblings (Fig. 

2.4 C). These behavioral experiments suggest that when expressed exogenously, either 

Pcdh15a isoform is capable of restoring the activity of the auditory/vestibular organs in a 

pcdh15a null mutant. 

 

Both isoforms of Pcdh15a rescue splayed hair bundles in pcdh15a mutants 

Previously we reported that pcdh15a is required for the integrity of hair bundles 

in the inner ear (Seiler et al. 2005).  Similar to live images of inner ear hair cells in 

lhfpl5a and cdh23 mutant larvae (Fig. 2.3 C’ and D’), hair bundles in pcdh15ath263b 

mutant larvae are disorganized and splayed, with individual or clusters of stereocilia 

separated from the bundle or kinocilia (arrow heads in Fig. 2.5 B, compared with wild-

type hair bundles (Fig. 2.5 A). We investigated whether transgenic expression of 

pcdh15aCD1-EGFP or pcdh15aCD3-EGFP could rescue the morphological defects in 

pcdh15ath263b mutant larvae.  In intact larvae, we observed that both GFP-tagged isoforms 

were localized to the tips of mutant hair bundles and were able to rescue the abnormal 

splaying of stereocilia (Fig. 2.5 C and D). 

 

Both isoforms of Pcdh15a rescue FM4-64 labeling in pcdh15a mutant hair cells 

We next sought to assess mechanotransduction in pcdh15a mutant larvae 

expressing our transgenes. Vital dyes such as FM1-43 and FM4-64 can rapidly permeate 
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hair cells through functional mechanotransduction channels (Meyers et al. 2003).  

Consequently, FM dye labeling is commonly used as a proxy for mechanotransduction in 

mature hair cells (Meyers et al. 2003). In both PCDH15-deficient Ames waltzerav3J mice 

and pcdh15a zebrafish mutants, hair cells do not accumulate FM1-43 dye in the soma 

(Senften et al. 2006).   

To investigate functional differences between Pcdh15aCD1 and Pcdh15aCD3, we 

injected plasmid DNA encoding pcdh15aCD1-EGFP or pcdh15aCD3-EGFP, driven by 

the hair cell-specific myo6b promoter, into pcdh15ath263b mutant eggs and raised them to 

the larval stage.  Injection of plasmid DNA led to transient mosaic expression with only a 

subset of hair cells expressing the EGFP-tagged proteins (Fig. 2.6-2.8).  By using mosaic 

analysis, we could directly compare the level of rescue to non-rescued neighboring cells.  

For our experiments, we imaged lateral line hair cells, which are readily accessible to 

vital dyes in intact larvae, and we used FM4-64, which has non-overlapping emission 

spectra with EGFP.  It was reported that FM4-64 can label hair cells with a time course 

similar to FM1-43 (Meyers et al. 2003).  As expected, we observed a significant 

reduction of FM4-64 labeling in pcdh15ath263b mutant hair cells compared to wild-type 

hair cells at 4 dpf (Fig. 2.6 A). The background fluorescence was not subtracted in our 

images, and the remaining signal in the mutants likely reflects autofluorescence or the 

presence of negligible amounts of FM label within the outer leaflet of the apical plasma 

membrane. As a control experiment, we used EGFP fused with a CAAX prenylation site.  

Prenylation of the CAAX site targets EGFP to the plasma membrane, which leads to an 

enrichment of the signal in hair bundles (Fig. 2.6 B, upper section).  pcdh15a-mutant hair 

cells expressing EGFPCAAX did not label with FM4-64 dye (Fig. 2.6 B, lower section).  
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Upon expression of pcdh15aCD1-EGFP or pcdh15aCD3-EGFP, EGFP-positive hair 

cells were brightly labeled with FM4-64 (Fig. 2.6 C-D). These results are consistent with 

those observed with the behavioral analyses.  

Mosaic expression is useful for demonstrating effects among cells within the 

same neuroepithelium, however, transient expression of a gene can be variable due to 

several factors, including differences in the amount of plasmid injected and the number of 

transgenes that are integrated within each cell. To avoid issues associated with transient 

expression, we quantified FM labeling in stable transgenic lines. Although position 

effects can lead to differences in expression levels between transgenic lines, the 

expression level of a particular transgene is more consistent. The pcdh15ath263b mutation 

is normally lethal when homozygous, with death occurring at 9 dpf. However, we were 

able to raise homozygous pcdh15ath263b mutants to adulthood upon stable expression of 

the pcdh15aCD1-EGFP, pcdh15aCD3-EGFP, or pcdh15aCR-EGFP transgenes. In 

contrast, we were unable to identify homozygous mutant adults carrying the other 

pcdh15a transgenes with various deletions described in Figure 2.7A.  

We compared transgenic and non-transgenic siblings generated by crossing 

transgenic homozygous or heterozygous pcdh15ath263b fish to non-transgenic th263b 

heterozygous fish. These crosses yielded mutant fish with or without the transgene. 

Consistent with the mosaic expression experiments, FM4-64 dye was present in the soma 

of mutant hair cells stably expressing either Pcdh15a isoform (Fig. 2.6 E). Overall, the 

level of FM labeling in the rescued mutants was lower in comparison to wild-type 

siblings for each transgene. To determine whether gene dosage had an effect on the levels 

of FM4-64 in hair cells, we compared the normalized means of FM4-64 intensity in 
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mutant larvae expressing one versus two copies of the pcdh15aCD3-GFP transgene; the 

means were almost identical (single copy mean = 0.85 (n = 12), and double copy mean = 

0.84 (n = 18)). This result suggests that the transgenic constructs are likely expressed at 

saturating levels. We also never observed any significant difference in FM4-64 labeling 

between non-transgenic and transgenic wildtype sibling groups (CD1: non-transgenic 

mean = 1.15 (n = 9) versus transgenic mean 1.10 (n = 6); CD3: non-transgenic mean = 

0.51 (n = 19) versus transgenic mean 0.53 (n = 12)), suggesting that overexpression of 

the transgenes does not adversely affect the mechanotransduction complex or bundle 

environment. Although not directly comparable to the CD3 transgene, the tagged version 

of CD1 appeared to be less effective in rescuing FM labeling of hair cells (Fig. 2.6 F). 

Why this is the case and whether CD1 plays a less important role in the lateral line organ 

requires further investigation. Nevertheless, our experiments suggest that either isoform 

alone can rescue mechanotransduction in pcdh15a-null mutants, albeit not to the same 

level as wild-type siblings. 

 

CD1 or CD3 specific regions are not required for the localization and function of 

Pcdh15a in hair cells 

Because both isoforms have the ability to rescue behavioral responses, hair bundle 

defects, and mechanotransduction, we hypothesized that the CD1 or CD3 specific regions 

are not strictly required for the function of Pcdh15a in hair cells.  To test this hypothesis, 

we engineered a truncated form of Pcdh15a that retains the common region of both 

isoforms, but does not have the CD1 or CD3 specific regions (‘Pcdh15aCR-EGFP’; Fig. 

2.7 A).  As with the EGFP-tagged CD1 and CD3 transgenes, we examined the ability of 
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Pcdh15aCR-EGFP to localize to the hair bundle and to rescue the behavioral and 

mechanotransduction defects in pcdh15ath263b mutants. In a stable transgenic line, 

Pcdh15aCR-EGFP was sufficient for rescue of auditory and vestibular reflexes in mutant 

fish (Fig. 2.4 A, panel (e), and B-C). In pcdh15ath263b hair cells, imaging showed that 

transiently or stably expressed Pcdh15aCR-EGFP localizes in a punctate pattern at the 

tips of hair bundles like wild-type Pcdh15a (Fig. 2.7 C-D) and could rescue the splaying 

of mutant pcdh15a hair bundles (Fig. 2.7 B).  Likewise, Pcdh15aCR-EGFP was present 

in the hair bundle of lateral line hair cells (Fig. 2.8 A, upper section). Furthermore, FM4-

64 labeling experiments showed that Pcdh15aCR-EGFP significantly restored 

mechanotransduction in pcdh15ath263b mutant hair cells (Fig. 2.8 A and E-F). Like the 

full-length Pcdh15a transgenes, the intensity of FM4-64 labeling was not fully rescued by 

Pcdh15aCR-EGFP in comparison to wild-type siblings (Fig. 2.8 F). 

Both the CR and TMD of PCDH15 have been implicated in protein-protein 

interactions with members of the mechanotransduction complex in hair cells (Xiong et al, 

2012; Maeda et al, 2014; Zhao et al, 2014). To further characterize the in vivo relevance 

of these protein-binding motifs in Pcdh15a, we examined the localization and 

functionality of truncated and chimeric forms of Pcdh15a.  Pcdh15a(∆cyto)-EGFP lacks 

the entire cytoplasmic domain including the CR (Fig. 2.7 A).  Similar to full-length 

Pcdh15a, Pcdh15a(∆cyto)-EGFP localized at the tips of hair bundles and could rescue 

splaying at 4 and 6 dpf (Fig. 2.7 E-F and Fig. 2.8 B). We also observed the EGFP signal 

within kinocilia in a subset of hair cells (Fig. 2.7 E inset; 13%, n= 38 hair cells). This 

pattern suggests that the CR is partially required for retention at the site where the hair 

bundle connects to the kinocilium.  Alternatively, this version of Pcdh15a may be 
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incorrectly trafficked to the tip of the kinocilium. Experiments with larvae stably 

expressing Pcdh15a(∆cyto)-EGFP showed that this truncated form was not able to restore 

FM4-64 labeling in pcdh15ath263b mutant hair cells above that of non-transgenic mutant 

siblings (Fig. 2.8 F). These results indicate that the cytoplasmic common region is 

required for Pcdh15a function, but not for targeting Pcdh15a to the hair bundle.  

To determine whether the TMD is required for Pcdh15a localization and function, 

we expressed a chimera, Pcdh15a(CD8TMD)CR-EGFP, in which the TMD was replaced 

with the single pass TMD from the type I protein CD8 (‘CD8TMD’). Although the EGFP 

intensity was variable among fish, we observed localization of Pcdh15a(CD8TMD)CR-

EGFP in both the cell bodies and hair bundles of pcdh15ath263b mutants (Fig. 2.7 G-H, 

and 2.8 C).  In 21% of transiently expressing hair cells, the hair bundles with 

Pcdh15a(CD8TMD)CR-EGFP at the tips of stereocilia were still splayed (example shown 

in Fig. 2.7 G; n = 57). In mutant larvae stably expressing Pcdh15a(CD8TMD)CR-EGFP, 

splaying was slightly reduced (39% versus 46% for non-transgenic mutants; Fig. 2.7 B), 

but FM4-64 labeling was not restored (Fig. 2.8 F). These results suggest that the TMD is 

required for Pcdh15a function, and is partially required for the trafficking of Pcdh15a into 

the hair bundles and for hair bundle integrity. Finally, we tested a CD8 chimeric protein 

that lacks both the entire cytoplasmic domain and the endogenous TMD 

(Pcdh15a(CD8TMD)(Dcyto)-EGFP). The Pcdh15a(CD8TMD)(Dcyto)-EGFP signal was 

almost exclusively in the soma of pcdh15ath263b mutants (Fig. 2.7 I-J, and 2.8 D). 

Splaying of hair bundles still occurred at levels comparable to pcdh15ath263b mutants 

(44%; Fig. 2.7 B). These data suggest that the proper trafficking of Pcdh15a to the tips of 

stereocilia requires both the CR and the TMD. Consistent with the inability of 
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Pcdh15a(CD8TMD)(Dcyto)-EGFP to correctly localize in the hair bundle, stable 

expression of this construct was unable to restore FM4-64 label above that observed in 

the non-transgenic mutants (Fig. 2.8 F). Collectively, this series of experiments 

demonstrate that together with the extracellular domain, the TMD and CR of Pcdh15a are 

necessary and sufficient for the localization of Pcdh15a in the hair bundle and that both 

domains are critical for the function of Pcdh15a in mediating mechanotransduction.  
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Discussion 

PCDH15 is a tip link protein that is essential for mechanotransduction in hair cells 

(Alagramam et al. 2011, Kazmierczak et al. 2007, Ahmed et al. 2006). Along with 

CDH23, the extracellular cadherin repeats of PCDH15 form part of the filamentous tip 

link; together as a trans-adhesive complex, these unusually long cadherins span the 

distance between neighboring stereocilia (Kazmericzak et al, 2007). In contrast to the 

extracellular domain of PCDH15, the function of the divergent intracellular domains of 

PCDH15 is not as clear. In this study, we exogenously expressed EGFP-tagged versions 

of zebrafish Pcdh15a-CD1 and Pcdh15a-CD3 in pcdh15a-null mutants to assess their 

localization and functionality. Although imaging of tip links in a cochlear explant has 

been reported using hopping probe ion conductance microscopy (Novak et al, 2009), 

imaging of a tip link protein in an intact animal is unprecedented; to date, a fluorescently 

tagged version of mammalian PCDH15 expressed in hair cells has not been reported. Our 

pcdh15a-EGFP transgenic lines provide an important tool for visualizing a central 

component of the mechanotransduction complex in zebrafish hair cells during 

development and in disease models associated with loss of hair-cell function.   

We found that despite the divergence of the CD1 and CD3 isoforms of Pcdh15a, 

both isoforms localize to the tips of stereocilia and are capable of restoring function to 

pcdh15a mutant hair cells; transgenic expression of either Pcdh15aCD1-EGFP or 

Pcdh15aCD3-EGFP alone can rescue the morphological and functional defects in a 

pcdh15a null mutant. Furthermore, rescue experiments with C-terminally truncated and 

chimeric forms of Pcdh15a demonstrate that the TMD and intracellular CR of Pcdh15a 
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both contribute to Pcdh15a localization and function. Our experiments here provide the 

first in vivo evidence that these domains are key to the function of Pcdh15a in hair cells.   

The cytoplasmic tail of PCDH15 has been shown to interact in vitro or in 

heterologous experiments with a number of proteins implicated in mechanotransduction, 

including LHFPL5, MYO7A, and a PDZ-containing protein, USH1C (also known as 

Harmonin) (El-Amraoui and Petit, 2005, Yan and Liu 2010, Zheng et al., 2010, Xiong et 

al., 2012). In mice, mutations or deletions of Lhfpl5, Myo7a, and Ush1c, cause the 

reduction or mislocalization of PCDH15 in stereocilia (Senften et al., 2006, Yan et al., 

2011, Xiong et al., 2012). In agreement with previous findings, we observe that 

Pcdh15CD3-EGFP is absent at the tips of mature hair bundles in lhfpl5, myo7aa, and 

cdh23 mutant fish. Like cdh23 mutants, myo7aa mutants displayed robust EGFP signal in 

immature hair bundles but not in more mature hair bundles. In contrast, EGFP-tagged 

Pcdh15a remained in the hair cell body of lhfpl5a mutants at all developmental stages, 

implying that Lhfpl5a is required for transport to the hair bundle. A similar role was 

reported for the mammalian orthologue of lhfpl5a (Xiong et al., 2012), suggesting that 

the trafficking function of LHFPL5 is a conserved feature in vertebrates.  

The motifs of PCDH15 that are essential for targeting or stable localization of 

PCDH15 to the site of mechanotransduction have not been previously described.  Our 

findings with Pcdh15aCR-EGFP show that the CD1 and CD3-specific regions are not 

required for the correct localization of Pcdh15a.  Moreover, the CR is also not required 

for Pcdh15a to localize at the tips of stereocilia. That the CR is not strictly required for 

localization suggests that formation of a trans-adhesive complex with Cdh23 or 

interactions with the intact TMD region are sufficient for trafficking of Pcdh15a to the 
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tips of stereocilia. The TMD chimera Pcdh15a(CD8TMD)CR-EGFP was also present in 

hair bundles, albeit in a more variable pattern with more Pcdh15a(CD8TMD)CR-EGFP 

protein retained in the cell body. However, if the cytoplasmic domain was deleted from 

the TMD chimera, then the protein was completely absent in hair bundles in the null 

mutant background, suggesting that alongside the trans-adhesive complex with Cdh23, 

the combined region of the TMD and CR is critical for the trafficking and proper 

localization of Pcdh15a. It is likely that these domains contribute to the trafficking of 

Pcdh15a via direct interactions with Lhfpl5a, and perhaps via interactions with Myo7aa, 

as was demonstrated for the mouse orthologous proteins LHFPL5 and MYO7A in cell 

line experiments (Senften et al, 2006, Xiong et al, 2012).  

