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Abstract

Inner ear hair cells are critical for our senses of hearing and balance.
Mechanotransduction happens in the hair bundle, a unique sub-cellular organelle of the
hair cells. This thesis characterizes some molecular components of the hair bundle,
explores the localization of these molecules, and studies the interactions among them.
Chapter 1 gives a background of the relevant literature on molecular components of hair
bundle, mechanotransduction, and lipid domains, highlighting what information is
lacking and how the experiments on this thesis will advance our understanding. Chapter
2 describes an improved method to transfect hair cells, as a useful tool to study
localization and interaction of hair bundle proteins. Chapter 3 presents data on the lipid
components of and functional lipid domains on the hair bundle. Chapter 4 presents
data on the interaction of several hair bundle proteins related to mechanotransduction.
Combined, this thesis characterizes molecular components of the hair bundle and

provides new insights into their localization, interaction, and function.
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Chapter 1 - Introduction

The Inner Ear

Our ability to hear and maintain body balance stems from the inner ear, which is
consisted of six tiny organs inside the temporal bone. The six organs are all part of the
fluid-filled membranous labyrinth. Five out of the six organs are responsible for the
sense of balance: the sacculus, which senses vertical acceleration; the utriculus, which
senses horizontal acceleration; and three ampullae of the semi-circular canals, which
detect angular accelerations along the three axes that are perpendicular to each other
(Figure 1.1). The other organ, called the cochlea, is responsible for hearing.

The bullfrog sacculus, a common organ used for hair cell research, has
approximately 3000 hair cells (Figure 1.2) coupled to an overlying membrane composed
of extracellular matrix. The membrane is named otolithic membrane, because there are
calcium carbonate crystals, known as otoconia, on top of it (Marmo et al., 1983).
Vertical acceleration of the bullfrog head causes movement of the otoconia relative to
the surrounding structures, pulling the otolithic membrane with them and stimulating
the hair cells underneath the otolithic membrane. The utriculus is very similar to the
sacculus, except that it senses accelerations in the horizontal plane.

The cochlea is responsible for converting sound pressure impulses from the
outer ear (mechanical stimulus) into electrical impulses, which are passed on to the
brain via the auditory nerve. Structurally, it is a spiral tube that is divided (along its

longitudinal axis) into three compartments, each filled with different fluid: the scala



media, the scala vestibuli, and scala tympani. The Reissner’s membrane separates the
scala vestibuli (above) from the scala media (middle), which is separated by the basilar
membrane from the scala tympani (below). The scala vestibuli and scala tympani are
continuous, both filled with perilymph, which has a composition similar to extracellular
fluid; the scala media is filled with endolymph, which has a composition similar to
intracellular fluid. During the process of hearing, sound vibrations from the air are
transmitted through the middle ear ossicles to the oval window of the scala vestibule,
displacing the perilymph fluid through the round window of the scala tympani. In the
process, the basilar membrane is displaced, which stimulates the organ of Corti inside
the scala media (Figure 1.3). The organ of Corti is comprised of four rows of hair cells
that are parallel to the longitudinal axis of the cochlea tube. The mechanosensitive hair
cells are tonotopically arranged along the same axis, with hair cells that sense high
frequencies located at the base and those sensing low frequencies at the apex. Three
out of the four rows of hair cells are outer hair cells (OHCs), which are innervated
primarily by efferent nerves and are responsible for signal amplification; the other row
of hair cells, called inner hair cells (IHCs), are innervated by afferent nerves and are
responsible for sending the electrical signals, converted from the mechanical stimulus,
to the brain (Figure 1.3). The tectorial membrane, a membrane composed of
extracellular matrix, mechanically couples the three rows of outer hair cells on the
apical side. Perilymph fluid movement in the scala tympani displaces the basilar

membrane, which causes a shearing movement between the tectorial membrane and



organ of Corti, which in turn excites the outer hair cells and the inner hair cells. (Figure

1.3)

Hair Bundles

Hair cells are responsible for converting the mechanical stimuli to electrical
signals, the universal language of the nervous system. Hair cells are so named because
of their unique morphology: on the apical surface of each hair cell, there are 30 to 300
of hair-like stereocilia (Figure 1.4). The membrane-enclosed, actin-filled stereocilia are
arranged in a highly organized fashion into the hair bundle, which is responsible for
detecting the slightest mechanical stimulation (less than 1 nm; Gillespie and Miller,
2009). During hair cells development, a true cilium (composed of microtubules) called
the kinocilium serves a role in patterning the hair bundle (Kelley et al., 1992;
Montcouquiol et al., 2003). The 30 to 300 stereocilia are arranged in a descending
fashion from the kinocilium, with the stereocilia nearest to the kinocilium being tallest.
In mature hair cells, the kinocilium may or may not be present, thus its presence is not
necessary for proper mechanosensation (Hudspeth and Jacobs, 1979).

Each stereocilium contains a paracrystal of actin filaments, sheathed by the hair
cell's plasma membrane, which is contiguous with that of the hair cell plasma
membrane (Gillespie and Miiller, 2009). At the base of the stereocilium, there is an
electron-dense structure called the rootlet, which inserts into the cuticular plate, a
network of actin filaments beneath the hair cell apical surface (Hudspeth, 1989). During
mechanosensation, the hair bundle moves as a unit, with neighboring stereocilia of

different height sliding along each other (Karavitaki and Corey, 2010).



Mechanotransduction

Deflections of the hair bundle along the axis from the shortest to the longest
stereocilia, or axis of mechanical sensitivity, leads to depolarization of the hair cell,
which in turn triggers neurotransmitter (glutamate) release from the synapse on the
basal side of the hair cell. Deflection of hair bundles toward the longest stereocilia
(positive stimuli) leads to the opening of cation-selective transduction channels,
depolarizing the hair cell and increasing glutamate release. Because 10-20% of the
transduction channels are open at rest, movement of the hair bundle toward the
shortest stereocilia (negative stimuli) closes the transduction channels, hyperpolarizes
the hair cells, and inhibits release of glutamate.

In the current model of mechanotransduction, positive deflection of the hair
bundle increases tension in a gating spring, which quickly increases the open probability
of transduction channels (mechanotransduction channels, or MET channels). Following
activation, mechanotransduction currents quickly adapt, a process called adaptation.

MET channels are located at the lower end of tip links (Beurg et al., 2009a), the
extracellular filaments connecting the tip of each stereocilium to their adjacent taller
neighbor (Figure 1.4). Tip links are composed of two strands that form a helix 150-200
nm in length; each strand is about 4 nm in diameter. Intracellular electron-dense areas,
the lower tip-link density (LTLD) and upper tip-link density (UTLD), are juxtaposed to the
lower and upper insertion site of tip links (Furness and Hackney, 1985) (Figure 1.5).
Their positions relative to tip links and transduction channels suggest that these

densities have important functions in mechanotransduction. The tip link is composed of



PCDH15 and CDH23 (Kazmierczak et al., 2007; Siemens et al., 2004); while the UTLD
contains harmonin and myosin 7A, the LTLD contains myosin 15A. Both the UTLD and
LTLD probably contain many other protein components that are yet to be identified.

The MET Channel

Functional studies of the inner ear and the mechanotransduction current has
provided insight into the properties of the MET channel.

The MET channel responds best to stimuli along the axis from the shortest to the
longest stereocilia. Stimuli perpendicular to the axis have little effect on channel gating
(Shotwell et al., 1981). In the absence of a stimulus, MET channels flicker between the
open and closed states, with an open probability, P,, of ~0.1. Positive deflections
(stimuli toward the longest stereocilia) increase the P,, while negative deflections
decrease the P, (Shotwell et al., 1981).

The MET channels open very quickly. In hair cells of the bullfrog sacculus, MET
channels can open within ~10 us (Corey and Hudspeth, 1979b), with larger deflections
gating channels much more rapidly (Corey and Hudspeth 1983). The fast speed of
channel opening rules out enzymatic conversion or diffusion as mechanisms for gating
(Corey and Hudspeth, 1979b).

The relationship between MET channel P, and mechanical stimulus size can be
well described by a three-state Boltzmann distribution (Corey and Hudspeth 1983). In
the most common interpretation, this means that there are two closed states and one
open state of the channel (Corey and Hudspeth 1983). Hair bundle deflection stretches

the gating spring, a linearly elastic spring of stiffness ~1 mN/m, which in turn raises the



energy of the MET channels that are in closed states, thus favoring the open state,
allowing an influx of cations to enter the hair cell. Notably, a direct gating mechanism
like this allows for a reciprocal interaction of gating and stimulus. For example, MET
channel gating independent of stimuli allows for reverse transduction, where a
mechanical signal (sound) is sent out from the inner ear.

The MET channel is a non-selective cation channel with a preference for Ca**
(Corey and Hudspeth, 1979a; Ohmori, 1985). Electrophysiological experiments suggest
that there are two active channels per tip link (Beurg et al., 2006; Denk et al., 1995;
Howard and Hudspeth, 1988; Ricci et al., 2003). In turtle, the MET channel pore is
thought to be significantly bigger than that of other cation channels, with a minimal
pore diameter of 12.5 A (Farris et al., 2004). In rat, the channel conductance in IHCs is
around 260 pS; it varies tonotopically in OHCs from 145 pS at the apex (low frequency
end) and 320 pS at the base (high-frequency end) of the cochlea (Beurg et al., 2006).
Similar tonotopic conductance differences are observed in turtle (Ricci et al., 2003),
suggesting a conserved property of the cochlea. The conductance differences also
suggest that the channel might consist of several distinct subunits with variations in
subunit composition from the base to the apex of the cochlea.

Initial Ca** imaging studies suggested that MET channels are located near both
ends of the tip-link (Denk et al., 1995). However, a more recent study using high-
resolution imaging indicates that the MET channel is localized only near the lower end
of the tip-link (Beurg et al., 2009b). The localization of the MET channel suggests a

physical link to the lower end of the tip link, where PCDH15 exists. The possibility that



the MET channel is directly linked to lower end of the tip link suggests that it could
interact with PCDH15 or proteins associated with PCDH15. However, the link does not
have to be direct. The channels could be opened by the change in tension of the plasma
membrane, as has been suggested in other mechanically gated systems (Cueva et al.,

2007; Kung et al., 2010).

Searching for the MET Channel

Despite decades of study, the identity of the MET channel remains unknown.
Major challenges to identification of the channel include: the limited number of hair
cells and transduction channels per animal; the difficulty in culturing hair cell; the lack of
a tissue-culture method to generate functional hair cells in large scale; and the difficulty
of hair cell transfection. Moreover, time-consuming and expensive genetic studies are
required for verification of channel candidates; currently, genetic studies are limited to
mouse and fish models. Finally, pharmacological and conductance properties of the MET
channel are not sufficiently distinct to suggest a strong candidate family (Farris et al.,
2004).

Different strategies have been used to identify the MET channels. These
strategies include candidate gene approaches, studying homologues of identified
proteins in other systems (Ruvkun and Hobert, 1998), genetic screens, expression
cloning (Caterina et al., 1999), imaging mechanotransduction with fluorescent dyes
(Meyers et al., 2003), and using DNA microarrays to find transduction components (Shin

et al.,, 2003).



Genetic screening has been proved to be useful in finding MET channels. For
example, this approach was used to search for MET channels responsible for touch
sensation in C. elegans (Hart et al., 1995), for bristle mechanosensation and hearing in
D. melanogaster (Eberl et al., 1997; Kernan et al., 1994), for hearing and lateral line
mechanosensation in zebrafish (Granato et al., 1996; Nicolson et al., 1998) and for
hearing in mice (Brown et al., 2008; Friedman et al., 2007). In addition, many human
deafness genes have also been studied (Petit, 2006). However, these approaches have
not identified the mammalian MET channel in hair cells.

Although the low abundance of the hair cells and MET channels makes the use of
protein purification and other classical biochemical approaches to purify transduction
components very difficult, advancement in ultra-sensitive mass spectrometry
technology has continuously lowered the amount of protein required for reliable
identification of proteins in the hair bundle (Gillespie lab, unpublished result), providing
another promising approach to identify the MET channel.

The above approaches have identified several classes of MET channel proteins
that have been considered as possible mammalian MET channel candidates: DEG/ENaC
(degenerin (also known as ACCN1)/epithelial Na+ channel (ENaC; also known as SCNN1))
subunits, transient receptor potential (TRP) proteins and two-pore-domain K+ channel
(K2P; also known as KCNK) subunits.

The DEG/ENaC channels have been shown to transduce mechanical signals in C.
elegans (Kellenberger and Schild, 2002), yet their role in mechanical signaling in other

organisms is unclear (Chalfie, 2009). Early on, they were considered strong candidates



for the MET channel. However, when DEG/EnaC channel knockouts in mammals were
screened for altered transduction, modest or no defects were seen in touch sensation,
and no hearing defects in these knockouts were found (Drew et al., 2004; Drummond et
al., 2000; Fricke et al., 2000; Garcia-Anoveros et al., 2001; Price et al., 2000).

Study of the no mechanoreceptor potential C (nompC) gene in D. melanogaster
suggested that NOMPC was needed for transduction in fly hearing (Kernan et al., 1994;
Walker et al., 2000). NOMPC falls into the TRPN subgroup within the phylogeny of the
TRP superfamily. In zebrafish, reduction of the nompC (also known as trpn1) gene using
morpholino oligonucleotides causes deafness, a circling behavior that is indicative of the
loss of the vestibular sense, and a loss of microphonic potentials that result from
mechanical stimulation of the lateral line hair cells (Sidi et al., 2003). These data suggest
an evolutionarily conserved (but undefined) role for the NOMPC channels in
mechanosensation. However, protein homologues of nompC have not been identified in
mammals (Corey, 2006; Sidi et al., 2003).

Several other TRP channels have been implicated in various forms of
mechanosensation. These include the TRPV genes nanchung and inactive (Gong et al.,
2004), TRPA painless gene in D. melanogaster (Tracey et al., 2003), the TRPV proteins
OSM-9 and OCR-2 in C. elegans (Liedtke et al., 2003; Tobin et al., 2002), and the TRP-like
protein TRPY1 (also known as YVC1) in yeast (Zhou et al., 2003). Although these
channels are sensitive to various forms of mechanical stimulus, their role in hearing has

been unclear at best (Chalfie, 2009).



The mammalian TRPA1 had been an interesting candidate (Corey et al., 2004),
but subsequent knock-out experiments ruled it out (Kwan et al., 2006). Similar results
have been found for TRPA1 in zebrafish (Prober et al., 2008).

Although TRPC1 and TRPC6 have been suggested to form stretch-activated
channels, mouse knock-out experiments have not revealed hearing loss (Dietrich et al.,
2007).

Recently, transmembrane channel-like proteins (TMCs) have been proposed as
MET channel candidates (Kawashima et al., 2011). Mutations in the gene encoding
TMC1 cause hearing loss without vestibular dysfunction in both mice and humans;
knocking out both TMC1 and TMC2 in mice results in vestibular dysfunction, deafness,
and structurally normal hair cells that lacked all mechanotransduction activity.
Expression of exogenous TMC1 or TMC2 in the knock-out mice rescued
mechanotransduction, and GFP-tagged TMC proteins localized near stereocilia tips.
These results suggest that TMC1 and TMC2 are necessary for hair cell
mechanotransduction and may be integral components of the mechanotransduction
complex. However, TMCs have not been shown to have channel-like activities, and
structural prediction programs predict no pore-like structures within the proteins

(Kurima et al., 2003; Labay et al., 2010).
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Regulation of Mechanotransduction by Membrane Lipids

Lipid components in the membranes regulate mechanotransduction. For
example, cholesterol has been shown to be a major component of hair cell stereocilia
(Forge, 1991; Jacobs and Hudspeth, 1990). One of the DEG/ENaC channels in C. elegans,
MEC-2, binds cholesterol and mutations that disrupt touch sensation also disrupts
cholesterol binding (Huber et al., 2006). In vertebrate hair cells, phosphatidylinositol
4,5-bisphosphate (PI(4,5)P,, or PIP,) is required for mechanotransduction (Hirono et al.,
2004).

Stereocilia are protrusions from apical surfaces of the hair cell, with cores
primarily composed of actin. As a result, the stereocilia membrane is contiguous and
part of the hair cell plasma membrane. Membrane proteins are required for
mechanotransduction, overall shape, and viability of stereocilia. Much less is known
about the membrane lipids in stereocilia, including their composition, precise functional

role, and trafficking to and from the stereocilia.

Lipid Composition of the Cell Membrane

There are three major groups of lipids in eukaryotic cell membranes:
Glycerophospholipids, sphingolipids, and cholesterol. Glycerophospholipids are the
major structural lipids in eukaryotic membranes. This group contains
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS),
phosphatidylinositol (Pl) and phosphatidic acid (PA). Their common hydrophobic
backbone is diacylglycerol (DAG), with associated fatty acyl chains of varying lengths,

either saturated or cis-unsaturated.
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Ceramide (Cer) is the hydrophobic backbone for sphingolipids, another class of
structural lipids. This group can be further divided into sphingomyelin (SM) and the
glycosphingolipids (GSLs), which contain one or more saccharides units. Gangliosides are
GSLs with sialic acids as the terminal saccharides. Because of the unique structures of
the above groups of lipids, membranes of different lipid composition adopt different
physical properties such as thickness, diffusion rates, melting temperature, and
curvature. These properties are further modified by the protein components of the

membrane (van Meer et al., 2008).

Lipid Model Systems

Membranes with different lipid compositions are likely to exhibit different phase
behaviors. In model systems, three phases are defined: Ly, liquid-disordered; L, liquid-
ordered; S,, solid gel. These phases have been investigated by physical techniques such
as fluorescence microscopy, X-ray diffraction, and other spectroscopic methods
(Feigenson, 2007; Veatch and Keller, 2003). Lipid mixtures can exist in different
conditions, ranging from single-phased, well mixed states to states in which multiple
compositionally distinct regions co-exist in immiscible phases (van Meer et al., 2008). A
popular model for eukaryotic cell membrane is a three-component mixture containing
cholesterol, a high-melting PC or SM, and a naturally abundant PC. At lower cholesterol
concentrations, these model membranes contain co-existing Ly and S, phases; at higher
cholesterol concentrations, the phase behavior of the membrane is less clear. Whereas
fluorescent images of giant unilamellar vesicles (GUVs) seems to exist in a single phase,

spectroscopy results suggest co-existence of several phases (Feigenson, 2007; Feigenson
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and Buboltz, 2001). In these situations, it is possible that phases coexist but are smaller
than the resolution of regular fluorescent microscope (Feigenson and Buboltz, 2001).
More recently, larger domains that are micrometers in size have been shown to exist in
GUVs: depending on the lipid composition, nanoscopic-to-macroscopic transitions were
observed in GUVs containing three PCs and cholesterol (Konyakhina et al., 2011).

