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Abstract 28 

Sensory hair cells require control of physical properties of their apical plasma membranes for normal 29 
development and function. Members of the ARF small GTPase family regulate membrane trafficking 30 
and cytoskeletal assembly in many cells. We identified ELMOD1, a guanine nucleoside triphosphatase 31 
activating protein (GAP) for ARF6, as the most highly enriched ARF regulator in hair cells. To 32 
characterize ELMOD1 control of trafficking, we analyzed mice of both sexes from a strain lacking 33 
functional ELMOD1 (roundabout; rda). In rda/rda mice, cuticular plates of utricle hair cells initially 34 
formed normally, then degenerated after postnatal day 5 (P5); large numbers of vesicles invaded the 35 
compromised cuticular plate. Hair bundles initially developed normally, but the cell’s apical membrane 36 
lifted away from the cuticular plate, and stereocilia elongated and fused. Membrane trafficking in type I 37 
hair cells, measured by FM1-43 dye labeling, was altered in rda/rda mice. Consistent with the proposed 38 
GAP role for ELMOD1, the ARF6 GTP/GDP ratio was significantly elevated in rda/rda utricles as 39 
compared to controls, and the level of ARF6-GTP was correlated with the severity of the rda/rda 40 
phenotype. These results suggest that conversion of ARF6 to its GDP-bound form is necessary for final 41 
stabilization of the hair bundle.  42 

Significance Statement 43 

Assembly of the mechanically sensitive hair bundle of sensory hair cells requires growth and 44 
reorganization of apical actin and membrane structures. Hair bundles and apical membranes in mice 45 
with mutations in the Elmod1 gene degenerate after formation, suggesting that the ELMOD1 protein 46 
stabilizes these structures. We show that ELMOD1 is a GTPase-activating protein in hair cells for the 47 
small GTP-binding protein ARF6, known to participate in actin assembly and membrane trafficking. We 48 
propose that conversion of ARF6 into the GDP-bound form in the apical domain of hair cells is essential 49 
for stabilizing apical actin structures like the hair bundle and ensuring that the apical membrane forms 50 
appropriately around the stereocilia. 51 

Introduction 52 

A hair cell in the inner ear transduces auditory and vestibular stimuli with its hair bundle, a mechanically 53 
sensitive cluster of actin-rich stereocilia that emanate from the cell’s apex (Gillespie and Müller, 2009). 54 
Apical membranes play a unique, fundamental role in inner-ear function and, accordingly, apical and 55 
basolateral membranes of hair cells differ in their phospholipid and membrane-protein content (Zhao et 56 
al., 2012). Hair cells have been reported to recycle their apical membranes at a rate of >1 μm2/s, 57 
leading to a complete turnover of the apical membrane in less than 1 min (Griesinger et al., 2002; 58 
Griesinger et al., 2004). Moreover, membrane tension likely regulates stereocilia length (Prost et al., 59 
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2007; Manor and Kachar, 2008) and mechanotransduction (Powers et al., 2012; Powers et al., 2014; 60 
Peng et al., 2016). Control of the balance between exo- and endocytosis is critical, as a slight mismatch 61 
can lead to morphological abnormalities like membrane blebbing (Shi et al., 2005). 62 

The ADP-ribosylation factor (ARF) family of small GTPases, which includes the classic ARFs and the 63 
ARF-like (ARL) proteins, regulates membrane trafficking in most cell types (D'Souza-Schorey and 64 
Chavrier, 2006). ARF6 in particular regulates endosomal membrane traffic and apical membrane 65 
structure, through both clathrin-mediated and clathrin-independent apical endocytosis (Doherty and 66 
McMahon, 2009). ARF6 also regulates cellular actin through its interactions with RHO family members 67 
like RAC1 and CDC42 (Franco et al., 1999; Radhakrishna et al., 1999; Hyman et al., 2006; Klein et al., 68 
2006; Osmani et al., 2010). Like other small GTPases, the ARFs are activated by guanine-nucleotide 69 
exchange factors (GEFs) and inhibited by GTPase-activating proteins (GAPs). The ELMO domain 70 
containing protein family (ELMODs) consists of six paralogs in mammals, two of which (ELMOD1 and 71 
ELMOD2) have been shown to be ARF-family GAPs (East et al., 2012; Ivanova et al., 2014). ELMOD1 72 
had its greatest GAP activity towards ARF6, while ELMOD2 was a GAP for ARL2 (Ivanova et al., 73 
2014). 74 

Mutations in ELMOD1 lead to deafness and vestibular dysfunction in mice (Johnson et al., 2012). The 75 
roundabout (rda) allele has a large deletion in the first half of the Elmod1 gene, which results in loss of 76 
ELMOD1 protein expression (Johnson et al., 2012). Beginning after postnatal day 7 (P7), mice 77 
homozygous for the rda mutation (rda/rda) develop morphological abnormalities in cochlear hair cells, 78 
including fusion and elongation of inner hair cell stereocilia and degradation of outer hair cell stereocilia 79 
(Johnson et al., 2012). Little is known of the consequences of the rda mutation on vestibular hair cells, 80 
however, although circling exhibited by the homozygous mutant mice suggests a lack of vestibular 81 
function. ELMOD1 is also expressed within the brain, and has been detected in cerebellar Purkinje cells 82 
and granule cells and pyramidal neurons within the hippocampus (Johnson et al., 2012). Interestingly, a 83 
mutation in Elmod3 was recently linked to deafness in humans as well (Jaworek et al., 2013), 84 
confirming the significance of this protein family for inner-ear function. 85 

To examine the role of ELMOD1 in mouse vestibular hair cells, we determined by immunoblotting that it 86 
is developmentally regulated, peaking near the end of vestibular hair cell development. Hair cells 87 
initially developed normally in rda/rda mice, but by P5, defects in the cuticular plate were observed, 88 
followed by stereocilia degeneration. Like with mouse mutations in Myo6, Ptprq, and Rdx, apical 89 
membranes lifted up and the stereocilia actin cores elongated and fused, leaving in the most extreme 90 
cases a single giant stereocilium. We used rda/rda mice to demonstrate the GAP activity of ELMOD1 91 
toward ARF6, suggesting that the consequences of the Elmod1 mutation were due to elevated ARF6-92 
GTP levels. We propose that ARF6 must be converted to the GDP form at apical surfaces to permit 93 
stabilization of the hair bundle’s actin and membrane structures. 94 
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Materials and Methods 95 

Nomenclature  96 
Per convention (http://www.informatics.jax.org/mgihome/nomen/gene.shtml), all protein names use the 97 
official gene symbol (http://www.genenames.org) with all caps and no italics. 98 

Mice 99 
Roundabout (rda) mice on a C57BL/6J background were obtained from The Jackson Laboratory. To 100 
obtain mice heterozygous and homozygous for the rda mutation, +/rda females were crossed to rda/rda 101 
males. These crosses allowed us to generate equal numbers of knockout mice and heterozygote 102 
controls, which was especially important for proteomics experiments. C57BL/6 mice were used as wild-103 
type controls (referred to as B6). 104 