In regard to extracellular motifs, the N-terminal cadherin repeats of PCDH15 

mediate the heterophilic interaction with the N-terminus of CDH23 (Geng et al. 2013, 

Sotomayor et al. 2012, Elledge et al. 2010). In hair-cell explants undergoing regeneration 

of tip links, PCDH15 homomeric interactions occur transiently, followed by a subsequent 

switch to the PCDH15-CDH23 heteromeric complex (Indzhykulian et al, 2013). In 

Cdh23 mutant mice, immunolabeling of the CD1 isoform of PCDH15 was reported to be 

unaffected in cochlear hair cells at postnatal day 5 (Senften et al, 2006). Our results 

indicate that the zebrafish CD3 isoform is initially present in immature cdh23 mutant hair 

bundles, possibly as homomeric complexes. However, within more mature hair bundles, 

Pcdh15aCD3-EGFP was absent in cdh23 mutants. The absence of tagged-Pcdh15a-CD3 

in mature cells suggests that this transadhesive complex is required for retaining 

Pcdh15a-CD3 in the hair bundle.    
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Of the various constructs, the loss of the entire cytoplasmic domain of Pcdh15a 

was the only mutated form that we observed in the tips of kinocilia. Previous studies have 

shown an asymmetry of the kinocilial link, with PCDH15 located in the kinocilium (Lelli 

et al. 2010, Goodyear et al. 2010). The CR may be partially required for retention of 

Pcdh15a at this site within kinocilia; nevertheless, kinocilial links appeared to be intact in 

pcdh15a mutants expressing the Pcdh15a(∆cyto)-EGFP construct. In addition, the 

Pcdh15a(∆cyto)-EGFP construct was the only construct that rescued the splayed bundle 

phenotype, but not function. This result suggests that the CR is key to functional coupling 

of the tip link to the mechanotransduction machinery. 

Interestingly, we found that Pcdh15a could localize to the tips of splayed or 

disorganized hair bundles. Although variable with regard to localization, 

Pcdh15a(CD8TMD)CR-EGFP was detected at the tips of stereocilia in pcdh15a mutant 

hair cells, even if the stereocilia were split away from the bundle. Localization of 

Pcdh15aCD3-EGFP persisted in disorganized hair bundles in myo6b mutant fish as well. 

Collectively, our results and previous studies suggest that multiple components are 

required for localization of Pcdh15a to the tips of stereocilia in hair cells, including the 

facilitation of transport to the hair bundle by Lhfpl5a, and subsequent formation of a 

trans-complex with Cdh23.  

Our study also underscores the importance of the CR and TMD for PCDH15 

function. Previous yeast two-hybrid and heterologous expression experiments have 

shown that the interaction of PCDH15 with other components of the 

mechanotransduction complex such as TMC1, TMC2 and LHFPL5 is mediated through 

the CR and TMD (Maeda et al. 2014). Indeed, in vivo experiments in zebrafish revealed 
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that disruption of the CR-mediated Pcdh15a/Tmc interaction via overexpression of the N-

terminus of Tmc2a leads to mislocalization of Pcdh15a and decreased hair-cell activity 

(Maeda et al, 2014). However, direct evidence that the CR and TMD are required for the 

function of PCDH15 has been lacking. We found that in the absence of the CR, the basal 

activity of mechanotransduction channels is compromised, as evidenced by the inability 

of FM4-64 to enter hair cells. Aside from the requirement of the CR, the present study 

also suggests that the particular amino acid sequence of the Pcdh15a TMD is important 

for function. The multiple interactions mediated by the CR and TMD with members of 

the mechanotransduction complex suggest that PCDH15 serves as a hub or central 

component of the complex. 

In mice, neither PCDH15-CD1, PCDH15-CD2 nor PCDH15-CD3 are uniquely 

required for tip-link formation during development (Webb et al. 2011).  In contrast, 

PCDH15-CD2 is an essential component of the tip-link in mature cochlear hair cells 

(Pepermans et al. 2014). Although zebrafish do not have a Pcdh15a-CD2 isoform (Maeda 

et al. 2014), mammalian PCDH15-CD2 has taken on an indispensable, specialized role in 

mechanotransduction in mature cochlear hair cells. The C-terminal tail of the CD2 

isoform was recently shown to interact with TMIE, a membrane protein required for 

auditory/vestibular function (Zhao et al., 2014). However, in mammalian vestibular hair 

cells, this interaction is not essential. Like mammalian vestibular hair cells, zebrafish hair 

cells do not require a CD2-Tmie interaction to form a functional mechanotransduction 

complex, and our rescue experiments show that Pcdh15aCR is sufficient for the 

formation and function of the mechanotransduction complex. However, our study does 

not rule out subtle effects caused by the deletion of the specific regions of CD1 and CD3. 
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Future experiments examining the effects on mechanotransduction currents may reveal 

distinct functional differences between the isoform-specific regions. Although 

Pcdh15aCD1, -CD3, and –CR proteins were all able to fully restore vestibular and 

auditory behaviors, none of the transgenes tested here were able to restore FM4-64 

labeling to wild-type levels. Nevertheless, our study is an important step toward 

understanding the role of the TMD and CR of Pcdh15a in vestibuloauditory and lateral-

line hair cells, and this study reveals the molecular features of Pcdh15a that are likely to 

be conserved in vertebrates. 
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Figure 2.1: Expression pattern of the two splice variants pcdh15aCD1 and pcdh15aCD3 

using in situ hybridization with specific probes for each transcript 

A, Schematic drawing of Pcdh15aCD1 and Pcdh15aCD3 proteins.  The position of the 
probes used for in situ hybridization experiments are indicated. B-D, pcdh15aCD1 
expression at 4 dpf.  E-G, pcdh15aCD3 expression at 4 dpf.  C,F, Higher magnification 
view of two trunk neuromasts.  D,G, Higher magnification view of the anterior macula.  
Scale bars: 100µm (B and E); 25µm (C, D, F, G). H, Semi-quantitative PCR of pcdh15a 
cDNA from adult inner ear tissue using isoform-specific primers (products from 35 
cycles are shown). The relative density of the PCR products for CD3 splice variants (two 
bands) is 2.3 fold higher than CD1 splice variants (three bands). Bands are indicated by 
asterisks. 
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Figure 2.2: Imaging of EGFP-tagged Pcdh15a isoforms in vestibular hair cells of live fish 

A, Schematic of zebrafish Pcdh15a-CD1 or -CD3 fused at its C-terminus to EGFP.  
TMD, transmembrane domain; CR, common region.  The antigen used to generate the 
antibody is indicated by the black bar. B-D’’’, Representative confocal z projections of 
wild-type hair cells in the lateral cristae of inner ear at 6 dpf. B–B’”, Pcdh15a antibody 
label (magenta) of the lateral crista at 6 dpf.  To visualize the hair bundles, Actin was 
labeled using phalloidin (B’). C-C’”, Image of the localization pattern of Pcdh15aCD1-
EGFP in a stable transgenic line.  D-D’”, Localization pattern of Pcdh15aCD3-EGFP in a 
stable transgenic line. Yellow arrowheads indicate two immature hair bundles.  B’”, C’”, 
D’”, Higher magnification image of area from B”, C, D, respectively (outlined with box).   
Note the staircase-like localization at the tip of the hair bundles.  B-B”, C-C”, D-D”, 
White scale bar: 10µm.  B’”, C’”, D’”, Yellow scale bar: 5µm.  
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Figure 2.3: Localization of Pcdh15a in mechanotransduction mutants 

Immunolabel of Pcdh15a (magenta) and phalloidin-labeled actin (green) in a wild-type 
sibling (A-A’) and  lhfpl5atm290d mutant (B-B’). An example of remaining signal in a 
mutant hair bundle is shown (arrowhead). C-F’’’, images of stably expressed EGFP-
tagged Pcdh15aCD3 in mechanotransduction mutants at 6 dpf. Representative confocal 
images are shown. The white arrowheads and brackets indicate mature hair bundles, 
whereas the yellow arrowheads and brackets indicate peripheral immature hair bundles. 
C-C’”, lhfpl5atm290d mutant; Pcdh15aCD3-EGFP localized predominantly to the soma, 
but faint signal was occasionally detectable at the tips of the longest stereocilia (insets: 
scale bar, 2µm). D-D’”, cdh23nl9 mutant; Pcdh15aCD3-EGFP is absent from hair bundles 
in mature hair cells. Higher magnification view of a mature and immature hair bundle. E-
E’’’, myo7aty220d mutant; Pcdh15aCD3-EGFP was absent in hair bundles of mature cells, 
similar to cdh23 mutants. F-F’”,myo6btn3137 mutant; Pcdh15aCD3-EGFP localized at the 
tips of hair bundles in a staircase pattern (arrowheads in F’’’). Black bracket in F’ 
indicates a fused bundle phenotype. C’”, D’”, E’”, F’’’, Higher magnification image of 
area from C, D, E, F, respectively (outlined with yellow box). n>5 larvae for each 
genotype. C-C”, D-D”, E-E”, F-F”, scale bar: 10µm.  A-B’, C’”, D’”, E’”, F’’’, scale 
bar: 5µm. 
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Figure 2.4: Rescue of behavioral defects in pcdh15ath263b mutants by either isoform of 

Pcdh15a 

A, Representative time course of response to a pure tone with 1 kHz at 157 dB at 5 dpf. 
The stimulus was repeated every 15 sec for 3 min. Numbered arrows indicate the stimuli 
and a yellow asterisk indicates a positive response. The blue asterisks indicate trials that 
were omitted from the data. The record shown in (a) is an example of a wild-type control 
larva that responded to every stimulus; (f) is an example of a hyperactive larva. (b) is a 
homozygous mutant larvae, (c) through (e) are rescue constructs as labeled. B, The startle 
responses of wild-type, pcdh15a mutant, and rescued pcdh15a mutant larvae at 5 dpf 
(number of fish indicated above each bar). The mean and SD is indicated; p values were 
determined by unpaired Mann-Whitney U-tests, ****p<0.0001. C, Vestibular-induced 
eye movements in wild-type, pcdh15a mutant, and rescued pcdh15a mutant larvae at 5 
dpf (number of fish indicated above each bar). The normalized peak amplitude of 
vestibular-induced eye movements at 0.25 Hz is shown. The mean and SD is indicated; p 
values were determined by unpaired Mann-Whitney U-tests, ****p<0.0001. 
 



 54 

 



 55 

Figure 2.5: Rescue of the morphological defects of hair bundles in pcdh15ath263b mutants 

by either isoform of Pcdh15a 

Images of inner ear hair cells in live fish were obtained at 6 dpf. A, Wild-type hair 
bundles have a cone-shaped appearance.  B, In the pcdh15ath263b mutants, the hair 
bundles are splayed and split away from the kinocilia (arrowheads). C,D, Morphological 
defects of mutant hair bundles were rescued with Pcdh15aCD1-EGFP (C) or 
Pcdh15aCD3-EGFP (D). Brackets indicate hair bundles with detectable GFP signal. n > 8 
larvae for each genotype. Yellow scale bar: 5µm. 
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Figure 2.6: Rescue of defective FM4-64 labeling of pcdh15ath263b mutant hair cells by 

either isoform of Pcdh15a 

A, left, Diagram indicating focal planes of neuromast hair cells used for imaging of the 
GFP signal and FM4-64 label in wild-type and pcdh15ath263b larvae at 4 dpf.  Upper and 
lower section in B-D show hair bundles and cell bodies, respectively. A, right, FM4-64 
labeling in wild-type (above) and pcdh15ath263b mutant hair cells (below). B-D, 
Representative images of the FM4-64 label in neuromasts of pcdh15ath263b larvae with 
transient expression of GFPCAAX (B), pcdh15aCD1-EGFP (C), or pcdh15aCD3-EGFP 
(D). Arrowheads indicate EGFP-positive hair bundles. Somas of individual hair cells are 
outlined by white dotted lines. E, Representative images of rescued mutant hair cells in 
CD1 and CD3 stable transgenic lines. The lower section is a max projection of 7 sections, 
the same as those used in F for quantification. F, Quantification of the intensity of FM4-
64 labeling of EGFP-positive hair cells in stable transgenic lines. The values of the non-
transgenic and transgenic homozygous mutants are normalized to the mean value of their 
corresponding wild-type siblings. For each transgenic construct, n ≥ 9 neuromasts from a 
minimum of three larvae. Non-transgenic mutants (n = 7) and their wild-type siblings (n 
= 12) are from the pcdh15aCD3-EGFP line. The mean and SD are indicated; p values 
were determined by unpaired Student t-tests (two-tailed, Welch-corrected), **p<0.01; 
***p<0.001; ****p<0.0001. A-E, scale bar: 10µm. 
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Figure 2.7: The TMD and CR are required for localization of Pcdh15a to hair bundles, 

and the TMD is critical for the rescue of splayed hair bundles in pcdh15ath263b mutants 

A, Diagram of the protein constructs of Pcdh15aCR-EGFP, Pcdh15a(∆cyto)-EGFP, 
Pcdh15a(CD8TMD)CR-EGFP, and Pcdh15a(CD8TMD)( ∆cyto)-EGFP. B, Percentage of 
normal (black) and splayed (white) hair bundles. Top bar indicates the level of splaying 
in non-transgenic mutants. Lower bars represent mutants with stable expression of each 
construct shown in A. The total number of hair bundles examined is indicated in 
parentheses. n ≥ 4 larvae for each genotype. C-J, Representative live images of 
transiently (left images, 4 dpf) and stably (right images, 6 dpf) expressed truncated and 
chimeric Pcdh15a proteins in pcdh15th263b mutants. C-D, Pcdh15aCR-EGFP localized at 
the tips of hair bundles in a staircase-like manner (arrowheads).  E-F, Pcdh15a(∆cyto)-
EGFP localized at the tip of hair bundles, similar to Pcdh15aCR-EGFP (white 
arrowheads).  Inset in E, Pcdh15a(∆cyto)-EGFP was detected at the distal ends of 
kinocilia in 5 out of 38 hair bundles (example indicated by yellow arrowhead; yellow 
scale bar in inset, 2.5 µm). Bracket indicates hair bundle. G-H, Pcdh15a(CD8TMD)CR-
EGFP localized at the tips of stereocilia (arrowheads).  Note that the stereocilia are 
splayed in G. Inset shows an example of GFP signal within the soma (scale bar, 5µm). I-
J, Pcdh15a(CD8TMD)( ∆cyto)-EGFP was absent in hair bundles. Bracket in I indicates a 
hair bundle (HB). C-J, White scale bars: 5µm. 
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Figure 2.8: The CR and TMD are essential for the function of Pcdh15a in hair cells 

A-D, Rescue of defective FM4-64 labeling of neuromast hair cells of pcdh15th263b 
mutants with transient expression of truncated or chimeric Pcdh15a-EGFP (see diagram 
in Fig. 2.7 A) at 4 dpf. FM4-64 labeling in the presence of Pcdh15aCR-EGFP (A), 
Pcdh15a(∆cyto)-EGFP (B), and Pcdh15a(CD8TMD)CR-EGFP (C), and 
Pcdh15a(CD8TMD)( ∆cyto)-EGFP (D). Arrowheads indicate the EGFP-positive hair 
bundles. Upper and lower sections are included as in Figure 6. E, Representative image 
of rescued mutant hair cells in a Pcdh15aCR-EGFP stable transgenic line. The lower 
section is a max projection of 7 sections, the same as those used in F for quantification. 
F, Quantification of the intensity of FM4-64 labeling of EGFP-positive hair cells in 
stable transgenic lines. The values of the non-transgenic and transgenic homozygous 
mutants are normalized to the mean value of their corresponding wild-type siblings. For 
each transgenic construct, n ≥ 9 neuromasts from a minimum of three larvae. Non-
transgenic mutants (n = 6) and their wild-type siblings (n = 12) are from the 
pcdh15a(∆cyto)-EGFP line. The mean and SD are indicated; p values were determined 
by unpaired Student t-tests (two-tailed, Welch-corrected), **p<0.01; ***p<0.001; 
****p<0.0001. A-E, scale bar: 10µm. 
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Abstract 

Mutations in transmembrane inner ear (TMIE) cause deafness in humans; 

previous studies suggest involvement in the mechano-electrical mechanotransduction 

(MET) complex in sensory hair cells, but TMIE’s precise role is unclear. In tmie 

zebrafish mutants, we observed that GFP-tagged Tmc1 and Tmc2b, which are putative 

subunits of the MET channel, fail to target to the hair bundle. In contrast, overexpression 

of Tmie strongly enhances the targeting of Tmc2b-GFP to stereocilia. To identify the 

motifs of Tmie underlying the regulation of the Tmcs, we systematically deleted or 

replaced peptide segments. We then assessed localization and functional rescue of each 

mutated/chimeric form of Tmie in tmie mutants. We determined that the first putative 

helix was dispensable and identified a novel critical region of Tmie, the extracellular 

region and transmembrane domain, which is required for both mechanosensitivity and 

Tmc2b-GFP expression in bundles. Collectively, our results suggest that Tmie’s role in 

sensory hair cells is to target and stabilize Tmc subunits to the site of MET.  
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Introduction 

The auditory and vestibular systems detect mechanical stimuli such as sound, 

gravity, and acceleration. These two systems share a sensory cell type called hair cells. 