In other studies, a low-melting lipid (usually naturally rare, and interacts poorly
with the other two components) replaces the naturally abundant lipid (Veatch and
Keller, 2003; Veatch et al., 2004). For example, both dioleoyl-PC (DOPC) and
diphytanoyl-PC (DPhPC) contain two unsaturated and two methylated fatty acyl chains,
conferring to a low melting temperature. These model systems have more complex
behaviors, including regions with two immiscible liquids, and even regions of coexisting
solid together with two immiscible liquids.

Recently, macroscopically separated liquid and gel phase domains composed of
palmitoyl-oleoyl phosphatidylcholine (POPC), SM, and ceramide have been reported
(Boulgaropoulos et al., 2011). Interestingly, the macro-domains were only observed in

the presence of ceramide.

Membrane Domains in Cells

In the classic fluid mosaic model proposed by Singer and Nicolson (Singer and
Nicolson, 1972), membrane constituents freely diffuse within the plane of the
phospholipid bilayer. This model predicts that lipids and proteins, two major plasma
membrane components, distribute randomly over microscopic distances. About 40

years later, our view on the plasma membrane has evolved to a more complex picture
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(Lajoie et al., 2009). In particular, membrane domains, ordered structures that have
distinct lipid and/or protein composition from the neighboring membrane, have
received much attention. These membrane domains form because of the increased
cohesion force between their protein and lipid components.

Lipid rafts, a special form of membrane domain that are enriched in
sphingolipids and cholesterol, were originally defined biochemically as detergent-
resistant membrane (DRM) fractions. Rafts are more tightly packed (and thus more
ordered) domains than the surrounding membrane. The tighter packing is due to the
saturated hydrocarbon chains in sphingolipids and phospholipids compared with the
unsaturated fatty acids of phospholipids in the non-raft membrane (Simons and Vaz,
2004). Some proteins preferentially partition into these raft domains. Some proteins are
anchored to the lipid raft through their lipid components, such as
glycosylphosphatidylinositol (GPI)-anchored proteins (Chatterjee and Mayor, 2001),
palmitoylated and myristoylated proteins (Rajendran et al., 2003), and the Src-family
tyrosine kinases (Simons and Toomre, 2000); others interact with specific lipid
components in the raft, such as cholesterol-binding proteins (caveolins and
heterotrimeric G proteins; Kurzchalia and Parton, 1999), and phospholipid-binding
proteins (annexins; Babiychuk et al., 2002).

In addition to sphingolipid and cholesterol-enriched lipid rafts, another type of
domain that is highly enriched in ceramide has been described. Ceramide is capable of
forming highly ordered model membranes at low cholesterol levels (Castro et al., 2009).

In living cells, these ceramide-enriched, ordered domains may transiently exist, as
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recently demonstrated by Babiychuk et al. (Babiychuk et al., 2008). Ceramide domains
have also been shown to be important for fas signaling (Cremesti et al., 2001).

Although membrane domains in cells are generally believed to be small (10-200
nm) and transient (with half life of 100 ns or less), the small domains can aggregate to
form larger and more stable domains through protein—protein and protein—lipid
interactions (Bali et al., 2009; Rajendran and Simons, 2005). For example, in
macrophages, macroscopic domains with marked differences in membrane packing was
shown, using two-photon microscopy and 6-acyl-2-dimethylaminonaphthalene (laurdan)
as a reporter probe (Gaus et al., 2003). During T-lymphocytes migration and,
differentiation of large domains of the membrane is required, and this differentiation
appeared to be aided by segregation of lipid phases, which partitioned the membrane
proteins needed for chemotaxis into the leading edge and the uropod of the cell
(Gomez-Mouton et al., 2001). During synaptic immune formation, T-cells form large
specialized membrane domains enriched in cholesterol and sphingomyelin (Gomez-
Mouton et al., 2001; Mossman et al., 2005). Using cholera toxin B subunit combined
with fluorescent imaging, a group showed that ganglioside GM1 localized to a

macrodomain in the plasma membrane in living sperm (Selvaraj et al., 2006).
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Overall goals

Among techniques used to study the localizations and functions of hair bundle
proteins, transient transfection of hair cells is an important strategy. However, hair cells
are known for being difficult to transfect. In Chapter 2, | surveyed a variety of methods
used for transiently transfect hair cells and improved an easy-to-use method, gene gun.
The improved gene gun method can also be used in other systems where a deeper
penetration of tissue and less damage are required.

Chapter 3 focuses on the stereocilia membrane, or hair bundle membrane,
which has unique structural features and important cellular functions. Aside from
membrane associated proteins, lipid is an important composition of the hair bundle
membrane. Understanding the lipid composition of the hair bundle membrane, as well
as the interactions between these lipid components and the protein components, may
provide a deeper understanding of the hair cell function. The lipid-protein interactions
are particularly interesting in the context of membrane domains, in which specific
groups of lipids and proteins interact and segregate. In other cell types, the lipid
domains have important functions in cell signaling and protein localization/trafficking.
Do membrane domains exist in the hair bundle, and if yes, what are their functional
roles?

The tip link complex (tip link, the UTLD, and LTLD) contains a variety of proteins.
Many of these have not been identified, including the MET channel. Clive Morgan, a
postdoctoral fellow in the Gillespie lab, has identified a MET channel candidate, TRPM?7.

Based on the current model of mechanotransduction, the MET channel could interact
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with PCDH15, directly or indirectly. | asked several questions in Chapter 4. Does TRPM7
interact with PCDH15? If yes, what are the domains responsible for this interaction?
Also, does the newly identified MET channel candidate, TMC, interact with PCDH15

and/or TRPM7?
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Figure 1.1 — The mammalian inner ear.

The membranous labyrinth of a mammalian inner ear is diagrammed, showing the three
semicircular canals, the sacculus, the utricles, and the cochlea (from Fain, 2003).
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Figure 1.2 — Schematic cross section through the frog sacculus.

The otoconial mass is coupled to hair bundles by the perforated otolithic membrane.
One of the roughly 3000 hair cells in the saccular macula is indicated by a box (Eatock

et al., 1987)).
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Figure 1.3 — Anatomy of the inner ear

A, Sound waves are transmitted to the fluid-filled inner ear through vibrations of the
middle ear ossicles (malleus, incus, and stapes). B, Partial cross-section through the
cochlea. The cochlea is divided into three fluid-filled chambers, the scala vestibule, scala
media, and scale tympani. The hair cells are located in the organ of Corti, which sits on
top of the basilar membrane. C, A uncoiled cochlea showing motions of the basilar
membrane from base to apex. Vibrations of the osssicles apply pressure to the oval
window, and the vibrations are propagated through the fluids of the scala vestibule and
scala tympani to the round window, producing a travelling wave of basilar membrane
oscillation. D, A single row of inner hair cells and three rows of outer hair cells reside in
the organ of Corti. Bundles of the outer hair cells are imbedded in the overlaying
tectorial membrane. Basilar membrane oscillations cause the hair cells to move relative
to the tectorial membrane. Inner hair cells are primarily innervated by afferent radial
fibers, while outer hair cells are contacted primarily by efferent fibers (from Fain, 2003).
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Figure 1.4 — Stereocilia of the inner ear hair cells

Stereocilia of the inner ear hair cells form organized bundles and are connected to each
other by tip links. (a) Scanning electron micrograph showing stereocilia bundles on the
apical surface of the outer hair cells of the rat organ of Corti. Bar =5 u m. (Inset in a)
Model depicting a longitudinal section through a hair cell bundle. Note the staircase
pattern and arrangement of tip links. (b) Thin section transmission electron micrograph
showing a tip link connecting one stereocilium to an adjacent taller neighbor. Note the
presence of electron dense material at the upper and lower insertion sites and that the
tip of the shorter stereocilia is tented due to tip link tension (from Kachar et al., 2000).
Bar = 150 nm. (Inset in b) The surface rendering of a freeze-etching image of the tip link
provides a close up view of helical structure of the tip link (Sakaguchi et al., 2009).

22



\ Myosin Vlla

in- \ Myosin Ic
e Harmonin-b y

A

=
o

™

PCDH15
MET channel

Elastic
filaments

R N G B N R R Rl GO Y T Y RRE Y R @R R B B B Y R PSR Bl B I

BN B Baia PN RF gl ER
i biEeT | Oy

B2 Sy WPy PG w2 SR B B B

gt g S R PR M R .

PR S BTG RSl v v W e B By GOXE S0 T DY Seel MY TR BRal onl w W ol e DR (el i
o 30y Dealr VY Prad N FRah Dw DuElt W el W medv e G Peals @Y Bl WAty Magets gy Bt oW peent

R A et TRl mOW Tey me™ A ey Pt WS V1 e Raett fimd e '

Figure 1.5 — Schematic representation of the tip link complex.

CDH23 and PCDH15 comprise the tip link, which inserts into the stereocilia membrane
at the sites of the upper and lower tip densities. Tip densities are presumed to contain
scaffolding proteins, which bind to the cytoplasmic domain CDH23 and PCDH15 and
anchor the tip link. In addition several myosins including myosin Ic, myosin llla, myosin
Vlla, and myosin XVa have been localized to the tip density region and proposed to
participate in MET adaptation, stereocilia actin dynamics, localization of lateral links,
and cargo transport. Tension on the tip link gates the mechanoelectrical transduction
(MET) channel. The tip-link can exert force onto the channel either directly or indirectly
by tenting the membrane. The gating mechanism is presumed to involve a gating spring
element through which force is applied to the channel gate. The channel gate opens in
series with this spring, thus transiently reducing the force onto this spring and increasing
compliance. The coiled structure of the tip link and the properties expected of
conventional cadherins suggest that the tip link is relatively stiff. The spring element
should then be in series with the tip link, possible as putative “elastic filaments”
between the membrane and the dense actin core (Sakaguchi et al., 2009).
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Abstract

Transient transfection of hair cells has proven challenging. Here we describe
modifications to the Bio-Rad Helios Gene Gun that, along with an optimized protocol,
improves transfection of bullfrog, chick, and mouse hair cells. For example, using the
improved method, we were able to transfect hair cells in the bullfrog sacculus and chick
cochlea for the first time. Moreover, the increased penetrating power afforded by our
method allowed us to transfect mouse hair cells from the basal side, through the basilar
membrane; this configuration should protect hair bundles from damage during the
procedure. Using the optimized protocol, we transfected hair cells with EGFP fusions of
harmonin b (USH1C) and PMCA2 (ATP2B2; plasma-membrane Ca2+-ATPase isoform 2);
while PMCA2-EGFP localization was similar to endogenous PMCA2 detected with
antibodies, high levels of harmonin-EGFP were found at stereocilia tapers in bullfrog and
chick, but not mouse, hair cells. By contrast, harmonin-EGFP was concentrated in

stereocilia tips in mouse hair cells.
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Introduction

Hair cells are specialized epithelial sensory cells in the inner ear, transducing
mechanical stimuli into electrical signals in the process of hearing and balance
(Hudspeth, 1989). Mechanoelectrical transduction occurs within the hair bundle, the
unique organelle structure on the apical end of a hair cell. Many proteins critical for
mechanotransduction, such as plasma membrane Ca2+-ATPase (PMCA) and harmonin,
reside at discrete locations in the bundle that are important for their roles in
mechanotransduction (Grillet et al., 2009; Yamoah et al., 1998). Although many proteins
have been identified in bundles by mass spectrometry (Shin et al., 2007), precise
locations of many of them remains unknown. Although in many cases,
immunocytochemistry works well to show protein localization, this method depends on
antibodies of high specificity and affinity, which are not always available. Transient
transfection of hair cells with fluorescent fusion proteins provides an alternative
method that is relatively quick and independent of antibodies. However, transfection of
hair cells has proven challenging, and most transfection methods have failed for hair
cells (Wang et al., 2011).

Biolistic transfection ("gene gun transfection") has resulted in successful delivery
of foreign DNA to cells when other methods have failed (Karra and Dahm, 2010). In this
method, gold or tungsten particles are coated with DNA, and the particulate complexes

are accelerated to ultrasonic speed. The momentum of the DNA-coated particles
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enables them to penetrate cell membranes and enter cell nuclei, resulting in
transfection of the cell (Klimaschewski et al., 2002). This method is technically simple,
requires less time for reagent generation than viral methods, and provides a quick
turnaround. However, not only is the method inconsistent in its efficiency, but the shock
wave and particle shower can damage the target tissue. Often, one is faced with the
dilemma of sacrificing penetrating power in order to avoid excessive tissue damage.

Bullfrog and chick hair cells are useful for studying protein localization in hair
bundles. These cells are easy to obtain, easy to dissect, and, in the case of bullfrog, have
much larger bundles that allow better imaging. However, transient transfection of
bullfrog hair cells using biolistic approaches has not been successful, probably because
of the sacculus' large hair bundles and thick cuticular plate, the actin-rich structure
immediately under the apical plasma membrane; both present obstacles to delivery that
demand more penetrating power from the DNA-coated particles. Unfortunately,
increasing penetrating power also greatly increases tissue damage.

Using an improved biolistics method with more penetrating power and minimal
tissue damage, we show here transient transfection of hair cells from bullfrog sacculi
and chick cochlea, each for the first time. Harmonin-EGFP localizes to unexpected
locations in these hair cells. In addition, due to the increased penetration power and
minimal blast effect of the method, we were also able to transfect mouse cochlea hair
cells by shooting particles through the basilar membrane, on the opposite side of the
hair cell from the hair bundle, thus minimizing the chance of bundle damage. Harmonin-

EGFP expressed in these hair cells is transported to stereocilia tips, the endogenous
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location of harmonin. Our biolistics method thus allows us to study protein localization

and function in hair cells.
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Results

Alternative transfection methods

While trying to transfect hair cells from the bullfrog sacculus, we tried a variety
of lipid- and polymer-based methods, including Lipofectamine, branched
polyethyleneimine (PEl), linear PEI, Fugene, Effectene, and Superfect; in each case, we
were unable to transfect hair cells (each n=3). The lack of success may be due to
physical barriers to delivery; the hair cells’ basolateral side is sealed off by tight
junctions with neighboring supporting cells, preventing access of DNA complexes.
Unfortunately, methods designed to open tight junctions (e.g., chelating Ca2+ ions with
EGTA or use of solutions with reduced osmolarity) either resulted in hair cell death or no
transfection. Several unique properties of the hair cells' apical surface may have also
limited transfection. First, the cuticular plate forms a rigid support under the plasma
membrane. Second, surrounding this cuticular plate is a ring-shaped “pericuticular
necklace” (Hasson et al. 1997), a zone of active exo- and endocytosis. However, vesicles
in this region are only about 100 nm (Kachar et al., 1997), much smaller than most DNA
complexes used for transfection. Because DNA complexes used in most lipid- and
polymer-based transfection methods are larger than 100 nm (Ma et al., 2007; Ogris et
al., 1998), they probably cannot enter hair cells by apical endocytosis. The efficiency of
in vitro transfection increases with the size of DNA complex (Ogris et al., 1998; Ross and
Hui, 1999; Zuidam and Barenholz, 1999); such DNA complexes usually enter cells

through phagocytosis, which can accommodate much larger particles (Dalluge et al.,
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2002). Although DNA complexed to polyethyleneimine (PEI) can apparently be made
into particles smaller than 100 nm (Boussif et al., 1995; Finsinger et al., 2000; Ogris et
al., 1998), we were unable to transfect bullfrog hair cells or COS-7 cells with PEI-DNA
complexes (n=3). To specifically trigger PEI-DNA endocytosis, we also chemically
crosslinked the transferrin receptor (TfR) to PEI, then formed a TfR-PEI-DNA complex
(Diebold et al., 2001). Unfortunately, that strategy also did not yield any transfected
bullfrog hair cells (n=3).

In vitro and in vivo electroporation methods have been successfully used to
transfect developing mouse and rat hair cells or hair-cell progenitors (Driver and Kelley,
2010; Gubbels et al., 2008; Zheng and Gao, 2000). We also tried in vitro electroporation
with bullfrog sacculi, which again resulted in no transfection of hair cells or indeed any
cells in the epithelium (n=5). The lack of success likely arose because of the specialized
apical surface of the adult hair cell; high voltages led to total destruction of the hair cell,
while lower voltages did not permit entry of DNA (n=3). Finally, when we combined
electroporation with loosening tight junctions with low Ca2+ and incorporation of DNA

into a complex with PEl, no hair cells were transfected (n=3).
Biolistic transfection

Using standard protocols and unmodified instruments, we attempted
transfection of hair cells in the bullfrog sacculus with two biolistic instruments from Bio-
Rad, the PDS-1000 and the Helios Gene Gun. We were unable to transfect bullfrog hair
cells with either system, although as described before, both systems permitted low-

efficiency hair-cell transfection in chick utricles, mouse utricles, and mouse cochlea
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(Belyantseva et al., 2003; Belyantseva, 2009). When we used conditions that resulted in
higher particle speed, we occasionally saw a few cells transfected in the non-sensory
region of the sacculus. Under those conditions, however, the increased shockwave
generated from either system destroyed nearly all of the hair bundles. We reasoned
that as we increased helium pressure, which increases gold-particle velocity, the
increased shockwave destroyed the hair cells, especially their bundles, which face the
direction of gold particles.

