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

1duosnuely Joyny Yd-HIN

NATIG,

o
R HE

s sy,
D

10

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
J Proteomics. 2014 May 30; 103: 178-193. doi:10.1016/j.jprot.2014.03.037.

LOCALIZATION AND PROTEOMIC CHARACTERIZATION OF
CHOLESTEROL-RICH MEMBRANE MICRODOMAINS IN THE
INNER EAR

Paul V. Thomas, Andrew L. Cheng, Candice C. Colby, Ligian Liu, Chintan K. Patel, Lydia
Josephs, and R. Keith Duncan”

Kresge Hearing Research Institute, 5323 Medical Science Building I, 1150 West Medical Center
Drive, The University of Michigan, Ann Arbor, MI 48109-5616 USA

Abstract

Biological membranes organize and compartmentalize cell signaling into discrete microdomains, a
process that often involves stable, cholesterol-rich platforms that facilitate protein-protein
interactions. Polarized cells with distinct apical and basolateral cell processes rely on such
compartmentalization to maintain proper function. In the cochlea, a variety of highly polarized
sensory and non-sensory cells are responsible for the early stages of sound processing in the ear,
yet little is known about the mechanisms that traffic and organize signaling complexes within
these cells. We sought to determine the prevalence, localization, and protein composition of
cholesterol-rich lipid microdomains in the cochlea. Lipid raft components, including the
scaffolding protein caveolin and the ganglioside GM1, were found in sensory, neural, and glial
cells. Mass spectrometry of detergent-resistant membrane (DRM) fractions revealed over 600
putative raft proteins associated with subcellular localization, trafficking, and metabolism. Among
the DRM constituents were several proteins involved in human forms of deafness including those
involved in ion homeostasis, such as the potassium channel KCNQZ1, the co-transporter SLC12A2,
and gap junction proteins GJA1 and GJB6. The presence of caveolin in the cochlea and the
abundance of proteins in cholesterol-rich DRM suggest that lipid microdomains play a significant
role in cochlear physiology.
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INTRODUCTION

The membrane lipid bilayer serves as a gatekeeper in cell physiology, segregating biological
reactions to specific extracellular and intracellular spaces and serving as a hub of cell
signaling. Fittingly, over 30% of the genes in most genomes are estimated to code for
integral membrane proteins [1], and the proportion of proteins associated with the membrane
is even greater when including those anchored by glycosylphosphatidylinositol (GPI) [2],
fatty acid modifications [3, 4], or other proteins. According to the fluid mosaic model, these
membrane proteins diffuse freely within a fluid lipid bilayer unless compartmentalized by
protein-protein interactions [5]. However, an accumulating amount of evidence suggests that
lipid-protein and lipid-lipid interactions in the plasma membrane constrain the motion of
membrane proteins and aid in their localization [6-8]. These observations and others gave
rise to the concept of lipid rafts, discrete 10-200 nm lipid-ordered microdomains enriched
with sphingomyelin, glycosphingolipids, GM1 ganglioside, and cholesterol [6, 7, 9-12]. The
partitioning of specific proteins within these microdomains appears to be a primary means
for compartmentalizing various processes in many, if not most, cell types. A large diversity
in the structure and dynamics of lipid rafts [9, 10, 13] underlies their ability to organize a
wide array of processes including protein and lipid trafficking, endocytosis, cellular
recognition, and signaling [12].

The unique composition of lipid rafts renders them insoluble in micelles of non-ionic
detergents. These so-called detergent-resistant membrane (DRM) fragments can be
separated from soluble membrane by sucrose density gradient fractionation [9, 14].
Although DRM fragments and in situ lipid rafts are not to be equated, the analysis of DRM
composition traditionally is the first step in identification of putative raft components.
Within the DRM, there are at least two domain types, those that incorporate the scaffolding
protein caveolin and those that do not. Moreover, caveolin-based domains can be further
classified into two subtypes based on whether the scaffold assembles into planar rafts or
morphologically distinct membrane invaginations termed caveolae [15].

In hair cells in the inner ear, observations of caveolae-like structures were reported decades
ago [16, 17], but little is known about the role of cholesterol-enriched microdomains in the
inner ear. Hair cells contain diverse machinery, with mechanotransduction of sound energy
occurring at the apical end, synaptic transmission occurring at the basolateral end, and a
complex network of ion channels functioning together to shape excitability. The polarity of
these cells, their role in signal transduction, and the interplay of these ion channels
necessitates the localization and co-localization of membrane proteins to specific regions of
the cell. Multiple observations including the presence of caveolae, inhomogeneous
distribution of membrane cholesterol [18, 19], and detection of extensive segregation of
lipids in the membrane of the hair bundle [20] suggest that the lipid bilayer of these cells
serves to modulate membrane protein distribution and functionality. While only caveolin
and BK-type potassium channels have been biochemically identified in DRMs of cochlea
[18], there is growing evidence that cholesterol-enriched microdomains may be involved in
a wide range of processes in the inner ear, including sensory transduction[20] and cochlear
mechanics [21-24]. Moreover, disruption of these microdomains with cholesterol-chelating
cyclodextrins causes aberrant electrophysiological behavior [18, 22, 23, 25, 26], while
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systemic delivery of cyclodextrins causes profound hearing loss and outer hair cell death
with no apparent effect on other systems [27].

To explore what processes may be affected by changes in membrane cholesterol distribution
in the inner ear, and the mechanisms behind the inner ear’s unique sensitivity, the
localization and composition of cholesterol-enriched membrane microdomains was
analyzed. The presence of raft-like domains is supported by localization of the raft-
associated ganglioside GM1 and the raft-scaffolding protein caveolin to sensory and non-
sensory cells in the ear. Additionally, over 600 proteins were found in triplicate preparations
of cochlear DRM, and gene ontology analysis suggested DRM involvement in cell
signaling, protein localization, and metabolism. Three gene products associated with
syndromic hearing loss and eight gene products associated with non-syndromic hearing loss
were also found in all three samples.

METHODS

Tissue Preparations

All animal procedures were conducted with the express approval of the University Animal
Care and Use Committee at the University of Michigan. White Leghorn chickens (Gallus
gallus), 18-28 days old, were anesthetized with a ketamine/xylazine solution and euthanized
by decapitation. Whole auditory organs and microdissected subcompartments were collected
essentially as described previously [28]. Pectoral skeletal muscle, proventricular smooth
muscle, heart, lung, and brain (cerebellum) were dissected rapidly on ice.

Gene expression assays

Total RNA was extracted from basilar papilla (10-12 per sample) and auditory nerve (8-12
per sample) using an RNEasy Micro Kit (Qiagen), and from 50-200 mg samples of all other
organ tissues using Trizol reagent (Invitrogen) after mechanical homogenization. RNA
integrity was assessed using an Agilent 2100 Bioanalyzer. Only samples with a 28S:18S
ratios greater than 1.0 were included in the analyses. First-strand cDNA was synthesized
using Superscript 111 Reverse Transcriptase (Invitrogen) according to manufacturer’s
instructions.