Experimental design and statistical analyses 105 
Because +/rda mice have normal auditory and vestibular function (Johnson et al., 2012), only 106 
comparisons of +/rda to rda/rda—which have the same genetic background—were functionally 107 
relevant. Because of the different genetic backgrounds, B6 comparisons to +/rda and rda/rda are of 108 
less relevance for determining mechanisms. The Student’s t-test was used for all pairwise comparisons 109 
(two-sided, two-sample, equal variance). Data distribution was assumed to be normal but this was not 110 
formally tested. 111 

Mass spectrometry of TMT-labeled utricle extracts  112 
Utricles were dissected from +/rda and rda/rda mice at P12. Four biological replicates were prepared 113 
for each genotype with 4-6 utricles per replicate. Lysates were prepared using the eFASP method 114 
(Erde et al., 2014). Briefly, lysis buffer (4% SDS, 0.2% deoxycholic acid) at 15 μl per utricle was added 115 
to each tube and samples were vortexed, heated to 90°C for 10 min, and bath sonicated for 5 min. 116 
Protein concentration of each lysate was measured using the Micro BCA Protein Assay Kit 117 
(ThermoFisher). Lysates were divided into 2 μg aliquots. Samples were then digested as described 118 
(Erde et al., 2014), with triethylammonium bicarbonate (TEAB) replacing the ammonium bicarbonate in 119 
all solutions.  120 

Peptides were each reconstituted in 25 μl of 100 mM triethylammonium bicarbonate (TEAB) and 121 
labeled with 10-plex Tandem Mass Tag (TMT) reagents from Thermo Scientific. TMT reagents (0.8 g) 122 
were each dissolved in 52 μl anhydrous acetonitrile (ACN). Each sample, containing 2 μg of peptide in 123 
25 μl volume of TEAB buffer, was combined with 12 μl of its respective TMT reagent and incubated for 124 
1 h at room temperature. Two μl of each reaction mixture was then added, and the mixture was 125 
incubated at room temperature for 1 hr; 2 μl of 5% hydroxylamine was added, and the combined 126 
sample was incubated for a further 15 min. The mixture was dried down and dissolved in 5% formic 127 
acid. A 2 μg aliquot of labeled peptide was analyzed by a single 2 hr LC-MS/MS method using an 128 
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Orbitrap Fusion as described below; this run was performed to normalize the total reporter ion intensity 129 
of each multiplexed sample and check labeling efficiency. The remaining samples were quenched by 130 
addition of 2 μl of 5% hydroxylamine as above, combined in a 1:1:1:1:1:1:1:1:1:1 ratio based on total 131 
reporter ion intensities determined during the normalization run, and dried down in preparation for 2D-132 
LC-MS/MS analysis. 133 

Multiplexed TMT-labeled samples were reconstituted in 5% formic acid and separated by two-134 
dimensional reverse-phase liquid chromatography using a Dionex NCS-3500RS UltiMate RSLCnano 135 
UPLC system. A 20 μl sample (10.4 μg) was injected onto a NanoEase 5 μm XBridge BEH130 C18 136 
300 μm x 50 mm column (Waters) at 3 μl/min in a mobile phase containing 10 mM ammonium formate 137 
at pH 9. Peptides were eluted by sequential injection of 20 μl volumes of 14, 20, 24, 28, 35, and 90% 138 
acetonitrile in 10 mM ammonium formate (pH 9) at 3 μl/min flow rate. Eluted peptides were diluted with 139 
mobile phase containing 0.1% formic acid at 24 μl/min flow rate and delivered to an Acclaim PepMap 140 
100 μm x 2 cm NanoViper C18 (5 μm) trap on a switching valve. After 10 min of loading, the trap 141 
column was switched in-line to a PepMap RSLC C18, 2 μm, 75 μm x 25 cm EasySpray column 142 
(Thermo Fisher). Peptides were then separated at low pH in the 2nd dimension using a 7.5–30% 143 
acetonitrile gradient over 90 min in mobile phase containing 0.1% formic acid at 300 nl/min flow rate. 144 
Each 2nd dimension LC run required 2 hr for separation and re-equilibration, so each 2D LC-MS/MS 145 
method required 12 hr for completion. Tandem mass spectrometry data was collected using an Orbitrap 146 
Fusion Tribrid instrument configured with an EasySpray NanoSource (Thermo Fisher). Survey scans 147 
were performed in the Orbitrap mass analyzer (resolution = 120,000), and data-dependent MS2 scans 148 
were performed in the linear ion trap using collision-induced dissociation (normalized collision energy = 149 
35) following isolation with the instrument’s quadrupole. Reporter ion detection was performed in the 150 
Orbitrap mass analyzer (resolution = 60,000) using MS3 scans following synchronous precursor 151 
isolation of the top ten ions in the linear ion trap, and higher-energy collisional dissociation in the ion-152 
routing multipole (normalized collision energy = 65).  153 

Confident peptide identifications and reporter ion peak heights were obtained using Proteome 154 
Discoverer, (v1.4, Thermo Fisher). SEQUEST search parameters were: parent ion tolerance of 1.25 155 
Da, fragment ion tolerance of 1.0 Da, tryptic cleavage with no more than two missed cleavages, 156 
variable oxidation of Met, and static modifications for alkylation and TMT reagents. A custom protein 157 
database with complete coverage and minimal peptide redundancy was used. Protein database details 158 
and description of the quantitative analysis are provided in ProteomeXchange submission below; TMT 159 
data processing and statistical testing has been previously described (Plubell et al., 2017). 160 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via 161 
the PRIDE partner repository (Vizcaíno et al., 2016) with the dataset identifier PXD006164. 162 
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Immunoblotting  163 
Hair bundles and utricles were isolated from C57BL/6J, +/rda and rda/rda mice and then were 164 
subjected to SDS-PAGE and immunoblotting as described previously (Shin et al., 2013). Western blots 165 
were probed with a 1:1000 dilution of anti-ELMOD1 antibody (NBP1-85094, Novus Biologicals; 166 
RRID:AB_11005087), a 1:100 dilution of anti-ARF6 antibody (3A1, sc-7971, Santa Cruz Biotechnology; 167 
RRID:AB_2289810), or a 1:2000 dilution of anti-actin antibody (JLA20, Developmental Studies 168 
Hybridoma Bank; RRID:AB_528068).  169 