Multiple groups have tried to modify the PDS-1000 or the Helios Gene Gun to
achieve better transfection efficiency. Thomas and collaborators described a
modification to transfect fragile insect tissues (Thomas et al., 2001), while O’Brien's
group described a modification of the Helios Gene Gun that improved penetrating
power several-fold (O'Brien et al., 2001). After modifying our PDS-1000 according to
Thomas et al., we were still unable to transfect bullfrog hair cells, although we
occasionally saw cells transfected in the non-sensory region. Poor transfection probably
resulted from insufficient penetrating power, as the method was aimed at minimizing
tissue damage. We also obtained the modified Helios Gene Gun part described by
O’Brien. Although the O’Brien method provided more penetrating power by directing
the helium stream with a focusing nozzle, it also substantially increased shockwave
damage to the tissue.

We therefore focused on reducing the shockwave from the O’Brien method
while preserving its penetrating power. To reduce the shockwave, we shortened the

focusing nozzle and put the sample in a semi-air-tight chamber, with porous polyester
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mesh and diffusion screen with small holes on top. The sample chamber is made of: (1)
a SARSTEDT 50 ml conical tube cap at the bottom, where sample to be transfected is
placed; (2) a 15 mm Netwell Insert (with 74 um mesh size polyester membrane),
inverted and trimmed to fit into the tube cap; (3) a diffuser screen (5 um pore size)
placed on top of the inverted Netwell insert; and (4) a plastic ring holder to fix the
diffuser screen on top of the Netwell insert. Metal adaptors that connect the Gene Gun
to the sample chamber were used to precisely control the sample position relative to tip
of the nozzle and distance between sample and tip of the nozzle; we used three
different adaptor lengths, corresponding to three different tip-to-sample distances (Fig.
1).

The shortened nozzle tip and the semi-air-tight chamber, with a net-supported
membrane on top, greatly reduced the shockwave; sacculi were not disturbed even at
200 psi, while the standard Bio-Rad and O’Brien set-ups blew the sacculi away or
damaged the hair cells badly. Excessive particles also cause tissue damage (Raju et al.,
2006). Because we used two layers of filters, one with a 74 um mesh and one with 5 um
pores, we substantially reduced the particle density as compared to the standard Bio-
Rad and O’Brien methods. We estimated hair-cell damage using the three methods by
labeling saccular actin with phalloidin (Fig. 2). Damage to hair bundles was evident with
both the Bio-Rad and O'Brien methods; bundles were missing, knocked over, or splayed
(Fig. 2B-C). By contrast, using the present method, bundles remained vertical and
appeared intact (Fig. 2D). With this method, particle density was dramatically reduced

(Fig. 3), minimizing the damage caused by particles themselves. Because of the much
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reduced particle density, we were unable to directly compare penetration power of the
three methods; it is likely, however, that some particles pass through the two filters at
high velocity.

Using this modified setup, we were able to transfect hair cells in bullfrog
sacculus, chick utricle, and chick cochlea with proteins that localize to hair bundles. To
estimate transfection efficiency, we transfected bullfrog sacculus with EGFP fused to
harmonin b (harmonin-EGFP) and observed on average three transfected hair cells in
each sacculus, and many more cells outside the sensory epithelium (Fig. 4).

Location of harmonin-EGFP and PMCA2-EGFP in hair cells using biolistic
transfection

With the modified setup, we were able to transfect hair cells from frog sacculus,
chick utricle, and chick cochlea with harmonin-EGFP (Fig. 5). In all three types of hair
cells, harmonin-EGFP was concentrated at the hair bundle's base, in the taper region of
the stereocilia. We also often saw harmonin-EGFP in ring-like structure that surrounded
the cuticular plate (Fig. 5B,G,H). When the image gain was increased, small, discrete
clusters of harmonin-EGFP were sometimes seen along stereocilia shafts (Fig. 5F); this
result suggests that harmonin is transported to the upper part of the stereociliain a
cluster and is consistent with the observation that harmonin interacts with the
molecular motor myosin-VIIA harmonin and is transported towards stereocilia tips
(Bahloul et al., 2010; Reiners et al., 2003). In chick cochlea, we saw several transfected
hair cells with what appeared to be fused stereocilia (Fig. 5H); this result is consistent

with the previous finding that harmonin b can bundle actin (Boeda et al., 2002).
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Localization of EGFP-harmonin differed significantly from that of endogenous harmonin
detected by a specific antibody, however (Fig. 5E, J).

We also transfected frog and chick hair cells with frog PMCA2 fused to EGFP.
PMCA2-EGFP was concentrated in the hair bundle, uniformly distributed along the
stereocilia (Fig. 5K,L). We also observed PMCA2-EGFP in the cell body and apical surface
of the hair cell. These observations are consistent with previous immunocytochemical
and transfection reports (Dumont et al., 2001; Hill et al., 2006). We also transfected frog
and chick hair cells with rat PMCA2-EGFP and saw similar localization. Immunoreactivity
of PMCA2 in frog and chick hair cells is characterized by reduced staining at the
stereocilia taper region compared to the stereocilia shaft (Yamoah et al., 1998), seen in
Fig. 5M. Although we did not clearly observe this pattern in transfected hair cells, we
analyzed only a few cells; none of their hair bundles were visible in profile, optimal for

viewing this staining pattern (Yamoah et al., 1998).
Location of harmonin-EGFP in mouse cochlea hair cells using biolistic transfection

Because of increased penetrating power, we suspected that DNA-coated gold
particles might be capable of accessing cochlear hair cells from the back side of the
basilar membrane. With a coarser diffuser membrane (12 um pore size instead of 5 um),
we were able to transfect mouse cochlea hair cells through the basilar membrane. Since
the gold particles enter the hair cells from the basal side, damage to the hair bundle by
the gold particles and blast was minimized (Fig. 6). Removal of the tectorial membrane
for transfection is unnecessary, leaving hair bundles protected from mechanical

damage, including liquid surface tension during transfer of the organs. The transfection
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efficiency was about 8 hair cells/cochlea (n=6). Unlike in frog and chick hair cells,
harmonin-EGFP was located in the upper part of the stereocilia, usually only near the
tips (Fig. 6A, C-E). Our harmonin b cDNA construct was from mouse, suggesting why
harmonin-GFP was poorly transported in other species but in mouse hair cells, the

harmonin b is efficiently transported toward the tip.

Discussion

Transient transfection is useful for studying protein localization in cells.
Unfortunately, hair cells have been proved especially difficult to transfect both because
hair cells are post-mitotic, limiting nuclear entry of exogenous DNA, and because entry
of DNA into hair cells is strictly limited. Hair cells are surrounded by supporting cells on
their basolateral sides, with tight junctions sealing the borders, such that only the apical
surface is accessible. Furthermore, while the apical surface is a site of active
endocytosis, only very small vesicles, about 100 nm in size, are involved; this size is too
small for typical DNA complexes. Moreover, the plasma membrane of the apical surface
is supported by a dense actin network and is thus much more rigid.

Hair cells have been successfully transfected using in utero electroporation
(Gubbels et al., 2008), electroporation of organotypic cultures (Driver and Kelley, 2010;
Zheng and Gao, 2000), adenovirus (Holt, 2002), lentivirus (Bedrosian et al., 2006),
adeno-associated virus (AAV) (Bedrosian et al., 2006), and biolistics (Rzadzinska et al.,
2004). In utero electroporation in mice at E12.5 is very efficient, as more than 50% of

hair cells can be transfected with GFP (Gubbels et al., 2008); however, this is a very
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challenging technique and is not practical for most labs. Although virus-based
techniques also work, all viruses have some hair-cell toxicity (Dazert et al., 2001;
Ishimoto et al., 2002; Liu et al., 2005; Luebke et al., 2001), making them less suitable for
studying protein localization patterns. AAV causes the least toxicity of all tested viruses
but has a small packing limit (4.5 kb total) and thus can only deliver small proteins.
Because DNA solutions can only access the apical surface, where hair bundles reside,
successful electroporation of hair cells with little damage to the hair bundle in
organotypic cultures has only been reported in young mouse cochlea (earlier than P5,
before hair bundles mature) and has low efficiency (Driver and Kelley, 2010).

Biolistic transfection with the Gene Gun is effective for transiently transfecting
hair cells of some preparations, including mouse cochlea (Belyantseva, 2009), yet for
hair cells in other preparations, especially bullfrog sacculus and chick cochlea, a high
particle speed with low shockwave is necessary to transfect them. By including a
focusing nozzle, the modification of Helios Gene Gun described in O’Brien et al. (O'Brien
et al., 2001) resulted in a dramatic increase in penetrating power but also in more tissue
damage, presumably from the stronger shockwave that come with the focused nozzle.
Reducing the shockwave from the Helios Gene Gun while preserving the particle speed
and hence penetrating power is challenging, as it is hard to separate the particle speed
from its driving force, the shockwave. To reduce the shockwave, we shortened the
nozzle and put the sample in a semi-airtight chamber, with a coarse mesh and a fine
diffuser screen on top. The semi-airtight nature of the sample chamber, together with

the two layers of filters and screens (74 um and 5 um pores). The filters stop >90% of
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the particles, yet because the focusing nozzle concentrates the particles, enough
particles reach the sample.

When expressed in tissue-culture cells, harmonin b bundles actin (Boeda et al.,
2002), which likely occurs because harmonin b contains an actin-binding site (Boeda et
al., 2002) and can oligomerize (Siemens et al., 2002). Harmonin initially localizes in
tissue culture cells to focal adhesions, sites of clustered actin filament barbed ends.
Harmonin clustering in transfected bullfrog and chick hair cells at stereocilia tapers was
thus surprising; most stereocilia actin filaments' pointed ends are found at the tapers.
The extent of harmonin clustering at tapers varied from cell to cell, probably reflecting
differences in expression levels. In many cells we could detect much smaller clusters of
harmonin in stereocilia shafts; these clusters were usually asymmetric, with the
longitudinal axis (relative to the stereocilia shaft) being 1.5 - to 2-fold longer than the
horizontal axis. We presume that these are small clusters in transit towards stereocilia
tips; their size may reflect geometric considerations of the transport mechanism or
stereocilia structure. Regardless, endogenous harmonin was only seen clearly at
stereocilia tips in bullfrog hair cells, located at the tip link's upper end (Grillet et al.,
2009).

In contrast to results with bullfrog and chick hair bundles, in mouse bundles
harmonin-EGFP was located near stereocilia tips and was absent from tapers. The
difference between the species could reflect inefficient transport of the mouse
harmonin fusion protein in bullfrog and chick bundles, or it could indicate differences in

structure of the taper region. Adult bullfrog and E20-E21 chick hair cells are more
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mature than P4 mouse hair cells; the difference in harmonin-EGFP localization may also
represent developmental differences in bundle structure.

High levels of harmonin-GFP expression led to distorted harmonin- and actin-
containing structures that appeared to consist of fused stereocilia (Fig. 5H,l; Fig. 6B).
Large apical rings were also seen (Fig. 5B,H,1). Both of these structures were reminiscent
of the wavy actin bundles seen in tissue-culture cells (Boeda et al., 2002).

In conclusion, we modified the Helios Gene Gun and developed a protocol to
transfect hair cells from bullfrog sacculus and chick cochlea, previously recalcitrant to
transfection. With simple optimization steps, the protocol can be easily adapted to
transfect hair cells from other species and organs and should result in increased
transfection efficiency with minimal damage to hair cells. Moreover, the combination of
increased penetration power and reduced shockwave will be of general applicability for
transfection of many other cell types and tissues for which standard methods for foreign
DNA introduction are unsuccessful. The improved gene-gun transfection method should
facilitate studies examining protein localization, interaction, and function in hair cells

and many other cell types.

38



Experimental Procedures

Ethics statement. Animal experiments reported here were approved by the

Oregon Health & Science University Institutional Animal Care and Use Committee
(IACUC); the approval number was A684. All experiments began with euthanasia of the
animal, carried out using methods approved by American Veterinary Medical
Association Panel on Euthanasia.

Materials. The Helios Gene Gun, PDS-1000, gold particles, and Tefzel tubing were
from Bio-Rad; TreffLab microcentrifuge tubes were from Scidynamics LLC; the 15 mm
Netwell Insert with 74 um mesh size polyester membrane was from Corning; the
diffuser screen was from Millipore (5 um pore size, TMTP 025000) and SPI supplies (12
um pore size, E12025-MB); the plastic ring holder was made from the cap of Fisher
culture test tube (#14-956-1J); and the 50 ml conical tube cap was from SARSTEDT. The
modified Gene Gun barrel was purchased from Dr. John O'Brien, and the tip of the
focusing barrel were shortened by 5 mm in a local machine shop.

Preparation of tubing loaded with DNA-coated gold particles. A total of 2 mg of

1.6 um diameter gold particles (Bio-Rad) were transferred to a 1.5 ml microfuge tube
and then add 25 ul spermidine (0.05 M in dH20, pH 10.5). The spermidine-gold mixture
was sonicated in a bath sonicator for 20 seconds. Mix 4 ug DNA, dH20, and 5 pl 25%
glycerol in 12.5 pl total volume in a microcentrifuge tube. The DNA solution was then
mixed with the spermidine-gold mixture and vortexed. While still vortexing, 25 pl of 1 M

CaCl2 is added dropwise. This suspension is sonicated briefly and incubated at room
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temperature for 10 min. The suspension was then washed three times with 0.5 ml 100%
ethanol, with brief sonication in between. The DNA coated gold particles were then
resuspended in 0.6 ml of 100% ethanol.

Bullet preparation. To prepare the bullets, a piece of 6-inch Tefzel tubing was

with a flow of nitrogen (0.3—0.4 LPM for 10 min); the tubing was then attached to a 2 ml
syringe. After a brief sonication, the suspended DNA-gold particles were drawn into the
tubing. The gold particles were allowed to settle for 10 min, before the supernatant was
slowly removed using the syringe. The tubing was rotated for 30-40 sec, dried with a
flow of nitrogen, cut, and stored desiccated at 4°C until use.

Dissection, biolistics, and organotypic cultures. Sacculi from adult bullfrogs

(mixed sexes, 2-5 inch bodies) were dissected; the otolithic membrane was loosened
with a 20 min treatment with 65 pg/ml protease XXIV (Sigma) at room temperature,
then was then carefully removed with forceps. After shooting at 200 psi, the sacculi
were washed 2x with culture medium 0.75x DMEM/F12 with HEPES (Invitrogen #11039),
supplemented with 10% FBS and 20 ug/ml carbenicillin. Sacculi were then cultured for
16-24 hours at 27°C with 5% CO2.

Utricles and cochleas were dissected from E20-E21 chicks; otolithic or tectorial
membranes were removed before shooting at 200 psi. Organs were then cultured for
16-24 hours at 372C with 5% CO2 in DMEM/F12 with HEPES containing 2% FBS, 5 pg/ml
carbenicillin, 0.002% ciprofloxacin.

Cochleas were dissected from CD1 mice in ice-cold PBS supplemented with 100

UM CaCl2 and 1 mM MgCl2. After exposing the cochlea by removal of the temporal
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bone, the organ of Corti, together with the lateral wall and Reissner's membrane, was
removed from the rest of the inner ear. To carry out this step, we grasped the base of
the lateral wall and organ of Corti with forceps and unwound them together as one
piece from the core structures of the cochlea. The tissue was oriented so that the basilar
membrane faced up before being shot at 200 psi. Instead of using the standard 5 um
pore size diffuser, we use a 12 um SPI-Pore polycarbonate membrane filter. Organs
were cultured in the culture medium for 48 hours in DMEM/F12 containing 5 ug/ml
carbenicillin at 372C with 5% CO2.

Confocal microscopy. After culturing, the organs were fixed with 4%

formaldehyde for 30 min at room temperature, and counter-stained for 1 hr with TRITC-
phalloidin or Alexa Fluor 488-phalloidin (in PBS containing 0.2% saponin), washed, and
mounted. In some cases, cells were stained for harmonin using an antibody (H3)
directed against the C-terminal PDZ domain [3] or with an antibody (F2a) directed
against the "a" splice form of PMCA2 [28]. All samples except that of Fig. 5E were
observed with an Olympus FV1000 confocal microscope equipped with a 60x, 1.42 NA
oil-immersion plan apochromat objective. The image of Fig. 5E was obtained using

structured-illumination microscopy with an Applied Precision OMX system.
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Figure 2.1 - Diagram of modifications to the Helios Gene Gun.

A, components of the modified setup. From left to right, SARSTEDT 50 ml conical tube

cap, with sides cut; 15 mm Netwell Insert (with 74 um mesh size polyester membrane);
diffuser screen; plastic ring holder to fix the diffuser screen on top of the Netwell insert;
metal adaptor that connects the Gene Gun to the sample chamber. B, assembled setup.

42



Control Y2 ® 7%, %

Figure 2.2 — Shockwave damage from biolistics transfection methods.

Bullfrog sacculi were dissected, shot with different Gene Gun setups, immediately fixed,
and stained with Alexa Fluor 488-phalloidin. A, control (not shot); B, standard Bio-Rad
setup, at 200 psi; C, O’Brien setup, 75 psi; D, Zhao setup, 200 psi. Panels are 950 um
wide.
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Figure 2.3 — Particle pattern of different biolistics transfection methods.

Millipore diffuser membranes (3 um) were placed at the sample target position for
shooting. After shooting, the diffuser membranes were scanned using a regular flatbed
scanner. A1-C1, particle patterns of standard Bio-Rad setup, O’Brien setup, and Zhao
setup, respectively. A2-C2, images with increased digital gain showing the much-

reduced particle density in Zhao setup (C2). Panels are 6.9 mm wide.
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Figure 2.4 — Efficiency of biolistics transfection methods.

Bullfrog sacculi were transfected using the standard Bio-Rad setup, O’Brien setup, and
Zhao setup. Sacculi were cultured, fixed and stained, then imaged. Harmonin-EGFP
positive cells were counted. The average number of transfected nonsensory cells were
shown in red, while the number of transfected hair cells were shown in blue. Error bars
represent SEM. Approximate numbers of transfected cells per epithelium are indicated
by bars, as is the total number of epithelia analyzed.
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Figure 2.5 — Localization of harmonin-EGFP and PMCA2-EGFP in transfected bullfrog and
chick hair cells.