Polymerase chain reaction (PCR) was used to verify the presence of caveolin expression in
the cochlea. Specific primers designed to amplify G. gallus caveolins included: Cavl
(GenBank accession NM_0011056641) forward 5’-
CAACATCTACAAGCCCAATAACAA-3, reverse 5'-
CTGAACACCTTGCCCATAGC-3/, amplicon 438 bp; Cav2 (GenBank accession
NM_001007086) forward 5-AAGAGCCTGACAGATGTTTTCGTT-3, reverse 5'-
AGCACAGTGAGGGCCAAAAATGAT-3, amplicon 528 bp; Cav3(GenBank accession
NM_204370) forward 5-GTGGGGACGTACAGCTTTGATGGT-3, reverse 5'-
GAGGGAGTAGATGCGGCTGACACA-3’, amplicon 225 bp. PCR reactions were
performed using Platinum Taq DNA polymerase (Invitrogen) and 200 ng cDNA. PCR
products were electrophoresed on a 1% agarose gel with 0.005% ethidium bromide. Bands
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were visualized with an Alpha Innotech FluorChem SP Imaging System (ProteinSimple).
The identity of the amplicons was confirmed by DNA sequencing.

Real-time, quantitative polymerase chain reaction (qQPCR) was conducted to determine
differential expression of the caveolin genes between tissues. These reactions were
performed on an ABI Prism 7900HT Sequence Detection System using custom-designed
TagMan probes and commercial PCR master mix (TagMan 2X PCR Master Mix, Applied
Biosystems). Each sample was run in triplicate and was normalized to the housekeeping
gene S16 (Rpsl6). Primer combinations amplified a single product of expected size, and
amplification efficiency for each gene product was within 90-100%. Primer and probe
sequences for target genes included: Cavl forward 5-ATGTCCGGCACCAAATACGT-3,
reverse 5-GCTTGTAGATGTTGCCCTGTTC-3’, probe 5-TCGGAGGGCTTTCTG-3/;
Cav2 forward 5’-CCCCGCGGGCTGAA-3, reverse 5-CGGGCTCGGCGATCA-3, probe
5-CTCCAGCTGGGCTTC-3’; Cav3 forward 5'-
CCTGGTGAACAGAGATCCAAAGAG-3, reverse 5’-CCACGGGCTCAGCTATCAC-3,
probe 5-ATCCTCGAAATCCACCTTTAC-3'. Genes of interest were normalized to the
reference gene Rps16 (S16, Genbank accession XM_416113), which encodes a component
of the small 40S ribosomal subunit [28]. Differences in expression level were calculated as
fold-change relative to a control condition using the A ACt method [28, 29].

Immunohistochemistry

Temporal bones were dissected and dura, oval window, and middle ear structures were
removed. Bones were fixed in 2% paraformaldehyde (PFA) solution for 3 hours at room
temperature then decalcified for 2-3 days with 5% EDTA in 0.12M phosphate buffer (PB)
with 0.2% PFA (pH 7.4 — 8.0) at room temperature. After rinsing with 0.5% sucrose in
0.12M PB, tissues were cryoprotected via incubation with increasing concentrations of
sucrose (5%, 13%, 18%, 22%, and 30% in PB) for 30 min at room temperature and finally
overnight at 4°C in 30% sucrose. Tissues were frozen in O.C.T. compound using liquid
nitrogen-cooled isopentane and stored at —80°C. Thin cryosections (10-12 um) were
collected alternately on approximately 20 slides so that any one slide contained
representative sections from 8 to 10 equally spaced regions along the length of the cochlear
duct. To label sections, slides were warmed for 30 minutes at room temperature and washed
in phosphate buffered saline (PBS; Sigma D5652). Sections were blocked in 5% normal
goat serum and 1% bovine serum albumin in PBS with 0.1% Triton X-100 (TX-100) for 1
hour at room temperature. After removing the blocking buffer, tissue sections were exposed
to primary antibody diluted in PBS plus 0.1% TX-100 overnight at 4°C. Primary antibody
binding was identified with AlexaFluor-conjugated goat anti-rabbit or anti-mouse secondary
antibodies (Invitrogen) diluted 1:500 in PBS plus 0.1% TX-100, applied for 2 hours at room
temperature. Controls without primary antibody were prepared and analyzed in parallel.

Dissociated single hair cells were prepared for immunocytochemistry to investigate
subcellular compartmentalization of microdomain structures. To dissociate single cells,
basilar papillae were treated for less than 1 min with 0.01% protease type XXIV (Sigma,
P8038) to facilitate removal of the tegmentum vasculosum and tectorial membrane. A
borosilicate capillary tube was used to aspirate the sensory epithelium and mechanically
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dissociate the cells onto a slide containing (in mM) 150 NaCl, 6 KCI, 5 CaCls,, 2 MgCl,, and
5 HEPES, buffered to pH 7.4 with NaOH. Cells were allowed to settle on SuperfrostPlus
slides for 10-15 minutes to promote adherence, then fixed with 2% PFA for 30 min at room
temperature. Slides of dissociated cells were blocked and labeled as above, with the
exception of using 0.01% saponin in place of 0.1% TX-100 when labeling fixed hair cells
with anti-Cav1l.

Primary antibodies included rabbit anti-caveolin (BD Transduction Laboratories, 610059),
mouse anti-Cavl (BD Transduction Laboratories, 610406), mouse anti-Cav2 (BD
Transduction Laboratories, 610684), mouse anti-Cav3 (BD Transduction Laboratories,
610420), and rabbit anti-neurofilament M 145 kD (Chemicon, AB1987). In some cases, hair
cell preparations were treated with 1:200 OG-phalloidin (Invitrogen, O7466) to identify
actin-rich hair bundles. When required, nuclei were counterstained with 1:50 Hoechst 33342
(Invitrogen, H3570). Sections and cells were imaged on a Leica DM LB fluorescence
microscope (Leica Microsystems). Images were acquired using single- and triple-band filter
sets and a cooled-CCD color digital camera (MicroPublisher, Qlmaging).

Isolation of detergent resistant membrane fractions

Twelve whole cochlear ducts per sample were extracted, pooled into a single tube, and flash
frozen on dry ice. Samples were thawed on ice in 120 pl of MES buffered saline (MBS; 25
mM MES, 150 mM NacCl, pH 6.5) containing 0.25%, 0.5%, 1%, or 2% (v/v) TX-100 and
protease inhibitor cocktail (Thermo Fisher, P1-78410). After homogenization with a
motorized pestle, lysates were incubated on ice for 30 minutes. The homogenate was placed
on the bottom of a 2.2 ml ultracentrifuge tube and mixed 1:3 with 53.3% (w/v) sucrose/MBS
to a final concentration of 40% (w/v) sucrose/MBS. For a discontinuous density gradient,
this solution was overlaid with 900 ul of 30% sucrose/MBS, then overlaid with 1mL of 5%
sucrose/MBS and balanced. Membrane proteins were separated using an Optima Max-E
Ultracentrifuge with a swinging bucket rotor (TLS-55) (Beckman-Coulter, Fullerton, CA).
The samples were ultracentrifuged at 54,000 rpm (~200,0009) for 24 hours at 4 °C. Twelve
equal volume fractions (183 ul each) and a pellet fraction were collected from the top.