The somas of hair cells are embedded in the epithelium and extend villi-like processes 

from their apex into the surrounding fluid. The shorter of these, the stereocilia, are 

arranged in a staircase-like pattern adjacent to a single primary cilium known as a 

kinocilium. Neighboring cilia are connected by protein linkages. Deflection of the 

kinocilium along the excitatory axis tugs the interconnected stereocilia, which move as a 

single unit called the hair bundle (Kozlov, Risler, and Hudspeth 2007). When tension is 

placed on the upper-most linkages known as tip links, the force is thought to open 

mechanosensitive channels at the distal end of the shorter stereocilia (Beurg et al. 2009, 

Kurima et al. 2015). These channels pass current, depolarizing the cell and permitting 

electrical output to the brain via the eighth cranial nerve. The conversion of a mechanical 

stimulus into an electrical signal is known as mechano-electrical mechanotransduction 

(MET) (Hudspeth 1989a). The proteins located at the site of MET and involved in gating 

the MET channel are collectively known as the MET complex. How the components of 

the MET complex, including the channel itself, are localized to and maintained at the 

stereocilia tips is not well understood. 

To characterize the molecular underpinnings of MET and the underlying cause of 

pathology in human patients, it is essential to examine the individual components of the 

mechanotransduction complex in a comprehensive fashion. Thus far, only a few proteins 

have been designated as members of the MET complex. The identity of the channel itself 

remains contentious, but currently the best candidates for the pore-forming subunits are 
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the Transmembrane Channel-like (TMC) proteins TMC1 and TMC2. Mutations in TMC1 

cause human deafness (Kurima et al. 2002), and double knock-outs of mouse Tmc1/2 

result in the loss of MET currents (Kawashima et al. 2011, Pan et al. 2013, Beurg et al. 

2015). In zebrafish, overexpression of a fragment of Tmc2a generates a dominant 

negative effect on hair-cell mechanosensitivity (Maeda et al. 2014) and Tmc2a and 

Tmc2b are required for MET in hair cells of the lateral line organ (Chou et al. 2017). The 

TMCs localize to the tips of stereocilia, the site of MET, in mice and zebrafish (Kurima 

et al. 2015, Kawashima et al. 2011, Beurg et al. 2015, Erickson et al. 2017, Chou et al. 

2017, Beurg et al. 2018). A point mutation in mouse Tmc1 results in altered channel 

properties, suggesting direct changes to the pore (Corns et al. 2016, Pan et al. 2013). 

Likewise, in TMC2 knockout mice, channel permeation properties are altered (Corns et 

al. 2017). Regardless of whether the TMCs are the pore-forming or accessory subunits of 

the channel, they are essential for MET. 

Another key component of the complex is Protocadherin-15 (PCDH15), which 

comprises the lower end of the tip link (Indzhykulian et al. 2013, Kazmierczak et al. 

2007) and interacts with the TMCs (Maeda et al. 2014, Beurg et al. 2015). A fourth 

membrane protein, Lipoma HMGIC fusion partner-like 5 (LHFPL5, formerly called 

TMHS), interacts with PCDH15 and is critical for localizing PCDH15 to the site of MET 

(Maeda et al. 2017, Xiong et al. 2012). LHFPL5 is also required to properly localize 

TMC1 in mouse cochlear hair cells (Beurg et al. 2015). However, loss of LHFPL5 in 

cochlear hair cells does not completely abolish MET currents, and currents can be 

rescued by overexpression of PCDH15 (Xiong et al. 2012). This evidence suggests that 

LHFPL5 is not essential but rather acts as an accessory protein. Another TMC1/2 
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interacting partner is Calcium and integrin binding protein 2 (CIB2), which is a cytosolic 

protein that is localized in stereocilia and required for MET in cochlear hair cells (Giese 

et al. 2017). 

A sixth essential member of the MET complex is the transmembrane inner ear 

(TMIE) protein. Loss of TMIE results in deafness in all vertebrate organisms studied 

(Mitchem et al. 2002, Gleason et al. 2009, Shen et al. 2008, Naz et al. 2002, Cho et al. 

2006, Zhao et al. 2014). A recent study suggested that TMIE is required for 

mechanosensitivity in cochlear hair cells of mice (Park et al. 2013). These authors 

showed that despite normal morphology of the inner ear, hair cells lacking TMIE fail to 

label with aminoglycosides or FM 1-43, both of which are known to permeate the MET 

channel (Gale et al. 2001, Meyers et al. 2003). TMIE was first localized to the stereocilia 

of hair cells (Shin et al. 2010, Su et al. 2008), and then to the stereocilia tips where MET 

occurs (Zhao et al. 2014). Zhao et al. further demonstrated that loss of TMIE ablates 

MET currents, that TMIE interacts with both LHFPL5 and the CD2 isoform of PCDH15, 

and that interfering with the TMIE-CD2 interaction alters MET. They proposed that 

TMIE could be a force-coupler between the tip link and channel. However, the CD2 

isoform of PCDH15 is only essential in cochlear hair cells and not vestibular hair cells 

(Webb et al. 2011). Zebrafish do not possess the CD2 isoform (Maeda et al. 2014, Seiler 

et al. 2005), and yet they still require Tmie for hair-cell function (Gleason et al. 2009). 

These findings raised the tantalizing possibility that Tmie might have an additional role 

in MET that is independent from the tip links. Here, we present an alternative role for 

Tmie in hair cell function. 
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We first confirmed that mechanosensitivity is absent in a zebrafish mutant of 

tmie, ru1000, and demonstrated that this defect is rescued by transgenic Tmie-GFP. The 

localization of Tmie-GFP is maintained in the absence of other mechanotransduction 

components, suggesting that Tmie traffics independently to hair bundles. Unexpectedly, 

GFP-tagged Tmcs fail to localize to the hair bundle in tmie mutants, and overexpression 

of Tmie leads to a corresponding increase in bundle expression of Tmc2b-GFP. To 

determine which regions of Tmie are involved in regulating the Tmcs, we performed a 

domain analysis of tmie by expressing mutated or chimeric transgenes of tmie in  

tmieru1000, and made three key discoveries: (i) Tmie can function without its putative first 

transmembrane domain, (ii) the remaining helix (2TM) and adjacent regions are 

responsible for Tmie’s function in hair cells, and (iii) dysfunctional tmie constructs have 

reduced efficacy in localizing the Tmcs, supporting the conclusion that impaired MET is 

due to reduction of Tmc protein. Our evidence suggests that Tmie’s role in the MET 

complex is to promote localization of Tmc1/2 to the site of MET in zebrafish sensory hair 

cells. 
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Materials & Methods 

Zebrafish husbandry 

Zebrafish (Danio rerio, txid7955) were maintained at 28°C and bred according to 

standard conditions. All animal research was in compliance with guidelines from the 

Institutional Animal Care and Use Committee at Oregon Health and Science University. 

In this study, the following zebrafish mutant lines were used: tmieru1000 (Gleason et al. 

2009), tmiet26171, pcdh15apsi7 (Maeda et al. 2014), lhfpl5atm290d (Obholzer et al. 2008), 

tmc2bsa8817 (Erickson et al. 2017). All zebrafish lines in this study were maintained in a 

Tübingen or Top long fin wild type background. We examined larvae at 4-7 days post-

fertilization (dpf), of undifferentiated sex. For experiments involving single transgenes, 

non-transgenic tmieru1000 heterozygotes were crossed to transgenic fish in the 

homozygous or heterozygous tmieru1000 background. Mutants were genotyped by PCR 

and subsequent digestion or DNA sequencing. See Table 1 for a list of primers. 
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Table 1. List of primers used in this study. 

 

 

 

Primers for plasmid construction 

Plasmid Forward (5’ - 3’) Reverse (5’ - 3’) 

pME-Tmie GGGGACAAGTTTGTACAAAAAAGCAGGCTCCAAAC
ATGAGACGCGGGAGAAGAA 

GGGGACCACTTTGTACAAGAAAGCTGGGTC
TTTCTTCGCAGGCTTCTTGG 

pME-SP44-231 
GGGGACAAGTTTGTACAAAAAAGCAGGCTCCAAAC
ATGATTTTGTCGGGTCTCCTTTTACCCGCGTTATGG
GGACTGGCGCTCGGCCAGATACCAGACCCAGAGCT 

same as pME-Tmie 

pME-SP63-231 ACCTCAGAAACAGTGGTGTTTTGGGGA GCCGAGCGCCAGTCCC 

pME-∆63-73 TTATGGCAGGTTGTGGGCATTTTC GACGGGGTCTGGCTTTTTCG 

pME-CD8 
PCR 1 same as pME-Tmie 

GAGAAGGACCCCACAAGTCCCGGCCAGGG
GCGCCCAGATGTATCGAAGTCCCCAAAACA
C 

PCR 2 TTGTGGGGTCCTTCTCCTGTCACTGGTTATCACCCT
TTACTGCAAATGCCGAATCCCAC same as pME-Tmie 

pME-
CD8-2TM 

PCR 1 ATGAGACGCGGGAGAAGAAGAGGGAAAATG CCCACAAGTCCCGGCCAGGGGCGCCCAGAT
GTATCGAAGTCCCCAAAACACCACTGTTTC 

PCR 2 TGGCCGGGACTTGTGGGATCTTAGCAATAATAATTA
CGCTCTGCTGCATCTTCAAATGCC TTTCTTCGCAGGCTTCTTGGCACCTC 

pME-
2TM-CD8 

PCR 1 same as pME-CD8-2TM AAAGGGTGATAACCAGTGACAGGAGAAGGA
CGAACATGGAGAAAATGCCCACAACCTGCC 

PCR 2 CCTTCTCCTGTCACTGGTTATCACCCTTTACTGCAA
ATGCCGAATCCCACGGACG same as pME-CD8-2TM 

pME-∆97-113 AGACTTGCTGCGAAAAATTATGCCAAC GAAGATGCAGCAGAGCGTAATTATTATTGC 

pME-∆114-138 GCGGCAAAGGTTGAGGTGAAG TTGCGCGTGCCGAGC 

pME-1-138 same as pME-Tmie 
GGGGACCACTTTGTACAAGAAAGCTGGGTC
GCCGGGCACCTCAG 

pME-1-113 same as pME-Tmie 
GGGGACCACTTTGTACAAGAAAGCTGGGTC
TTGCGCGTGCCGAG 

pME-Tmie-short same as pME-Tmie 
GGGGACCACTTTGTACAAGAAAGCTGGGTC
AGTGCCAGGATTGGCTG 

 

Primers for RT-PCR 

To amplify: Forward (5’ - 3’) Reverse (5’ - 3’) 

t26171 cDNA ATATGCCAACACATTGGAGACGGTGC  CCCTGAGGTGTGTGTGAGTGTTCA 

Tmie-short transcript ATGAGACGCCCCAGAAGAAGAGGGAAAATGGCGAT
G 

TTAAGTGCCAGGATTGGCCGGTTCATCTTCT
TCCCTG 

 

Primers for identifying mutants 

Mutant Forward (5’ - 3’) Reverse (5’ - 3’) 

ru1000 TGTTTCGTCCAGGCTGAAG GGCCTCATAAAACACAAGCA 

psi7 TTGGCACCACTATCTTTACCG ACAGAAGGCACCTGGAAAAC 

tm290d TGGTCTTCATCCAGCCCTAC CGATCAGCAGCAAAGAGATG 

tk256c TGTGTATTGCAGGTCAGTGTTG AAGCGTTTTTCTGGGTGTTG   

t26171 GCACAGCCCTAATGGATACAG GCTTCTTTCTTTGGTGCTCCT 
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Gene accession numbers for mutants and transgenes 

tmie (accession no. F1QA80), tmc1 (accession no. F1QFU0), tmc2b (accession 

no. F1QZE9), tomt (accession no. A0A193KX02), pcdh15a (accession no. Q5ICW6), 

lhfpl5a (accession no. F1Q837), actba (accession no. Q7ZVI7). 

 
Transgenic lines and plasmid construction 

The following previously published transgenic lines were used: Tg(-6myo6b:β-

actin-GFP-pA) (Kindt, Finch, and Nicolson 2012), Tg(-6myo6b:pcdh15aCD3-mEGFP-

pA) (Maeda et al. 2017), and Tg(-6myo6b:GFP-lhfpl5a-pA), Tg(-6myo6b:Tmc1-mEGFP-

pA), Tg(-6myo6b:Tmc2b-mEGFP-pA) (Erickson et al. 2017). 

To generate the tmie expression vectors, we used the Tol2/Gateway system 

(Kwan et al. 2007). The pDestination vector contained either a cmlc2:GFP heart marker 

or α-ACry:mCherry eye marker for sorting. pDESTtol2pACrymCherry was a gift from 

Joachim Berger and Peter Currie (Addgene plasmid # 64023, (Berger and Currie 2013). 

The 5’ entry vector contained the promoter for the myosin 6b gene, which drives 

expression only in hair cells. All tmie transgenic constructs were subcloned into the 

middle entry vector using PCR or bridging PCR and confirmed by sequencing. The 

primers for each vector are listed in Table 2. For GFP-tagging, we used a 3’ entry vector 

with a flexible linker (GHGTGSTGSGSS) followed by mEGFP. For NLS(mCherry) 

experiments, a p2A self-cleaving peptide (GSGATNFSLLKQAGDVEENPGP) was 

interposed between the tmie construct and the NLS(mCherry). This causes translation of a 

fusion protein that is subsequently cleaved into the two final proteins. The 2TM helix 

replacements from residues 21-43 result in the following chimeric helices: CD8 

(YIWAPLAGTCGVLLLSLVITLYC), CD8-2TM (YIWAPLAGTCGILAIIITLCCIF), 
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and 2TM-CD8 (LWQVVGIFSMFVLLLSLVITLYC). Multisite Gateway LR reactions 

(Hartley, Temple, and Brasch 2000, Cheo et al. 2004) were performed to generate the 

following constructs: pDest(-6myo6b:tmie-GFP-pA), pDest(-6myo6b:tmie-short-GFP-

pA), pDest(-6myo6b:SP44-231-GFP-pA), pDest(-6myo6b:SP63-231-GFP-pA), pDest(-

6myo6b:D63-73-GFP-pA), pDest(-6myo6b:CD8-GFP-pA), pDest(-6myo6b:CD8-2TM-

GFP-pA), pDest(-6myo6b:2TM-CD8-GFP-pA), pDest(-6myo6b:D97-113-GFP-pA), 

pDest(-6myo6b:D114-138-GFP-pA), pDest(-6myo6b:1-113-GFP-pA), pDest(-6myo6b:1-

138-GFP-pA), pDest(-6myo6b:tmie-p2A-NLS(mCherry)-pA), pDest(-6myo6b:SP63-231-

p2A-NLS(mCherry)-pA), pDest(-6myo6b:D63-73-p2A-NLS(mCherry)-pA), pDest(-

6myo6b:CD8-2TM-p2A-NLS(mCherry)-pA), pDest(-6myo6b:D97-113-p2A-

NLS(mCherry)-pA).  