Measurement of ARF6-GTP binding  170 
To measure ARF-GTP levels, we used the ARF6 Pull-down Activation Assay Biochem Kit 171 
(Cytoskeleton, Inc. #BK033-S), following the manufacturer’s instructions with several modifications. 172 
Utricles were isolated from C57BL/6J, +/rda, and rda/rda mice at P11-P12, and otolithic membranes 173 
were removed using an eyelash. Four to eight organs were dissected at a time from each genotype and 174 
kept on ice during the dissection process. Utricles were transferred to a tube in a small amount of 175 
dissection solution; the tube was gently spun in a microcentrifuge and most of the solution was 176 
removed. Lysis buffer containing 1:100 Protease Inhibitor Cocktail (included in kit) was added to organs 177 
(10 μl lysis buffer per utricle). Utricles were probe-sonicated with 3 x 5 sec pulses at 25% amplitude 178 
while on ice, then flash frozen in liquid nitrogen and stored at -80°C. Frozen samples were gently 179 
thawed on ice, then spun at 4°C in a microcentrifuge at max speed for 2 min. A small aliquot (4-6 μl) of 180 
the solution was saved as total lysate sample, and the remaining solution was transferred to a new tube 181 
and brought up to a 100 μl volume with additional lysis buffer. Lysates were mixed on a rotator for 1 hr 182 
at 4°C with 10 μl (10 μg) of GGA3 beads, then spun down at 4500 x g at 4°C for 2 min. The 183 
supernatant was removed and beads were washed twice, each with 600 μl of wash buffer followed by a 184 
spin at 4500 x g at 4°C for 2 mins. The wash buffer was removed from beads and 10 μl of 2x LDS 185 
sample buffer with reducing agent (Thermo Fisher) was added to each tube. An equal amount of 2x 186 
LDS sample buffer was also added to the total lysates. Tubes were incubated for 2 min at 95°C and 187 
then samples were separated on a 1 mm 12-well 12% Bis-Tris gel (Life Technologies) run with MES 188 
running buffer. Gels were transferred for 1 hr at 22 V at 4°C onto 0.2 μm PVDF membranes (Immobilon 189 
PSQ, Millipore). Protein immunoblots were probed as described above using anti-ARF6 and anti-actin 190 
antibodies. 191 

In utero electroporation 192 
Elmod1 was cloned from a mouse brain cDNA library and inserted into a GFP-C1 vector. Pregnant 193 
female mice (C57BL/6 x CD1 crosses) were anesthetized and up to eight embryos at E10.5 to E12.5 194 
were injected in the otocyst with <200 nl of the GFP-ELMOD1 construct. Surgical procedures were 195 
performed as described previously (Ebrahim et al., 2016).  196 
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Immunocytochemistry and imaging  197 
Using 4% formaldehyde in PBS, utricles were fixed for 4-12 hr and cochleas were fixed for 0.5-1 hr. 198 
Organs were then rinsed in PBS, permeabilized for 10 min in 0.5% Triton X-100 in PBS, and blocked 199 
for 1-2 hr in 2% bovine serum albumin and 5% normal goat serum in PBS. For immunolocalization of 200 
ARF6 and other membrane compartment markers, organs were permeabilized and blocked for 1 hr in 201 
5% normal goat serum and 0.2% saponin in PBS; this blocking solution was used in all subsequent 202 
antibody steps. Organs were incubated overnight at 4°C with primary antibodies diluted in blocking 203 
solution; a dilution of 1:250 was used for anti-ELMOD1 and 1:1000 for anti-acetylated tubulin (Sigma-204 
Aldrich T7451; RRID:AB_609894). For ARF6 and other membrane markers, the following dilutions 205 
were used: 1:100 anti-ARF6, 1:250-activated ARF6 (NewEast Biosciences, #26918; 206 
RRID:AB_2629397); 1:250 anti-clathrin heavy chain (X22, MA1-065, ThermoFisher Scientific; 207 
RRID:AB_2083179), 1:250 anti-EEA1 (#3288, Cell Signaling Technology; RRID:AB_2096811), 1:250 208 
anti-Rab11 (#5589, Cell Signaling Technology; RRID:AB_10693925), 1:250 anti-Rab5 (#3547, Cell 209 
Signaling Technology; RRID:AB_2300649), 1:250 anti-LAMP1 (H4A3, Developmental Studies 210 
Hybridoma Bank; RRID:AB_2296838). Organs were then rinsed 3x for 10 min each, followed by a 3-4 211 
hr incubation in blocking solution with 1:1000 Alexa Fluor secondary antibodies and 0.4 U/ml Alexa 212 
Fluor 488 Phalloidin (Molecular Probes, Invitrogen). Similarly, utricles from electroporated ears were 213 
fixed and stained as above using an anti-GFP (DSHB-GFP-4C9, Developmental Studies Hybridoma 214 
Bank; RRID:AB_2617422) primary antibody and TRITC-phalloidin. Following secondary antibody 215 
incubation, organs were then rinsed 3x for 20 min each and mounted on slides in Vectashield (Vector 216 
Laboratories) using a single Secure-Seal spacer (8 wells, 0.12 mm deep, Invitrogen). Images were 217 
acquired on an Olympus FluoView FV1000 laser scanning confocal microscope system and AF10-ASW 218 
3.0 acquisition software, using a 60x 1.42 NA Plan Apo objective with 3x zoom and 0.4 μm z-steps. 219 
ARF6 and ARG-GTP images were collected on a Zeiss LSM 710 using either a 63x 1.4 NA Plan-220 
Apochromat or 25x 0.8 NA Plan-Neofluar objective. Fiji software was used to adjust intensities, 221 
generate reslice stacks, and prepare stack projections. To analyze ARF6 and ARF6-GTP levels, 222 
average z-projections centered around the cuticular plate were generated for two separate areas within 223 
each 25x stack. Regions of interest (ROIs) surrounding the cuticular plate (as visualized by phalloidin) 224 
were generated for 40-50 cells per image, and mean intensities were measured in each channel using 225 
the multi-measure function within the ROI Manager tool in Fiji. To correct for global intensity differences 226 
between samples imaged on different days, measurements were corrected for background levels within 227 
each image and normalized to the total phalloidin average. To quantify changes in hair-cell structure 228 
during progression of the rda/rda phenotype, we scored six different morphological phenotypes on a 229 
scale of 0 (identical to control), 1 (noticeably different from control), or 2 (very noticeable). The 230 
phenotypes scored were as follows: gaps in cuticular plate actin, protrusion of apical surface, 231 
movement of the bundle towards the fonticulus, decrease in bundle cross-sectional area, increase in 232 
the proportion of long stereocilia in a bundle, and fusion of stereocilia. For analysis of morphological 233 
changes, we analyzed a mixture of type I and type II hair cells. To analyze the correlation between 234 
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ARF6-GTP level and phenotype, ROIs were generated around the cuticular plate region of 40 cells 235 
within each 63x stack and ARF6-GTP intensities were measured using Fiji; measurements from two 236 
separate experiments with images from two utricles per condition were acquired. 237 

Transmission electron microscopy 238 
Utricles from P5 or P12 +/rda or rda/rda mice were immersion-fixed in 1% glutaraldehyde, 1% OsO4, 239 
0.1 M phosphate for 3 hr, dehydrated in a graded series of acetone, and embedded in Araldite 240 
(Electron Microscopy Sciences). The Araldite was cured in a 60˚C oven for 48 hr. Sections of 90 nm 241 
were collected on Maxtaform 200-mesh Cu/Rh grids (Ted Pella, Inc.), were stained using 1% uranyl 242 
acetate (Electron Microscopy Sciences) and Reynold’s lead citrate, and were examined on a Philips 243 
CM100 transmission electron microscope.  244 