Mouse harmonin b fused with EGFP on the C-terminus (harmonin-EGFP) and frog
PMCA2 fused with EGFP on the C-terminus (PMCA2-EGFP) were transfected into frog
and chick hair cells using the modified setup. Harmonin-EGFP and PMCA2-EGFP are
pseudo-colored green, and phalloidin-stained actin is shown in red, except in panel K, in
which co-transfected mCherry-actin is shown in red. A-D, Frog sacculus hair cells
transfected with harmonin-EGFP. E, Frog sacculus hair cells labeled with anti-harmonin
antibody H3. Structured-illumination image. F, Chick utricle hair cell transfected with
harmonin-EGFP; G, Higher digital gain image of E, showing clusters of harmonin-EGFP
along the stereocilia (arrows). H-I, chick cochlea hair cells transfected with harmonin-
EGFP. J, Frog sacculus hair cells labeled with anti-harmonin antibody H3. K, Live-cell
imaging of a chick utricle hair cell transfected with PMCA2-EGFP and mCherry-actin
(red). L, Frog sacculus hair cell transfected with PMCA2-EGFP. M, Frog sacculus hair cell
labeled with anti-PMCA2a antibody F2a. Panels are 18.4 um wide.
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Figure 2.6 — Localization of harmonin-EGFP in transfected mouse cochlea hair cells.

Harmonin-EGFP was transfected into cochlear hair cells of CD1 mice at P4 using the
modified biolistics setup. Harmonin-EGFP was localized close to the tips of the
stereocilia of both outer (A,C) and inner (D-E) hair cells. In some cases, we saw fused
stereocilia in outer hair cells, similar to harmonin-EGFP transfected hair cells in chick
cochlea. Panels are 17.6 um wide.
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Abstract

The plasma membrane of vertebrate hair bundles interacts intimately with the
bundle cytoskeleton to support mechanotransduction and homeostasis. To determine
the membrane composition of bundles, we used lipid mass spectrometry with purified
chick vestibular bundles. While the bundle glycerophospholipids and acyl chains
resemble those of other endomembranes, bundle ceramide and sphingomyelin nearly
exclusively contain short-chain, saturated acyl chains. Confocal imaging of isolated
bullfrog vestibular hair cells shows that the bundle membrane segregates spatially into
at least three large structural and functional domains. One membrane domain, including
the stereocilia basal tapers and ~1 um of the shaft, the location of the ankle links, is
enriched in the lipid phosphatase PTPRQ (protein tyrosine phosphatase Q) and
polysialylated gangliosides. The taper domain forms a sharp boundary with the shaft
domain, which contains the plasma-membrane Ca2+-ATPase PMCA2 and
phosphatidylinositol 4,5-bisphosphate (P1(4,5)P, ); moreover, a tip domain has elevated
levels of cholesterol, PMCA2, and PI(4,5)P, . Protein mass spectrometry shows that
bundles from chick vestibular hair cells contain a complete set of proteins that
transport, synthesize, and degrade PI(4,5)P, . The membrane domains have functional
significance; radixin, essential for hair-bundle stability, is activated at the taper-shaft
boundary in a PI(4,5)P, -dependent manner, allowing assembly of protein complexes at

that site. Membrane domains within stereocilia thus define regions within hair bundles
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that allow compartmentalization of Ca2+ extrusion and assembly of protein complexes

at discrete locations.
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Introduction

Extracellular Hair cells, neuroepithelial cells in the inner ear that transduce
auditory and vestibular stimuli to electrical currents, provide a remarkable example of
correlation of structure with function. Transduction takes place in a dedicated
subcellular organelle, the hair bundle, which is composed of 30-300 stereocilia arranged
in a precise staircase; each stereocilium contains a paracrystal of actin filaments,
sheathed by the hair cell's plasma membrane (Gillespie and Miiller, 2009). Mechanical
stimuli deflect the bundle and open transduction channels, which admit K+ and Ca2+
from the apical extracellular fluid, endolymph, that bathes the bundle. Bundles remove
Ca2+ using the plasma membrane Ca2+-ATPase isoform 2 (PMCA2), a calcium pump that
is highly concentrated in stereocilia (Lumpkin and Hudspeth, 1998; Yamoah et al., 1998;
Dumont et al., 2001). Phosphatidylinositol 4,5-bisphosphate (P1(4,5)P; ), a known
regulator of PMCA2 (Hilgemann et al., 2001), also controls transduction and adaptation
by hair cells (Hirono et al., 2004).

PI(4,5)P, is localized in hair cell plasma membranes in a strikingly non-uniform
pattern; it is present in stereocilia shafts and concentrated at tips, but is absent from the
taper region at stereocilia bases and from the soma's apical surface (Hirono et al., 2004).
Protein tyrosine phosphatase receptor type Q (PTPRQ), a phosphatidylinositol
phosphatase (Oganesian et al., 2003), presents a near-perfect reciprocal localization
pattern to PI(4,5)P, (Hirono et al., 2004); PTPRQ may therefore maintain low levels of

PI(4,5)P, in the apical surface and basal taper region. Steady-state degradation of
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PI(4,5)P, at tapers by PTPRQ would be a very inefficient way to maintain P1(4,5)P,
distribution in stereocilia; more likely P1(4,5)P, is segregated into a separate membrane
domain (McLaughlin et al., 2002).

In many circumstances, members of the ezrin-radixin-moesin (ERM) family
depend on PI(4,5)P, for triggering a conformation that allows activating
phosphorylation (Fehon et al., 2010). Radixin is required for normal hearing in mice
(Kitajiri et al., 2004) and humans (Khan et al., 2007). Although radixin has been localized
to the taper region in stereocilia (Pataky et al., 2004) and potentially interacts with
many functionally significant proteins present in stereocilia (J.B. Shin and P.G. Gillespie,
unpublished observations), little is known about the mechanism of activation in
stereocilia.

We show here that the lipid composition of the hair bundle's membrane
resembles most cellular endomembranes, except that ceramide lipids are unusually rich
in N-palmitoyl (16:0) chains. Strikingly, polysialylated gangliosides are found in a
micrometer-scale membrane domain at the stereocilia basal tapers that is physically
segregated from the shaft/tip PI(4,5)P, domain; this domain is stable even when
cholesterol is extracted. These membrane domains are coextensive with protein
domains; PTPRQ and PMCA?2 are found respectively in the ganglioside and PI(4,5)P,
domains. Moreover, radixin, essential for hair-cell function, is poised at the taper-shaft
boundary and is activated at the border of the PI(4,5)P, domain. These experiments

show that hair bundles have two large membrane domains, at least one of which may
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contain additional lipid microdomains, which are likely responsible for

compartmentalization of actin dynamics, protein targeting, and mechanotransduction.
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Results

Lipid composition of hair-bundle membranes

To determine the lipid composition of hair bundles, purified bundles from E20-21
chick utricles (Gillespie and Hudspeth, 1991; Shin et al., 2007) were subjected to
guantitative lipid analysis using nano-electrospray ionization tandem mass spectrometry
(Fig. 1). Despite the high sensitivity of mass spectrometry analysis, only by pooling hair
bundles from many dissections were we able to readily detect bundle lipids. Each
analysis (n=6) used bundles from 100 chicken ears (~1 ug protein for each preparation);
given the average size of a chick utricle stereocilium (0.25 x 5 um), number of stereocilia
per cell (~60), and bundles recovered per ear (~8000, or 40%), we calculated a
theoretical amount of 10 pmol/ear, which is in good agreement with the experimentally
determined value of ~8 pmol/ear. Phosphatidylcholine (PC), cholesterol, and
phosphatidylethanolamine (PE) accounted for 86% of the lipid detected;
phosphatidylserine (PS), sphingomyelin (SM), and phosphatidylinositol (PI) together
made up 12%. Phosphatidylglycerol (PG), ceramide (Cer), and hexosylceramide (HexCer)
were also detected as minor species. We detected 182 lipid species, 76 of which
accounted for 96% of the total lipid species (Figure 3.1).

Comparison with lipids of utricular epithelia revealed that the overall lipid class
composition of hair bundles did not differ significantly from the whole organs, except
for PI, which was higher in the epithelium (Figure 3.1B). However, individual lipid

classes, significant differences were observed in the species distributions for
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sphingolipids and glycerophospholipids. In hair bundles, SM and Cer species nearly
exclusively contained short chain, saturated N-palmitoyl (16:0) acyl chains. For example,
the 16:0 species of Cer accounted for 73% of all Cer in bundles, 33% in epithelium, but
only 2% in porcine brain (B. Briigger, unpublished observations). Moreover, epithelial
lipids show an unusual broad distribution of sphingolipid species. For PC and PE, hair
bundles were enriched in arachidonoyl-containing species (36:4, 38:4 and 40:4), while
docosahexaenoic-containing species (38:6 and 40:6) of PS were elevated in bundles as

compared to epithelium.
Membrane domains in hair bundles

We localized lipid domains of hair bundles using isolated bullfrog hair cells; the
stereocilia of these cells have a large diameter (~0.4 um), permitting unusually clear
visualization of individual stereocilia, basal stereocilia tapers, and other structures. We
confirmed that PI(4,5)P, segregates within hair bundles, as we previously reported
(Hirono et al., 2004); because bullfrog hair cells are recalcitrant to transfection, we used
immunostaining to show that PI(4,5)P, was absent from the basal taper region but
found throughout the remainder of the hair bundle (Figure 3.2C).

Gangliosides, which are sialic acid-modified, ceramide-based glycosphingolipids,
have often been associated with cell signaling and membrane domains (Sonnino et al.,
2007) (see Figure 3.4D). To probe for gangliosides in stereocilia, we used cholera toxin B
subunit (CTB), which binds to many gangliosides but particularly tightly to GM1
(Kuziemko et al., 1996). Under standard conditions, CTB binding sites were absent from

hair bundles (Figure 3.2A); however, pretreatment of isolated hair cells with
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neuraminidase, which converts polysialylated gangliosides to GM1 (Rauvala, 1979),
markedly increased the ability of CTB to label bundles (Figure 3.2B). Neuraminidase-
dependent labeling extended from the apical surface of the hair cell, through the
stereocilia taper region, and terminating a micrometer or so above the tapers in the
region of the ankle links; the region labeled with CTB was exactly reciprocal of the
PI(4,5)P, domain. This pattern was observed in at least 95% of isolated hair cells, in
more than 15 separate experiments. The lateral membrane, segregated from the apical
membrane by the remnants of the tight junctions, had much lower levels of
neuraminidase-dependent CTB labeling.

Both boiling the CTB and preincubation with excess GM1 ganglioside eliminated
labeling in bundles. While not labeling as strongly as CTB, an antibody specific for GM1
ganglioside gave a similar pattern after neuraminidase treatment (Figure 3.3A). We
were unable to identify the specific ganglioside species responsible for the taper
labeling. Although antibodies against GD1a and GT1a, two polysialylated GM1 relatives,
gave no hair-bundle signal, cells potentially have many polysialylated gangliosides that
can be converted into GM1 (Figure 3.4D). Methyl-B-cyclodextrin (MBC), which extracts
cholesterol and often disrupts ganglioside-containing lipid domains (Simons and
Sampaio, 2011), did not disrupt the basal ganglioside domain (Figure 3.3E).

We usually detected gangliosides with a two-step procedure, first labeling with
CTB, then amplifying the signal with an anti-CTB antibody (Fra et al., 1994; Harder et al.,
1998). While useful for its sensitivity, the method can generate artificially large

ganglioside domains due to antibody crosslinking (Harder et al., 1998). The taper-region
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ganglioside domain was readily detected, however, when live (or fixed; not shown) hair
cells were labeled with CTB modified with Alexa 488, without anti-CTB antibody (Figure
3.3B). Crosslinking CTB molecules with anti-CTB had little effect on the taper ganglioside
domain, although some increase in punctate labeling was seen in stereocilia shafts
(Figure 3. 3C).

Stereocilia tips also show lipid segregation. We used the antibiotic filipin, a
fluorescent cholesterol-binding molecule, to localize cholesterol within hair cells (Bornig
and Geyer, 1974). As seen in a previous electron microscopy study (Jacobs and
Hudspeth, 1990), filipin strongly stained stereocilia tips (Figure 3.2D,G). Filipin-detected
cholesterol was present in stereocilia shafts, but appeared more abundant in the soma's

apical surface.

PI(4,5)P, pathway in hair-bundle membranes

As PI(4,5)P, is usually synthesized locally within cells, we used protein mass spectrometry to
identify membrane proteins, as well as proteins involved in membrane trafficking and lipid synthesis in
hair bundles (Figure 3.4A). As with lipid mass spectrometry, we used bundles purified from E20-E21 chick
utricles. Using intensity-weighted spectral counting (Shin et al., 2007; Spinelli et al., 2012), we estimated
that the 4 um-2 plasma membrane of each stereocilium contained ~7,000 transmembrane proteins,
~10,000 peripheral membrane proteins, and ~1,000 lipid transfer molecules.
Proteins associated with PI(4,5)P, metabolism were readily detected in hair bundles (Figure 3.4B-C,E).
Lipid transfer proteins included ~120 molecules/stereocilium of phosphatidylinositol transfer protein
alpha (PITPNA), which is thought to shuttle Pl within cells. We also detected ~10 molecules/stereocilium
each of type Ill alpha phosphatidylinositol 4-kinase (PIKACA) and type Il beta phosphatidylinositol-5-
phosphate 4-kinase (PIP5K2B), kinases that sequentially transform Pl to PI(4,5)P,; type | alpha

phosphatidylinositol-5-phosphate 4-kinase (PIP5K1A) was also detected. In yeast, the PIKACA ortholog
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Sttd is anchored to the membrane by the scaffolding protein Ypp1l and the integral membrane protein
Efr3a (Baird et al., 2008); we detected the orthologs TTC7A (by SEQUEST only) and EFR3A (by both search
algorithms) in bundles. Finally, stereocilia contained ~3000 molecules of PTPRQ, the principal PI(4,5)P,
phosphatase in hair bundles. The relative abundances of these proteins was also reflected by the spectral
count tally for each in the complete dataset (Figure 3.4B). Although antibodies against PIK4CA and
PIP5K2B were insufficiently sensitive to detect these proteins by immunocytochemistry, we readily
detected PIPTNA, present in a punctate pattern throughout stereocilia (data not shown), and PTPRQ
(Figure 3.5). Thus a complete pathway for transport, synthesis, and hydrolysis of PI(4,5)P, is present in
hair bundles (Figure 3.4C).

Although we did not detect any glycosphingolipid synthetic enzymes in stereocilia using mass
spectrometry, these glycolipids are usually synthesized in the ER and Golgi, then transported to plasma
membrane. While glycosphingolipids are usually degraded in lysosomes, we detected several enzymes of
the pathway for metabolizing polysialylated gangliosides, including GLB1 (B-galactosidase), HEXA (B-
hexosaminidase alpha), and NAGA (N-acetylgalactosaminidase) (Figure 3.4D-E).

Membrane proteins respect the glycosphingolipid domain

The stereocilia transmembrane proteins PMCA2 and PTPRQ localized
respectively to the PI(4,5)P, and glycosphingolipid domains. In isolated bullfrog hair
cells, PMCA2 labeling extended through the upper part of stereocilia shafts, but was
reduced substantially in the glycosphingolipid zone, the bottom 2 um of the stereocilia
(Figure 3.5A, C). This PMCA2 localization was not an artifact of cell isolation, as cells in
wholemount bullfrog sacculus tissue, folded to allow high-resolution imaging, displayed
similar localization (Figure 3.5B). When cells were co-labeled with the PMCA?2 antibody
and CTB, PMCA2 and gangliosides did not overlap significantly (Figure 3.5C).

While PMCA2 was always excluded from the glycosphingolipid domain, the

pattern of labeling seen in the upper domain varied remarkably. Stereocilia tip labeling
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was usually stronger than that of shafts; labeling often diminished ~1 um below
stereocilia tips, then increased near the taper region. This pattern was seen with
monoclonal and polyclonal antibodies against PMCA2, and was not seen with antibody
against NHE9, another stereocilia membrane protein (Hill et al., 2006). Remarkably, the
PMCA2 labeling pattern appeared continuous between adjacent stereocilia, as if
localization was coordinated across the gap.

As reported previously (Hirono et al., 2004), PTPRQ was located at the base of
the stereocilia; PTPRQ and CTB labeling overlapped extensively (Figure 3.5D), although
CTB punctae seen in upper parts of stereocilia shafts apparently contained little or no

PTPRQ.
PI(4,5)P, atthe taper-shaft boundary activates radixin

The membrane-to-actin crosslinker radixin, a member of the ezrin-radixin-
moesin (ERM) family, is concentrated at basal tapers (Pataky et al., 2004), although not
as exclusively as is PTPRQ (Figure 3.6A). Mass spectrometry indicates that the ~6000
molecules of radixin per stereocilium accounts for >97% of total bundle ERM proteins
(J.B. Shin and P.G. Gillespie, unpublished observations). As shown previously (Pataky et
al., 2004), starting at the base of a hair bundle, radixin rose in concentration to a point
~1 um from the apical surface, then fell exponentially towards stereociliary tips (Figure
3.6D-E).

Radixin interacts with membranes and membrane proteins only after activation, which
requires sequential PI(4,5)P, binding and phosphorylation on T564 (Fehon et al., 2010).

Once activated, radixin not only links membrane and cytoskeleton, but coordinates
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cellular activities by scaffolding signaling components (Neisch and Fehon, 2011). In hair
bundles, radixin may interact with a large network of candidate partners identified by
network analysis, including overlapping interaction with SLC9A3R2 (NHERF2) and RHOA
networks (J.B. Shin and P.G. Gillespie, unpublished observations).

To examine phosphoradixin distribution in stereocilia, we used a phosphospecific
antibody selective for ERM proteins phosphorylated on the activating threonine (T564
for radixin). Remarkably, phosphorylated radixin was only detected above the basal
tapers (Figure 3.6B-D). The boundary was sharp and corresponded to the taper-shaft
membrane-domain boundary. Above the boundary, phosphorylated radixin was
elevated in a band about ~0.5 um wide, then declined exponentially towards stereocilia
tips; taller stereocilia had more intense, more extensive labeling (Figure 3.6B-D).
Notably, this band was located near the ankle links and a concentration of myosin-VIIA
(MYO7A) (Hasson et al., 1997), although the phosphoradixin band only partially
overlapped with the MYO7A band (Figure 3.6D).