To generate transgenic fish, plasmid DNA and tol2 transposase mRNA were co-

injected into single-cell fertilized eggs, as previously described (Kwan et al., 2007). For 

each construct, 200+ eggs from an incross of tmieru1000 heterozygotes were injected. To 

obtain stable transgenic lines, >24 larvae with strong marker expression were raised as 

potential founders. For each GFP-tagged transgene, at least two founder lines were 

generated and examined for visible bundle expression. For each tmie construct, we 

isolated a line containing single transgene insertions, with the exception of the CD8-2TM 

construct in which we identified a single founder with high transmission of the transgene 

(>10%) and used these offspring and their siblings for FM and microphonics 

experiments. For NLS(mCherry) experiments, injected fish were raised to adulthood and 

genotyped to identify tmieru1000 heterozygotes and homozygotes. We identified founders 

for each construct and then crossed these founders to tmieru1000 heterozygotes carrying 
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Tg(myo6b:tmc2b-GFP). This generated offspring that expressed both transgenes in the 

tmieru1000 mutant background, and we used these larvae for experiments. In SP44-231, 

SP63-231, and CD8-2TM, stable lines were generated from the founder before 

experiments were carried out. 

 
Microscopy 

Live larvae were anesthetized with E3 plus 0.03% 3-amino benzoic acid 

ethylester (MESAB; Western Chemical) and mounted in 1.5% low-melting-point agarose 

(Sigma-Aldrich cas. # 39346-81-1), with the exception of the morphology images from 

Fig. 3.1 A and Fig. 3.6 A in which larvae were pinned with glass rods and imaged in E3 

or extracellular solution containing MESAB. The image in Fig. 3.6 A was captured at 

room temperature using a Hamamatsu digital camera (C11440, ORCA-flash2.8), 

MetaMorph Advanced NX software, and an upright Leica DMLFS microscope. We used 

differential interference contrast (DIC) with a Leica HC PL Fluotar 10x/0.3 lens. For all 

imaging except Fig. 3.6 A, images were captured at room temperature using an Axiocam 

MrM camera, Zeiss Zen software, and an upright Zeiss LSM700 laser-scanning confocal 

microscope. We used DIC with one of two water-immersion lenses: Plan Apochromat 

40x/1.0 DIC, or Acroplan 63x/0.95 W. Laser power and gain were unique for each 

fluorophore to prevent photobleaching. We averaged 2 or 4x for each image, consistent 

within each experiment. The Tmc1-GFP and Tmc2b-GFP transgenes are very dim, and 

high laser power (4%) and gain (1100) were necessary. At these settings, 

autofluorescence from other wavelengths can falsely enhance the emission peak at 488. 

To filter out this autofluorescence, we simultaneously collected light on a second channel 

with an emission peak at 640 nm. 
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Auditory Evoked Behavioral Response (AEBR) 

Experiments were conducted as previously described (Einhorn et al. 2012). Wild 

type and mutant larvae were sorted by FM 1-43 labeling. Briefly, 6 dpf larvae were 

placed in six central wells of a 96-well microplate mounted on an audio speaker. Pure 

tones were played every 15 s for 3 min (twelve 100 ms stimuli at 1 kHz, sound pressure 

level 157 dB, denoted by asterisks in Fig. 3.1 B). Responses were recorded in the dark 

inside a Zebrabox monitoring system (ViewPoint Life Sciences). Peaks represent pixel 

changes from larval movement. A response was considered positive if it occurred within 

two seconds after the stimulus and surpassed threshold to be considered evoked, not 

spontaneous (Fig. 3.1 B, green indicates movement detected, magenta indicates threshold 

surpassed). For each larva, we used the best response rate out of three trials. Response 

was quantified by dividing the number of positive responses by total stimuli (12) and 

converting to a percent. If the larvae moved within two seconds before a stimulus, that 

stimulus was dropped from the trial data set (i.e. the number of total stimuli would 

become 11). Each data point on the graph in Fig. 3.1 C is the percent response of an 

individual larva. We used a two-tailed unpaired t-test with Welch’s correction to 

determine significance, ****p<0.0001. 

 
FM 1-43 and FM 4-64 labeling 

Larvae were briefly exposed to E3 containing either 3µM N-(3-

Triethylammoniumpropyl)-4-(4-(Dibutylamino)styryl)Pyridinium Dibromide (FM 1-43, 

Life Technologies) or 3µM of the red-shifted N[scap]-(3-triethylammoniumpropyl)-4-(6-

(4-(diethylamino)phenyl)hexatrienyl)pyridinium dibromide (FM4-64; Invitrogen). After 
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exposure for 25-30 seconds, larvae were washed 3x in E3. Laser power was adjusted for 

each experiment to avoid saturation of pixels but was consistent within a clutch. FM 

levels were quantified in ImageJ (Schneider, Rasband, and Eliceiri 2012) as described 

previously (Maeda et al. 2014). In brief, maximum projections of each neuromast were 

generated using seven optical sections, beginning at the cuticular plate and moving down 

through the soma (magenta bracket, Fig. 3.1 G). We then measured the integrated density 

of the channel with an emission peak at 640 nm for FM 4-64, and at 488 nm for FM 1-43. 

This integrated density value was divided by the number of cells, thus converting each 

neuromast into a single plot point of integrated density per cell (IntDens/cell). Statistical 

analyses were always performed between direct siblings. For Fig. 3.5, individual values 

were divided by the mean of the sibling wild type neuromasts in order to display the data 

as a percent of wild type, making it easier to compare across groups. Statistical 

significance was determined within an individual clutch using one-way ANOVA. 

 
Microphonics 

Larvae at 3 dpf were anesthetized in extracellular solution (140mM NaCl, 2mM 

KCl, 2mM CaCl2, 1mM MgCl2, and 10mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES); pH 7.4) containing 0.02% 3-amino benzoic acid 

ethylester (MESAB; Western Chemical). Two glass fibers straddled the yolk to pin the 

larvae against a perpendicular cross-fiber. Recording pipettes were pulled from 

borosilicate glass with filament, O.D.: 1.5 mm, O.D.: 0.86 mm, 10 cm length (Sutter, 

item # BF150-86-10, fire polished). Using the Sutter Puller (model P-97), we pulled the 

pipettes into a long shank with a resistance of 10-20MΩ. We then used a Sutter Beveler 

with impedance meter (model BV-10C) to bevel the edges of the recording pipettes to a 
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resistance of 3-6 MΩ. We pulled a second pipette to a long shank and fire polished to a 

closed bulb, and then attached this rod to a piezo actuator (shielded with tin foil). The rod 

was then pressed to the front of the head behind the lower eye, level with the otoliths in 

the ear of interest, to hold the head in place while the recording pipette was advanced 

until it pierced the inner ear cover. Although it has been demonstrated that size of 

response is unchanged by entry point (Tanimoto et al. 2011), we maintained a consistent 

entry point posterior to the anterior crista and dorsal to the posterior crista. After the 

recording pipette was situated, the piezo pipette was then moved back to a position in 

light contact with the head. We drove the piezo with a High Power Amplifier 

(piezosystem jena, System ENT/ENV, serial # E18605), and recorded responses in 

current clamp mode with a patch-clamp amplifier (HEKA, EPC 10 usb double, serial # 

550089). Each stimulus was of 20 ms duration, with 20 ms pre- and post-stimulus 

periods. We used either a sine wave or a voltage step and recorded at 20 kHz, collecting 

200 traces per experiment. In Figure 1H, we used a 200 Hz sine wave at 10V, based on 

reports that 200 Hz elicited the strongest response (Lu and DeSmidt 2013). In Figure 6, 

we used multiple step stimuli at varying voltages (2V, 3V, 4V, 5V, 6V, and 10V). The 

piezo signal was low-pass filtered at 500Hz using the Low-Pass Bessel Filter 8 Pole 

(Warner Instruments). Microphonic potential responses were amplified 1000x and 

filtered between 0.1-3000 Hz by the Brownlee Precision Instrumentation Amplifier 

(Model 440). We used Igor Pro for analysis. We averaged each set of 200 traces to 

generate one trace response per fish, then measured baseline-to-peak amplitude. These 

amplitudes were used to generate the graphs in Figure 6. Statistical significance was 

determined by 2-way ANOVA comparing all groups to wild type non-transgenic siblings. 
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Quantification of Tg(myo6b:Tmc1-GFP) and Tg(myo6b:Tmc2b-GFP) in the ROI 

Using ImageJ, maximum projections of each crista were generated for analysis (5 

sections per stack for Tmc1-GFP in Fig. 3.3 D and Tmc2b-GFP in Fig. 3.3 F, and 13 

sections per stack for Tmc2b-GFP in Fig. 3.3 H and Fig. 3.7). Quantification of Tmc-

GFP bundle fluorescence in Figure 3 was achieved by outlining each bundle to 

encompass the entire region of interest (ROI) in a single hand-drawn area (Fig. 3.7 A, 

right panel, black outline). In the ROI, we quantified the integrated density of the channel 

with an emission peak at 480 nm. This was repeated in the region above the bundles 

containing only inner ear fluid and the kinocilia in order to subtract background 

fluorescence. Each middle crista generated one data point on the graphs in Fig. 3.3 and 

Fig. 3.7. In some cases, we saw single cells that appeared to have a GFP-fill, probably 

due to clipping of the GFP tag. We excluded these cells from analyses, since they falsely 

increased the signal. Due to the 3D nature of the mound-shaped cristae, it was difficult to 

completely exclude the apical soma region, leading the signals of tmieru1000 to average 

above zero. We used the Kruskal-Wallis test for the SP44-231, SP63-231, and 2TM-CD8 

constructs; all others are one-way ANOVA. 

 
cDNA generation by Reverse Transcription Polymerase Chain Reaction (RT-PCR) 

We sorted 30 wild type and 30 t26171 larvae by behavior (tap sensitivity and 

balance defect at 5 dpf) and extracted RNA using the RNeasy mini kit (Qiagen). Larvae 

were homogenized using a 1ml syringe. To generate the cDNA for the short isoform of 

Tmie (Tmie-short) and the t26171 allele, we performed RT-PCR on these RNA samples 
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using the RNA to cDNA EcoDry Premix (Clontech, Cat # 639549). Primers are listed in 

Table 2. Both transcripts were verified by DNA sequencing. 
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Results 

Gross morphology is normal in tmieru1000 mutant zebrafish 

The literature on TMIE’s role in sensory hair cells is somewhat contradictory. 

Earlier studies proposed a developmental role for TMIE (Mitchem et al. 2002, Shen et al. 

2008, Gleason et al. 2009), while later studies evidenced a role in MET (Park et al. 2013, 

Zhao et al. 2014). To begin our analysis and attempt to clarify the issue in zebrafish, we 

imaged live tmieru1000 larvae at 5-7 dpf using differential interference contrast (DIC). The 

ru1000 allele harbors a nonsense mutation leading to an N-terminal truncation, L25X 

(Gleason et al. 2009). We observed that mature hair cells of tmieru1000 larvae were grossly 

normal compared to wild type siblings in both the inner ear cristae and the lateral line 

organ, an organ specific to fish and amphibians (Fig. 3.1 A). We noted a slight thinning 

of the mutant hair bundles, as revealed using a transgene, Actin-GFP, driven by the 

myo6b promoter (Kindt, Finch, and Nicolson 2012). Thin bundles have been observed in 

other zebrafish MET mutants, such as those carrying mutations in ap1b1 and tomt. Both 

genes have been previously implicated in protein trafficking in hair cells (Erickson et al. 

2017, Clemens Grisham et al. 2013), with tomt having a specific role in targeting Tmc1/2 

proteins to the hair bundle (Cunningham et al. 2017, Erickson et al. 2017). Thinning of 

the bundles may be a side effect of loss of MET activity. 

 
Tmie-deficient zebrafish are deaf due to a defect in hair cell mechanosensitivity 

Next, we used an assay for the auditory evoked behavior response (AEBR) to 

quantify hearing loss in tmieru1000 mutants. AEBR is a behavioral assay for hearing 

impairment (Einhorn et al. 2012). We exposed 6 dpf larvae to a loud pure tone stimulus 

(157 dB, 1000 Hz, 100 ms) once every 15 seconds for three minutes and recorded their 



 79 

startle responses (sample traces in Fig. 3.1 B). Larvae deficient in tmie appeared to be 

profoundly deaf, with little to no response as compared to wild type siblings (Fig. 3.1, B 

and C). We then determined basal (unevoked) hair cell activity of tmieru1000 larvae using 

FM 1-43 or FM 4-64. Both are vital dyes that permeate open MET channels, making 

them useful as measurements of the presence of active MET channels in hair cells (Gale 

et al. 2001, Meyers et al. 2003, Kindt, Finch, and Nicolson 2012). A 30-second bath 

application of FM dye readily labels hair cells of the lateral line organ, which are 

arranged in superficial clusters called neuromasts. We briefly exposed wild type and 

tmieru1000 larvae to FM dye and then imaged the neuromasts (Fig. 3.1 D). Consistent with 

previous findings (Gleason et al. 2009, Park et al. 2013, Shen et al. 2008), tmieru1000 

neuromasts have a severe reduction in FM labeling, suggesting that these hair cells have a 

MET defect (Fig. 3.1 F). To characterize mechanically evoked responses of hair cells, we 

recorded extracellular potentials, or microphonics (Fig. 3.1 H). Using a piezo actuator, 

we applied a 200 Hz sine wave stimulus to 3 dpf larvae while simultaneously recording 

voltage responses from hair cells of the inner ear. In agreement with results from our FM 

dye assay and with microphonic recordings previously reported (Gleason et al. 2009), 

microphonics are absent in tmieru1000 larvae (Fig. 3.1 H; gray trace). 

 
Transgenic tmie-GFP rescues the functional defect in tmieru1000 mutants 

To rescue mechanosensitivity in tmieru1000 larvae, we generated a construct of tmie 

tagged with GFP on its C-terminus, then expressed this transgene using a hair cell-

specific promoter, myosin 6b (myo6b). Stably expressed Tmie-GFP rescued the FM 

labeling in tmieru1000 hair cells (Fig. 3.1, E and F). Tmie-GFP also restores microphonic 

potentials to wild type levels (Fig. 3.1 H; orange trace). In a stable line with a single 
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transgene insertion, we observed that Tmie-GFP expression varies among hair cells, even 

within the same patch of neuroepithelium (lateral crista, Fig. S3.1 A). Immature hair 

cells, which can be identified by their shorter stereocilia and kinocilia (Fig. S3.1 A, 

bracket and arrow, respectively), consistently show a bright and diffuse pattern of 

labeling. This high expression level in immature bundles is characteristic of transgenes 

expressed using the myo6b promoter, which drives expression more strongly in young 

hair cells (Maeda et al. 2017, Kindt, Finch, and Nicolson 2012). In mature hair cells, 

expression patterns of Tmie-GFP are variable. At high expression levels, Tmie-GFP is 

enriched in the bundle in a broader pattern (Fig. S3.1 B). At reduced levels, the GFP 

signal is concentrated at the beveled edge of the hair bundle (Fig. S3.1 C). At very low 

levels, we can observe puncta along the stereocilia staircase, consistent with localization 

at stereocilia tips (Fig. S3.1 D). We suspect that the diffuse “bundle fill” pattern is due to 

overexpression, and that lower levels of Tmie-GFP recapitulate the endogenous 

localization at the site of MET, as previously observed in mice (Zhao et al. 2014). 