Endocytosis assay using FM1-43FX 245 
Utricles were dissected on ice, and then transferred to ice-cold Hanks’ balanced salt solution (HBSS) 246 
containing 100 μM tubocurarine to block transduction channels. Tubocurarine was also included in all 247 
subsequent solutions. Organs were incubated on ice for 1 min with 20 μM FM1-43FX, rinsed briefly in 248 
cold HBSS, then were transferred to HBSS at 37°C for up to 1 hr. Some organs were transferred 249 
immediately to cold 4% formaldehyde for 20 min rather than being transferred to 37˚C. All organs were 250 
fixed on ice for 20 min in 4% formaldehyde, then washed three times in cold PBS. Organs were 251 
mounted and imaged as above. Images from at least 2 separate experiments with 1-2 utricles per time 252 
point were analyzed using Fiji. The morphology of the hair cell neck region was used to distinguish 253 
between type I and type II hair cells, and ROIs were generated surrounding the cuticular plate of ten 254 
type I hair cells per image. Measurements were then made using this ROI at intervals of five sections 255 
above and below the cuticular plate, marking measurements made at the bundle, cuticular plate, pre-256 
nuclear, nuclear, and post-nuclear levels. We only used type I hair cells for this analysis as their nuclei 257 
were lower in the epithelium and the cells were longer, allowing for more accurate quantitation. 258 

Results  259 

ARF family and ARF modulator expression 260 
To determine whether ELMOD1 plays a unique role in hair cells, we examined expression of ARFs and 261 
ARF modulators like ELMOD1 in hair cells. We analyzed data from experiments that carried out RNA-262 
seq measurements of transcript abundance on sorted mouse cochlea and utricle hair cells from the 263 
Pou4f3-Gfp mouse line (Shen et al., 2015). In utricle (Fig. 1A), of all ARFs and ARF modulators, only 264 
Elmod1 was enriched 10-fold or greater in hair cells; in cochlea, only Adap1 and Elmod1 were enriched 265 
10-fold or greater, with Elmod1 at a 360-fold higher level (Fig. 1B). These experiments showed that 266 
Elmod1 was consistently enriched in hair cells, more so than any other ARFs or ARF modulators. 267 
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We also examined protein levels of ARFs and ARF regulators (Fig. 1C). In mouse utricle extracts (Krey 268 
et al., 2015), we detected the ARF family members ARF1-4 (combined because of ambiguity from 269 
shared peptides), ARF6, ARL3, and ARL8A. We detected several ARF modulators, but did not reliably 270 
observe ELMOD1 in mouse inner ear samples using mass spectrometry. That discrepancy with 271 
transcriptomics experiments likely reflects the difference in sensitivity and dynamic range between the 272 
two approaches. 273 

Expression of ELMOD1 in utricles 274 
Although ELMOD1 was not detected by mass spectrometry, a sensitive antibody against ELMOD1 275 
readily detected a band of the correct molecular mass (38 kD) in utricle hair bundles, whole utricle, and 276 
brain extracts (Fig. 2A-B). The 38 kD band disappeared in bundles or whole utricle of rda/rda mice (Fig. 277 
2A). While several bands of higher molecular mass persisted in brain extracts of rda/rda mutants, the 278 
38 kD band disappeared completely (Fig. 2B). ELMOD1 was detected in mouse utricle as early as 279 
embryonic day 18 (E18), and the ELMOD1-to-actin ratio increased across postnatal development, with 280 
peak levels of expression at P7 (Fig. 2B).  281 

Because loss of ELMOD1 might lead to changes in protein content detectable by mass spectrometry, 282 
we used multiplex quantitation with isobaric chemical tags (Thompson et al., 2003) to analyze 283 
quantitatively the ~2000 most abundant proteins of the utricle and determine whether there were any 284 
significant changes in protein abundance resulting from the rda mutation. Proteins were isolated from 285 
rda/rda or rda/+ utricles and digested with trypsin; peptides were then labeled with tandem mass tag 286 
(TMT) isobaric reagents, subjected to mass spectrometry using an instrument with an Orbitrap detector, 287 
and quantified by comparison of tag ion intensities. Proteins with two or more independent peptides that 288 
were detected in each sample showed little change between the two genotypes (Fig. 2C); indeed, a 289 
volcano plot showed that none of the differences were significant (Fig. 2D). Multiple ARF family 290 
members (ARF1, ARF4, ARF5, ARF6, ARL1, ARL3, ARL8A, and ARL8B) were detected in these 291 
experiments, but ELMOD1 was not, consistent with its low expression level. Mutation of Elmod1 thus 292 
does not lead to large-scale changes in the utricle proteome. 293 

Localization of ELMOD1 294 
We localized ELMOD1 in P21 utricles, where it was enriched in hair cells with a substantial 295 
concentration in the soma’s apex (Fig. 3A-B). This apical labeling was punctate, reminiscent of 296 
intracellular membranes (Fig. 3B). No ELMOD1 signal was observed in rda/rda utricles (Fig. 3C-D). The 297 
phenotype originally reported for rda/rda cochlear hair cells, where stereocilia were fused and 298 
elongated (Johnson et al., 2012), was also seen in rda/rda utricle hair cells (Fig. 3C). Similar ELMOD1 299 
localization results were seen with utricles from younger animals, but nonspecific binding of the 300 
antibody was more prominent then. 301 
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We used in utero electroporation of GFP-ELMOD1, detected with anti-GFP for increased sensitivity, to 302 
examine where exogenously expressed ELMOD1 distributed in hair cells. When GFP-ELMOD1 was 303 
electroporated into E11.5 otocysts and examined at P1 (Fig. 3E) or P6 (Fig. 3F), GFP-ELMOD1 304 
localized to the hair bundle, kinocilium, and cell body of utricle hair cells, but was notably enriched at 305 
the apex of the cell, especially in the region of the cuticular plate. We occasionally detected GFP-306 
ELMOD1 expression in cochlear hair cells. To provide higher-resolution localization of GFP-ELMOD1 307 
there, we used image-scanning microscopy with an Airyscan detector (Müller and Enderlein, 2010; 308 
Sheppard et al., 2013; Roth et al., 2016). Some anti-GFP signal was detected in the stereocilia 309 
membrane of outer hair cells, but the anti-GFP signal was much brighter in tubular structures in the 310 
cells’ somas (Fig. 3G). 311 

Degeneration of hair bundles and cuticular plates in rda/rda utricles 312 
Actin structures of hair bundles and apical surfaces of P2 rda/rda utricles appeared to be very similar to 313 
those of heterozygote controls (Fig. 4). Although rda/rda stereocilia appeared normal at P5 and P7 (Fig. 314 
4A), hair cells’ apical surfaces protruded modestly (Fig. 4A, arrows) and gaps were present within the 315 
actin mesh of the cuticular plate (Fig. 4B, asterisks). These gaps in the cuticular plate were larger in 316 
P12 and P21 utricle hair cells (Fig. 4B), and were also detected in cochlear outer hair cells of P5 317 
rda/rda mice (Fig. 4C). Utricles from P12 and P21 rda/rda mice contained fused and elongated 318 
stereocilia (Fig. 4A, arrowheads), similar to those seen in IHCs from rda/rda mice. We did not note any 319 
differences in the frequency of these rda/rda phenotypes between type I and type II hair cells, nor 320 
between hair cells of striolar and extrastriolar regions. 321 