To demonstrate the dependence of the phosphoradixin zone on PI(4,5)P, , we depleted
PI(4,5)P, using the PI(4)P kinase inhibitor phenylarsine oxide (PAQ). As previously
reported (Hirono et al., 2004), PAO effectively reduced PI(4,5)P, levels in hair bundles
(Figure 3.7G-l). Likewise, PAO reduced the level of phosphoradixin by almost 60%
(Figure 3.7A-B,1). Although PAO also affects enzymes other than PI(4)P kinase, our result
is consistent with the hypothesis that localized phosphoradixin formation depends on
PI(4,5)P, . In addition, PAO treatment destabilized radixin, as total radixin in bundles

declined by ~50%. This result suggests that a substantial fraction of radixin in bundles is
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phosphorylated, and when dephosphorylated, it exits bundles. PAO had no effect on the

distribution or abundance of PMCA2 or PTPRQ (Figure 3.7C-F).
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Discussion

Hair bundle lipid composition

The lipid composition of stereocilia membranes is similar to that of other cellular
membranes; PC and cholesterol make up the bulk of the lipids, with PE, PS, SM, and PI
each contributing 3% or more to the total. Acyl chains are mixed between the relatively
short and saturated 34:1 PC and 16:0 SM chains, and longer unsaturated chains
predominant in PE, PS, and PI. Although mass spectrometry cannot determine the
leaflet distribution of each component, stereocilia devote substantial effort to properly
maintaining phospholipid asymmetry (Shi et al., 2007; Goodyear et al., 2008). Indeed,
the ATP8B1 P type transporter, proposed to be responsible for translocating lipids from
the extracellular to intracellular leaflet, is essential for hearing (Stapelbroek et al., 2009)
and is readily detected by mass spectrometry in chick utricle hair bundles (J.B. Shin and
P.G. Gillespie, unpublished observations).

Several key lipids were not detected in our analysis. PI(4,5)P, is typically present
at much lower levels than Pl; moreover, isolated hair bundles likely deplete ATP rapidly,
preventing synthesis of PI(4,5)P, , and PTPRQ may exhaust remaining PI(4,5)P, before
bundles can be isolated and degradation stopped. Thus the concentration of Pl
measured likely reflects the total Pl + PI(4)P + PI(4,5)P; in intact bundles.
Glycosphingolipids are not readily detected by mass spectrometry because of their
scarcity and diversity; together, they account for only a few percent of all lipids, and

over 100 distinct glycosphingolipid species have been identified (Hakomori, 2004).
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Although lipidomics with high-resolution mass spectrometers allows direct detection of
gangliosides (Sampaio et al., 2011), the total amount of lipid in bundles and levels of

gangliosides are too low for detection at present.
Two membrane domains in stereocilia

We show here that stereocilia membranes are divided into at least three large
domains, each containing specific lipids and proteins. Glycosphingolipids and PTPRQ are
enriched in the taper domain, which extends from a micrometer or so above the
stereocilia tapers to the apical surface of the hair cell. While glycosphingolipids are
prominent in so-called membrane rafts (Edidin, 2003; Simons and Sampaio, 2011),
insensitivity of the taper domain to cyclodextrins suggests that cholesterol is not
necessary for its stability. Although cholesterol is typically a component of rafts,
gangliosides can form separate domains with sphingomyelin but without cholesterol
(Ferraretto et al., 1997). Above basal tapers, PI(4,5)P, and PMCA2 are enriched in the
shaft domain; however, P1(4,5)P, and PMCA2 both appear clustered within stereocilia
shafts and are further concentrated at stereocilia tips along with cholesterol, suggesting
that additional segregation of membrane components occurs. Distribution of PMCA2
and PTPRQ into shaft and taper domains did not depend on CTB, CTB antibody,
neuraminidase, or cell dissociation.

The membrane domains reported here are unusually large. Although lipid
domains have long been detected in artificial vesicles and in native cells (Klausner et al.,
1980), stable lipid clustering on a micrometer scale is not typically seen in native cells

(Simons and Sampaio, 2011). The extent and appearance of the stereocilia membrane
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domains could have been affected by our detection techniques, as the two-step
detection could cluster CTB pentamers by antibody crosslinking. However, the
glycosphingolipid domain was readily visible using CTB alone, with fixed or live cells,
which demonstrates that glycosphingolipids were clustered prior to CTB treatment. If
preexisting ganglioside domains were not present, CTB could not induce formation of a

continuous, large-scale phase in stereocilia (Lingwood et al., 2008).
Physical basis of membrane domains

Lateral lipid segregation can occur due to structural dissimilarity of domains' lipid
acyl chains. Hair-bundle gangliosides consist of an unusually high fraction of N-palmitoyl
(16:0) species; both ceramide, the precursor for all gangliosides, and its metabolite
sphingomyelin predominantly have a 16:0 N-acyl chain (Fig. 1). By contrast, brain
ceramide lipids are predominantly composed of 18:0 or longer N-acyl chains (Ben-David
and Futerman, 2010). Strikingly, the utricular epithelium as a whole is far more enriched
than bundles in long-chain species of ceramide and sphingomyelin (Figure 3.1B).
Sphingolipids (e.g., sphingomyelin, ceramide, and gangliosides) readily form segregated
membrane domains due to ceramide-moiety hydrogen bonding, polar headgroup
interaction, and acyl chain mismatch with glycerophospholipids (Masserini and Ravasi,
2001); the preponderance of N-palmitoyl species in bundles would enhance this latter
effect (Holopainen et al., 2001). Together these physical features may promote lateral
membrane segregation of gangliosides in hair bundles, presumably along with ceramide

and sphingomyelin.
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Extensive on the apical surface, it is curious that gangliosides do not extend fully
throughout the stereocilia, as shown with CTB labeling. Some mechanism must control
the balance of sphingolipids and glycerophospholipids in the apical membrane.
Gangliosides are typically thought to be localized on convex surfaces, as their bulky
headgroup and compact acyl chains gives them a wedge-like shape. Although the
stereocilia external leaflet is highly concave where the taper enters the apical surface of
the hair cell, this highly concave region is quite small and likely cannot be resolved by
light microscopy. Localization of PTPRQ to stereocilia bases has been proposed to
depend on active transport by myosin-VI (MYOG6) (Sakaguchi et al., 2008), so presence of
glycosphingolipids within the basal taper region could plausibly depend on PTPRQ,
particularly if the structure of PTPRQ's transmembrane domain favored binding of short,
saturated acyl chains. The glycosphingolipid domain remained even when PTPRQ was

internalized, however, suggesting that once the domain formed, it was relatively stable.
Spatial constriction of radixin activation

A primary role for the hair-bundle membrane domains may be to allow precise
spatial activation of radixin at the position where the ganglioside and PI(4,5)P, domains
meet. While total radixin was abundant in the stereocilia taper region, we only saw
phosphoradixin beginning at the ganglioside-PI(4,5)P, boundary; only there should
PI(4,5)P, be present at high enough levels to preactivate radixin, allowing activating
phosphorylation by an unknown kinase. Indeed, the phosphoradixin profile seen in
bundles can be modeled accurately as the [pRDX] = [RDX]2¢[PI(4,5)P; ]2 (Figure 3.8A),

suggesting that phosphoradixin formation depends steeply on the concentrations of

65



radixin and PI(4,5)P, . Moreover, the presence of ceramide in the taper domain could
also promote radixin dephosphorylation, as is the case for ezrin (Canals et al., 2010).
This phosphoradixin activation zone recalls the concentration of phospho-ERM proteins
towards microvillar tips, despite the presence of total ERM proteins throughout a
microvillus (Hanono et al., 2006).

Based on recruitment of the PDZ-domain protein SLC9A3R1 by ERM proteins in
microvilli (Reczek et al., 1997), once stereocilia radixin is activated, we speculate that it
recruits the paralog SLC9A3R2, which is present at a concentration close to that of
radixin (J.B. Shin and P.G. Gillespie, unpublished observations). SLC9A3R2, in turn, may
bind to many important stereocilia proteins (J.B. Shin and P.G. Gillespie, unpublished
observations). In addition, as in other systems (Fehon et al., 2010), activated radixin may
bind directly to other membrane proteins, serving as a actin-membrane connector. The
role of ERM proteins is so important that in radixin's absence, hair cells upregulate the
paralog ezrin, partially compensating for radixin's loss (Kitajiri et al., 2004).

Corralling PI1(4,5)P, with glycosphingolipids

The bundle contains far more PTPRQ, which degrades PI(4,5)P, , than it does the
PI(4,5)P, synthetic enzymes PIK4CA, PIP5K2B, and PIP5K1A. While turnover numbers for
these enzymes are not known, if PI(4,5)P, freely interacted with PTPRQ, present at a
concentration >100-fold greater than the synthetic enzymes, it would be readily
hydrolyzed. The glycosphingolipid domain may therefore act as a physical barrier to
prevent PI(4,5)P, exchange between the hair bundle and apical surface; PI(4,5)P, might

enter the domain infrequently because of structural mismatch with glycosphingolipid
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domain, but PTPRQ would be present to mop up those PI(4,5)P, molecules that did
manage to penetrate the basal taper compartment.

Are there reasons for compartmentalization of PI(4,5)P, in stereocilia beyond
phosphoradixin activation? PI(4,5)P, levels in the apical surface may fluctuate as
exocytosis occurs, as fusion of vesicles with the plasma membrane is associated with
PI(4,5)P, synthesis. By contrast, PI(4,5)P, controls transduction and adaptation (Hirono
et al., 2004), as well as other critical molecules such as PMCA2. Formation of a discrete
stereocilia PI(4,5)P, domain using the glycosphingolipid physical barrier thus allows
precise activity control through PI(4,5)P, levels.

Gangliosides play an essential role in the inner ear; mice with a null mutation in
GM3 synthase (SATI), which is essential for formation of most ganglioside species,
transiently show some responses in an auditory brainstem response (ABR) assay;
however, all knockout mice are deaf by P17 (Yoshikawa et al., 2009). The ganglioside
defect could be in stereocilia; likewise, PTPRQ null mice show progressive hearing loss
that is complete by several weeks of age (Goodyear et al., 2003). We thus suggest that
the basal taper domain, consisting of glycosphingolipids and PTPRQ (Fig. 8B), is essential
for hair-cell function, presumably by segregating P1(4,5)P, , PMCA2, and other stereocilia
components away from the soma's apical surface and allowing radixin activation in a

spatially precise manner.
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Experimental Procedures

Materials. Sigma-Aldrich (St. Louis, MO) was the source for: protease type XXIV,
cholera toxin B subunit (#C9903), neuraminidase (#N2876), DNase |, carbenicillin, BSA,
FITC-phalloidin, TRITC-phalloidin, filipin (type Ill), methyl-b-cyclodextrin, and
phenylarsine oxide (#P3075). The mouse anti-cholera toxin B antibody was from AbD
Serotec (Raleigh, NC; #9540-0108). Formaldehyde (16% stock, in sealed ampules) and
glutaraldehyde (8% stock in sealed ampules) was obtained from Electron Microscopy
Sciences (Hatfield, PA). DME/F12 medium was from Thermo Scientific HyClone (Logan,
UT; #SH30023.01). Buffers, salts, and other solution components were of the highest
quality available. The PTPRQ antibody was a gift of Guy Richardson, University of Sussex,
UK); PMCA2a was detected using antibody F2a (Dumont et al., 2001). Radixin was
detected with #H00005962-M06 mouse monoclonal antibody from Abnova (Walnut,
CA); phospho-ERM was detected using #3149 from Cell Signaling Technology (Danvers,
MA).

Lipid mass spectrometry. Lipid and protein mass spectrometry used E20-21

chick utricles of either sex. Hair bundles were purified from utricles by the twist-off
technique (Gillespie and Hudspeth, 1991; Shin et al., 2007). To obtain utricular sensory
epithelia, otoconia and otolithic membranes were removed from dissected utricles; the
epithelium was then peeled off the basement membrane using an eyelash.

Lipids were extracted from hair bundles and epithelial fractions using an acidic

organic phase (Bligh and Dyer, 1959) in all cases except for plasmalogens, which were
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extracted under neutral conditions. Quantitative analyses of lipids by nano-electrospray
ionization tandem mass spectrometry (nano-ESI-MS/MS) were performed as described
(Brugger et al., 2006). Lipid analysis was done in positive ion mode on a Qll triple
guadrupole mass spectrometer (Waters), equipped with a nano Z-spray. Cone voltage
was set to 30 V. Phosphatidylcholine and sphingomyelin detection was performed by
precursor ion scanning for fragment ion 184 Da at a collision energy of 32 eV. Neutral
loss scanning of m/z 141 Da, 185 Da, 189 Da or 277 Da, respectively, was applied for the
analyses of phosphatidylethanolamine, phosphatidylserine, or phosphatidylinositol,
employing a collision energy of 20 eV, except for phosphatidylinositol where a collision
energy of 30 eV was applied. Precursor ion scanning of m/z 364, 390 and 392 was used
for detection of plasmalogen species, employing a collision energy of 20 eV.
Hexosylceramide and ceramide were detected by precursor ion scanning for fragment
ion 264 Da at a collision energy of 35 eV and 30 eV, respectively. Cholesterol was
analyzed as an acetate derivate as described (Liebisch et al., 2006).

Protein mass spectrometry. Purified hair bundles were analyzed by mass

spectrometry as described (Shin et al., 2010). Label-free protein quantitation used MS2
intensities (Spinelli et al., 2012) divided by molecular mass, normalized to the sum of all
intensity/molecular mass; these normalized molar intensities (im) are proportional to
the mole fraction of each protein (J.B. Shin and P.G. Gillespie, unpublished
observations). Data analyzed here were from a SEQUEST-X! Tandem analysis (J.B. Shin

and P.G. Gillespie, unpublished observations).
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Hair cell isolation and immunocytochemistry. Hair cells were isolated from

saccular epithelia of bullfrogs of either sex using previously described methods (Hirono
et al., 2004) in low-Ca2+ saline: 112 mM NacCl, 2 mM KCl, 2 mM MgCl2, 100 uM CacCl2, 3
mM D-glucose, and 10 mM HEPES at pH 7.4. Briefly, sacculi were treated with 1 mM
EGTA for 15 min, then 75 pg/ml protease XXIV (Sigma) for 30 min. After a 5 min
treatment with 100 pg/ml DNase I, the cells were isolated from the epithelium using an
eyelash.

For standard immunocytochemistry, cells were fixed with 4% formaldehyde in
low-Ca2+ saline, washed, blocked in PBS with 1% normal donkey serum, 1% BSA, and
0.2% saponin, then incubated overnight at 4°C with primary antibodies in the blocking
solution. Cells were washed, then treated with secondary antibodies (7.5 pg/ml) and
0.25 puM FITC-phalloidin. All samples were observed with an Olympus FV1000 confocal
microscope equipped with a 60x, 1.42 NA oil plan apochromat objective.

The rabbit anti-PTPRQ antibody (affinity purified, against the C-terminus) was
used at 1:250; PMCA2a was detected using 10 ug/ml F2a, generated in rabbit. Radixin
was detected with 5 pg/ml #H00005962-M06 mouse monoclonal antibody; phospho-
ERM was detected using 0.65 pg/ml Cell Signaling #3149, generated in rabbit.

Cholera toxin B subunit labeling and neuraminidase treatment. Isolated cells

were fixed with 4% formaldehyde in low-Ca2+ saline, washed thoroughly with low-Ca2+
saline, then treated with neuraminidase for 30 min. Neuraminidase was diluted to 0.8
U/ml with 0.1 M potassium acetate pH 4.5, then mixed 1:1 with low-Ca2+ saline bathing

the hair cells so the final concentration was ~0.4 U/ml and the final pH was ~4.6. After
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washing cells, they were treated with 10 pg/ml cholera toxin B subunit (CTB) in PBS for
15 min. The cells were washed, then incubated with a mouse anti-CTB antibody in PBS
for 15 min. The cells were washed, post-fixed with 4% formaldehyde in PBS for 15 min,
washed again, then blocked, permeabilized, and treated with secondary reagents as
above.

Other methods. Labeling of PI(4,5)P, in bullfrog hair cells was carried out as

described (Hirono et al., 2004). For phenylarsine oxide (PAQ) treatment, hair cells were
isolated in low-Ca2+ saline. After letting cells settle for 15-20 min at RT, cells were
washed with 75% DME/F12 medium with 18.75 pg/ml carbenicillin. Hair cells were
treated with 30 uM PAO in the same medium for 1.5 hr at RT (21-22°C), then washed
three times with PBS and fixed. PAO was stored as a 20 mM stock solution in DMSO.
Control cells were treated with 0.15% DMSO.

Filipin was made as a 5 mg/ml stock in DMSO. Hair cells were isolated as usual,
then fixed with 0.75% glutaraldehyde, 2.25% formaldehyde in PBS. After washing 3x
with PBS, cells were stained for 2 hr with 25 pg/ml filipin and TRITC-phalloidin. Filipin
was excited using a 405 nm laser. Methyl-B-cyclodextrin (MBC) was diluted froma 2 M

stock in water to a final concentration of 10 mM.
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Figure 3.1 — Hair-bundle structural domains and lipid composition.

A, Lipid composition of chick utricle hair bundles. Inner light blue pie graph indicates
distribution of phospholipids, sphingomyelin, and cholesterol (mol% indicated); "Other"
includes ceramide, hexosylceramide, and phosphatidylglycerol. Dark blue pie graphs
indicate acyl chain compositions for the indicated lipid species (for phospholipids, the
sum of the two acyl chains (denoted by number of total C atoms in both fatty acids :
number of total double bonds in both fatty acids). In addition to the indicated acyl
chain, sphingolipids also contain a C18 sphingosine backbone. B, Species distributions
for hair bundles and utricular epithelium. Mol% in "Lipid Class" panel is calculated as
moles of indicated lipid divided by moles of all lipids analyzed; % in individual lipid
panels refers to moles of indicated acyl-chain species divided by total moles of that lipid
class. Abbreviations: PC, phosphatidylcholine; PI, phosphatidylinositol; PS,
phosphatidylserine; PE, phosphatidylethanolamine; and SM, sphingomyelin. Mean *
SEM (n=6 for each) are indicated.
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Figure 3.2 — Membrane domains in bullfrog hair bundles.