Immunoblot

Aliquots (25 pl) were taken from each fraction, mixed with Laemmli sample buffer (Bio-
Rad 161-0737) containing 5% 2-mercaptoethanol, separated by SDS-PAGE on a 4-15%
polyacrylamide gel, and transferred to nitrocellulose membranes (Pierce Biotechnology,
Rockford, IL) for Western blotting. Membranes were probed with a primary antibody to
caveolin (1:1000 anti-caveolin, BD Transduction Laboratories, 610059) or transferrin
receptor (1:1000 anti-TfR, Invitrogen, 13-6800). Secondary antibodies included goat anti-
mouse or anti-rabbit conjugated to horseradish peroxidase (1:10000, Thermo Scientific
Pierce, 31432 or 31460). Reactions were visualized with SuperSignal West Femto
chemiluminescent substrate (Thermo Fisher Pierce, 34095) and imaged on an Alpha
Innotech FluorChem SP Imaging System (ProteinSimple).
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Labeling of GM1-enriched domains

The localization of GM1-enriched domains was visualized with fluorescently conjugated
cholera toxin subunit B (CTX) (FITC-CTX, Sigma C1655; Alexa Fluor 488-CTX,
Invitrogen C34775). Dissociated cochlear hair cells were pre-fixed with 2% PFA for 30
minutes, treated with 0.01% saponin for 15 min, and exposed to 8-20 pg/ml CTX for 30
minutes at room temperature. In some cases, CTX was directly applied to freshly dissociated
hair cells in the absence of PFA and saponin. Punctate aggregates of CTX label were
counted on pre-fixed, 488-CTX-labeled cells. Clearly isolated puncta greater than 0.3 pm in
diameter and located within the outline of the basolateral cell (i.e. excluding the hair bundle
and cuticular plate) were included in these counts.

Dot blots of subcellular membrane fractions were labeled with HRP-conjugated CTX
(Invitrogen, C34780). One microliter of each fraction was applied to strips of dry
nitrocellulose membrane. The strips were blocked for 1 hour at room temperature in 5%
(w/v) non-fat milk in TBS containing 0.1%(v/v) Tween (TBS-T) and incubated at 4°C
overnight in 200 ng/mL HRP-CTX in 5% non-fat milk in TBS-T. Reactions were visualized
with SuperSignal West Femto chemiluminescent substrate and imaged on an Alpha Innotech
FluorChem SP Imaging System.

Protein quantification

The micro bicinchoninic acid (BCA) protein assay (Pierce Biotechnology, 23235) was used
for protein quantification. Fractions were diluted with distilled water to reach protein
concentrations within the linear range of the assay. Absorbances were measured at 590 nm
using an automated microplate reader (EL311, Bio-Tek Instruments).

Cholesterol quantification

The Amplex Red cholesterol assay (Invitrogen, A12216) was used for cholesterol
quantification according to manufacturer instructions, and fluorescence was measured using
a Fluoroskan plate reader (Thermo Fischer Scientific Inc.). Fractions were diluted with the
provided reaction buffer to reach cholesterol concentrations within the linear range of the
assay.

Mass spectrometry

Detergent-resistant membrane fractions from three independent biological samples were
submitted to MS Bioworks for protein mass spectrometry analysis. Following sucrose-
gradient separation, fractions 5-7 for a given sample were pooled and dissolved in MBS
with protease inhibitor cocktail (Thermo Fisher, PI-78410) for a final volume of 2.3 mL.
The diluted samples were centrifuged for 1 hour at 54,000 rpm (~200,000g) at 4°C. The
pellet was resolubilized in 100 pL of 2x Laemmli Sample Buffer (Bio-Rad, 161-0737)
diluted 1:1 in MBS without 2-mercaptoethanol. Protein concentrations were measured and
20 g of protein from each sample was separated ~1.5 cm on a 10% Bis-Tris Novex mini-
gel (Invitrogen) using the MES buffer system. The gel was stained with Coomassie blue and
each lane was excised into ten equally sized segments. Gel pieces were processed using a
robot (ProGest, DigiLab), which washed with 20 mM ammonium bicarbonate followed by
acetonitrile, then reduced with 10 mM dithiothreitol at 60°C, followed by alkylation with 50
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mM iodoacetamide at room temperature, digested with trypsin (Promega) at 37°C for 4
hours, and quenched with formic acid. The supernatant was analyzed directly without
further processing. Each fraction was analyzed by nano LC/MS/MS with a Waters
NanoAcquity HPLC system interfaced to a ThermoFisher LTQ Orbitrap Velos Pro. Peptides
were loaded on a trapping column and eluted over a 75 um analytical column at 300 nL/min;
both columns were packed with Jupiter Proteo resin (Phenomenex). The mass spectrometer
was operated in data-dependent mode, with MS performed in the Orbitrap at 60,000 FWHM
resolution and MS/MS performed in the LTQ. The fifteen most abundant ions were selected
for MS/MS. Spectral data were searched using Mascot (Matrix Science) with the following
parameters: Enzyme, Trypsin; Database, Uniprot Chicen (concatenated forward and reverse
plus common contaminants); Fixed modification, Carbamidomethyl (C); Variable
modifications, Oxidation (M), Acetyl (N-term), Pyro-Glu (N-term Q), Deamidation (N,Q);
Mass values, Monoisotopic; Peptide mass tolerance, 10 ppm; Fragment mass tolerance, 0.8
Da; Max missed cleavages, 2.

Mascot DAT files were parsed into Scaffold4 (Proteome Software) for validation, filtering,
and to create a non-redundant list per sample. Data were filtered using a minimum protein
value of 99.0%, a minimum peptide value of 50.0% (Prophet scores), and a minimum of two
unique peptides per protein. Protein and peptide false discovery rates were both set to 1%.
The spectral abundance factor for each protein was calculated by dividing the number of
spectral counts of assigned peptides by the protein molecular weight in kDa. The spectral
abundance factor for each protein was divided by the sum of all of the spectral abundance
factors in each biological sample, disregarding contaminants and decoy proteins, resulting in
the normalized spectral abundance factor (NSAF) [30, 31]. The NSAF for each protein was
averaged over all three biological samples.