 
Tmie-GFP is capable of trafficking without other members of the MET complex 

Having confirmed that our exogenously expressed Tmie-GFP is functional, we 

used this transgene to probe Tmie’s role in the MET complex. First, we characterized 

Tmie’s interactions with other MET proteins in vivo by expressing transgenic Tmie-GFP 

in mutant pcdh15a, lhfpl5a, and tomt larvae (Fig. 3.2). Because a triple knock-out of 

zebrafish tmc has not been reported, we used tomt mutants as a proxy for tmc-deficient 

fish based on recent studies of defective bundle localization of the Tmcs in tomt-deficient 

fish and mice (Erickson et al. 2017, Cunningham et al. 2017). As in wild type bundles 

(Fig. 3.2 A), Tmie-GFP is detectable in the stereocilia in each of these MET mutants 
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(Fig. 3.2, B-D), even if hair bundles are splayed (Fig. 3.2, B and C, arrowheads). This 

result suggests that Tmie does not depend on interactions with other MET components 

for entry into the hair bundle. 

 
Tmc1-GFP and Tmc2b-GFP fail to localize to stereocilia without Tmie 

To determine if the loss of Tmie affects the other components of the 

mechanotransduction complex, we expressed GFP-tagged mechanotransduction proteins 

(Pcdh15aCD3, Lhfpl5a, Tmc1, and Tmc2b) in tmieru1000 mutants. Both Pcdh15aCD3-

GFP (Fig. 3.3 A) and GFP-Lhfpl5a (Fig. 3.3 B) showed GFP fluorescence in hair bundles 

with a punctate distribution, similar to the pattern seen in wild type bundles. This result is 

consistent with the intact morphology of tmieru1000 hair bundles. However, when we 

imaged Tmc1-GFP (Fig. 3.3 C) and Tmc2b-GFP (Fig. 3.3 E), GFP fluorescence was 

severely reduced in the hair bundles of tmieru1000 mutants. In mature tmieru1000 hair cells, 

we often saw a signal within the apical soma near the cuticular plate, indicative of a 

trafficking defect (Fig. 3.3 E, arrows; position of cuticular plate denoted in Fig. 3.1 G). 

We quantified Tmc expression in the hair bundle region and observed a striking and 

consistent reduction in tmie mutants (Fig. 3.3, D and F). We wondered if loss of Tmc1/2 

could be a result of disruption of the MET complex, but we previously showed that 

localization of transgenic Tmc1-GFP and Tmc2b-GFP is normal in pcdh15a mutants 

(Erickson et al. 2017). This experiment demonstrated that mislocalization of Tmc1/2 is 

not a hallmark of all MET mutants, and so their mislocalization in tmie mutants is 

significant. 
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Overexpression of Tmie increases bundle localization of Tmc2b-GFP 

We hypothesized that if the loss of Tmie reduces Tmc localization in the hair 

bundle, then overexpression of Tmie may have the opposite effect. To test the 

consequence of overexpression of Tmie on Tmc localization, we created a second 

construct of tmie coupled with p2A-NLS(mCherry) driven by the myo6b promoter. The 

p2A linker is a self-cleaving peptide, which leads to translation of equimolar amounts of 

Tmie and NLS(mCherry). Hence, mCherry expression in the nucleus denotes Tmie 

expression in the cell (Fig. 3.3 G, lower panels). We generated a stable tmieru1000 fish line 

carrying the tmie-p2A-NLS(mCherry) transgene and then crossed it to the 

Tg(myo6b:tmc2b-GFP); tmieru1000 line. We observed that overexpression of Tmie led to a 

2.5-fold increase in expression of Tmc2b-GFP in the bundles of hair cells when 

compared to wild type siblings that carried only the tmc2b-GFP transgene (Fig. 3.3, G 

and H). Combined with the finding that Tmc expression is lost in hair bundles lacking 

Tmie, our data suggest that Tmie positively regulates Tmc localization to the hair bundle. 

 
Transgenes can effectively determine protein functionality 

To gain a better understanding of Tmie’s role in regulating the Tmcs, we 

characterized a new allele of tmie, t26171, which was isolated in a forward genetics 

screen for balance and hearing defects in zebrafish larvae. Sequencing revealed that 

tmiet26171 fish carry an AàG mutation in the splice acceptor of the final exon of tmie, 

which leads to use of a nearby cryptic splice acceptor (Fig. S3.2 A; heading DNA, 

cDNA). Use of the cryptic acceptor causes a frameshift that terminates the protein at 

amino acid 139 (A140X), thus removing a significant portion of the C-terminal tail (Fig. 

S3.2 A; Protein). Homozygous mutant larvae exhibit severe auditory and vestibular 
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deficits, being insensitive to acoustic stimuli and unable to maintain balance (Fig. S3.2 A; 

Balance). FM 4-64 labeling of tmiet26171 mutant hair cells suggests that the effect of the 

mutation is similar to the ru1000 mutation (Fig. S3.2, B and D). This finding implicates 

the C-terminal tail, a previously uncharacterized region, in Tmie’s role in MET. 

However, when we overexpressed a near-mimic of the predicted protein product of 

tmiet26171 (1-138-GFP) using the myo6b promoter, we observed full rescue of FM labeling 

defects in tmieru1000 (Fig. S3.2, C and D), as well as behavioral rescue of balance and 

acoustic sensitivity (n=19). These results revealed that when expressed at higher levels, 

loss of residues 139-231 does not have a significant impact on Tmie’s ability to function. 

This paradoxical finding highlighted an important advantage of the use of 

transgenes over traditional mutants. There are myriad reasons why a genomic mutation 

may lead to dysfunction, including reduced transcription or translation, protein 

misfolding and degradation, or mistrafficking. Exogenous expression may overcome 

these deficiencies by producing proteins at higher levels. Moreover, the use of transgenes 

enabled us to carry out a more comprehensive structure/function study of Tmie. We 

systematically deleted or replaced regions of tmie to generate 12 unique tmie constructs 

(Fig. 3.4 A), and then expressed these constructs in hair cells of the tmieru1000 mutant to 

test their efficacy in localizing and rescuing MET function. 

Earlier studies in zebrafish and mice proposed that Tmie undergoes cleavage, 

resulting in a single-pass mature protein (Gleason et al. 2009, Karuppasamy et al. 2012). 

To test this hypothesis, we generated the SP44-231 construct of Tmie, which replaced the 

N-terminus with a known signal peptide (SP) from a zebrafish Glutamate receptor protein 

(Gria2a). The purpose of the unrelated signal peptide was to preserve the predicted 
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membrane topology of Tmie. We also made a similar construct that begins at amino acid 

63, where the sequence of Tmie becomes highly conserved (SP63-231). Three of the 

constructs contained internal deletions (D63-73; D97-113; D114-138). In three more 

constructs, we replaced part of or the entire second transmembrane helix (2TM) with a 

dissimilar helix from the CD8 glycoprotein (CD8; CD8-2TM; 2TM-CD8). We included 

our mimic of the zebrafish tmiet26171 mutant, which truncates the cytoplasmic C-terminus 

(1-138). To further truncate the C-terminus, we made a construct that mimics the mouse 

srJ mutant (1-113). In mice, this truncation recapitulates the full-deletion phenotype 

(Mitchem et al. 2002). Finally, we included an alternate isoform of Tmie that uses a 

different final exon, changing the C-terminal sequence (Tmie-short). This isoform is 

found only in zebrafish (Gleason et al. 2009) and its function has not been explored. 

 
Subcellular localization of mutated or chimeric Tmie reveals domains required for self-

localization to the bundle 

To determine subcellular localization of the transgenic tmie constructs, we 

inserted each construct into a plasmid containing the myo6b promoter for expression and 

a C-terminal GFP tag. These were then individually co-injected into tmieru1000 eggs with 

transposase mRNA to generate mosaic expression of the constructs in a subset of hair 

cells. At 4-6 days post injection, we imaged individual hair cells expressing each 

transgene (Fig. 3.4 B). To quantify the enrichment in the bundle versus soma, we 

measured the integrated density of GFP fluorescence in a small central area of mature 

bundles (Fig. 3.4 C, black oval) and separately in the plasma membrane or soma-enriched 

compartments (Fig. 3.4 C, magenta oval). Correcting for area, we then divided the bundle 

values by the total values (bundle/bundle + soma) and expressed this as a ratio (Fig. 3.4 
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D). Values closer to 1 are bundle enriched, while values closer to 0 are soma-enriched. 

We excluded the CD8-GFP construct from further analyses because it was detected only 

in immature bundles (Fig. 3.4 B, CD8). 

Localization fell into three broad categories: bundle-enriched, soma-enriched, and 

equally distributed. Most of the fusion proteins were bundle-enriched, similar to full-

length Tmie-GFP expression (Fig. 3.4, B and D). Three constructs were trafficked to the 

bundle but also expressed in the soma (SP63-231, CD8-2TM, 1-138). This result suggests 

that the deleted regions in these constructs have some role in designating Tmie as a 

bundle-localized protein. Also of note, the full replacement of the 2TM helix (CD8) was 

unable to maintain stable expression in mature bundles. Half-TM replacements (CD8-

2TM, 2TM-CD8) revealed that loss of the first half of the helix affects trafficking, 

whereas alteration of the second half had no effect. Only two constructs were soma-

enriched (Tmie-short and 1-113), suggesting an inability to traffic to the bundle. We thus 

excluded these two transgenes from further analyses and took the remainder on to 

functional assays. 

 
FM labeling identifies functional regions in the second transmembrane domain and 

adjacent residues of Tmie 

To identify regions of Tmie involved in mechanosensitivity of hair cells, we 

measured the functionality of the nine tmie constructs that showed hair bundle 

expression. As in Fig. 3.1 F, we generated stable lines of each transgenic construct and 

quantified fluorescence in neuromasts after exposure to FM 4-64 (Fig. 3.5). 

Of nine constructs examined, four showed wild type levels of FM fluorescence in 

tmieru1000 neuromasts (Tmie, SP44-231, D114-138, and 1-138; Fig. 3.5, A and B). Two 
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constructs (D97-113 and D63-73) did not rescue above mutant levels of FM 4-64, 

although D63-73 showed a non-significant increase in FM fluorescence. While residues 

63-73 have not been characterized, the D97-113 result is consistent with the findings of 

previous publications in humans and mice, showing that mutations in this region impair 

hearing and hair cell function (Zhao et al. 2014, Naz et al. 2002). Three constructs were 

capable of partial rescue (SP63-231, CD8-2TM, and 2TM-CD8). Each one of the five 

dysfunctional constructs altered part of a contiguous region of Tmie: the 2TM and 

surrounding domains. These results highlight this region of Tmie as vital for function. To 

determine whether any of the constructs also have a dominant effect on hair-cell function, 

we compared FM label in wild type larvae with or without the individual transgenic tmie 

construct (Fig. 3.5 D). SP63-231 and D63-73, which had impaired rescue in tmieru1000, 

showed reduced FM label in transgenic wild type cells (Fig. 3.5, C and D). Interestingly, 

these two dominant negative constructs alter the extracellular region of Tmie, possibly 

due to integration in the MET complex and subsequent interference with endogenous 

Tmie. 

 
Recordings of mechanically evoked responses confirm that the second transmembrane 

domain and adjacent regions are required for hair cell function 

Bath applied FM dye demonstrates the presence of permeable MET channels, but 

does not reveal any changes in mechanically evoked responses in hair cells. Therefore, 

we also recorded microphonics of mutant larvae expressing individual transgenes. For 

our recordings, we inserted a recording pipette into the inner ear cavity of 3 dpf larvae 

and pressed a glass probe against the head (Fig. 3.6 A). Using a piezo actuator to drive 

the probe, we delivered a step stimulus at increasing driver voltages while recording 
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traces in current clamp (Fig. 3.6 B). For each transgenic tmie line, we measured the 

amplitude of the response at the onset of stimulus (Fig. 3.6, C-I). We limited our analysis 

to the lines expressing constructs that failed to fully rescue FM labeling (Fig. 3.6, E-I). 

As positive controls, we used the full-length tmie line (Fig. 3.6 C) and also included 

SP44-231 (Fig. 3.6 D), encoding the cleavage product mimic. Both controls fully rescued 

the responses in tmieru1000 larvae. Consistent with a reduction in labeling with FM dye, 

we found that the microphonic responses were strongly or severely reduced in larvae 

expressing the SP63-231, D63-73, CD8-2TM, 2TM-CD8 and D97-113 constructs in the 

tmieru1000 background (Fig. 3.6, E-I). We also saw the same dominant negative effect in 

wild type larvae expressing transgenic SP63-231 or D63-73, again suggesting that these 

constructs are interfering with the function of endogenous Tmie. 

 
Regions of Tmie that mediate hair-cell mechanosensitivity are also required for 

localizing Tmc2b-GFP 

After identifying functional regions of Tmie, we asked whether these regions are 

involved in regulating Tmc localization. Therefore we quantified hair bundle expression 

of transgenic Tmc2b-GFP in hair cells of tmieru1000 mutant larvae stably co-expressing 

individual transgenic tmie constructs (Fig. 3.7, B-H). As in Figure 3 G, we tagged our 

tmie constructs with p2A-NLS(mCherry) so that Tmc2b-GFP expression in the hair 

bundles could be imaged separately. We examined SP44-231 and the five tmie constructs 

that yielded impaired mechanosensitivity. 

Three constructs showed full rescue of Tmc2b-GFP levels in the bundle. The 

SP44-231 cleavage mimic produced highly variable levels, some in the wild type range, 

others increasing Tmc2b-GFP expression above wild type (Fig. 3.7, B and H), as seen in 
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overexpression of full-length Tmie (Fig. 3.3H and Fig. 3.7 A, right panel). We suspect 

that the exogenous Gria2a signal peptide leads to variable processing of Tmie and thus 

contributes to this variability in Tmc2b-GFP fluorescence. tmieru1000 larvae expressing the 

SP63-231 construct gave rise to values of Tmc2b-GFP fluorescence within the wild type 

range (Fig. 3.7, C and H). When we recorded microphonics in these larvae, we found that 

co-overexpression of Tmc2b-GFP and SP63-231 resulted in better functional rescue of 

tmieru1000 (Fig. S3.3 A) than when SP63-231 was expressed alone (Fig. 3.6 E). We also 

determined that the microphonic potentials correlated with the levels of Tmc2b-GFP in 

the bundles (Fig. S3.3 B). Likewise, the 2TM-CD8 construct also generated values of 

Tmc2b-GFP fluorescence in the wild type range (Fig. 3.7, F and H). These larvae rescued 

microphonic potentials to wild type levels (Fig. S3.3 C), unlike when 2TM-CD8 was 

expressed alone (Fig. 3.6 E). Functional rescue again correlated with Tmc2b-GFP bundle 

levels (Fig. S3.3 D). These results indicate that functional rescue in the SP63-231 and 

2TM-CD8 lines is Tmc dose-dependent. 

Of the three constructs with little to no functional rescue, CD8-2TM (Fig. 3.7, E 

and H) and D97-113 (Fig. 3.7, G and H) had severely reduced levels of Tmc2b-GFP in 

hair bundles. In tmieru1000 expressing D63-73, there was severely reduced but still faintly 

detectable Tmc2b-GFP signal though, as with the functional rescue, this difference was 

not statistically significant (Fig. 3.7, D and H). The bulk of this signal was observed in 

immature bundles (Fig. 3.7 D, arrows, and Fig. S3.4), but there was some detectable 

Tmc2b-GFP signal in mature bundles (Fig. S3.4). Overall, these results suggest that the 

level of functional rescue by the tmie constructs is correlated to the amount of Tmc2b 

present in the hair bundle. 
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Discussion 

TMIE was first identified as a deafness gene in mice and humans (Mitchem et al. 

2002, Naz et al. 2002). The predicted gene product is a relatively small membrane protein 

containing a highly conserved amino acid sequence near the second hydrophobic helix. 

Previous studies established that TMIE is required for MET in hair cells (Gleason et al. 

2009, Park et al. 2013, Zhao et al. 2014) and is an integral member of the complex (Zhao 

et al., 2014). How TMIE contributes to the function of the MET complex was not clear. 

Our comprehensive structure-function analysis of Tmie revealed that the functional 

capacity of various tmie mutant constructs is determined by their efficacy in localizing 

Tmc2b-GFP to the bundle, as summarized in Table 1 and modeled in Figure 8. These 

findings unveil a hitherto unexpected role for Tmie in promoting the localization of the 

putative channel subunits Tmc1 and Tmc2b to the site of MET. These findings broaden 

our understanding of the assembly of the MET complex and point to a pivotal role of 

Tmie in this process. 