We identified six structural changes that occurred in rda/rda hair cells between P0 and P21 (Fig. 4D), 322 
including: (i) appearance of holes in the cuticular plate; (ii) apical protrusion of the cell cytoplasm above 323 
the level of the circumferential actin belt; (iii) shift of the hair bundle from the center of the apical surface 324 
to the fonticulus, which is the opening in the cuticular plate at the kinocilium; (iv) narrowing of the cross-325 
sectional area of the bundle, presumably because of the loss of some stereocilia; (v) an increased 326 
proportion of long stereocilia in a hair bundle, presumably due to loss of short ones; and (vi) fusion of 327 
stereocilia actin cores. We quantified these changes over early postnatal development of rda/rda hair 328 
cells, which indicated that the changes occurred in sequence (Fig. 4D). Cuticular plate disruption was 329 
the earliest observable structural change, while stereocilia fusion occurred later in utricle development. 330 

Transmission electron microscopy (TEM) imaging of P5 utricles, prior to stereocilia fusion, showed that 331 
the number and density of vesicles and endosome-like structures below the hair bundle increased 332 
substantially in rda/rda mice (Fig. 5A-D); the cuticular plate appeared to be porous or missing, and 333 
many membranous structures were present where the cuticular plate normally sits (Fig. 5B', D'). Apical 334 
membranes had lifted substantially above the level of the tight junctions in rda/rda hair cells. We 335 
defined an angle θ that is defined by the elevation of the middle of apical surface above a line drawn 336 
between the tight junctions on either side of the cell (Fig. 5E). The plane of the section will affect the 337 
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value of θ; these deviances should average out, however, and will affect sections from control and 338 
mutant tissues similarly. θ was more than 3-fold larger in rda/rda hair cells as compared to 339 
heterozygote controls (Fig. 5F; p<0.0001 by Student's t-test). We also noted that clathrin-coated pits 340 
and vesicles were found more frequently in rda/rda than in heterozygous hair cells (Fig. 5G-H). 341 

By P12, utricles from rda/rda mice had extensive degradation of the cuticular plate and protrusion of 342 
microtubules, mitochondria, and vesicles up towards the apical surface (Fig. 5I-L). The apical 343 
membrane in many cases blebbed outwards in large structures (Fig. 5M). Stereocilia appeared to be 344 
partially swallowed by the expanding membrane and had fused, either just at their bases (Fig. 5K-L) or 345 
throughout their length (Fig. 5M-N). Mitochondria and vesicles were also found within the fused 346 
stereocilia (Fig. 5M-N).  347 

Expression of ARF6, PTPRQ, and MYO6 in rda/rda utricles 348 
Mutations in Myo6, Ptprq, and Rdx each lead to a hair-cell phenotype that includes apical membrane 349 
lifting and stereocilia fusion (Self et al., 1999; Kitajiri et al., 2004; Goodyear et al., 2012), which is 350 
similar to the phenotype observed in rda/rda mice. MYO6 and PTPRQ were both mildly mislocalized in 351 
rda/rda mice (Fig. 6A-D), although much of the altered distribution appeared to be due to the protrusion 352 
of the apical membrane along stereocilia actin cores. The extent of PTPRQ labeling on stereocilia 353 
membranes was increased somewhat towards stereocilia tips (Fig. 6D). Cell-to-cell RDX labeling was 354 
variable in rda/rda utricles (Fig. 6F), but did not differ systematically from that of heterozygote controls 355 
(Fig. 6E). Note that in Fig. 6F we captured several completely fused stereocilia cores of rda/rda hair 356 
cells standing vertically, demonstrating the extreme morphology of the homozygous mutant.  357 

Because ELMOD1 is reported to be an ARF6 GAP, we also examined ARF6 labeling in rda/rda mice. In 358 
P7 control hair cells, ARF6 was broadly located in the apical half of hair cells, with some dense 359 
structures in supranuclear areas (Fig. 6G); by contrast, in rda/rda mice, ARF6 was notably focused at 360 
the apical end of many P7 hair cells (Fig. 6H). By contrast, the distribution of EEA1, an early endosome 361 
marker, was unchanged between heterozygous and homozygous mice (Fig. 6G-H). The frequency of 362 
cells expressing high levels of clathrin heavy chain (CLTC) increased in rda/rda mice (Fig. 6I-J); 363 
quantitation at the level of the cuticular plate indicated that while +/rda heterozygous hair cells had a 364 
CLTC fluorescence signal of 3910 ± 1490 (arbitrary fluorescence units; mean ± SD, n=50), the CLTC 365 
signal in rda/rda hair cells was significantly (p<0.001) higher at 6030 ± 3290 (n=50). C57BL/6 hair cells 366 
had a CLTC signal of 4810 ± 980 (n=50), which was also significantly different from that of rda/rda hair 367 
cells (p=0.013). 368 

Membrane trafficking in rda/rda mice 369 
We used FM1-43 labeling to monitor membrane trafficking in type I hair cells (Fig. 7). When 370 
transduction-channel blockers are included in the bathing solution, FM dyes enter cells via endocytosis 371 
rather than transduction (Griesinger et al., 2002; Meyers et al., 2003). We incubated dissected utricles 372 
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with the fixable dye FM1-43FX for 1 minute at 4°C, then transferred the organs to a dye-free solution at 373 
37°C. Because the utricle’s apical membrane is exposed to extracellular solutions while the basolateral 374 
membrane is protected by apical tight junctions and the basal lamina, most dye labeling occurs through 375 
apical endocytosis, as demonstrated by the measured labeling profiles. To examine membrane 376 
trafficking in hair cells, utricles were fixed at various times after the initial pulse of dye; the resulting 377 
distribution of dye reflected membrane trafficking in the cell. In this assay, hair cells were much more 378 
robustly labeled than were supporting cells; dye was mostly located above the nucleus at 5 min post-379 
labeling, while by 50 min there was considerable dye below the nucleus, in the synaptic region of the 380 
cell (Fig. 7A-F). 381 

The extent of FM1-43FX dye transport within hair cells was diminished in rda/rda mice. We analyzed 382 
the distribution of dye over time in type I hair cells, recognized by their narrow neck above the nucleus 383 
and below the cuticular plate. We found that in comparison to B6 and +/rda controls (Fig. 7G-I), levels 384 
of FM1-43 in the synaptic region were reduced in rda/rda mice, and levels were elevated above the 385 
nucleus (Fig. 7F, arrows). We compared intensities in apical regions of the cell, above the nucleus 386 
(‘super-nucleus) to synaptic regions (‘sub-nucleus). While the genotypes did not vary at 5 min (Fig. 7J), 387 
the super-/sub-nuclear ratio was significantly elevated in rda/rda hair cells compared to +/rda or B6 388 
controls (Fig. 7K). We noted that this ratio was also significantly elevated in +/rda as compared to B6 389 
controls (Fig. 7K). 390 