Gene ontology and Prediction tools

Gene ontology (GO) analysis was conducted using blast2GO [32-35] and the ClueGO
extension [36] for Cytoscape 3.0.1 [37]. Protein FASTA sequences for each UniProt entry
were entered into blast2GO and all default settings for blast2GO were used, except when
creating the combined graph for biological process GO terms in which a minimum of 3
sequences was required to create a node. All annotation tools in blast2GO were used, except
GO-slim. Gene symbols inferred from homology were submitted into ClueGO and all
default ClueGO settings were used, except for the following: GO terms were limited to one
level at a time, and the minimum number of sequences per node was set to 1. GO term
enrichment tests were conducted according to hypergeometric tests and corrected using
Bonferroni step down analysis [36, 38].

Transmembrane helix prediction was conducted using the online TMHMM 2.0 prediction
server(http://www.cbs.dtu.dk/servicess TMHMM)/) [1, 39] and palmitoylation was assessed
using CSS-Palm 3.0 [40, 41]. Glypiation was predicted using the online predGPI prediction
server (http://gpcr.biocomp.unibo.it/predgpi/) [2], and myristoylation was predicted using
the online Expasy Myristoylator prediction server (http://web.expasy.org/myristoylator/)
[42].
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RESULTS

Dissociated hair cells were stained by fluorescently-conjugated cholera toxin p-subunit
(CTX), a marker for GM1 gangliosides and lipid rafts. Live-cell preparations exhibited
punctate CTX spots at subnuclear and supranuclear ends of the hair cell (Figure 1A).
Exemplar cells classified as “short”, “intermediate”, and “tall” based on length/width ratios
were similarly labeled. These morphologies reflect distinct functional roles in the chick
cochlea [43]. The results, therefore, indicate that CTX shows no preference for hair cell
subtype. More recently, CTX has been applied to fixed preparations in order to limit the
possibility of CTX-induced endocytosis and translocation of GM1-rich membrane domains
[44, 45]. Labeling in fixed hair cells resulted in more numerous, smaller, and more distinct
puncta located primarily in subnuclear regions of the cell (Figure 1B). Approximately 60%
of isolated, fixed hair cells demonstrated quantifiable punctate spots. On average, labeled
hair cells exhibited 3—-4 puncta (Figure 2). The remaining cells included those that were
unlabeled, those masked by debris, and those with indistinct puncta (i.e. too small or without
clear boundaries).

While GML1 is often found co-localized with the cholesterol-binding caveolin, there is
evidence in chick brain that GM1 and caveolin are members of separate populations of
DRM [46]. To probe caveolin expression, total RNA was collected from whole cochlea,
auditory nerve, skeletal muscle, cerebellum, and smooth muscle and probed for the
expression of caveolin 1-3 (Figure 3A). All three members of the caveolin gene family were
detected in whole cochlea and auditory nerve. The presence of caveolin 3 in the cochlea was
somewhat surprising since this product is primarily associated with muscle and glia. To
probe further, gPCR was used to examine caveolin expression in the microdissected, hair
cell-enriched sensory epithelium and compared to other tissues (Figure 3B-D). The auditory
sensory epithelium and lung were significantly enriched in caveolin 1 compared to brain
(P<0.05, one-way ANOVA), whereas caveolin 2 expression was more uniform between
tissues. Skeletal muscle and heart were significantly enriched in caveolin 3 (P<0.05, one-
way ANOVA), while the other tissues had relatively similar levels compared to brain.

To localize the expression of caveolin in the inner ear, sections of chicken cochlea and
dissociated hair cells were probed for the presence of caveolin 1 (Figure 4) and caveolin 3
(Figure 5); antibodies to caveolin 2 revealed no specific staining above background (data not
shown). Radial frozen sections of the basilar papilla stained with anti-caveolin 1, showing
bright label in hair cells throughout the neural (left) to abneural (right) cross-section (i.e. no
preference for short or tall hair cells) (Figure 4A-B). Primary auditory neurons and their
peripheral projections were strongly labeled by anti-caveolin 1 (Figure 4C). Similar to
results with CTX, approximately 50% of isolated hair cells revealed several punctate
caveolin-1-positive spots (Figure 4D). Anti-caveolin 3 labeled throughout the sensory
epithelium making it difficult to distinguish between specific label in hair cells, supporting
cells, and neuronal cell types (data not shown). The strongest caveolin 3 staining was found
in regions surrounding the soma of primary auditory neurons (Figure 5A). To confirm that
this label was associated with small diameter glial cells associated with these neurons,
teased nerve preparations were stained for caveolin 3 and neurofilament. In some cases,
large diameter neurofilament-positive neurons were found with tightly bound, small-
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diameter, neurofilament-negative/caveolin-3-positive cells indicative of caveolin 3
expression in glial cells (Figure 5B). Approximately 30% of isolated hair cells showed
evidence of punctate caveolin-3-positive spots at the basolateral pole of the cell (Figure 5C).

To begin unraveling the composition of caveolin-based and GM1-rich microdomains, whole
cochlear lysates were treated with cold TX-100 and subjected to sucrose-gradient
fractionation. Using 1% TX-100, the composition of proteins in DRM fractions differed
from those in detergent-sensitive and pellet fractions (Figure 6). While this concentration of
TX-100 is a useful starting point separating DRM and non-DRM, some optimization was
required to (1) fully solubilize non-DRM while leaving DRMs intact, (2) identify those
fractions that contain both caveolin and GM1, and (3) confirm the enrichment of cholesterol
in those DRM/caveolin/GM1 fractions. High detergent concentrations (1% [Figure 7] and
2% TX-100 [not shown]) resulted in a broad distribution of caveolin and GM1 across low
and high numbered fractions, overlapping with the non-DRM marker transferrin receptor.
Similarly, at 0.25% TX-100, caveolin monomers and putative dimers were distributed across
most fractions, overlapping with transferrin receptor. The separation was optimized with
0.5% TX-100 with faint overlap of caveolin/GM1 and transferrin receptor in fraction 8.
Under these conditions, caveolin and GM1 were concentrated particularly in fractions 5, 6,
and 7.

Likewise, bulk protein partitioning in DRM fractions was best separated from soluble
fractions with 0.5% TX-100. The distribution of protein in fractions 4-11 was reliably
dependent on TX-100 concentration (Figure 8) (P<0.05, two-way ANOVA). For 0.25%
TX-100, total protein was undetectable in the lowest density fractions (1-4), peaking in
fraction 8 and reducing only slightly before rising again in fractions 11-12. In higher
concentrations of TX-100, protein was first detectable in fractions 3 and 4. Treatment with
1% TX-100 resulted in a gradually increasing distribution of protein from low- to-high-
density fractions; there was no apparent bimodal separation of protein in DRM and non-
DRM fractions. The 0.5% TX-100 condition, however, showed a distinct peak of protein
concentration in fraction 6, consistent with the separation of caveolin and transferrin
receptor seen in immunoblots. Likewise, cholesterol was concentrated in fractions 5-7 under
these conditions, peaking in fraction 6, whereas higher numbered, detergent-soluble
fractions were depleted of cholesterol (Figure 9). Together, these data depict an optimized
separation between DRM and non-DRM pools using 0.5% TX-100.