A previous study of the ru1000 mutant suggested that Tmie’s role in zebrafish 

hair cells was developmental, with mutant lateral line hair cells showing stunted kinocilia 

and the absence of tip links (Gleason et al. 2009). In our hands we did not observe any 

gross morphological defects, and the localization pattern and the levels of Pcdh15a and 

Lhfpl5a were unaffected in tmieru1000 larvae. This observation is consistent with intact 

hair bundle morphology; stereocilia that are splayed or disorganized are a dominant 

feature of hair cells missing their tip links, as seen in pcdh15a or lhfpl5a mutants (Maeda 

et al. 2017, Seiler et al. 2005). In TMIE-deficient mice, hair cell morphology is grossly 

normal up to P7 (Park et al. 2013, Zhao et al. 2014). In agreement with a previous study 
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in mice (Zhao et al. 2014), our results indicate that tmieru1000 mutants are profoundly deaf 

due to ablation of MET in hair cells. We fully rescued this deficit in zebrafish ru1000 

mutants by exogenous expression of a GFP-tagged transgene of tmie. Exogenous 

expression gave rise to variable levels of Tmie-GFP in hair bundles, with lower levels 

revealing a punctate pattern expected for a member of the MET complex, and higher 

expression levels leading to expression throughout the stereocilia. Excess Tmie-GFP did 

not appear to cause adverse effects in hair cells, which is consistent with a previous study 

in the circler mouse mutant (Shin et al. 2008). 

 
Tmie can localize to hair bundles independently 

To determine the interdependence of trafficking of Tmie and the other MET 

components, we examined the localization of Tmie-GFP in mutants of essential MET 

genes: pcdh15a, lhfpl5a, and tomt (Fig. 3.3). In both zebrafish and mice, the secretory 

pathway protein Tomt is required for Tmc1/2 expression in hair bundles (Erickson et al. 

2017, Cunningham et al. 2017); since a triple knockout of all three zebrafish tmc genes 

(tmc1/2a/2b) has not been generated, we use the tomt mutant here to simulate loss of all 

three Tmcs. Despite the absence of the tip link protein Pcdh15a, the accessory protein 

Lhfpl5a, and the putative channel subunits the Tmcs, we found that Tmie-GFP still 

traffics to the bundles of hair cells. This finding suggests that Tmie can localize 

independently of the other proteins of the MET apparatus. This autonomy is an unusual 

feature for membrane components of the MET complex. For example, PCDH15 largely 

requires LHFPL5 for trafficking to the stereocilia (Xiong et al. 2012, Maeda et al. 2017, 

Mahendrasingam et al. 2017), and depends on Cadherin 23 to maintain its localization at 

the site of MET (Maeda et al. 2017, Senften et al. 2006). LHFPL5 also requires PCDH15 
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to maintain localization at the stereocilia tips (Xiong et al. 2012, Mahendrasingam et al. 

2017). Thus, Tmie appears to be the exception to the rule of co-dependent transport to the 

hair bundle. 

Our results reveal that Tmie has distinct regions associated with self-localization 

and function (Fig 8). Three constructs showed impaired targeting of Tmie to the bundle, 

namely SP63-231, CD8-2TM, and the 1-138 construct, the last of which truncates the C-

terminus. Further manipulation to the C-terminus, either by removing more amino acids 

(1-113) or by using an alternative final exon (Tmie-short), results in targeting of the 

protein to the plasma membrane instead of the bundle. However, removing just a smaller 

internal segment has no effect on bundle localization (Fig. 3.4, A and C, D114-138). We 

suspect that the abundance of charged residues in the C-terminus of Tmie (Fig. S3.2A, 

Protein), as well as the regions altered in SP63-231 and CD8-2TM, contribute to 

recognition by bundle trafficking machinery. Mislocalization, however, did not 

necessarily correlate with functional rescue. Despite partial mislocalization to the plasma 

membrane, the 1-138 construct showed full functional rescue. Conversely, despite normal 

localization to the bundle, D97-113 did not rescue function at all. These results 

demonstrate that Tmie’s functional role is separate from its ability to target to the bundle. 

 
Tmie promotes the levels of Tmc1/2 in the hair bundle 

The regulatory role of Tmie with respect to the Tmcs is strongly supported by the 

strikingly different effects of loss of Tmie versus overexpression of Tmie. When Tmie is 

absent, so are the Tmcs; when Tmie is overexpressed, the level of Tmc2b in the bundle is 

boosted as well (Fig. 3.3, C-H). These results disagree with a previous finding in mice 

showing that Myc-TMC2 is present in hair bundles of TMIE-deficient cochlear hair cells 
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(Zhao et al. 2014). This discrepancy may be due to the use a cytomegalovirus promoter to 

drive high levels of expression of Myc-TMC2 in an in vitro explant of cochlear tissue. 

Localization of TMC1 in Tmie-/- mice, which is the predominant TMC protein in 

cochlear hair cells, was not reported. In addition, localization of the TMCs in vestibular 

hair cells was not characterized in Tmie-/- mice. Thus, further investigation is warranted 

to determine if the relationship between Tmie and the Tmcs uncovered by our 

experiments is a conserved feature or is potentially dependent on the type of hair cell, as 

MET components may vary among different cell types.  

One important question is whether Tmie and the Tmcs can physically interact to 

form a complex that is transported to the hair bundle. A direct interaction of the mouse 

TMC1/2 and TMIE proteins was not detected in a heterologous system (Zhao et al. 

2014), however, our in vivo analysis suggests the possibility of an indirect interaction. 

The deletions and chimeric forms of Tmie in the present study highlight important motifs 

or regions of Tmie that are critical for localization of the Tmcs to the hair bundle.  

 
The first hydrophobic helix of Tmie is dispensable 

The membrane topology of Tmie has not been biochemically determined, 

however, online Phobius software predicts an N-terminal signal peptide in mouse and 

human TMIE and a transmembrane helix in zebrafish Tmie (Kall, Krogh, and 

Sonnhammer 2004). Interestingly, the orthologues in C. elegans or Drosophila do not 

contain this first hydrophobic region of Tmie. Upon removal of this region, we observed 

that SP44-231 behaved like full-length Tmie, with a comparable pattern of localization 

and full functional rescue of tmie-deficient fish. In addition, SP44-231 rescues Tmc2b-

GFP bundle expression to wild type levels or higher. To our knowledge, these results are 
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the first in vivo evidence that Tmie can function without the putative first transmembrane 

domain. Our study supports the notion that Tmie undergoes cleavage, resulting in a 

single-pass membrane protein that functions in the MET complex (Fig. 3.8). 

 
The 2TM domain and adjacent regions of Tmie are functionally significant 

The key functional domains of Tmie are located within and proximal to the 

remaining transmembrane domain. We found that replacement of the entire 

transmembrane domain with an exogenous membrane helix from the CD8 glycoprotein 

resulted in a protein that trafficked to the bundles of immature hair cells but was not 

expressed in mature bundles. This finding demonstrates that this domain is vital for stable 

localization of Tmie in mature hair cells. Half-chimeras of this domain revealed that the 

mislocalization effect is exclusive to the first half of the helix, but that both halves are 

functionally significant (the first half more so than the second). These results suggest that 

the transmembrane domain is critical for both Tmie’s localization and function in the 

MET complex. 

Removal of the cytoplasmic amino acids 97-113, directly after the 2TM, leads to 

a normal localization pattern but complete loss of function. This region contains arginine 

residues that have previously been implicated in human deafness (Naz et al. 2002, 

Ganapathy et al. 2014, Santos et al. 2006, Sirmaci et al. 2009). Mimics of these mutations 

in mouse cochlear hair cells lead to altered MET currents, which has been attributed to a 

reduction in binding to PCDH15-CD2 (Zhao et al. 2014). Interestingly, one of the mouse 

mutations, R93W, resulted in loss of TMIE localization at the site of MET. In contrast to 

these findings, when we remove this entire intracellular region from zebrafish Tmie, it is 
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still capable of localization in hair bundles. This result may reflect species differences in 

recognition sequences for trafficking machinery. 

The SP63-231 and D63-73 constructs both lack different segments of the 

extracellular region of Tmie. These were the only two constructs with dominant negative 

effects, suggesting that each construct successfully integrates into the MET complex and 

interferes or competes with endogenous Tmie. Both constructs only minimally rescue 

mechanosensitivity in tmieru1000 mutants and are thus predicted to weaken the efficiency 

of the MET complex. Other constructs such as the transmembrane chimeras also yield 

partial rescue but do not appear to affect the function of endogenous Tmie in wild type 

hair cells. These data suggest that the full 2TM domain is required to produce the 

dominant negative effect on endogenous Tmie. Combined with the finding that 

replacement of the 2TM with an unrelated helix causes instability of Tmie in mature hair 

cells, we suggest that the 2TM is essential in integrating Tmie into the MET complex. 

 
Impaired functionality corresponds to decreased Tmc expression 

When co-expressed with Tmc2b-GFP, our Tmie constructs reveal a strong link 

between function and Tmc bundle expression (Fig. 3.7, Fig. S3). In larvae expressing 

CD8-2TM or D97-113, both of which display little or no functional rescue, there is no 

detectable Tmc2b-GFP in hair bundles (Fig. 3.7, E and G and H). This suggests a defect 

in targeting or trafficking Tmcs to the stereocilia. Additionally, our results with the D63-

73 construct suggest a role for Tmie in maintaining the levels of Tmc2b in stereocilia. In 

tmieru1000 larvae expressing the D63-73 construct, Tmc2b-GFP successfully traffics to the 

bundle in immature hair cells (Fig. 3.7 D, arrows) but does not maintain strong 

expression in mature cells (Fig. S3.4). Based on this data, we conclude that the first half 
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of the transmembrane domain and the intracellular residues 97-113 are involved in 

trafficking the Tmcs to the site of MET, while the extracellular residues 63-73 have a role 

in stabilizing Tmc expression in the MET complex (Fig. 3.8). 

Surprisingly, SP63-231 and 2TM-CD8 rescue Tmc2b-GFP to wild type levels 

(Fig. 3.7, C and F and H), even though functional rescue of tmieru1000 by GFP-tagged 

versions was reduced in both FM labeling experiments (Fig. 3.5) and microphonic 

recordings of the inner ear (Fig. 3.6). This result hints at an additional role for Tmie in 

MET that is independent of Tmc trafficking. However, the low level of functional rescue 

in tmieru1000 mutants by these two constructs was only observed in the background of 

endogenous levels of the Tmcs. When we co-expressed Tmc2b-GFP with either SP63-

231 or 2TM-CD8, then the functional rescue of tmieru1000 mechanosensitivity improved in 

a Tmc-dose-dependent manner (Fig. S3.3). Since co-expression of Tmc2b-GFP can 

overcome the functional deficit in SP63-231 and 2TM-CD8, we propose that residues 44-

62 and the second half of the 2TM are important but not absolutely essential to regulating 

Tmc bundle expression. This finding reinforces the significance of our findings with the 

constructs D63-73, CD8-2TM, and D97-113, which still fail to rescue Tmc2b-GFP levels 

even when Tmc2b-GFP is co-expressed. 

Through a systematic in vivo analysis of tmie via transgenic expression, we 

identified new functional domains of Tmie. We demonstrated a strong link between 

Tmie’s function and Tmc1/2 expression in the bundle. Evidence continues to mount that 

the Tmcs are subunits of the MET channel, and our results implicate Tmie in promoting 

and maintaining the localization of Tmc subunits at the site of MET. The precise 

mechanism underlying Tmie’s regulation of the Tmcs awaits further investigation.  
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Figure 3.1: Zebrafish tmieru1000 mutants: phenotype and functional rescue by Tmie-GFP  

All confocal images are of live, anesthetized larvae. (A) Hair cells in the lateral-line 
neuromasts (7 dpf) and inner ear cristae (5 dpf) from wild type and tmieru1000 larvae. A 
transgene (Actin-GFP) was used to visualize stereocilia bundles. (B) Sample traces from 
an auditory evoked behavior response (AEBR) assay, performed on 6 dpf larvae over the 
course of 3 minutes. Pure tone stimuli are indicated by asterisks. Peaks represent pixel 
changes due to larval movements (magenta indicates positive response). (C) 
Quantification of AEBR displayed as box-and-whiskers plot; significance determined by 
unpaired t-test with Welch’s correction. (D) Top-down view of neuromasts from 4 dpf 
larvae after brief exposure to a vital dye, FM 1-43. FM 1-43 and FM4-64 permeate open 
transduction channels. (E) Lateral view of a neuromast from a 4 dpf tmieru1000 larva 
expressing transgenic Tmie-GFP, after exposure to FM 4-64. (F) Quantification of FM 4-
64 fluorescence/cell in 5 dpf larvae; significance determined by one-way ANOVA. (G) A 
cartoon depiction of a group of lateral-line hair cells viewed laterally, with close-up 
views of a single cell at the bundle region. The dashed green line indicates the single 
plane containing the stereocilia bundles. The magenta bracket indicates the area used to 
make the maximum projections that were analyzed for FM fluorescence in (F). (H) 
Sample traces of extracellular (microphonic) recordings, evoked from the inner ear of 3 
dpf larvae. A piezo actuator was used to stimulate larvae with a 200 Hz sine-wave 
mechanical stimulus using an 8 V driver voltage. All statistics are mean ± SD, 
****p<0.0001. Scale bars: 10µm. 
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Figure 3.2: Tmie-GFP is present in the hair bundles of MET mutants 

Confocal images of the bundle region in hair cells of the inner-ear lateral crista in live 
larvae. Larvae at 6 dpf expressing transgenic Tmie-GFP in the genetic backgrounds of 
wild type (A), and homozygous mutants for the tip link protein Pcdh15a (B, pcdh15apsi7), 
the accessory protein Lhfpl5a (C, lhfpl5atm290d), and the Golgi-localized protein Tomt (D, 
tomttk256c). Tomt-deficient fish lack Tmc expression in hair cell bundles (Erickson et al. 
2017), presumably mimicking the condition of a triple Tmc knockout. Arrowheads 
indicate splayed hair bundles. n=8 each genotype. Scale bar: 5µm. 
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Figure 3.3: Specific loss of Tmc1 and Tmc2b in tmieru1000 larvae 