ARF6-GTP labeling peaks at P8 in developing utricles 391 
ARF6 protein levels were relatively constant over utricle development as shown by immunoblotting (Fig. 392 
8A) and immunocytochemistry (Fig. 8B-D,H-J). ARF6 was significantly elevated at the cuticular plate 393 
level at P8, however, as compared to P5 (Fig. 8H-L,N). We also examined the distribution of activated 394 
ARF6 using an ARF6-GTP antibody (Torii et al., 2014; Reviriego-Mendoza and Santy, 2015). Levels of 395 
ARF6-GTP peaked around P8 (Fig. 8E-G,K-M,O), which is close to the peak of ELMOD1 expression 396 
(Fig. 2). ARF6-GTP was present at basolateral membranes in most cells (e.g., Fig. 8K), but many cells, 397 
particularly at P8, had elevated ARF6-GTP surrounding the cuticular plate (arrows, Fig. 8L). ARF6-GTP 398 
at the cuticular plate level was significantly elevated at P8 as compared to P12 but not P5 (Fig. 8O). 399 
Thus both ARF6 and ARF6-GTP peak at the cuticular plate level around P8, similar to the peak of 400 
ELMOD1 expression (Fig. 2B). 401 

Trafficking proteins in hair cells 402 
Given the importance of ARF6 in apical membrane recycling and the possible role of ELMOD1 in 403 
regulating ARF6, we investigated in hair cells several other components of recycling pathways for 404 
apical membranes (Fig. 9). As previously noted, ARF6 was focused in the apical half of the hair cell, 405 
with some concentration in bright spots just above the nucleus (Fig. 9A,G). Consistent with ARF6’s role 406 
in clathrin-mediated endocytosis (Doherty and McMahon, 2009), the clathrin subunit CLTC had a very 407 
similar pattern to that of ARF6, with apical concentration and supranuclear aggregates (Fig. 9B,H). 408 
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Aggregates containing the early endosome marker EEA1 were more numerous than those labeled for 409 
ARF6; we also noted that EEA1 staining was considerably deeper in type I hair cells as compared with 410 
type II, consistent with their deeper nuclei (Fig. 9C,I). LAMP1, which marks lysosomes, had a similar 411 
distribution to ARF6 in type I but not type II cells, where there were fewer large aggregates. RAB11, a 412 
marker of apical recycling endosomes, and RAB5, which localizes to apical early endosomes, were 413 
more uniformly distributed in hair cells (Fig. 9E-K, F-L), unlike the distribution of ARF6. Thus ARF6 414 
appears to be associated with a subset of apical endosomal compartments, as well as with lysosomes, 415 
although more direct experiments would be required to prove this interaction.  416 

ARF6 GTP/GDP ratio is elevated in rda/rda utricles 417 
If ELMOD1 is an ARF6 GAP, the GTP/GDP ratio for ARF6 should be increased in rda/rda utricles. To 418 
measure ARF6-GTP levels, we carried out pulldowns using the protein binding domain (PBD) of the 419 
ARF6 effector protein GGA3, which binds GTP-bound ARF6 (Takatsu et al., 2002). We precipitated 420 
ARF6-GTP from utricle protein extracts with immobilized PBD-GGA3, then detected ARF6 with a 421 
specific antibody (Fig. 10A). Comparing precipitated ARF6 to total ARF6, we estimated that the ARF6 422 
GTP/GDP ratio was elevated ~4-fold in P12 rda/rda utricles as compared to heterozygotes or B6 423 
controls (Fig. 10B), confirming ELMOD1’s role as an ARF6 GAP in hair cells. 424 

We corroborated this result using immunocytochemistry with the ARF6-GTP antibody. Although there 425 
was substantial cell-to-cell variability, at P8 the distribution of total ARF6 signal was modestly but 426 
significantly different in rda/rda cuticular plates as compared to +/rda (p=0.023; Fig. 10E-H). By 427 
contrast, the frequency of rda/rda cells with elevated ARF6-GTP was noticeably greater than in 428 
controls. We noted that the distribution of ARF6-GTP signal intensities at the cuticular plate level was 429 
shifted to substantially higher intensities in rda/rda hair cells as compared to +/rda (p<0.001; Fig. 10I-L), 430 
consistent with the lack of ELMOD1 GAP activity.  431 

ARF6-GTP levels are correlated with the rda/rda phenotype 432 
We compared the phenotypes of 160 rda/rda cells to their ARF6-GTP levels (Fig. 10C-D) using the 433 
same qualitative measures of the rda/rda structural changes described for Fig. 4D. Each cell was 434 
graded 0-2 for each structural change, and scores for all changes were combined to generate an 435 
overall phenotype score for that cell. Combining type I and II hair cells, we found that the ARF6-GTP 436 
intensity rose as the phenotype score increased (Fig. 10D), although the (few) cells with the most 437 
disrupted morphology had low ARF6-GTP levels. We noted that while ~40% of the type I cells had high 438 
ARF6-GTP levels, ARF6-GTP was elevated in only ~20% of type II cells.  439 



 

 

14 

14 

Discussion 440 

We show here that ELMOD1 acts as a GTPase-activating protein for ARF6 in hair cells, and its 441 
developmentally regulated GAP activity is required to stabilize apical structures of hair cells. The rda 442 
mutation, which causes the complete loss of ELMOD1 protein, leads to a hair-cell phenotype that 443 
includes fused and elongated stereocilia, degenerating cuticular plates, altered apical endocytosis, and 444 
inhibition of vesicle trafficking. These results suggest that the maintenance of both cuticular plate and 445 
stereocilia structures in hair cells requires conversion of ARF6 to the GDP-bound form, at least at the 446 
apical surface and at the appropriate time in development. 447 

Biasing ARF6 to the GTP-bound form underlies the rda/rda phenotype 448 
ARF proteins are generally thought to be inactive in the GDP-bound state, requiring GEFs for activation 449 
and GAPs for subsequent inactivation (Gillingham and Munro, 2007); biochemical evidence showed 450 
that ELMOD1 is an ARF6 GAP in vitro (Ivanova et al., 2014). RNA-seq and localization experiments 451 
suggest that ELMOD1 is substantially enriched in hair cells over supporting cells in the utricle, which we 452 
confirmed using immunocytochemistry. Moreover, the loss of ELMOD1 substantially increased levels of 453 
ARF6-GTP, suggesting that ELMOD1 is the dominant ARF6 GAP in the utricle.  454 