A, Little CTB labeling without neuraminidase treatment. B, Pretreatment with
neuraminidase greatly enhances CTB labeling, particularly in basal taper region
(delineated by arrows); hair-cell apical surface labeling was also enhanced. CTB antibody
used for detection in A-B. C, PI(4,5)P, antibody labeling. In this and other figures
PI(4,5)P, is abbreviated PIP,. D, Filipin labeling. Panels A-D show isolated bullfrog hair
cells; panel widths are all 12.5 um. E, Approximate positions of regions used for profile
averaging. F, Profile averages for CTB (n=7), actin (n=7), and PI(4,5)P, (n=6). Colored
points indicate mean, gray shading is £ SEM. Profiles of individual cells were aligned to
the dip in actin staining at the taper; this point was defined to be zero on the abscissa.
G, Profile averages for filipin-stained cells (n=11). Profiles were aligned to the peak of
actin staining, which is near stereocilia tips; this point was defined to be zero on the
abscissa.
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Figure 3.3 —Ganglioside domain controls.

A, Taper domain is visible with antibody against GM1 ganglioside (after neuraminidase
treatment). As seen with some cells labeled with CTB (e.g., panels D and E), the lower
half of the kinociliary bulb was labeled. B, After neuraminidase treatment, the taper
ganglioside domain is visible in live hair cells treated with rhodamine-
phosphatidylethanolamine (Rh-PE) to label membranes and Alexa 488-cholera toxin B
chain (488-CTB) to label gangliosides. C, Additional treatment of cell in (B) with anti-
cholera toxin antibody does not change the 488-CTB pattern appreciably. D, Control hair
cell labeled with CTB after neuraminidase treatment. CTB antibody used for detection.
E, Hair cell treated with 10 mM MBC for 40 minutes to extract cholesterol. The taper
ganglioside domain is not disrupted. As seen occasionally, the lower halves of the
kinociliary bulbs of the cells in D and E were also labeled with CTB.
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Figure 3.4 — Hair bundle membrane proteins and PI(4,5)P, pathway.

In all panels, proteins indicated by blue-colored short names were detected in purified
hair bundles by mass spectrometry. A, Chick hair-bundle membrane proteins. Proteins
detected by LC-MS/MS were quantified using intensity-weighted spectral counting. The
size of each slice is proportional to molar abundance. Red, proteins enriched in bundles
over epithelium >5-fold; green, <5-fold. Only proteins enriched 0.1-fold or greater are
plotted. B, Peptide coverage of PI(4,5)P, -transport and metabolizing proteins in LC-
MS/MS of chick hair bundles. Peptides detected by X! Tandem analysis of the complete
dataset of chick bundles were plotted against residue number. Height of plotted boxes
corresponds to number of identical peptides detected; width corresponds to peptide
length, plotted at position in sequence. Gray shading indicates peptide log(e) (log of
expectation) score, indicating statistical confidence in protein identification (key in
PITPNA panel). C, Pl pathway in hair bundles. D, Ceramide, sphingolipid, and ganglioside
pathways. Green indicates lipids analyzed by mass spectrometry (Fig. 1);
glucosylceramide and galactosylceramide are analyzed together as hexosylceramide.
Italicized enzyme short names correspond to proteins not detected in bundles. All
sialyltransferase (SATn) reactions can be reversed by endogenous or exogenous
neuraminidase. Polysialyated gangliosides that could be converted to GM1 ganglioside
with neuraminidase treatment are indicated with gray shading. E, Bundle abundance
(green) and bundle-to-epithelium enrichment (magenta) of PI(4,5)P, and ganglioside
metabolic proteins.
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Figure 3.5 — PMCA2 and PTPRQ segregate to distinct domains delineated by CTB
labeling.

PMCA?2 localization in isolated cell labeled with F2a antibody. Note near-absence of
PMCA?2 in basal taper region (arrows), which appears red in the color merge panel. No
neuraminidase, CTB, or CTB antibody were used. B, PMCA?2 absence from basal taper
region is also clear in wholemount tissue (arrows). C, Reciprocal PMCA2 and CTB
labeling. D, PTPRQ and CTB labeling overlap. CTB antibody used for detection in C-D.
Panel widths for A, C, and D are 12.5 um; panel width for B is 65 um.
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Figure 3.6 — Radixin is activated at the PI(4,5)P, -PTPRQ boundary.

A, Radixin and PTPRQ are located in similar, but not entirely coextensive patterns at the
base of the hair bundle. B, Antibody for activated ERM proteins (including pRDX) only
labels above the stereocilia tapers. Note pRDX punctae throughout bundle. Arrows
indicate pRDX-free taper region. C, pRDX labeling is shifted towards stereocilia tips from
CTB labeling. Arrows indicate pRDX-free taper region. D, The MYO7A band is more basal
than the pRDX band. Arrows indicate basal MYO7A band. E-G, Intensity profiles for
RDX/pRDX (n=5), RDX/PTPRQ (n=5), and CTB/pRDX (n=5) averaged from individual cells
aligned at the apical-surface actin dip. Panel widths in A-C are 12.5 um.
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Figure 3.7 — Radixin activation depends on polyphosphatidylinositols.

A-B, RDX and pRDX (detected with anti-pERM antibody) immunolabeling without (A)
and with (B) 30 uM PAO for 1 hr. pRDX and RDX both decline after PAO treatment. C-F,
PMCA2 and PTPRQ distribution and intensity are not affected by PAO treatment. G-H,
PI(4,5)P, immunolabeling + 30 uM PAO (1 hr). PAO completely abolishes PI(4,5)P,
immunoreactivity. |, Mean = SEM for whole-bundle pixel intensity; regions of interest
used for measurement included the entire bundle. Panel widths in A-H are 12.5 um.
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Figure 3.8 — Membrane domains in hair bundles.

A, Relationship between radixin, phosphoradixin, and PI(4,5)P, profiles; data are from
different sets of cells, aligned at the apical surface (small peak in each profile). Black
curve is obtained by multiplying the square of the relative radixin concentration times
the square of the relative PI(4,5)P, concentration, then normalizing to a peak of 1.0.
Approximate stereocilia profile is indicated by cartoon. B, Scanning electron micrograph
of bullfrog hair bundle pseudocolored to indicate structural and functional domains.
Purple, taper domain; Green, shaft/tip domain; yellow, kinocilium domain. Inset,
transmission electron micrograph of taper region.
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TRPM6/7, and TMCs
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Introduction

Despite decades of research, the identity of the MET channel remains unknown.
One approach to obtain candidates for MET channel is biochemically purifying the hair
bundles followed by protein identification with mass spectrometry. Clive Morgan, a
postdoctoral fellow in the Gillespie lab, further developed this approach. He dissected
thousands of chicken ears and subjected these ears to a multi-step purification
procedure, which includes an affinity step with a monoclonal antibody against chicken
PCDH15. Using this procedure, he purified the tip link complex and identified some of its
components with mass spectrometry (Figure 4.1). One of the ion channel proteins he
identified was transient receptor potential melastatin type 7 (TRPM7).

TRP channels are Ca** permeable ion channels expressed in many cell types and
tissues in mammals. There are three main subfamilies of TRP channels: canonical (TRPC),
melastatin-related (TRPM), and vanilloid-receptor-related (TRPV). In addition, several
more distantly related subfamilies exist: polycystins (TRPP), mucolipins (TRPML), ankyrin
transmembrane protein 1 (TRPA), and no mechanoreceptor potential C (NOMPC), TRP
channels have a wide variety of biophysical properties and gating mechanisms and play
critical roles in sensory physiology. Within the TRPM family, there are eight genes in
human. These family members can be further divided into four groups, based on their
sequence homology: TRPM 1 and TRPM3, TRPM2 and TRPMS8, TRPM4 and TRPMS5,

TRPM6 and TRPM7 (Fleig and Penner, 2004). In addition, because of a putative
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dimerization helix in the coiled coil domain, TRPM1, TRPM3, TRPM®6, and TRPM7 may
form one subgroup, as can the remainder (Fujiwara and Minor, 2008).

Structurally, the TRPM channels contain N- and C-terminal intracellular domains,
six transmembrane segments (S1-S6), and a pore region that lies between S5 and S6.
The N-terminal domain includes a conserved region having four stretches of amino acids
(TRPM homology region); the C-terminal domain includes a TRP motif, coiled coil
domain, and an enzymatic domain.

Splice variants of TRPM have altered cellular localization and channel properties
as compared to wild-type TRPMs (Farooqi et al., 2011). For example, two splice variants
of TRPM3, TRPM3al and TRPM3a2, have drastically different permeability to divalent
cations Ca®* and Mg**. Similarly, extracellular monovalent cations block TRPM3a2
current, but not current from TRPM3al (Oberwinkler et al., 2005).

TRPM7 (also known as TRP-PLIK, ChaK1, and LTRPC7) is a 1,863 amino acid ion
channel with a C-terminal a-kinase domain (Runnels et al., 2001). TRPM7 is a
nonselective cation channel ubiquitously expressed in both human and mouse (Fonfria
et al., 2006; Jin et al., 2008). In adult mice, TRPM7 expression is strongest in heart,
kidney and brain (Jin et al., 2008). TRPMS6, a closely related member o the TRPM family,
shares 52% overall identity with TRPM7 (Schlingmann et al., 2002).

While the complete crystal structure of TRPM7 is not available, amino acid
sequence analysis predicts a channel with six transmembrane domains (Runnels et al.,
2001). A portion of the rat TRPM7 C-terminus has recently been crystallized, and the

solved high resolution structure reveals a coiled-coil domain localized between the ion
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channel and kinase domains. The coiled-coil domain of TRPM7 is predicted to form
antiparallel tetramers both with itself and with the coiled-coil domain of TRPM6
(Fujiwara and Minor, 2008).

Although one study combining electrophysiology and FRET-based approaches
proposed that TRPM6 was unable to form functional channels independently of TRPM7
(Chubanov et al., 2004), the result was contradicted by a later study, in which
heterologously expressed TRPM6 (without TRPM7) produced functional channels (Li et
al., 2006).

Single channel conductance of TRPM6, TRPM7, and TRPM6/7 has been shown to
be 84 pS, 40 pS, and 57 pS, respectively (Li et al., 2006; Runnels et al., 2001; Voets et al.,
2004). These conductances are significantly smaller than the reported conductance of
MET channel of 145-320 pS (Beurg et al., 2006; Farris et al., 2004). The different single
channel conductances suggest that TRPM6, TRPM7, and TRPM6/7 channels have
distinct pore structures (Li et al., 2006). It is possible that TRPM7 forms heteromeric
channels with other members of TRPM family, or different splice variants of TRPM6/7
may exist, as in the case for TRPM3 (Oberwinkler et al., 2005). These variants might
have larger single channel conductances.

At physiological magnesium concentrations, TRPM7 current is small; removal of
extracellular magnesium results in large outwardly rectifying currents (Kozak and
Cahalan, 2003). In addition, TRPM7 current is potentiated by low extracellular pH and
blocked by trivalent ions (Cherny et al., 1997; Numata and Okada, 2008; Runnels et al.,

2001). The kinase domain of TRPM7 directly interacts with several phospholipase C
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(PLC) family members including PLC-B;, PLC-B,, PLC-B3 and PLC-y;, and depletion of
phosphatidylinositol 4,5-bisphosphate (PIP,) inhibit TRPM7 current (Runnels et al., 2002;
Takezawa et al., 2004). Interestingly, the MET channel may also be down regulated by
depleting PIP,, since PIP; is required for mechanotransduction and adaptation (Hirono
et al., 2004).

TRPM7 is involved in a variety of fundamental cellular processes including
magnesium homeostasis, cell survival, proliferation, cell cycle progression, and
responses to shear stress and oxidative stress (Bates-Withers et al., 2011; Trzeciakiewicz
et al., 2005). TRPM7 knockout mice die during embryogenesis; a conditional knockout of
thymocyte-restricted TRPM7 exhibits defective thymopoeisis, suggesting that TRPM7 is
involved in development and organogenesis (Jin et al., 2008). Using tamoxifen-inducible
disruption of TRPM7 and multiple Cre recombinase lines, a group recently showed a
temporal requirement for the TRPM7 during embryogenesis (Jin et al., 2012). Whether
TRPM7 is required for hair cell function or mechanotransduction is not known, and
would require a conditional knockout that is restricted to hair cells.

Since the MET channel is localized near the lower end of the tip link (Beurg et al.,
2009), it might interact with PCDH15, directly or indirectly. Using a heterologous
expression system and in utero electroporation technique, | report here the interaction
between TRPM7 (and TRPM6) and PCDH15, as well as their interactions with another
MET channel candidate, TMCs. | also report the discovery of two splice variants of
TRPM6 and TRPM7, which might confer different channel properties than the canonical

channels.
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Results

TRPM7 Co-immunoprecipitates with PCDH15 in HEK293T Cells

| expressed native mouse PCDH15 and HA-tagged TRPM7 in HEK293T cells and
performed co-immunoprecipitation experiments. First, | used anti-HA agarose to pull
down TRPM7, and detected PCDH15 in the complex (Figure 4.2). Anti-V5 agarose did not
pull down either TRPM7 or PCDH15. Also, HA-tagged TRPC6, a TRP channel outside
TRPM family, did not immunoprecipate PCDH15 (Figure 4.2 A, lane 4). Because co-
expression of TRPM6 and TRPM7 resulted in higher PCDH15 protein expression and
more precipitated PCDH15 than with either channel expressed alone (data not shown), |
often used the heteromeric channels to further characterize the TRPM-PCDH15
interaction.

Next, | immunoprecipated PCDH15 using PB811, a PCDH15 specific antibody. HA
tagged TRPM7 was detected in the complex (Figure 4.2 B, lane 4). As a control, antibody
against horse radish peroxidase (HRP) did not pull down TRPM7 (Figure 4.2 B, lane 6). |
also performed a control experiment in which two different populations of cells, one
with over-expressed TRPM6/7, and the other over-expressed with PCDH15, were lysed
independently and then mixed. Under these conditions, | did not see any interaction
between the PCDH15 and TRPM6/7, suggesting that the interaction between the
TRPMG6/7 and PCDH15 is specific (Figure 4.3 A, lane 3). Furthermore, N-cadherin (CDH2),

a classical cadherin expressed in neurons, did not interact with TRPM®6/7 (Figure 4.3 B).
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Domains in PCDH15 and TRPM6/7 Responsible for the Interaction

| was not able to map out the domains in TRPM6/7 that are responsible for the
interaction with PCDH15, since constructs encoding the N and C terminal domains of
TRPM6 and TRPM7 did not express in HEK293T cells. Because CDH2 did not interact with
TRPM6/7, | generated chimeras between CDH2 and PCDH15. | also generated C terminal
deletion constructs of PCDH15. All these constructs expressed well in HEK293T cells,
allowing me to map out the interacting domains in PCDH15 (Figure 4.4).

Two splice variants of PCDH15, PCDH15_CD1 and PCDH15_CD3, have been
shown to be components of tip links. Knocking out either variant alone in mice resulted
in normal tip links and hearing, indicating that neither variant is uniquely required for tip
link formation and mechanotransduction (Webb et al., 2011). The two splice variants
shared the same extracellular domains, a single transmembrane domain, two
juxtamembrane domains on the extracellular and intracellular side, and part of the C
terminal intracellular domain (Figure 4.4 A). CDH2 has a similar general structure with
PCDH15, yet all components of the protein are significantly different.

| generated two C terminal deletions of PCDH15, D1 and D2. D1 has all the
structural components shared between PCDH15_CD1 and PCDH15_CD3; D2 has a stop
codon at the end of the intracellular juxtamembrane domain. | also generated chimeras
of PCDH15 and CDH2; 2152 is a chimera in which the transmembrane domain and the
juxtamembrane domains of CDH2 were replaced with the counterparts of PCDH15;
15215 is a chimera in which the transmembrane domain and the juxtamembrane

domains of PCDH15 were replaced with the counterparts of CDH2; 1522 is a chimera in
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which extracellular domains of CDH2 were replaced with those of PCDH15. Because
PCDH15 contains C-terminal PDZ binding domains (Webb et al., 2011), | also generated
C terminal deletion constructs of PCDH15_CD1 and PCDH15_CD3, in which the C-
terminal 12 amino acids were deleted. Deleting the PDZ-binding domain did not change
the TRPM6/7-PCDH15 interaction (data not shown), indicating that the PDZ binding
domains are not required.

D1 and D2 did not interact with TRPM6/7, suggesting that the C terminal
intracellular domain is required for the interaction; however, chimera 1522, in which the
transmembrane domains, juxta-membrane domains, and C terminal intracellular
domains of PCDH15 were replaced with those of CDH2, interacted strongly with
TRPMG6/7, indicating that the C terminal domains of PCDH15 are not required for the
interaction. Another chimera, 15215, in which the transmembrane domains and juxta-
membrane domains of PCDH15 were replaced with those of CDH2, also interacted
strongly with TRPM6/7. Furthermore, chimera 2152, in which the transmembrane
domains and juxta-membrane domains of CDH2 were replaced with those of PCDH15,
did not interact with TRPM6/7, indicating that these domains of PCDH15 are not
required for the interaction. These results strongly suggest that the extracellular
domains of PCDH15 are responsible for the PCDH15-TRPM6/7 interaction.