Maximum projections of the hair bundle region (ROI) of hair cells in the lateral crista of 
the inner ear, collected from live larvae using confocal microscopy. (A-B) 6 dpf larvae 
expressing either transgenic Pcdh15aCD3-GFP or GFP-Lhfpl5a (n=6 each genotype). (C) 
3 dpf larvae expressing Tmc1-GFP. (D) Plot of the integrated density of Tmc1-GFP 
fluorescence in the ROI; each data point represents one crista. Statistical significance 
determined by two-tailed unpaired t-test with Welch’s correction, p=0.0002. (E) 4 dpf 
larvae expressing Tmc2b-GFP. The arrow points to the cuticular plate/apical soma 
region, just below the ROI. (F) Plot of the integrated density of Tmc2b-GFP fluorescence 
in the ROI. Statistical significance determined by two-tailed unpaired t-test with Welch’s 
correction, p=0.0005. (G) 4 dpf tmieru1000 larva co-expressing two transgenes, tmc2b-
GFP and tmie-p2A-NLS(mCherry). The p2A linker is a self-cleaving peptide that results 
in equimolar expression of Tmie and nuclear mCherry. (H) Plot of the integrated density 
of Tmc2b-GFP fluorescence/crista in the ROI; significance determined by one-way 
ANOVA. All statistics are mean ± SD. Scale bars: 5µm.
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Figure 3.4: Schema for a systematic domain analysis of Tmie and subcellular localization 

of Tmie constructs 

(A) A linear diagram of 12 unique constructs of tmie used in our experiments. Full-length 
Tmie is predicted to contain two hydrophobic helices or transmembrane domains (1TM 
and 2TM). SP44-231 and SP63-231 replace part of the N-terminus with a signal peptide 
(SP) from the Glutamate receptor 2a (in blue). In the CD8, CD8-2TM, and 2TM-CD8 
constructs, all or part of the 2TM is replaced by the helix from the CD8 glycoprotein (in 
yellow). Tmie-short is a fish-specific isoform of Tmie that contains an alternate final 
exon (in orange). Dotted lines represent internal deletions. (B) Representative confocal 
images of each construct being expressed as a GFP-tagged transgene in hair cells of 4-6 
dpf tmieru1000 larvae. Expression is mosaic due to random genomic insertion into subsets 
of progenitor cells after single-cell injection. The expression of the CD8 construct is 
shown in a neuromast, while all others are in the inner ear middle crista. (C) The 
localization of each GFP fusion protein was determined by measuring the 
fluorescence/area in the bundle (b) and soma (s), and then calculating b/(b+s). (D) 
Enrichment in the hair bundle is displayed as a ratio for each construct, with 1 being 
completely bundle-enriched and 0 being completely soma-enriched. Scale bar in (B): 
5µm. 
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Figure 3.5: The second transmembrane and adjacent residues of Tmie are required for 

rescue of FM labeling 

All images are a top-down view of a representative neuromast from 6 dpf larvae collected 
using confocal microscopy. The left image is a single plane through the stereocilia (green 
dashed line in Fig 1G) with DIC + GFP fluorescence. The right image is a maximum 
projection of the soma region (magenta bracket in Fig 1G) showing FM 4-64 
fluorescence. (A) Representative images of neuromasts in tmieru1000 larvae, each stably 
expressing an individual tmie construct. FM fluorescence was normalized to wild type 
non-transgenic larvae generated with the Tmie-GFP line. (B) Box-and-whiskers plot of 
the integrated density of FM fluorescence/cell in transgenic tmieru1000 compared to non-
transgenic wild type and mutant siblings for each construct. (C) Representative images of 
neuromasts in wild type larvae with or without transgene. FM fluorescence was 
normalized to wild type non-transgenic larvae of the Tmie-GFP line. (D) Box-and-
whiskers plot of the integrated density of FM fluorescence/cell in wild type neuromasts 
with and without transgene. Significance determined within each clutch by one-way 
ANOVA, n≥9,  **p<0.01, ***p<0.001, ****p<0.0001. Scale bars in (A) and (C) are 
10µm. 
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Figure 3.6: The second transmembrane and adjacent regions of Tmie are required for 

inner ear microphonics 

(A) A DIC image of a 3 dpf larva anesthetized and pinned (glass fiber) for inner ear 
recordings. Shown are a probe attached to a piezo actuator (piezo) pressed against the 
head and a recording pipette pierced into the inner ear. (B) Traces from a wild type larva. 
A step stimulus for 20ms was applied; 200 traces were averaged for each of the six piezo 
driver voltages: 2V, 3V, 4V, 5V, 6V, and 10V. Gray box: magnification of the onset of 
response in individual traces. (C-I) Same protocol as in (B). Mean amplitude of the 
response peak ± SD as a function of the stimulus intensity of the driver voltage.  
Statistical significance determined by two-way ANOVA comparing all groups to wild 
type non-transgenic siblings, n≥5, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Scale 
bar: 100µm. 
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Figure 3.7: Effect of transgenic Tmie constructs on Tmc2b-GFP bundle localization 

Confocal images are maximum projections of representative inner-ear lateral cristae 
collected from 4 dpf larvae. Upper panels show the bundle region, with all larvae stably 
expressing transgenic Tmc2b-GFP (green). Lower panels show the soma region, with 
some larvae expressing transgenic Tmie constructs tagged with p2A-NLS(mCherry). 
Nuclear mCherry (magenta) is a marker for equimolar translation of the indicated Tmie 
construct. (A) Sibling wild type, tmieru1000, and tmieru1000 expressing full-length Tmie. For 
the quantification in (G), Tmc2b-GFP fluorescence was measured within the ROI (right 
panel, black line). (B-G) tmieru1000 larvae expressing individual Tmie constructs tagged 
with p2A-NLS(mCherry), as labeled. The arrows in (D) point to Tmc2b-GFP in 
immature hair bundles. (H) Plot of the integrated density of Tmc2b-GFP fluorescence in 
the ROI, comparing tmieru1000 larvae expressing a tmie construct (magenta) to wild type 
(black) and tmieru1000 (gray) siblings not expressing tmie construct. Significance for 
SP44-231 and SP63-231 was determined by the Kruskal-Wallis test, for all other tmie 
constructs by one-way ANOVA, n≥6, ***p<0.001, ****p<0.0001. Scale bars: 10µm. 
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Figure 3.8: Summary of experimental results for tmie constructs and model of discrete 

functional domains of Tmie 

(A) Symbols as follows: enhanced above wild type (++), comparable to wild type (+), 
partially reduced (+/-), and severely reduced or absent (-). For dominant negative effect, 
the effect is present (+) or absent (-). Blank spaces are not determined. Refer to Fig 4A 
for details on constructs. (B) A model of the protein sequence of zebrafish Tmie. Amino 
acids 1-43 are separated due to suspected cleavage as a signal peptide. Although shown 
as a TM domain, it is unclear whether the first hydrophobic region forms a helix. Note 
that the extracellular region (yellow glow) was never deleted in its entirety; SP63-231 
deleted QIPDPELLPTDPPKKPDPV, and D63-73 deleted TSETVVFWGLR. Also note 
that the TM domain with orange lettering only had an effect on the stability of Tmie 
when the entire helix was substituted. 
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Figure S3.1: Tmie-GFP shows variable expression in stereocilia 

Representative images of the lateral crista in a wild type larva at 6 dpf, generated using 
confocal microscopy. (A) The hair bundle region of hair cells expressing transgenic tmie-
GFP driven by the myo6b promoter. The arrow and bracket show, respectively, the short 
kinocilium and stereocilia bundle of an immature hair cell. (B) A single hair bundle with 
“bundle fill” expression pattern produced by overexpression of Tmie-GFP. (C) A single 
bundle with Tmie-GFP concentrated along the beveled edge of the stereocilial staircase. 
(D) A single bundle with punctate expression of Tmie-GFP suggestive of localization at 
the site of MET. Scale bar in (A): 5µm, in (D): 2µm. 
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Figure S3.2: Differential effects on function with a genomic mutation and a transgene 

mimic 

(A) Data for a novel mutant allele of tmie, t26171. DNA: Chromatographs of the DNA 
sequence of tmie in wild type (above) and tmiet26171 (below) showing the genomic region 
where the mutation occurs. An arginine is mutated to guanine in the splice acceptor 
(black box, above) of the final exon of tmie, exon 4. The dashed black box below 
indicates the mutated original splice acceptor site. Use of a cryptic splice acceptor (black 
box, below) 8 nucleotides downstream causes a frameshift and an early stop codon (*). 
cDNA: Chromatograph of the DNA sequence from RT-PCR of tmiet26171 larvae bridging 
exons 3 and 4. Protein: The predicted protein products, shown here as a two-pass 
transmembrane protein. The wild type protein has many charged residues (positive in 
light gray, negative in dark gray) that are lost in tmiet26171. Balance: Photos of wild type 
and tmiet26171 larvae, taken with a hand-held Canon camera. Arrow points to a larva that 
is upside-down, displaying a classic vestibular phenotype. (B) Top-down view of a 
representative neuromast after exposure to FM 4-64, imaged using confocal microscopy. 
The first panel is a single plane through the soma region while the second panel is a 
maximum projection of 7 panels through the soma region, beginning at the cuticular plate 
(as denoted by magenta bracket in Fig 1G). (C) Same as (B) except that the first panel 
shows the bundle region so that 1-138-GFP can be visualized in bundles (as depicted by 
dashed green line, Fig 1G). The transgene is driven by the myo6b promoter. (D) Plot of 
the integrated density of FM fluorescence per cell as a percent of wild type siblings. 
Displayed wild type and tmieru1000 data are from siblings of Tg(1-138-GFP); tmieru1000, 
while tmiet26171 data are from a separate experiment. Statistical significance determined 
by one-way ANOVA, ****p<0.0001. Scale bar: 10µm. 
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Figure S3.3: Functional rescue of tmieru1000 by constructs SP63-231 and 2TM-CD8 is 

Tmc dose-dependent 

(A) Mean amplitude of the response peak ± SD as a function of the stimulus intensity of 
the driver voltage, as described in Fig 6B. (B) XY plot of the amplitude of microphonic 
response vs the integrated density of Tmc2b-GFP fluorescence in the ROI. A 10V step 
stimulus was used to evoke microphonic potentials. The line is a linear regression, R2= 
0.5216. (C) Same as (A) for the 2TM-CD8 construct. (D) Same as (B) for the 2TM-CD8 
construct, R2= 0.7726. Measurements are from 4 dpf larvae. 
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Figure S3.4: In D63-73, Tmc2b-GFP traffics to bundles but does not maintain high 

expression in mature cells 

Confocal images of single hair bundles from cells expressing transgenic Tmc2b-GFP 
driven by the myo6b promoter. Brackets show the stereocilia bundle, which is shorter in 
immature hair cells (white brackets) and longer in mature ones (black brackets). Larvae 
are 4 dpf. Scale bar: 2µm. 
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Chapter 4: Summary and Conclusions 

This dissertation presents two manuscripts that examine the localization, 

trafficking, and function of two proteins essential to MET, Pcdh15a and Tmie. Through 

the use of transgenic and mutant zebrafish, we identified regions in both proteins that 

impact the localization of the MET complex and the function of MET in hair cells. We 

also continued the work of determining the whereabouts of specific MET proteins when 

others are missing, a classic experiment that can reveal unforeseen interplay between 

proteins. We determined that the TMD and CR of Pcdh15a are essential to its function 

and localization, and that different isoforms of Pcdh15a have unique effects on MET 

activity. We also discovered a previously unknown relationship between Tmie and the 

Tmcs, with Tmie acting as a positive regulator of Tmc expression in the bundle. Through 

a comprehensive structure-function analysis of Tmie, we have found a link between MET 

activity and Tmc localization. Our evidence suggests that Tmie’s main role in MET is to 

traffic the Tmcs to the site of MET, and then stabilize them there. In the greater context 

of the study of MET, our findings provide more support for the controversial proposal 

that the Tmcs form the pore of the MET channel. 

Protocadherin 15 

There are two isoforms of Pcdh15a in zebrafish hair cells, CD1 and CD3. This 

finding is interesting when comparing zebrafish to mammals, which have a third isoform 

that is only required by their auditory hair cells, the CD2 isoform (Webb et al. 2011, 

Pepermans et al. 2014). The fact that CD1 and CD3 are conserved, but that the more 

evolutionarily derived cochlea needs an additional isoform, lends credence to the notion 

that the molecular machinery of mammalian vestibular hair cells is more similar to 
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zebrafish cells, and consequently to the ancestral hair cell. The CD1 and CD3 isoforms of 

Pcdh15a are detectable in hair cells by in situ hybridization, CD3 much more strongly 

than CD1, although this could be due to differential efficacy in probe binding. We 

generated GFP-tagged transgenes of both isoforms and expressed these in a zebrafish 

mutant of pcdh15a called th263b. We also generated a truncated version of Pcdh15a 

(Pcdh15aCR) that removes isoform-specific C-termini, leaving only a region common to 

all Pcdh15a isoforms. All three transgenes form puncta on stereocilia consistent with tip 

localization, and can rescue behavior and morphology in pcdh15ath263b larvae. However, 

when we bathed the larvae in a vital dye that permeates the MET channel and quantified 

fluorescence, we concluded that MET activity is significantly reduced in the lateral line 

hair cells of transgenic mutants as compared to non-transgenic wild type siblings.  

This intriguing finding suggests that the isoform-specific regions of Pcdh15a are 

not required for MET per se, but that they each offer unique contributions to MET 

activity. Neither isoform alone is entirely sufficient for normal MET activity, suggesting 

that one isoform cannot compensate for loss of the other isoform. Since the initial 

determination that PCDH15 homodimerizes (Kazmierczak et al. 2007), more details of 

this dimerization have been discovered. We now know that PCDH15 forms cis-dimers in 

the EC1, EC2, and EC3 repeats of the N-terminus (Dionne et al. 2018), the first two of 

which are already implicated in binding to CDH23 (Sotomayor et al. 2012). Ergo, 

alterations to the C-terminus of PCDH15, as we made, should not affect PCDH15 

dimerization, and so we can suspect that impaired dimerization is not the source of the 

observed reduction in MET activity. The C-terminus of PCDH15 interacts with the 

TMCs (Maeda et al. 2014, Beurg et al. 2015) and LHFPL5 (Ge et al. 2018), so it is 
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possible that Pcdh15a may interact with these or other MET proteins in isoform-specific 

ways. This idea is supported by the finding that murine PCDH15 shows weaker binding 

to TMC2 relative to TMC1, and the lack of an observable interaction between zebrafish 

Tmc1 and Pcdh15aCD1 (Maeda et al. 2014). Unique PCDH15 isoform effects could 

confer different properties to the tip links or the MET apparatus, and thereby MET 

activity. For example, different combinations of Pcdh15a isoforms may contribute to 

tonotopic gradients, as has been suggested for the TMCs in the cochlea (Beurg et al. 

2018). The exact contribution of CD1 and CD3 in MET activity is for future studies. 

To further understand the regions which are essential to localization and function 

of Pcdh15a, we created mutant and chimeric forms of the protein and again expressed 

these as transgenes in pcdh15ath263b larvae to determine their efficacy. When the entire 

cytoplasmic region is removed, the protein can still localize to the stereocilia tips. 

Likewise, when we exchanged the TMD of Pcdh15a with an exogenous helix and 

retained the CR intracellularly, we saw the same localization pattern. However, hair cell 

activity was lost in both of these transgenic pcdh15ath263b larvae, as revealed by lack of 

labeling with FM dye. When both regions were altered, we found that localization of 

Pcdh15a was lost entirely and bundles were splayed, indicating a lack of tip links. These 

findings suggest that either the TMD or the CR are sufficient to properly target Pcdh15a, 

but that functional MET requires both to be present, probably due to lost interactions with 

the MET complex that are mediated through its missing TMD and cytoplasmic region. 

Another important finding of our paper was the expression pattern of Pcdh15a in 

known deafness mutants. Our imaging revealed that in the absence of Cdh23 or Myo7aa, 

Pcdh15a can still traffic to the bundles of immature hair cells but does not maintain this 
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destination in mature cells. One possible reason for loss of stable Pcdh15a bundle 

expression in myo7aa mutants is that Myo7aa traffics Harmonin which then anchors 

Cdh23 at the upper tip link density, as observed in mice (Boeda et al. 2002). Loss of 

Myo7aa would result in loss of Cdh23 anchoring, and an identical expression pattern of 

Pcdh15a in cdh23 and myo7aa mutants. This idea is supported by antibody labeling of 

CDH23 in Myo7a-deficient mice, with loss of MYO7A disrupting CDH23 localization, 

though some labeling at the tips of stereocilia is retained (Senften et al. 2006). 