LC-MS/MS of pooled DRM fractions 5, 6, and 7 identified 967 proteins out of three
separate biological samples, with 14 contaminants and 9 decoy proteins using the criteria
described (Supplementary Table 1). A total of 606 proteins were common to all three
separate biological samples and were used for all further analyses. Using gene ontology
(GO) analysis, twenty-six (4%) of these DRM proteins were well-characterized raft-related
proteins, including caveolin-1, thy-1, and flotillin-2 (Table 1). Only 264 (44%) of the
identified proteins had predicted transmembrane helices based on protein sequence
(Supplementary Table 1). Protein sequences were examined for post-translational
modifications that can target peripheral membrane proteins to DRM (glypiation,
palmitoylation, and myristoylation) [12, 47] using prediction algorithms. The presence of
sites specific to each of these three post-translational modifications and association with
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protein complexes is indicated in Supplementary Table 1 and summarized in Table 2. In
total, 20 proteins were predicted to be myristoylated, and 26 were predicted to be glypiated
with no overlap. In contrast, 462 proteins (76%) had predicted palmitoylation sites.
Additionally, using GO analysis, 247 proteins (41%) were identified as well-characterized
constituents of protein complexes, which could facilitate membrane association by
incorporating integral membrane components into the complex. Importantly, there is
significant overlap between proteins with predicted palmitoylation sites and all other
categories. Only 41 proteins (7%) were not predicted to be associated with the membrane by
any of these methods.

The 20 DRM proteins with highest NSAF are described in Table 3. Peptide spectra matched
to these proteins accounted for 23.7% of the NSAF. The majority of these proteins are
involved in mitochondrial metabolic processes including proteins from the respiratory chain,
namely ATP synthase and cytochrome C oxidase components, and proteins involved in
transporting organic molecules across the mitochondrial outer membrane. Well-known
constituents of lipid microdomains in the plasma membrane and intracellular organelles,
such as prohibitins, annexins and myelin protein zero were also abundant. GO analysis of all
606 DRM proteins by biological process revealed top level 2 categories (>5% of NSAF) of
cellular processes, metabolic processes, localization and organization, biological regulation
and response to stimulus, multicellular processes and signaling (Figure 10A). Top level 2
categories of cellular component (>1% of NSAF) GO analysis were cell, membrane, protein
complexes, and organelles, specifically membrane-bounded organelles (Figure 10B).

While the GO categories of DRM proteins illustrate the locations and processes in which
cholesterol-enriched membrane microdomains may play a role, by focusing on the total
spectral abundance of proteins associated with a specific GO category, this approach gives
more importance to GO categories that have more database entries. Additionally, this
method limits the utility of more specific, higher resolution GO categorization by providing
an unmanageably large number of distinct, but related GO terms. Figure 11 depicts
significantly enriched (P<0.01), level 3 GO categories by comparing the number of genes
that are associated with each GO category with the total number of genes associated with
that category in the GO database. Using biological processes GO terms, most of the top
categories in Figure 10A are still represented, but now, other important GO categories are
included such as those related to various transport processes and subcellular localization
(Figure 11A). This approach to GO analysis highlights many smaller and more specific
cellular component GO categories (Figure 11B), including those associated with cell-cell
junctions and protein anchoring at the plasma membrane. The membrane raft component
was also significantly enriched (P<0.05) (not shown).

By far, processes associated with metabolism and bioenergetics involved the majority of
identified DRM proteins (63.9%), which carries particular importance given the cochlea’s
acute sensitivity to mitochondrial dysfunction. However, the analyses in Figure 11 highlight
additional processes/components that play influential roles in the cochlea, including those
involved in ion homeostasis, exocytosis and vesicular transport, and cell-cell interactions
befitting an epithelial tissue separated by unique ionic environments. To further explore the
DRM components involved in these processes, we examined those proteins lying at the key
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intersections of vesicular transport through which the trafficking of proteins and synaptic
signaling in hair cells occurs (Supplementary Table 3), ion transport through which
biological regulation, signaling and homeostasis occur (Supplementary Table 4), and cell
junctions where signaling and protein localization are crucial (Supplementary Table 5). Over
100 proteins were associated with the GO terms “vesicle” and/or “vesicle-mediated
transport” (Supplementary Table 3). Thirty-one were associated with the Golgi or
endoplasmic reticulum membrane, where proteins may be embedded in nascent lipid
microdomains. Interestingly, 19 of these vesicle-associated proteins were associated with the
synapse, and 42 were associated with exocytosis/endocytosis, essential processes in normal
cochlear physiology. Supplementary Table 4 depicts a complex set of sodium, potassium,
calcium, chloride and magnesium transporters and channels. Over 100 proteins were
associated with ion transport or ion flux, suggesting that DRM microdomains may be
essential components of ion homeostasis and energy metabolism in the ear. Finally, the GO
terms “cell junction” and “cell junction organization” were combined to examine DRM
proteins that may be involved in the conservation of the endocochlear potential and
potassium recycling in the inner ear [48] (Supplementary Table 5). Key cell junction
proteins, including connexins, catenins, plakophilins, spectrins, and claudin-1, were present
in inner ear DRM along with a number of cell adhesion related surface proteins, such as
CD9 and thy-1. These results suggest that cholesterol-rich domains significantly contribute
to the tight-junction and gap-junction networks involved in potassium recycling within the
ear.

Among the proteins found in DRM microdomains, eight were associated with non-
syndromic deafness and three with syndromic deafness (Table 4). These proteins are
primarily involved in ion transport and homeostasis, cell-cell junctions, vesicular transport,
and extracellular structures, broadly reflecting the range of enriched components/processes
identified by the GO analysis.

DISCUSSION

Mounting evidence supports a role for cholesterol in the segregation of membrane domains
in the cochlea and in modulating cochlear physiology [18, 20, 23, 25, 26]. Until now, such
studies have only hinted at the involvement of raft-like, lipid-ordered microdomains that, in
other systems, limit lateral diffusion of membrane-associated proteins and aid in the
compartmentalization of cell signaling. Our study represents the first comprehensive
analysis of the localization and composition of cholesterol-enriched membrane
microdomains in a peripheral auditory organ. The raft markers caveolin and GM1 were
found in both sensory and non-sensory cells in the inner ear, and a screen of cochlear DRM
fractions revealed hundreds of proteins that co-segregated with cholesterol and GM1.
Bioinformatics analysis of these microdomains identified proteins involved in metabolic,
trafficking, and signaling processes that are essential to normal cochlear function.