Two New Splice Variant of TRPM6 and TRPM7

In the process of cloning the TRPM6 and TRPM7 cDNAs from mouse inner ear, |

discovered two new splice variants, one for TRPM6 and one for TRPM7. Both splice

variants skipped exon 20 of TRPM6 and TRPM7 genes. Interestingly, the predicted
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protein products of both splice variants lack transmembrane segment 2 (S2). The
comparison between canonical and the variant of mouse TRPM7 is shown in Figure 4.5
A. Tissue expression profile of the two variants is shown in Figure 4.5 B. The predicted
topology of the transmembrane segments is shown in (Figure 4.6). The delta exon 20
variants of TRPM6 (TRPM6_dEx20, or DEX26) and TRPM7 (TRPM7_dEx20, or DEX27) can
be expressed at the cell surface in HEK293T cells, as shown by a surface-biotinylation
experiment (Figure 4.7 A). They associate with the canonical TRPM6 and TRPM7
channels (Figure 4.8), and bind to PCDH15, similar to the canonical channels (Figure 4.7
B).
CDH23 Interacts with TRPM6/7 in HEK293T Cells

Surprisingly, co-immunoprecipitation experiments showed that CDH23 also
interacts with TRPM6/7 (Figure 4.9 A). In addition, CDH23 immunoprecipitated co-
expressed TRPM6_dEx20 and TRPM7_dEx20 (Figure 4.9 B). This result suggests that
CDH23 interacts with TRPM6/7, possibly through the extracellular domains.
TMCs Interact with TRPM6/7, PCDH15, and CDH23 in HEK293T Cells

Because TMCs have been shown to be involved in mechanotransduction, they
might interact with TRPM7 and/or PCDH15. Three TMC constructs, TMC1_ex1,
TMC1_ex2, and TMC2, all in the form of C terminal AcGFP fusion proteins, were used in
co-immunoprecipitation experiments (Figure 4.10). All three TMCs were associated with
the TRPM-PCDH15 complex (Figure 4.10 A). Because TMC1_ex1 expressed better than
the other two constructs, | used it to test if TMC interact with TRPM7. As shown in

Figure 4.10 B, TMC1_ex1 binds to TRPM7, independent of PCDH15 or CDH23.
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Over-expressed dnTRPM7 Interacts with PCDH15 and Localize to the Stereocilia Tips

Because a pore mutant of TRPM7, dnTRPM7, has been shown to inhibit wild type
TRPM7 current (Krapivinsky et al., 2006), we over-expressed this dnTRPM7 in HEK293T
cells and were able to repeat the reported results (Figure 4.11 A). dnTRPM7 also
inhibited current from co-expressed TRPM6 and TRPM7, suggesting that it inhibits
current from TRPM6/7 heteromeric channels (data not shown). dnTRPM7 associated
with TRPM7 (Figure 4.8), and dnTRPM7_dEx20 associated with both TRPM7 and
dnTRPM7_dEx20 (Figure 4.8). As shown in Figure 4.11 B, dnTRPM7 bound to PCDH15,
similar to wild type TRPM7. We reasoned that if TRPM7 is the MET channel, then
dnTRPM7 could block the MET current in the inner ear.

| then engineered a 3X myc tag on the ¢ terminal end of dnTRPM7, and in
collaboration with Dr. John Brigande’s lab, transfected mouse hair cell progenitors with
this dnTRPM7_3Xmyc construct, using in utero electroporation technique. We co-
transfected EGFP with dnTRPM7_3Xmyc at E12.5 and harvested mice at P6.5. We then
stained the cochlea with anti-myc antibody. Interestingly, all the inner hair cells with cell
body staining of myc (myc positive) appeared to have thinner and bent stereocilia than
their untransfected neighbors. This was not a result of general over-expression, as many
hair cells had much stronger EGFP expression but were not myc positive, and these cells
had normal stereocilia (Figure 4.12 A). The correlation between myc staining and
thinner stereocilia of inner hair cells was very strong —in three independent
experiments, we observed at least 20 inner hair cells that were myc positive, and all of

them had thinner stereocilia. In myc positive outer hair cells, we did not observe an
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obvious difference in hair bundle morphology (data not shown). These myc-positive
inner hair cells also had myc labeling near the tips of stereocilia (n=20, three
independent experiments), as shown in Figure 4.12 B. The myc positive outer hair cells
also had elevated myc labeling in the hair bundle, yet we could not tell if these labeling

were at the tips of stereocilia, due to the resolution of the microscope (data not shown).
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Discussion

Our results show that in HEK293T cells, PCDH15 interacts with TRPM7, a
transduction channel candidate identified by Clive Morgan, a postdoc in the Gillespie
lab. Our data also indicate that heteromeric TRPM6/7 channels interact with PCDH15,
although the data that suggest the presence of TRPM6 in the tip link complex is weaker
than those of TRPM7. Because | over-expressed PCDH15 and TRPM channels in a
heterologous system, | performed a number of control experiments to test the
possibility of non-specific interaction between PCDH15 and TRPM6/7. We showed that
HA tagged TRPM6/7 immunoprecipated PCDH15, and vice-versa; CDH2, another
cadherin expressed in the nervous system, did not immunoprecipate TRPM6/7; TRPC6,
another TRP channel, did not immunoprecipate PCDH15; and TRPM6/7, when expressed
in a separate cell population from PCDH15, did not immunoprecipate PCDH15. We are
in the process of testing TRPMS8, a member of TRPM channel family outside the TRPM6
and TRPM7 subgroup, for its interaction with PCDH15. This experiment will provide
more information about the specificity of the PCDH15-TRPM®6/7 interaction.
Extracellular Domains of PCDH15 Are Responsible for Its Interaction with TRPM6/7

Because truncation of intracellular domain of PCDH15 resulted in loss of
interaction, we initially thought that the intracellular domain is required. Since both
PCDH15 splice variants that are believed to be tip-link components in mouse hair cells

(CD1 and CD3) have c terminal PDZ binding domains, | deleted the C terminal 12 amino
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acids from CD1 and CD3. These C terminal deletions, CD1_deltaC12 and CD3_deltaC12,
immunoprecipated with TRPM6/7 similarly to their wild type proteins (data not shown).
This result was surprising to us. Subsequently, we generated 1522, a chimera protein
with the transmembrane domain, juxtamembrane domains, and the entire C terminal
intracellular domains all replaced with those of CDH2. Immunoprecipitation
experiments showed that 1522 interacted more strongly with TRPM6/7 than PCDH15.
This result, together with the result that CDH2 and chimera 2152 (in which CDH2
transmembrane domains and juxtamembrane domains are exchanged with those of
PCDH15) did not immunoprecipate with TRPM6/7, indicates that the extracellular
domains of PCDH15 are necessary and sufficient for the interaction.

However, the question remains as to why the D1 and D2 deletion constructs of
PCDH15 fail to interact with TRPM6/7. We suspect that the intracellular domains of
PCDH15 plays a regulatory role, and removing part of this domain (in D1 and D2) could
affect the dimerization of PCDH15 and/or cause conformational changes across the
plasma membrane. In addition, membrane proteins are inserted cotranslationally into
the lipid bilayer, with positively charged residues flanking the transmembrane segments
as topological determinants. A recent report indicates that there is unanticipated
plasticity in membrane protein insertion mechanisms. In this report, the authors
demonstrated that a single positively charged amino acid, even at the very C terminus of
the membrane protein, can act globally, affecting the topology of the entire protein

(Seppala et al., 2010). If this is the case, the presence of transmembrane domains and
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intracellular domains of CDH2 are probably necessary for the proper topology formation
and folding of the PCDH15 extracellular domains in the 1522 chimera.
CDH23 and TMCs also Interact with TRPM6/7 in HEK293T Cells

Our results showed that CDH23, like PCDH15, interacts with TRPM6/7. It is
possible that TRPM6/7 is located at the upper end of the tip link, where CDH23 exists.
Further experiments, similar to deletion and chimera constructs of PCDH15, are
necessary to test if this interaction is specific. The recently reported transduction
channel candidate TMCs also interact with TRPM6/7 in HEK293T cells, independent of
PCDH15 or CDH23. This result is consistent with the idea that the tip link complex is
composed of multiple proteins with functional importance. It is clear that we are far
away from completely understanding the components of the tip link complex, as well as
the protein-protein interactions among these components.
dEx20 Versions of TRPM6 and TRPM7 Might Be Alternative MET Channel Candidates

A few important biophysical differences between TRPM6, TRPM7, and TRPM6/7
channels and the MET channel exist. These differences include: the TRPM6/7 channels
have smaller single channel conductances comparing to the MET channel; TRPM®6/7
channels are blocked by extracellular Mg**, but the MET channels are not; MET channels
are gated mechanically, while TRPM6/7 channels are not. It is possible that the two
newly-identified splice variants of TRPM6 and TRPM7 have different biophysical
properties than their wild type counterparts, as shown to be a case in TRPM3. For
example, we were not able to detect current similar to TRPM6/7 channels when we

over-expressed dEX20 versions of these channels. Further electrophysiological
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experiments are necessary to provide more insights into these splice variants, regarding
their single channel conductances and gating mechanisms.
Over-expressed dnTRPM7 in Mouse Hair Cells Results in Thinner Stereocilia

When dnTRPM7 (with or without C terminal 3Xmyc tag) was co-expressed in
HEK293T cells, it inhibited current of both TRPM7 and TRPM6/7 channels. When we
over-expressed dnTRPM7 tagged with 3X myc in mouse inner hair cells, we observed
myc staining near the tip of the stereocilia, and stereocilia of these myc-positive hair
cells become thinner and bent. It is possible that TRPM7 and other members of the
TRPM family are the MET channels, and dnTRPM7, expressed and targeted to the tip of
the stereocilia, blocked or reduced the MET current. Because the MET current is
probably required for normal hair bundle development and stereocilia F-actin
polymerization, acting either directly or through Ca** dependent mechanisms
(Caberlotto et al., 2011), reduction of the MET current at the stereocilia tips could
cause the thinner and bent stereocilia. Alternatively, TRPM channels, expressed at
locations other than the stereocilia tips, could be responsible for maintaining the Ca**
concentration inside the stereocilia, and expression of the dnTRPM7 resulted in
abnormal F-actin polymerization by reducing the intra-stereocilia Ca** concentration.
Another possibility is that expression of dnTRPM7 disturbed some other aspects of the
hair cell function in a non-specific manner.

We were not able to express wild type TRPM7_3Xmyc using the same in utero
electroporation technique, despite multiple trials. It is possible that the wild type

TRPM7 is toxic to the hair cells, or its expression was selectively inhibited by the hosting
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hair cells. These possibilities will need to be tested with further experiments. Without a
control of a similar channel expressed in hair cells without a phenotype, we are not sure
if the stereocilia phenotype is caused by the pore mutation in dnTRPM7. To address the
functional roles of TRPM7 in mouse hair cells, a conditional knock-out of TRPM7 that is
restricted to hair cells is necessary. This experiment is being performed, in collaboration

with Dr. Uli Mueller at Scripps Institute.

96



Experimental Procedures

Cell culture, transfection, and immunoprecipitation: In the

coimmunoprecipitation assays we used HEK293T cells grown in 6 well tissue culture
plates. HEK293T cells were passed to 6-well plates on day 1 in the morning (from a
confluent 100mm dish, | passed the cells 1:4, such that by the end of the day, the cells
were 50-80% confluent). The cells were incubated for at least 6 hours (important for cell
health) in the incubator at 37°C, then transfected with Effectene transfection reagent
(Qiagen, 301425). For simplicity, | did not change medium or wash with PBS; instead, |
just prepared the DNA complex according to the manufacturer suggested protocol in
PCR tubes, then added the DNA complex to the cells. After mixing the DNA complex
with the medium by swirling the plate, | returned the plate to the incubator.

On Day 3 in the afternoon, | harvested the cells by aspirating the medium. For 6-
well plates, | removed medium from each well, then added 500 ul of PBS. The plate
were rocked back and forth and knocked against the bench side to detach the cells. The
cells were then transferred to a centrifuge tube. Remaining cells in the well were
washed once with another 500 pl of PBS. The cells were centrifuged briefly (16,000g for
5 sec) and supernatant removed. 300ul of cold lysis buffer (containing PBS, 1% Tx100,
0.5% NP-40, and protease inhibitor cocktail (Sigma, P8340)) were added to the cells, and
the mixture were placed on ice. The mixtures were then sonicated using a tip sonicator

(ultracell sonicator, Sonics) set at 25% power. Two bursts of 5 sec were used, with cell
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lysate sitting on ice in between for 15-30 sec. The lysate was then centrifuged at
16,000g for 20 min at 4°C, and the supernatant (lysate) was separated from the pellet.
20 ul of the lysate were saved for loading control, and to the rest of lysate, 10 ul of HA
agarose (Sigma, A2095, 20 pl slurry) was added. The mixture was incubated on a
rotating incubator (for centrifuge tubes) overnight at 4°C.

On the next morning, the immunoprecipitate mixture was centrifuged at 16,000g
for 1 sec, then washed 2X with 300ul lysis buffer and 1X with PBS. After the washes, 32
ul of 2X SDS sample buffer (Invitrogen) was added to the agarose beads, and the
mixture was incubated for 10 min at 70°C, with mixing by slow vortexing every 1-2 min
during the last 5 min of the incubation. The agarose beads were removed using a spin
filter (Costar 8163), and 5ul of 10X reducing agent (Invitrogen, NP0007) were added to
the protein solution. The mixture was again incubated at 70°C for 10 min. For the
loading control, 4 pl 10X reducing agent (Invitrogen, NP0009) and 8ul of 4X sample
buffer were added to 20 pl of lysate and incubated at 70°C for 10 min (using PCR tubes
and a thermocycler).

The protein samples were separated on a 3-8% Tris-acetate gel (Invitrogen,
EA03755BOX) for 30-40 min. Proteins in the gel were then transferred to PVDF
membrane (Millipore, IPVH00010) using a semi-dry setup (Bio-Rad, Transbot SD).
Towbin buffer with 10% MeOH, without SDS were used as transfer buffer. For 7.5X10
cm blot, voltage limit of 20V and current limit of 250mA were used. After transferring
for 40-50 min, the blot was washed 1X in PBS and blocked in blocking buffer (PBS

containing 10% FBS, 0.1% Tween) for 30 min, during which primary antibody were
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diluted in blocking buffer (1:1000) and incubated at room temperature for 10-20 min.
The blot was incubated with primary antibody for 2 hours at room temperature. Before
Primary incubation is done, HRP coupled secondary antibody was diluted in blocking
buffer (1:5000) and incubated for 10-20 min, before incubating with blot for 30 min.
Wash between primary and secondary antibody: 2 quick rinses followed by 3 X 2min
washes. Wash after secondary antibody: 2 quick rinses followed by 5 X 5min washes.
SuperSignal West Pico Chemiluminescent Substrate (Pierce, 34077) was used for
detection.

Anti-HA agarose or anti-V5 agarose (Sigma, A7345) were used to pull down the
HA-tagged TRP channels. In the case of PCDH15 pull down, we used 10ug of PB811, a
rabbit antibody against PCDH15 (gift from Dr. Uli Mueller) or 10pug of anti-HRP antibody
(Jackson Immunoresearch) in 10ul of Ultralink immobilized protein A (Pierce, 53139).
For western blot assays, PCDH15 was detected with PB811, TRP channels were detected
with monoclonal anti-HA antibody (Applied Biological Materials, GO36) or monoclonal
anti-myc antibody (Genscript, AO0704), and CDH23 was detected with a mouse
monoclonal antibody raised against the cytoplasmic domain of CDH23 (gift from Dr. Uli
Mueller).

In utero electroporation and cochlea imaging. EGFP and dnTRPM7_3Xmyc DNA

(at a molar ratio of 1:5) were injected into otocysts of CD1/C57BL6 mice at E12.5
followed by Electroporation. At P6.5, ears were dissected from the mice pups. The
cochlea was dissected in PBS, without removing the tectorial membrane. The organ of

Corti was separated from the lateral wall, arranged to a flat disk on an uncoated plastic
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petri-dish (Falcon 393003) by sticking the Reissner’'s membrane to the dish. The
flattened cochlea was then fixed with 4% PFA for 20 min at room temperature, after
which tectorial membrane was removed. The cochlea was then blocked in PBS
containing 0.1% BSA, 1% normal donkey serum, and 0.2% saponin for 30-60 min at room
temperature. The cochlea was then stained with mouse monoclonal anti-myc antibody
(9E10, ascites fluid, 1:100) overnight at 4°C. The cochlea were then washed 3 times in
PBS and incubated with goat anti-mouse antibodies coupled to Alexa Fluor 555
(Invitrogen, A21422) and TRITC-phalloidin (Sigma, P1951). After incubating at room
temperature for 2 hours, the cochlea was washed 5 times (5 min each) in PBS. To
mount, the cochlea was transferred to a glass slide and oriented such that hair cells
were facing up. Excessive PBS was removed with a gel-loading pipette tip and a
kimwipe. 30 ul of EverBrite mounting medium (Biotium, 23001) was added to the center
of a cover glass, which was inverted and carefully laid on top of the cochlea, with the
drop of mounting medium touching the cochlea first. The mounted cochlea was then
imaged with Olympus FV-1000 confocal microscope using 60x, 1.42 NA oil-immersion

plan apochromat objective.
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Figure 4.1 — Approach taken by Clive Morgan to identify the MET channel in chicken ear.
Hundreds of chicken ears were dissected and subject to a robust purification procedure,
including an affinity-purification step with the monoclonal antibody, G19, against
PCDh15. The purified tip link complexes were analyzed by mass spectrometry.
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Figure 4.2 — TRPM7 co-immunoprecipates with PCDH15 in HEK293T cells

HEK293T cells were transiently transfected with PCDH15 and TRP channels with C
terminal HA tags. A, harvested lysates were immunoprecipated with anti-HA agarose
and probed with an anti-PCDH15 antibody (PB811). The last two lanes are two controls:
anti V5 agarose as a control for non-specific binding of the agarose with PCDH15; TRPC6
as a TRP channel outside the TRPM family. Both controls have much lower levels of
PCDH15 immunoprecipated. B, lysates were immunoprecipated with protein A/G
agarose and either PB811 antibody (for PCDH15) or HRP antibody (control), then probed
for TRP channels with anti-HA antibody.
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Figure 4.3 — Two control experiments for PCDH15-TRPM6/7 interaction.