ELMOD1, ARF6, and ARF6-GTP all concentrate at the apical pole of the hair cell between P5 and P12, 455 
with levels peaking ~P8 in wild-type utricles. In the absence of ELMOD1, elevated ARF6-GTP levels 456 
are seen in a much higher fraction of P8 cells than in wild-type mice, and ARF6-GTP levels correlate 457 
with the degree of phenotypic disruption. These observations suggest that ARF6-GTP must be 458 
converted to the GDP-bound form only after initial stages of hair-bundle development. Given that 459 
ELMOD1’s only known biological activity is its ARF6 GAP activity, we suggest that the phenotype seen 460 
in the rda/rda mice is due to the increased ARF6-GTP levels present, and that any ELMOD1 461 
biochemical or structural effects in hair cells are mediated through ARF6. We acknowledge that 462 
ELMOD1 might have additional, as-yet unknown biochemical functions. 463 

Control of the actin cytoskeleton by ELMOD1 and ARF6 464 
ARF6 controls cell behaviors that rely on dynamic actin rearrangement (Schwartz et al., 1998; Zhang et 465 
al., 1998; Radhakrishna et al., 1999; Boshans et al., 2000); regulation occurs through production of 466 
PI(4,5)P2 and activation of members of the RHO GTPase family (Myers and Casanova, 2008). Several 467 
RHO GTPases control hair-bundle structure, including RAC1 (Grimsley-Myers et al., 2009) and CDC42 468 
(Ueyama et al., 2014). Indeed, RHOA, RAC1, RAC3, and CDC42 can all be detected in bundles (Shin 469 
et al., 2013; Krey et al., 2015).  470 

Activation of RHO GTPases, especially in combination with PI(4,5)P2 generation, leads to increased 471 
actin dynamics and remodeling of actin structures (de Curtis and Meldolesi, 2012). The cuticular plate, 472 
a random meshwork of actin, assembles during a hair cell’s first 7-10 days (Tilney et al., 1992; Nishida 473 
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et al., 1998); its formation must be accompanied by substantial actin dynamics, which could require 474 
ARF6-GTP and activated RHO proteins. Once the final structure of the cuticular plate has been formed, 475 
however, actin remodeling likely is suppressed; this suppression could be in part due to ELMOD1 476 
inactivation of ARF6. Similarly, stereocilia grow during a hair cell’s first 7-10 days, and undergo 477 
remodeling at their basal insertions into the hair cell to form the stereocilia taper and intracellular rootlet 478 
(Tilney et al., 1992). Overactive remodeling, e.g., when ARF6 remains activated in rda/rda mice, may 479 
lead to the stereocilia fusion phenotype observed in these mice. By inactivating ARF6, ELMOD1 480 
apparently controls the extent of actin remodeling in hair cells. 481 

Control of apical membranes by ELMOD1 and ARF6 482 
ARF6 also modulates several vesicle-recycling pathways (D'Souza-Schorey and Chavrier, 2006; 483 
Donaldson and Jackson, 2011), including both clathrin-mediated and clathrin-independent endocytosis, 484 
as well as trafficking to recycling endosomes (Naslavsky et al., 2003) and basolateral sorting of vesicles 485 
from recycling endosomes (Shteyn et al., 2011). Recycling from the tubular endosomal membrane to 486 
the plasma membrane also requires ARF6 activation (Radhakrishna and Donaldson, 1997). While 487 
effects of ARF6 on vesicle trafficking and actin organization can be distinguished by the use of ARF6 488 
effector-domain mutants (Al-Awar et al., 2000), cytoskeleton remodeling and plasma-membrane 489 
dynamics are tightly coordinated, mediated by their co-dependence on PI(4,5)P2 and RHO GTPases. 490 

In rda/rda hair cells, which have high levels of ARF6-GTP, vesicles accumulated at the apical surface of 491 
P5-P8 hair cells and basolateral trafficking of FM1-43 labeled vesicles was reduced. This phenotype 492 
resembles that of cells expressing constitutively active ARF6 mutants, such as ARF6-Q67L. Similar to 493 
rda/rda hair cells, expression of ARF6-Q67L in polarized epithelial cells both stimulates clathrin-494 
mediated endocytosis at the apical surface (Altschuler et al., 1999) and prevents basolateral targeting 495 
of endosomes in polarized epithelial cells (Shteyn et al., 2011). We suggest that through inhibition of 496 
ARF6, ELMOD1 normally decreases membrane trafficking in the apex of a hair cell at around P7; in 497 
rda/rda hair cells, membrane trafficking continues unabated. 498 

The progression of the phenotype within rda/rda vestibular hair cells suggests that misregulation of 499 
endocytic trafficking and cuticular plate actin may drive the subsequent changes in hair-bundle 500 
morphology. Prior to any stereocilia changes, gaps appeared in cuticular plate actin, the apical 501 
membrane lifted, and vesicles accumulated within the cuticular-plate region. As degeneration of the 502 
cuticular plate proceeded, apical surfaces protruded and the bundle shifted towards the fonticulus. With 503 
a slightly delayed time course, the cross-sectional area of the bundle decreased, perhaps as stereocilia 504 
disappeared; finally, the remaining long stereocilia fused.  505 

rda/rda mice phenotype resembles that of Myo6, Ptprq, and Rdx mutants 506 
Sharing of phenotypes by multiple genes raises the possibility that they operate in a molecular 507 
pathway; for example, the Usher syndrome type I deafness mutants all show disorganized stereocilia, 508 
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consistent with the suggestion that the Usher proteins are responsible for constructing interstereocilia 509 
linkages (Cosgrove and Zallocchi, 2014). Another common phenotype seen in hair cells is shared by 510 
Myo6, Ptprq, and Rdx mutants, which all have protruding apical membranes as well as stereocilia 511 
elongation and fusion (Self et al., 1999; Kitajiri et al., 2004; Goodyear et al., 2012; Seki et al., 2017). A 512 
similar phenotype is seen with conditional Cdc42 mutants (Ueyama et al., 2014). Utricle hair cells of 513 
rda/rda mice share this phenotype, as do cochlear hair cells (Johnson et al., 2012). MYO6, PTPRQ, 514 
and RDX each appear to be distributed relatively normally in rda/rda hair cells, which suggests that if 515 
the proteins are in a common pathway, then ELMOD1 acts downstream of them.  516 

A plausible common pathway for ARF6, MYO6, PTPRQ, and RDX is regulation of or response to 517 
PI(4,5)P2 levels on the hair cell’s apical surface. As noted above, ARF6-GTP stimulates production of 518 
PI(4,5)P2 at cell apical membranes (Donaldson and Jackson, 2011). Hair cells compartmentalize 519 
PI(4,5)P2 so that levels of the lipid are very low at stereocilia tapers and apical surface, in part due to 520 
concentration of the lipid phosphatase PTPRQ at those locations (Hirono et al., 2004; Zhao et al., 521 
2012). MYO6 is thought to localize PTPRQ at the stereocilia bases (Sakaguchi et al., 2008), while RDX 522 
requires a localized PI(4,5)P2 signal in stereocilia (Zhao et al., 2012). MYO6 also has a high affinity 523 
binding site in its tail for PI(4,5)P2-containing liposomes (Spudich et al., 2007) and like ARF6, has been 524 
shown to regulate the trafficking of newly endocytosed vesicles (Aschenbrenner et al., 2003; Frank et 525 
al., 2004). Together, these observations suggest that rda/rda hair cells may have altered PI(4,5)P2 526 
levels at apical surfaces, which may partly underlie the apical membrane and actin disruption seen in 527 
these cells. 528 