Caveolin is a scaffolding protein that identifies a subclass of lipid raft, structurally
supporting either planar domains or invaginating caveolae. Caveolin expression was
relatively high in the cochlea and auditory ganglion, compared to other central and
peripheral tissues. Immunohistochemistry detected Cav1 and Cav3 in sensory cells, Cavl in
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auditory neurons, and Cav3 in glia. Caveolin-2 antibodies failed to reveal specific staining
patterns, but this may be attributed to limited cross-reactivity with chick isoforms. Based on
the expression of Cav2 mRNA in cochlea and similarities in the tissue distribution of Cavl
and Cav2 in other systems [49] it is quite possible that Cav2 also plays a role in inner ear
wherever Cavl is found. Caveolins are widely distributed in adipocytes, epithelial, and
endothelial cells, as well as sensory, neural, and muscle cells [50-53]. Caveolin interacting
proteins include Src family tyrosine kinases, nitric oxide synthase, receptor tyrosine kinases,
phospholipase C, protein kinase C, Ras proteins, and G protein subunits [51]. Many of these
proteins play important roles in cochlear signaling, development of hearing, and cochlear
response to injury.

Caveolin and GM1-rich microdomains were identified in isolated hair cells as discrete
puncta located along the basolateral membrane. Unfortunately, the size and subcellular
localization of raft domains can be confounded by coalescence and redistribution during
labeling. For example, when applied to live cells, CTX can induce the internalization of
GM1-rich vesicles, whereas application of CTX to lightly fixed, cold preparations can limit
redistribution of GM1 [45]. These observations may explain the appearance of large and
more broadly distributed CTX-domains in live compared to fixed hair cells. Taken together,
our data would suggest that GM1-rich domains are present at the synaptic pole of the cell,
consistent with caveolin-1 and caveolin-3 staining patterns. However, it remains unclear
whether these markers labeled the same structures [46, 54]. Nevertheless, it is tempting to
associate these basolateral microdomains with synaptic active zones, calcium hotspots, and
BK-channel puncta that all exist along the basal hair cell membrane and are similar to CTX-
positive spots in both size and number [55-57]. This inference is supported by evidence that
BK-channel subunits are incorporated into DRM and that both BK activity and calcium
channel function are modulated by the DRM-disruption agent methyl-beta-cyclodextrin
[18]. Further study is required to define the roles of GM1 and caveolin in hair cells and to
test whether these domains organize channel clusters and synaptic machinery.

As a first step toward identifying the protein composition of lipid rafts in the cochlea, we
optimized the separation of DRM from non-DRM fractions by titrating the concentration of
TX-100. Although 1.0% TX-100 has been considered a gold-standard for defining DRM,
protein recovery in DRM fractions is exquisitely sensitive to detergent:protein ratio [58, 59].
In chick cochlea under these homogenization conditions, a lower concentration of 0.5%
TX-100 yielded optimal separation, reducing loss of DRM proteins from over- or under-
solubilization. When subjected to mass spectrometry, over 960 proteins were identified in
three separate cochlear DRM preparations. About 600 of these proteins were common to
each biological repeat with the remainder largely representing low abundant proteins at the
detection limits of our approach. We identified a relatively large set of DRM proteins
compared to similar studies, which reported 70 DRM proteins in Jurkat T cells [60], 380 in
kidney epithelial cells [61], and 216 from neonatal mouse brain [62]. The detection of Cav1l
in our screen provides internal validation that DRM fractions contained sufficient quantities
of DRM markers identified by gPCR, immunohistochemistry, and immunoblot. However,
Cav3 was absent from the LC-MS/MS results as was the BK-channel a subunit previously
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reported in chick cochlear DRM [18]. These omissions suggest a detection limit in the
proteomic analysis and the missed identification of some verifiable DRM proteins.

Our informatics predictions estimated that only about 40% of identified DRM proteins have
transmembrane helices. However, post-translational modifications including palmitoylation,
myristoylation, and glypiation anchor proteins to raft-like domains [12, 47]. Predictive
algorithms suggested that these modifications could account for the targeting of the majority
of non-integral membrane proteins to DRM fractions. Additionally, DRM are rich in protein
complexes, which may also anchor non-integral membrane proteins to membrane
microdomains. With this under consideration, only 7% of identified proteins were neither
predicted to have transmembrane domains nor any of these post-translational modifications
and were not well-characterized members of protein complexes. Interestingly, proteins in
this minority group include prohibitin and apolipoproteins, which are purported lipid-raft
constituents [63, 64], suggesting that the prediction and GO analyses may underestimate the
number of proteins that may in fact be membrane, and specifically DRM, associated. It is
especially interesting to note that these post-translational modifications are highly regulated
and modulated processes, enabling the cell to exert another level of control over DRM
incorporation. Palmitoylation is highly dynamic. Over its lifetime, a protein can be
palmitoylated and depalmitoylated several times allowing for dynamic incorporation and
exclusion from microdomains [47]. For example palmitoylation of inactive H-Ras targets
the protein from Golgi to the plasma membrane, and depalmitoylation results in H-Ras
internalization [4]. H-Ras is involved in gentamicin-related ototoxicity [65], and its presence
in cochlear DRM could provide novel links between fatty-acid modifications, signaling
compartmentalization, and hearing loss due to aminoglycosides. Similarly, myristoylation
and glypiation can participate in domain targeting [12] and can operate in a regulated
manner [66, 67]. Taken together, the prevalence of cochlear DRM proteins with putative
fatty acid modifications highlights the possibility that lipid-organized platforms in the ear
are highly dynamic in nature and contribute to a large array of regulatory processes.

The impact of cytoskeletal and organelle-associated proteins in DRM fractions is poorly
understood. Indeed, their identification as raft constituents remains controversial. However,
cytoskeletal proteins are known to interact with many well-known raft proteins, and such
interactions may be vital for the stabilization and function of the microdomain [12, 68]. As
an example, proteins involved in vesicle transport and actin-myosin motility were enriched
in our DRM fractions. As a molecular motor, myosin is an essential component of
membrane recycling, transport, and remodeling [69]. Some myosins have been implicated in
the organization of cholesterol-rich membranes [70]. In hair cells specifically, myosin 1c,
the hair cell’s adaptation motor, exhibits non-ionic detergent resistance [71, 72]. The
presence of myosin 1c in our cholesterol-rich DRM supports the hypothesis that elements of
the transduction apparatus rely on lipid-mediated compartmentalization [20, 73].

The enrichment of endoplasmic reticulum, Golgi, and mitochondrial proteins in DRM is
even less well understood as these membranes contain little cholesterol [12]. In many cases,
these proteins may be recruited to the cell surface [74-77]. On the other hand, several lines
of evidence suggest that intracellular organelles contain raft-like domains. Raft-dependent
endocytosis [78, 79] and Golgi membrane cycling [80] indicates that lipid microdomains are
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involved in protein sorting and vesicular trafficking between organelles and with the cell
surface. Similarly, raft-associated lipids including glycosphingolipids and
polysialogangliosides are present in mitochondria [12, 81] and raft-associated proteins like
prohibitin and erlin have been identified in mitochondrial membrane and ER membrane,
respectively [63]. These findings support the possibility that intracellular organelles contain
raft-like microdomains that differ in composition from plasma membrane microdomains and
require less cholesterol [63].