A recent paper found that the Golgi protein PIST interacts with both PCDH15 and 

CDH23 (Nie et al. 2016). It is possible that PIST is aiding the formation of the tip link 

prior to ascension up the stereocilia. However, our findings would suggest that Pcdh15a 

does not require Cdh23 for bundle trafficking, and indeed this idea is supported by the 

observation of transient tip links, found during development or regeneration and formed 

solely of PCDH15 (Indzhykulian et al. 2013). This provides an alternative explanation for 

our results with the motor protein Myo7aa. We know that the cytoplasmic region of 

PCDH15 binds directly to MYO7A in mice (Senften et al. 2006), but PCDH15 has been 

canonically known as the lower base of the tip link (Kazmierczak et al. 2007) while 

MYO7A has been localized to the upper linkage point (Grati and Kachar 2011). It may be 

that Myo7aa targets exclusively to the upper linkage point through an unknown 

mechanism, and so it only shuttles Pcdh15a to the upper linkage point before the onset of 

Cdh23 expression. Once Cdh23 begins to be expressed, Pcdh15a may no longer be 

trafficked to the upper tip link region, and so its distribution in cdh23 and myo7aa 

mutants is nearly identical. This speculation requires further evidence to make a 

conclusion, but such a scenario is consistent with our results and those of previous study. 
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Our data show that Pcdh15a requires Lhfpl5a for trafficking to stereocilia. We 

also demonstrate that loss of the CR and TMD of Pcdh15a causes loss of bundle 

targeting. It was already known that PCDH15 and LHFPL5 have some co-dependency 

for localization, and the TMD and intracellular CR of PCDH15 mediate an interaction 

with LHFPL5 (Xiong et al. 2012). Recently, cryo-EM revealed that these molecules form 

tetramers with heteromeric interactions (Ge et al. 2018). The authors confirmed the 

involvement of PCDH15’s TMD in its interaction with LHFPL5, and identified a new 

interacting region of PCHD15, the membrane-proximal extracellular domains EC11 and 

EL. An impaired interaction between Pcdh15a and Lhfpl5a may underlie the trafficking 

defect of the Pcdh15a(CD8TMD)(∆cyto) construct, with the extracellular EC11 and EL 

domains unable to compensate for the loss of the TMD and CR of PCDH15. 

Curiously, our experiments show that loss of the TMD of PCDH15 does not affect 

bundle localization but has a severe effect on bundle integrity, with the number of 

splayed bundles increasing. Loss of just the CR, by contrast, does not significantly affect 

bundle integrity. This implies that the functional deficits seen in both constructs have 

unique underlying causes. We know that the common region of Pcdh15a is the most 

significant region for interactions with the Tmcs (Maeda et al. 2014), and it is generally 

agreed that the Tmcs are channel subunits if not the pore. Considering both of these 

discoveries together, it is possible that the Pcdh15aCR construct becomes uncoupled 

from the channel, explaining its lack of functional rescue. The presence of Pcdh15aCR at 

the tips of stereocilia is only fulfilling a structural role in bundle integrity, like the ankle 

and side links of hair cell stereocilia. We can make a similar conclusion for the small 

percent of intact bundles seen in pcdh15ath263b larvae expressing Pcdh15a(CD8TMD), 
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with loss of the TMD resulting in impaired binding to other MET apparatus. It is more 

difficult to explain how and why Pcdh15a(CD8TMD) retains tip link localization in 

splayed bundles. The homodimerization of Pcdh15a and its binding to Cdh23, which 

occur through the N-terminus (Dionne et al. 2018, Sotomayor et al. 2012), should not be 

affected by alteration of the C-terminal TMD. It may be that the native TMD confers 

strength to the bond of the helix with the extracellular EL domain, and replacement by 

the CD8 helix abolishes this structural integrity so that bundle deflection causes physical 

severing of the helix from the EL domain. Another possibility is that the native helix is 

required for integration at the upper tip link density during the formation of the transient 

PCDH15-PCDH15 links observed in development (Indzhykulian et al. 2013). This idea is 

supported by the finding of an interaction between PCDH15 and HARMONIN (Reiners 

et al. 2005), which anchors CDH23 to the actin cytoskeleton (Boeda et al., 2002). If this 

interaction is disrupted, then transient links are never formed properly. Assuming they are 

required for formation of mature PCDH15-CDH23 links, then the bundles never form 

mature tip links and are splayed. To experimentally test these two hypotheses, intact 

bundles of pcdh15ath263b larvae expressing Pcdh15a(CD8TMD) at the tips of stereocilia 

could be exposed to a deflecting force. If the bundle remains intact then this supports the 

transient link hypothesis, while if the bundle becomes splayed after deflection then this 

supports the severing hypothesis. 

Transmembrane inner ear 

Electron micrographs in the zebrafish tmie mutant ru1000 led to the initial 

conclusion that deafness associated with tmie is due to improper development or 

degeneration of the hair cells (Gleason et al. 2009). While morphology had already been 
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shown to be normal in mouse cochlear hair cells (Zhao et al. 2014), we confirmed that it 

is also normal in zebrafish by live imaging of hair cells in tmieru1000 larvae. We then 

demonstrated that MET activity is lost in these otherwise-healthy cells, and that 

expression of transgenic GFP-tagged Tmie can rescue the MET defect in both the lateral 

line and inner ear. Our Tmie transgene had an interesting pattern of expression, with high 

expression yielding diffuse bundle localization and low expression showing punctate 

localization to stereocilia tips. This pattern matches that seen with our tmc transgenes, 

and cannot be a result of the myosin 6b promoter because our pcdh15a and lhfpl5a 

transgenes also use this promoter, and both localize in a punctate fashion regardless of 

expression level. More likely, the differences in distribution suggest that expression of 

Pcdh15a and Lhfpl5a are limited by unknown factors while Tmie and the Tmcs are not. 

Pcdh15a and Lhfpl5a remain in stereocilia only if they form a tip link complex; excess 

protein likely is trafficked out of the stereocilia. By contrast, the continued presence of 

Tmie and the Tmcs is not dependent on their integration in the MET complex. However, 

since we saw no increase in MET activity when overexpressing Tmie or Tmc2b, and 

overexpression of TMIE in mice also seems to have no deleterious side effects (Shin et 

al. 2008), we can conclude that increased expression of Tmie or Tmc2b does not increase 

the number of active MET complexes or channels. It is possible that the tip links set the 

limit to how many active channels can congregate on a single stereocilia tip, and that this 

is why excess Pcdh15a and Lhfpl5a are not permitted to remain in the stereocilia. 

Sophisticated study is required to ascertain this proposition. 

A previous paper found that TMC2 localizes to stereocilia tips in cochlear hair 

cells of TMIE-deficient mice (Zhao et al. 2014), but the authors were unable to 
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successfully express the TMC1 protein. We used stable transgenes of GFP-tagged Tmc1 

and Tmc2b to visualize the Tmcs in live tmieru1000 larvae, and found a striking reduction 

in Tmc bundle expression. This suggests that Tmie is required to localize the Tmcs. We 

performed a confirmatory experiment by overexpressing Tmie and measuring Tmc2b-

GFP expression. As we suspected, raising the levels of Tmie also caused a robust 

increase in Tmc2b expression in bundles. This finding demanded further investigation, 

and so we performed a structure-function analysis of Tmie to identify which regions are 

responsible for regulating the Tmcs. Through these experiments, we made several other 

discoveries of interest. 

It has been speculated based on prediction algorithms that the 1TM of Tmie may 

be a signal peptide that is cleaved off, leaving a single-pass mature protein (Gleason et al. 

2009, Mitchem et al. 2002, Naz et al. 2002). Most algorithms only predict a signal 

peptide in mammals, though one algorithm also made this prediction in zebrafish Tmie 

(Gleason et al. 2009). We generated a transgenic construct that mimics cleaved Tmie, 

called SP44-231; this construct includes a signal peptide on the N-terminus to assure 

correct membrane topology (Fig. 4.1). Expression of a GFP-tagged version of this 

construct in tmieru1000 larvae reveals enrichment in the bundle region, as seen with full-

length Tmie. SP44-231-GFP also fully rescues both FM labeling in the lateral line hair 

cells, and microphonic potentials in the inner ear, suggesting that MET activity is normal. 

These findings are the first in vivo evidence that Tmie can localize and function in MET 

without its first transmembrane helix, lending experimental support to the algorithm 

prediction of cleavage. As we have no direct evidence of cleavage, we cannot be certain 

that mature endogenous Tmie is single-pass. It may be that both the two-pass and single-
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pass are functional, but our results at least indicate that amino acids 1-43 are extraneous 

to Tmie’s functional capacity. Our findings change the image of the MET complex that 

many have depicted, replacing the two-TM Tmie with a single-TM protein. 

The importance of the remaining helix of Tmie is two-fold, as we discovered 

through three of our transgenic tmie constructs that replace all or part of the 2TM. When 

the entire helix is replaced (Tmie-CD8), Tmie itself can still traffic to stereocilia, but 

cannot maintain localization there. We suspect this indicates lost ability to integrate into 

the MET complex, though it is unclear why the presence of unintegrated full-length Tmie 

would remain in the stereocilia, as suggested by the “bundle fill” expression pattern of 

Tmie-GFP (Fig. S3.1), while unintegrated Tmie-CD8 would be removed. Regardless, the 

full 2TM is undeniably required for the continued presence of Tmie at the site of MET. 

When we altered only the first half the 2TM, we discovered that it carries much of the 

functional capacity of this domain, with little to no rescue of MET activity in tmieru1000 

larvae. However, the second half of the helix still contributes to function; its removal in 

construct 2TM-CD8 leads to partial rescue of MET activity. Full rescue can be achieved 

if 2TM-CD8 is co-overexpressed with Tmc2b. These findings suggest that altering the 

second half of the 2TM results in a protein that operates at reduced efficiency. Similar 

results with the SP63-231 construct suggest the same lower efficiency as a result of 

losing extracellular amino acids 44-62. Both the 2TM and extracellular regions are 

previously uncharacterized regions of Tmie, and their relevance in MET activity suggests 

that these regions integrate Tmie into the complex. 

Another curious finding of our paper is that, alone among the MET complex 

proteins, Tmie is capable of trafficking to the stereocilia without accompaniment by 



 125 

Pcdh15a, Lhfpl5a, or the Tmcs (or Tomt, incidentally). The reason for this could be as 

simple as a lack of adverse effects from excess Tmie, so special trafficking of Tmie was 

never selected for during evolution. Or it could be a consequence of having only a single 

conserved isoform being expressed in many tissues (Mitchem et al. 2002, Su et al. 2008), 

with perhaps a wide range of roles, some of which may require higher levels of 

expression. The significance of our discovery is unknown, but it does make Tmie an 

exceptional MET complex member. The lack of perfect targeting to the bundle of 

constructs SP63-231, CD8-2TM, and 1-138, as well as the plasma membrane targeting of 

constructs 1-113 and Tmie-short, suggests that the missing regions in all of these proteins 

contribute to recognition by bundle trafficking molecules. The partial mistargeting of 

constructs SP63-231 and CD8-2TM may be due to improper folding or impaired 

interactions with other MET machinery, an idea that is supported by the reduced 

functionality of these constructs. Improper folding is not likely to underlie the targeting 

defect in the 1-138 construct because it provides full functional rescue in tmieru1000 larvae. 

As the C-terminus is the only part of Tmie readily exposed on a vesicle for trafficking 

molecules to recognize, this suggests that the C-terminus contains a bundle targeting 

signal (Fig. 4.1). The exact sequence of the C-terminal tail is not highly conserved, but 

across species the tail is rich in charged residues, particularly lysine. The varying 

sequences across species may reflect species-specific peptides that are recognized by 

motor proteins. The trafficking defects in these constructs reveal that distinct regions of 

Tmie are associated with MET activity and self-trafficking to the bundle. 

Another potential impact of our localization findings is in the trafficking and 

assembly of the MET complex. In both our manuscripts, we demonstrated that Tmc 
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proteins require Tmie to localize to the site of MET. This finding suggests that they 

traffic together in the wild type environment. However, in mutants of TMIE or TMC1/2, 

tip links are present in EM (Zhao et al. 2014, Kawashima et al. 2011). The presence of tip 

links suggests that PCDH15 traffics to the bundle separately from the TMIE-TMC group. 

Since Pcdh15aCD3-GFP is absent from the bundles of lhfpl5a mutant larvae, LHFPL5-

PCDH15 may traffic together. The presented evidence suggests that assembly of the 

MET complex could occur at the site of MET after all the components have trafficked in 

discrete groups. This conclusion makes sense from an evolutionary perspective, with the 

extracellular protein links evolving independently of mechanosensitive channels and later 

being coupled for use in hair cells. Extracellular cadherins are used for cell-cell adhesion 

in intestinal epithelial cells and during organ morphogenesis (van Roy and Berx 2008, 

Bondow et al. 2012). Hair cells themselves have links on the sides and ankles of 

stereocilia (Kachar et al. 2000, Roberts, Howard, and Hudspeth 1988) that are not 

associated with a channel (Beurg et al. 2009). It is therefore possible that the MET 

channel and tip links traffic independently to the site of MET. The order of trafficking is 

likely to be tip links first because of the localization patterns of our overexpressed 

transgenes. Pcdh15a and Lhfpl5a show punctate expression, even when Tmie and 

presumably the Tmcs are absent, while Tmie and Tmc1/2b both appear to fill the bundle 

when expressed at high levels. The overexpression of Tmie or Tmc2b does not increase 

MET activity, suggesting that the number of active channels has not increased despite the 

abundance of Tmc channel subunits. Taken together, these observations suggest that the 

number of tip links is tightly controlled through an unknown mechanism, and that there is 

a limit to the number of active MET channels that can be coupled to each tip link. If this 
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speculation is true, then the tip links may set the limit to the number of MET channels per 

stereocilium. More work must be done to test this hypothesis. 

In the introduction, we reduced the list of known candidates for pore subunits to 

Tmie and the Tmcs. Now, we have provided evidence that Tmie alone is not sufficient to 

form an active channel even though it can traffic to the stereocilia without other MET 

proteins. Instead, both Tmie and the Tmcs are required to restore MET activity. These 

results reveal another level of regulation to the Tmcs on top of the Golgi-level regulation 

by Tomt (Cunningham et al. 2017, Erickson et al. 2017), and support the proposal that 

the Tmcs are the pore subunits. It would make sense for expression of the pore subunits 

to be strictly controlled; excessive channels could be disastrous to intracellular ionic 

concentrations. A very recent paper used cryo-EM and comparison to TMEM16 to 

generate a homology model of TMC1, showing that it has 10 TMDs and forms a 

homodimer at the ER membrane (Pan et al. 2018). This finding is interesting in light of 

the recent evidence proposing a minimum of 8 TMC1 molecules per stereocilium (Beurg 

et al. 2018). Reconciling these two papers, every stereocilium may have 4 channels, or 

multiple dimers of the TMCs may contribute to a single channel. Pan et al. (2018) also 

demonstrated that single amino acid replacements in the putative pore-forming helices 

S4-S7 cause changes to single channel currents. They additionally show that some 

residues can be protected from cysteine modification by applying channel blockers, 

which suggests that these residues are internal to the pore and protected from 

modification by the blockers. Their results suggest that the Tmcs are indeed the pore-

forming subunits of the MET channel, and our findings complement this discovery. 
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Results from our larger structure-function analysis, particularly the dominant 

negative effects found with SP63-231 and D63-73, suggest that Tmie is not just a 

chaperone for the Tmcs. Our construct SP63-231 is almost identical to a previously 

generated construct in mice (Zhao et al. 2014), with the addition of the Gria2a signal 

peptide. Even without this signal peptide, Zhao et al. visualized their partial-Tmie at 

stereocilia tips and showed that it, like ours, had a dominant negative effect on MET 

currents. This suggests that the SP63-231 protein is integrated into the MET complex but 

does not have full functionality, and so interferes with endogenous Tmie function, similar 

to the way that overexpression of a fragment of Tmc2a interferes with MET activity 

(Maeda et al. 2014). Furthermore, we identified specialized regions of Tmie with discrete 

responsibilities in localizing the Tmcs. The first half of the 2TM and the cytoplasmic 

amino acids 97-113 are required to traffic the Tmcs to the bundle, and loss of these 

regions results in little to no MET activity. By contrast, the extracellular amino acids 63-

73 are not necessary to traffic the Tmcs, as we still see expression of the Tmcs in 

immature bundles of tmieru1000 larvae expressing ∆63-73, similar to the way we see 

Pcdh15a in immature bundles of cdh23 and myo7aa mutants. Despite normal localization 

of ∆63-73-GFP and a dominant negative effect that suggests it is successfully integrating 

into the MET complex, loss of aa63-73 results in very low expression of Tmc2b-GFP in 

mature bundles and severely reduced MET activity. These results lead us to propose that 

the extracellular aa63-73 are critical in stabilizing the Tmcs in the MET complex. 

Collectively from this data, we conclude that Tmie is an integral member of the MET 

channel, though whether it helps the Tmcs form the pore or is an accessory subunit of the 

channel requires more investigation. 
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Figure 4.1: Proposed translation and ER translocation of Tmie protein 
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