A, TRPM6/7 and PCDH15 were expressed in two separate cell populations, harvested,
and lysates mixed before immunoprecipitation. Under this condition (lane 3, in which
TRPMs and PCDH15’s presence is marked by “/+/”), TRPM6/7 did not co-
immunoprecipate with PCDH15. B, CDH2 did not co-immunoprecipate with TRPM6/7.
Because CDH2 is endogenously expressed in HEK293T cells (first lane on the left), | used
two concentrations of DNA for it: “+” indicates that 0.1ug DNA were used in
transfection, while “++” indicates 0.2ug DNA were used.
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Figure 4.4 — PCDH15 domains responsible for its interaction with TRPM6/7

A, diagram of all the constructs used. Transmemrbane domains are in solid black
(PCDH15) or red (CDH2); juxtamembrane domains are in grey (PCDH15) or light red
(CDH2). B, lysates were immunoprecipitated with anti-HA agarose, and probed with
anti-PCDH15 antibody (left) or CDH2 antibody (right). Two C terminal deletion proteins
of PCDH15, D1 and D2, do not immunoprecipate with TRPM6/7; chimeras that have N
terminal extracellular domains of PCDH15 (15215 and 1522) immunoprecipitate with
TRPMG6/7 more strongly than PCDH15; 2152, a chimera that do not contain extracellular
domains of PCDH15, do not immunoprecipitate with TRPM®6/7. For generation of CHD2-
PCDD15 chimeras, PCDH15_CD3 was used as the starting sequence.
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Figure 4.5 — Two new splice variants of TRPM7 and TRPM®6.

A, amino acid sequence of canonical TRPM7 and DEX27. Transmembrane segments that
are predicted to start from inside the cell and end on the outside are highlighted in
yellow; Outside to inside ones are highlighted in green. Glycosylation sites are
highlighted in red. Predictions were made by the TOPCONs SCAMPI-msa model
(TOPCONS; http://topcons.net/index.php). B, tissue expression profiles of mouse
TRPM7, DEX27, and DEX26. Primer sets DEX27 and DEX26 were designed such that they
bind to the junction of exon 19 and exon 21. Both DEX27 and DEX26 are highly
expressed in the ear (first lane on the left).
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Figure 4.6 — Predicted topology of canonical TRPM7 and DEX27 protein. The inverted
structure of DEX27 was predicted by TOPCONs SCAMPI-msa model (TOPCONS;
http://topcons.net/index.php). The Short S2 structure of DEX27 was based on the idea
that a subsequent transmembrane segment (S3, for example) could have a dominant
effect, i.e., it may want to stay in the membrane in the same orientation (Lu et al., 1998;
Sakaguchi, 2002; Xiong et al., 1997).
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Figure 4.7 — DEX26/7 protein behaves similarly to TRPM6/7.

A, both TRPM6/7 and DEX26/7 protein were expressed and go to cell surface. HEK293T
cells were transfected with TRPM6/7 or DEX26/7 (“d”). Before harvest, the cells were
surface biotinylated. Cell lysates were then immunoprecipitated with neutravin-agarose,
then probed with anti-HA antibody. B, DEX26/7 interacted with PCDH15 in a similar

fashion with TRPM6/7.
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Figure 4.8 — Dominant negative versions of TRPM7 and DEX27 interact with wild type
channels

HA and 3X myc tagged versions of TRPM7 (7), dnTRPM7 (7dn), DEX27 (d7), and dnDEX27
(d7dn) were transfected into HEK293T cells. HA tagged TRPC6 (C6) was used as a
control. Lysates were immunoprecipitated with anti-HA agarose and probed with anti-
myc antibody.
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Figure 4.9 — CDH23 co-immunoprecipitates with TRPM6/7 and DEX26/7.
A, CDH23 interacts with TRPM6/7 in HEK293T cells. B, CDH23 co-immunoprecipitated
with TRPM6/7 and DEX26/7 (d) independent of PCDH15.
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Figure 4.10 — TMCs co-immunoprecipitate with TRPM7 and PCDH15.
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TMC1_ex1(1lex1), TMC1_ex2(1lex2), and TMC2 were all tagged with AcGFP on the C
terminal end. A, lysates were immunoprecipitated with anti-HA agarose and probed
with anti-GFP antibody. All three forms of TMC co-immunoprecipitated with
TRPM7/PCDH15 complex. B, TMC1_ex1 co-immunoprecipitated with TRPM7,
independent of PCDH15 or CDH23.
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Figure 4.11 —dnTRPM7 inhibit wild type TRPM7 current and interacts with PCDH15.

A, dnTRPM?7 inhibited current from wild type TRPM7 in HEK293T cells. Whole cell
currents were recorded on HEK293T cells transfected with TRPM7 only, or TRPM7 +
dnTRPM7 (3X DNA was used for dnTRPM7 than wild type TRPM7). A voltage ramp from
-180 mV to +180 mV was applied to the cells and currents recorded (left); rectification
index is shown on the right. B, dnTRPM7 co-immunoprecipitated with PCDH15, similar
to wild type TRPM?7.

120



121



Figure 4.12 — dnTRPM7_3Xmyc transfected hair cells have thinner stereocilia

Mouse hair cell progenitors were transfected with EGFP and dnTRPM7_3Xmyc using in
utero electroporation at E12.5. At P6.5, organ of Corti were dissected, stained with anti-
myc antibody, and imaged. A, upper left: EGFP; lower left, myc staining; right: TRITC-
phalloidin stain of the same area in a bigger view. Arrows point to an inner hair cell with
strong EGFP expression. This cell is not myc positive. Arrowheads point to the two
neighboring cells, which have weak EGFP expression, but are myc positive. In the
phalloidin stain panel on the right, note the thinner and bent stereocilia of the two cells
that are also myc positive (lower left). B, the right panel in A, pseudo-colored. Actin is
shown in green and myc staining in shown in red. Note the myc staining at the tips of
some stereocilia.
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Chapter 5 — Conclusions and future directions

General summary

The work presented in this thesis provides new information on the molecular
components of the hair bundle and their interactions, as well as an improved method
for the studying the localization of hair bundle proteins. Chapter 2 describes an
improved gene gun method for transiently transfect hair cells in frog, chicken, and
mouse. By modifying the Bio-Rad Helios gene gun and adding a sample chamber that
helps to reduce the damaging effect, we report improved transfection efficiency and
reduced damage to the hair bundle. In Chapter 3, | characterize the lipid components of
the hair bundle, and describe large membrane domains in hair bundles. These large
membrane domains are responsible for activation of radixin, an important protein in the
hair bundle, in a spatially constricted manner. Chapter 4 characterizes the interaction

between PCDH15, a tip link component, and TRPM7, a MET channel candidate.
Chapter 2 conclusions and future directions

In chapter 2, we modified the Helios Gene Gun and developed a protocol that
resulted in increased transfection efficiency with minimal damage to hair cells. The
combination of increased penetration power and reduced shockwave will be of general
applicability for transfection of many other cell types and tissues. The improved gene-
gun transfection method should facilitate studies examining protein localization,

interaction, and function in hair cells and many other cell types.
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In particular, we used the improved method to transfect mouse cochlea hair cells
through the basilar membrane, thus minimizing damage to the hair bundle. We
speculate that with this method, tip links and mechanotransduction of the transfected
hair cell could be preserved. Patch clamp experiments that measure the MET current
and adaptation are necessary to test this hypothesis. If the MET transduction of the
transfected hair cells are indeed unaffected, this method could offer a quick and easy
way to study the localization and function of proteins in the tip link complex, including
the MET channel candidates. So far, we have only transfected cochlea of CD1 mice at
age P4. However, based on the comparison between cochlea from CD1 mice and
C57BL6 mice, we suspect that cochlea from C57BL6 could be transfected with this
method from PO to P8 (for older mice, dissection of the cochlea becomes very difficult),
spanning most of the period in which the MET channel complex matures (Lelli et al.,
2009). Further experiments to optimize the transfection conditions of mouse cochlea at
these different ages may be necessary. Variables in the transfection conditions include

gold particle size, helium burst pressure, and diffuser membranes of different pore sizes.
Chapter 3 conclusions and future directions

In chapter 3, | described one functional role of the large membrane domains in
hair bundles: spatial constricted activation of radixin. Membrane domains in the hair
bundle could play important roles in other aspects of the hair bundle function, including
mechnotransduction. For example, cholesterol has been shown to be a major
component of hair cell stereocilia (Forge, 1991; Jacobs and Hudspeth, 1990). These

observations were confirmed by our lipid mass spectrometry results in chapter 3.
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Cholesterol has been implicated in mechanotransduction in C. elegans: MEC-2, one of
the DEG/ENaC channels that underlie touch sensation, binds cholesterol and mutations
that disrupt touch sensation also disrupt cholesterol binding (Huber et al., 2006). In
addition, a group found that cholesterol may play an important role in osteoblastic cell
mechanotransduction (Xing et al., 2011). In vertebrate hair cells, PIP, is required for
mechanotransduction (Hirono et al., 2004). We found that cholesterol is concentrated
near the stereocilia tips in isolated bullfrog hair cells (Figure 5.1, H), and cyclodextrins,
reagents that bind and extract cholesterol from the cellular membranes, modulate MET
current in transepithelial assays using bullfrog sacculus (Figure 5.1, A-G). When isolated
hair cells were treated with these cyclodextrins for longer periods of time (30— 120
min), localizations of PMCA2 and PTPRQ in the hair bundle were changed significantly
(data not shown). Furthermore, cholesterol loading also changed the localization
pattern of PMCA2 and PTPRQ (data not shown).

Collectively, these results suggest that lipid domains may play important roles in
protein localization and function in the hair bundle. To further investigate the roles lipid
and membrane domains play in hair bundle protein localization and
mechanotransduction, transient transfection experiments, using the improved gene gun
method described in chapter 2, could be performed. For example, to study the role PIP,
plays in protein localization, one could transiently express the phospholipase C (PLC)-61
pleckstrin homology (PH) domain fused to green fluorescent protein (GFP). This PH
domain binds specifically and with high affinity to PIP,, such that the localization of PIP,

could be monitored by live confocal imaging (Micheva et al., 2001). Co-transfection of a

125



hair bundle protein together with the PLC-61 PH domain could provide useful
information about the regulatory role PIP, plays in the localization of the particular
protein. Also, GPl-anchored proteins have been used in transient transfection
experiments to study the role of lipid rafts (Xing et al., 2011). This method could be used
together with the improved gene gun method described in chapter 2, to study the role

of lipid domains in localizing hair bundle proteins.
Chapter 4 conclusions and future directions

In order to obtain candidates for the MET channel, Clive Morgan, a postdoc in
the Gillespie lab, homogenized thousands of chicken ears and subjected them to a
sophisticated purification procedure. In his procedure, G19, a monoclonal antibody
against PCDH15, was used in an affinity purification step. At the end of the purification
procedure, the protein affinity purification eluate was examined by mass spectrometry.
TRPM7 was identified as one of the ion channels in the complex. This result suggests
that PCDH15 and TRPM7 are in the same complex in the chicken ear, through direct or
indirect interactions. This result also suggests that TRPM7 could be the MET channel. In
chapter 3, we characterized the interaction between PCDH15 and TRPM?7. Because
TRPM6 is a close family member of TRPM7 and frequently forms heteromeric channels
with TRPM7 (Fonfria et al., 2006; Li et al., 2006), we also included TRPM®6 in the study.
The interaction studies were done in HEK293T cells, a heterologous system, in which the
proteins were transiently expressed. Through these experiments, we concluded that
PCDH15 interacts with TRPM6/7, probably through its extracellular domains. Also,

TMCs, newly proposed candidates of MET channel, interact with TRPM6/7 and PCDH15
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in similar immunoprecipitation experiments. Although we performed many control
experiments, we understand that these immunoprecipitation results should be
interpreted with caution.

The more significant questions are: A. Do TRPM6/7 proteins localize near the tip
of the stereocilia (where MET channel locates)? B. Do TRPM6/7 proteins interact with
PCDH15 in hair cells, near the tip of the stereocilia? We do not have answers to the
second question; regarding the first question, our in utero electroporation experiments
suggest that dnTRPM7_3Xmyc, which behaves similarly to wild type TRPM7, localize
near the stereocilia tips in mouse hair cells. However, we did not observe any myc
positive hair cells when we introduced TRPM7_3Xmyc into hair cells by electroporation.
This could result from the possibility that wild type TRPM?7 is toxic to the hair cells or is
selectively inhibited by the hair cells, as previously discussed in chapter 4. To address
this, we are doing short-harvest experiments with TRPM7, and we will use TRPMS,
another member of the TRPM family, as an alternative control to the dnTRPM7.

Another factor at work is the low frequency of transfected cochleas and small
number of transfected hair cells we observed. We have noticed that in the in utero
electroporation technique, as the plasmid size increases, transfection efficiency
decreases dramatically, as plasmids over 10KB result in very low transfection efficiency
(John V. Brigande, unpublished observations). One strategy to reduce the size of the
plasmids and increase the transfection efficiency is the use of minicircle DNA vector,
which is a circular expression cassette without the bacterial plasmid DNA backbone.

These vectors have been shown to have 10- to 1,000-fold enhancement compared with
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regular plasmids in long-term transgene expression in vivo and in vitro (Chen et al.,
2003; Huang et al., 2009; Jia et al., 2010). We produced minicircle versions of
TRPM7_3Xmyc and dnTRPM7_3Xmyc and are in the process of testing them in the in
utero electroporation experiments. Another strategy is to increase the transfection
efficiency of electroporation through a dual-pulse electroporation paradigm, which was
shown to increase transfection efficiency and reduce damage during electroporation in
vitro (Stroh et al., 2010; Yockell-Lelievre et al., 2009) and could improve transfection
efficiency in vivo (Andre et al., 2008; Hojman et al., 2008). We are in the process of
testing this new approach. Alternatively, the improved gene gun method described in
chapter 2 could be used to study the localization of TRPM6/7 channel proteins.

The localization of dnTRPM7_3Xmyc near stereocilia tips were based on
antibody staining. Because different antibodies could stain the stereocilia tips non-
specifically (Gillespie lab, unpublished observations), we have generated N and C
terminal TdTomato fusion constructs of TRPM7 and dnTRPM7, which could be
transfected into muse hair cells using in utero electroporation or gene gun transfection.

Aside from proper localization, the MET channel candidate’s functional
importance has to be demonstrated. One strategy to show functional importance is
knocking out the protein using transgenic mice. Since global knockout of either TRPM6
and TRPM7 results in embryonic lethality (Jin et al., 2008; Woudenberg-Vrenken et al.,
2011), conditional knockouts of TRPM6 and TRPM7 that are restricted to hair cells are
necessary. We are in the process of testing a hair cell specific TRPM7 conditional

knockout, in collaboration of Dr. Uli Mueller. Preliminary hearing tests on these TRPM7
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conditional knockout mice, using click auditory brainstem response (click ABR, a hearing
test with a multiple-frequency sound, the “click”), revealed no apparent hearing deficit.
The tonotopic conductance differences of the MET channel suggest that the
channel might consist of several distinct subunits with variations in subunit composition
from the base to the apex of the cochlea (Beurg et al., 2006; Ricci et al., 2003). The
potential existence of several subunits raises the possibility of compensation among
them in genetic knockout studies. This has been the challenge in defining the role of
DEG/ENaC proteins in mammalian mechanotransduction (Drew et al., 2004; Drummond
et al., 2000; Fricke et al., 2000; Garcia-Anoveros et al., 2001; Price et al., 2000). If the
MET channels are composed of multiple members of the TRPM family, and they can
compensate for each other functionally, conditionally knocking out one member could
have normal hearing and mechanotransduction. In zebrafish, when TRPM6 was knocked
down with antisense morpholino oligos on a TRPM7 mutant background, reduced
number of hair cells, as well as reduced FM1-43 uptake into hair cells (per hair cell) were
observed (Teresa Nicolson, unpublished observation). In these fish, mRNA levels of
TRPM1, TRPM3, and TRPM7 were all up-regulated, suggesting compensation of TRPM6
from the other three members of the TRPM family. This observation is consistent with
the previous finding that TRPM1, TRPM3, TRPM6, and TRPM7 could form a subgroup
within the TRPM family (Fujiwara and Minor, 2008). In this regard, the dnTRPM7
approach may be of advantage over the knockout of any single member, because it may

inhibit current not only from TRPM7, but also those from other heteromeric channels
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containing TRPM7 subunits. Indeed, in HEK293T cells, dnTRPM7 inhibited current of co-
expressed TRPM6 and TRPM7 (Gillespie lab, unpublished results).

Pure-tone ABR tests on the TRPM7 conditional knockout mice might provide
more information regarding the roles TRPM7 play in hearing and hair cell function.
Alternatively, conditionally knocking out multiple members of the TRPM family (within
the sub-group of TRPM1, 3, 6 and 7, for example) may provide more insight. These
experiments are expensive and time-consuming, which highlights the challenging nature

of hearing research.
Concluding remarks

New tools that emerge from this thesis include improved transient transfection
of hair cells using gene gun, which enhances our ability to deeply investigate the
localization, interaction, and function of hair bundle proteins. The characterizations of
lipid components in the hair bundle, as well as discovery of functional lipid domains,
provide more insight into the molecular composition and functional mechanisms of hair
cells. Finally, characterizing the PCDH15-TRPM6/7 interactions provide more
information that may help to identify the MET channels. Together, these tools and
discoveries open new doors further investigate the molecular mechanisms hair bundle

function, particularly mechanotransduction.
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Figure 5.1 - Alteration of mechanotransduction by cyclodextrins.

A-C, Transepithelial voltage-clamp assay; cyclodextrins added to apical (hair bundle)
compartment. Many hair cells are activated and measured simultaneously. Downward
current corresponds to transduction-channel activation; transient before mechanical
step is response to voltage pulse to test transepithelial resistance. A, Control. B, MBC
decreased total current and increases resting Po. Po returned to normal after wash-out.
C, HPBC also increased resting Po but did not affect total current. D-G, Whole-cell
recording from single hair cells. D, MBC applied through a Y-tube (10 mM) to bundle
region. Poincreased substantially. E, MBC applied locally near stereocilia tips through
"ionotophoresis" (actually electro-osmosis, as MBC is not charged) also increased Po,
which reversed after iontophoretic current stopped. F, Y-tube summary (n=5; mean *
SEM). Difference is significant at p<0.01 by t-test. G, lontophoresis summary; "SS" is
standard saline control (n=3 for SS and n=4 for MBC). Difference for MBC is significant
at p<0.05 by t-test. Stimuli for A-C were -2000 nm to +2000 nm in 200 nm increments;
stimuli for D-E were -400 nm to +800 nm in 100 nm increments. H, cholesterol
localization in the hair bundle. Filipin was used to stain cholesterol. Note the elevated

staining near the stereocilia tips (arrows).
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