Two major themes emerge from the bioinformatics analysis, namely DRM involvement in
metabolism and ion homeostasis. The large number of proteins associated with bioenergetics
and metabolism included several respiratory chain and mitochondrial transport proteins, and
the product of the non-syndromic deafness gene Cisd2. Oxidative stress, mediated by
Rac/Rho pathways and dysfunctional energetics, is commonly associated with antibiotic-
related ototoxicity, noise trauma, and age-related hearing loss [82—84]. The prevalence of
metabolism-related proteins in inner ear DRM, as well as both Racl and RhoA, suggests a
possible link between DRM organization and oxidative stress.

In addition to bioenergetics, proteins involved in ion homeostasis were major components of
the cochlear DRM. The cochlea is comprised of three fluid filled chambers and differences
in the ionic composition of these fluids as well as an associated electrical potential between
the fluids is a critical feature of normal cochlear function. A hallmark of ion homeostasis in
the ear is the recycling of potassium through these fluid compartments. Cochlear DRM
included the major ion channel responsible for potassium secretion into endolymph
(KCNQ?1) [85], gap junction proteins essential for the flux of potassium through cellular
compartments (GJAL and GJB6) [86, 87], the co-transporter largely responsible for
establishing the endocochlear potential (SLC12A2) [88], and tight-junction proteins that
facilitate separation of the endolymphatic-perilymphatic compartments.

Our results provide new insights into the possible impact of cholesterol-rich microdomains
in the ear and provide new hypotheses for uncovering the unique sensitivity of the ear to
cholesterol-chelating cyclodextrins. In cats and mice, systemic application of 2-
hydroxypropyl-beta-cyclodextrin causes substantial outer hair cell death and hearing loss
with no obvious pathology in other systems [27, 89]. The unique sensitivity of the ear to
cyclodextrins is perplexing given the ubiquitous distribution of cholesterol in cells
throughout the body. However, the ear is particularly sensitive to oxidative stress and ion
imbalance, two processes heavily linked to DRM composition. These data add to prior
reports of cyclodextrin effects on cochlear mechanics [22, 23, 25] and the electrical activity
of hair cells, specifically calcium influx and potassium efflux [18]. The ability of
cyclodextrins to function as a cholesterol shuttle has been utilized as a treatment for
Neiman-Pick C disease, a usually fatal disorder, where NPC1 or NPC2 deficiency prevents
cholesterol efflux to the plasma membrane [90]. Hearing loss is part of the clinical diagnosis
and spectrum of this disease and is associated with other genetic cholesterol synthesis
disorders [91-94]. The profound sensitivity of the auditory organ to cyclodextrins implores
further study into the source of cholesterol synthesis in the inner ear and the relationship
between cholesterol homeostasis and hearing loss.
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The presence of over 600 proteins in inner ear cholesterol-enriched membrane
microdomains along with the prevalence of microdomains in a variety of inner ear cell types
indicates the importance lipid-mediated compartmentalization in this organ. Increasing

ev
au

idence of lipid and cholesterol segregation in the hair cell and the unique sensitivity of the
ditory organ to changes in cholesterol localization motivates further study into the

mechanism of cholesterol synthesis and regulation in this system.
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SIGNIFICANCE

Although mechanisms underlying cholesterol synthesis, homeostasis, and
compartmentalization in the ear are poorly understood, there are several lines of evidence
indicating that cholesterol is a key modulator of cochlear function. Depletion of
cholesterol in mature sensory cells alters calcium signaling, changes excitability during
development, and affects the biomechanical processes in outer hair cells that are
responsible for hearing acuity. More recently, we have established that the cholesterol-
modulator beta-cyclodextrin is capable of inducing significant and permanent hearing
loss when delivered subcutaneously at high doses. We hypothesize that proteins involved
in cochlear homeostasis and otopathology are partitioned into cholesterol-rich domains.
The results of a large-scale proteomics analysis point to metabolic processes, scaffolding/
trafficking, and ion homeostasis as particularly associated with cholesterol
microdomains. These data offer insight into the proteins and protein families that may
underlie cholesterol-mediated effects in sensory cell excitability and cyclodextrin
ototoxicity.
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Figure 1. CTX labeling of isolated hair cells reveals punctate GM1-rich microdomains
Unfixed (A) and pre-fixed (B), dissociated hair cells from throughout the abneural and

neural regions of the cochlea exhibited bright, punctate spots following CTX application.
Unlabeled preparations and those treated with unconjugated CTX were devoid of punctate
staining (not shown). Live cells displayed punctate spots between 0.3 and 1 um in diameter
(arrow) as well as large, diffuse domains along the basolateral surface (arrowhead). Punctate
spots were exclusively found on pre-fixed, CTX-labeled cells. Hair bundles are outlined
with thin lines to show cell orientation. Scale bar = 10 pm.
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Figure 2. Histogram of CTX puncta shows an average of 3—-4 puncta per hair cell
Pre-fixed, isolated hair cells displaying one or more CTX-puncta were analyzed, revealing a

mean of 3.8 £ 0.3 (standard error of the mean) puncta per cell. N = 40.
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Figure 3. All three members of the caveolin gene family are expressed in the chick cochlear

sensory epithelium and auditory nerve

(A) RT-PCR of whole cochlea, auditory nerve, and select control tissues reveal bands

corresponding to Cavl, Cav2, and Cav3. Quantitative PCR

shows the differential expression

of (B) Cavl, (C) Cav2, and (D) Cav3 in sensory epithelium(SE), auditory nerve(AN),

skeletal (SkM) and smooth (SmM) muscle, heart (H), and |
cerebellum (Br). *, P<0.05, One-way ANOVA with post-h
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Figure 4. Anti-caveolin 1 labels hair cells and auditory neurons in chick cochlea
(A) A radial section from the distal (low-frequency) portion of the chick basilar papilla is

shown to illustrate the position of hair cells (HC) and supporting cells (SC) of the sensory
epithelium, neighboring homogene cells (HG), and the tectorial membrane (TM). (B) Anti-
caveolin 1 brightly labeled the basolateral portion of the hair cells. As is often the case, the
tectorial membrane was non-specifically reactive with the secondary antibody. Supporting
cells were not immunoreactive. (C) Primary auditory neurons were specifically labeled by
anti-caveolin 1. (D1-4) Isolated hair cells were diffusely labeled by anti-caveolin 1, with
approximately 50% of the cells also displaying punctate basolateral spots (among 20 imaged
hair cells). Hair bundles (all pointing upward) were not immunoreactive. Scale bars, A-C =
10 um, D = 20 pm.
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Figure 5. Anti-caveolin 3 labels hair cells and non-neuronal cells in the auditory ganglion
A cryosection of the auditory ganglion is shown stained for caveolin 3 (Al) and

neurofilament (A2), revealing caveolin staining in glia surrounding the neuron cell bodies.
Teased nerve preparations of isolated neuron/glia complexes (B1) were stained with anti-
caveolin 3 (red), neurofilament (green), and Hoechst (blue) and imaged with a triple-band
filter (B2). Neurofilament-negative cells labeled strongly with anti-caveolin 3. Isolated hair
cells were labeled throughout by anti-caveolin 3, except the cuticular plate at the base of the
hair bundle (C1-2). Approximately 30% of the cells displayed punctate spots at the base of
the cell (C2, among 20 imaged hair cells). Scale bars, A-B =20 uM, C = 10 uM.
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Figure 6. SDS-PAGE of cochlear fractions reveals heterogeneous protein distributions among
DRM, non-DRM, and soluble protein pools

Whole cochlea lysates treated with 1% TX-100 were separated by SDS-PAGE and stained
using Coomassie Blue to reveal the diversity and abundance of proteins in pooled DRM
fractions (4-6), pooled detergent sensitive fractions (9-11), and the pellet of soluble
proteins.
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Figure 7. The separation of DRM and non-DRM membrane fractions is dependent on TX-100

concentration

Western blots and dot blots of fractionated whole cochlear lysates are shown following
treatment with 1%, 0.5%, or 0.25% TX-100. Western blots were probed with pan-caveolin
(Cav) and transferrin receptor (TfR) antibodies to identify DRM and non-DRM fractions,
respectively. Dot blots were probed with HRP-conjugated CTX to identify GM1-enriched

fractions.
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Figure 8. Protein concentration among DRM and non-DRM fractions varies considerably with

concentration of TX-100

Protein concentration was quantified by BCA assay and averaged for fractions 1-11 of
0.25%, 0.5%, and 1% TX-100 treated whole cochlea lysates. N = 3 for each group. Errors
represent one standard deviation from the mean.
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Figure 9. Cholesterol is specifically associated with DRM fractions
Cholesterol concentration was determined using Amplex Red enzyme assays for fractions 1—

12 of 0.5% TX-100 treated whole cochlea lysates and averaged across 3 independent
samples. Error bars represent one standard deviation from the mean.
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Figure 10. GO associations are listed for identified DRM proteins
Annotated proteins were weighted by the normalized spectral abundance factor and analyzed

using blast2GO to identify major GO associations. (A) Level 2 biological process GO terms
are listed for terms with a total NSAF above 5%. (B) Level 3 cellular component GO terms
are listed for terms with a total NSAF above 1%.
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Figure 11. Significantly enriched GO categories are listed for identified DRM proteins
(A) Level 3 biological process GO terms and (B) Level 3 cellular component terms with

significant enrichment (P<0.01). Terms are scored according to the number of genes
identified in the DRM that are associated with a given term as a percent of the total number
of genes associated with that term.
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Table 1

Identified DRM proteins associated with the GO term “membrane raft

Gene Description Gene Name
ATPase, Na*/K* transporting, alpha 2 polypeptide ATP1A2
ATPase, Ca?* transporting, plasma membrane 1 ATP2B1
Caveolin 1 CAV1
Cadherin 13 CDH13
Dystrophin DMD
Flotillin 2 FLOT2
Connexin 43 GJAl

G-protein subunits/polypeptides

GNA11, GNAI2, GNAI3, GNAS

Glypican 1 GPC1

Inositol 1,4,5-triphosphate receptors ITPR1, ITPR3
K-Ras P21 protein KRAS

Late endosomal/ lysosomal adaptor and MAPK and MTOR Activator 3 | LAMTOR3
Lck/Yes-related novel protein tyrosine kinase LYN
Neimann-Pick C1 Protein NPC1

Protein Kinase C, alpha type PRKCA
Major Prion Protein PRNP
RAS-related Protein Rab-5A RAB5SA
HEPG2 Glucose transporter type 1, erythrocyte/brain SLC2A1
Syntaxins STX2, STX12
Thy-1 Membrane Glycoprotein/ Surface Antigen THY1
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Table 3

Identified DRM proteins with highest NSAF

Gene Name | Gene Description NSAF
VDAC2 Outer Mitochondrial Membrane Porin 2 (voltage dependent) 2.59%
COX6C Cytochrome C Oxidase, Subunit 6C 2.02%
MPZ Myelin Protein Zero 1.91%
SLC25A4 Mitrochondrial ADP/ATP Translocase 1 1.55%
ATP1A1 ATPase, Na*/K* transporting, alpha 1 polypeptide 1.52%
COX4l1 Cytochrome C Oxidase Subunit 4, Isoform 1 1.20%
ANXA2 Annexin A2 1.16%
ATP5A1 ATP Synthase, H* Transporting, F; Complex, Alpha Subunit1 | 1.12%
ATP5B ATP Synthase, H* Transporting, F; Complex, Beta Subunit 1.08%
CIsD1 CDGSH Iron Sulfur Domain 1 1.02%
ACTG1 Cytoplasmic/Cytoskeletal Actin, Gamma 1 0.99%
COX6A1 Cytochrome C Oxidase, Subunit 6A 0.95%
SLC25A6 Mitochondrial ADP/ATP Translocase 3 0.87%
VDAC1 Outer Mitochondrial Membrane Porin 1 (voltage dependent) 0.86%
CKAP4 Cytoskeleton-associated protein 4 0.84%
SLC25A3 Mitochondrial Phosphate Carrier Protein 0.83%
PHB Prohibitin 0.82%
PHB2 Prohibitin 2 0.80%
ATP5H ATP Synthase, H* Transporting, Fy Complex, Subunit D 0.80%
ANXAG Annexin A6 0.79%
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Table 4
Identified DRM proteins associated with deafness

Gene Name | Gene Description Deafness
ACTG1 Cytoplasmic/Cytoskeletal Actin, Gamma 1 | Non-Syndromic
CISD2 CDGSH Iron Sulfur Domain 2 Non-Syndromic
CLCNKB Chloride Channel, Voltage-Sensitive Kb Syndromic
GJAL Connexin 43 Non-Syndromic
GJB6 Connexin 30 Non-Syndromic
KCNQ1 Voltage-gated Potassium Channel Syndromic
MYH9 Myosin, Heavy Chain 9, non-muscle Non-Syndromic
MYO6 Myosin 6 Non-Syndromic
OTOA Otoancorin Non-Syndromic
SLC12A2 Basolateral Na*-K*-CI~ Symporter Syndromic
TECTA Tectorin Alpha Non-Syndromic
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