Model for ELMOD1 function 529 
The rate of hair cell production in utricle peaks around P0 (Burns et al., 2012). ELMOD1 levels were 530 
highest at P7, which suggests that it is needed later in development to stabilize hair bundles, cuticular 531 
plates, and apical membranes. The timing of ELMOD1 expression is also consistent with the onset of 532 
morphological changes in rda/rda mice, which starts at P5. As bundles mature, there may be an 533 
increased demand for ARF6-dependent actin remodeling and apical membrane trafficking; to 534 
counteract the increased activated ARF6 levels, ELMOD1 upregulation may be needed stabilize actin 535 
structures and reduce the trafficking of endocytosed vesicles. In rda/rda mice, excessive levels of 536 
ARF6-GTP lead to the apical accumulation of endocytosed vesicles and protrusion of the apical plasma 537 
membrane. Both of these events are preceded by breakdown of the cuticular plate, and this breakdown 538 
could lead directly to the changes in apical membrane trafficking. Fusion of stereocilia occurs later and 539 
may also be a direct result of disruption of the cuticular plate, as this structure normally anchors and 540 
separates individual stereocilia. Our results thus suggest that the principal function of ELMOD1 is to 541 
inactivate ARF6, which allows cuticular plates and stereocilia to develop their final, mature structures.  542 
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Figure Legends  708 

Figure 1. ARF and ARF modulator transcript analysis in hair cells. A, Transcript levels in sorted 709 
hair cells (GFP+) and other inner ear cells (GFP-) from mouse utricle; data from Scheffer et al. (2015). 710 
Levels are averaged over measurements from developmental ages E16-P16. B, Cochlear transcript 711 
levels. Levels are averaged over E16-P7. C, ARF and ARF-modulator proteins detected by mass 712 
spectrometry in P5 and P23 hair bundles and utricle; data from Krey et al. (2015). Because of shared 713 
peptides, ARFs 1-4 and ARFGEFs 1 and 2 could not be unambiguously quantified individually and thus 714 
were combined. 715 

Figure 2. ELMOD1 protein analysis. A, Immunoblot detection of ELMOD1 in mouse hair bundles and 716 
whole utricles from wild-type, heterozygous +/rda, and homozygous rda/rda mice. Identical samples 717 
were analyzed for actin. B, Developmental time course of ELMOD1 expression in whole utricle. C, Log2 718 
ratio of expression for 1939 proteins detected in 4/4 rda/rda utricle samples and 4/4 +/+ samples. D, 719 
Volcano plot comparing rda/rda to +/+ ratio (x-axis) with FDR-adjusted p-value (y-axis). No proteins 720 
approach the p=0.05 significance level. 721 

Figure 3. Localization of ELMOD1 in utricle hair cells. A-D, Confocal images of utricle hair cells from 722 
P21 +/rda (A,B) or rda/rda (C,D) mice. Images were x-z reslices (A,C) to show ELMOD1 distribution at 723 
the apical region of hair cells (arrows) or x-y confocal sections (B,D) to show ELMOD1 at the cuticular 724 
plate level (dashed circle). No ELMOD1 signal is seen in rda/rda utricles (C-D); asterisks indicate giant 725 
fused stereocilia. Utricles were labeled with phalloidin (magenta) and stained with anti-acetylated 726 
tubulin (cyan) and anti-ELMOD1 (green) antibodies. E-G, Confocal images of vestibular (E, F) or 727 
cochlear (G) hair bundles from mice electroporated in utero with a GFP-ELMOD1 construct at E11.5 728 
and dissected at P1 (E, G) or P6 (F). Utricles and cochleae were labeled with phalloidin (magenta) and 729 
stained with anti-GFP antibody (green) to amplify GFP-ELMOD1 fluorescence. Panel full widths: A-D, 730 
25 μm; E, 40 μm; F-G, 50 μm. 731 

Figure 4. Progressive actin structural defects in rda/rda vestibular hair cells. All images use 732 
phalloidin to stain actin. A, Confocal images of phalloidin-labeled vestibular hair bundles from +/rda 733 
(top) or rda/rda (bottom) mice at various postnatal ages. Arrows mark protrusions of the cell from the 734 
apical surface (beginning at P5) and arrowheads indicate fused stereocilia (beginning at P12). Panel 735 
full widths: 30 μm. B, Cuticular plates of vestibular hair cells degrade between P5 and P21 in rda/rda 736 
mice. Confocal images at the level of the cuticular plate of phalloidin-labeled vestibular hair cells from 737 
+/rda (top) or rda/rda (bottom) mice at various postnatal ages. Asterisks mark holes within the cuticular 738 
plate actin that develop starting at P5, indicating that cuticular plate degradation precedes stereocilia 739 
fusion in rda/rda mice. Panel full widths: 15 μm. C, Cuticular plates of cochlear outer hair cells show 740 
some degradation at P5 in rda/rda mice. Asterisks are adjacent to holes within the cuticular-plate actin. 741 
Panel full widths: 35 μm. D, Progression of the rda/rda phenotype. Top, examples of each structural 742 
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change occurring in rda/rda hair cells. i, holes in the cuticular plate; ii, protrusion of the apical surface; 743 
iii, shift of the bundle to the fonticulus; iv, narrowing of cross-sectional area of bundle; v, increased 744 
proportion of long stereocilia in bundle; vi, fusion of stereocilia. Arrows indicate examples of the 745 
structural changes. Panels i, iii, iv, and vi are x-y cross-sections from z-stacks; panels ii and v are 746 
projections of x-z reslice stacks. Panel full widths: i, 10 μm; ii, 25 μm; iii, 10 μm; iv, 10 μm; v, 25 μm; vi, 747 
10 μm. Bottom, quantitation of progression over development for each phenotype. Hair cells were 748 
scored 0, 1, or 2 for no phenotypic change, moderate change, or extensive change; mean ± SEM are 749 
indicated (n=20 for P0; n=40 for all other time points).  750 

Figure 5. Accumulation of apical vesicles and progressive stereocilia fusion in rda/rda vestibular 751 
hair cells. A-B, +/rda vestibular hair cells at P5. C-D, rda/rda vestibular hair cells at P5. Notice bulging 752 
of apical membrane (arrows) and penetration of vesicular structures into the cuticular plate region 753 
(outlined in red). B’, D’, Vesicular structures (red) and microtubules (green) overlaid on B and D 754 
images. E, Definition of angle θ. A line was drawn connecting the apical end of the tight junctions on 755 
either side of the cell, and a second line was drawn from one tight junction to the apical surface halfway 756 
across the cell. θ is the angle defined by those two lines. F, Increase in θ measured from rda/rda hair 757 
cells. G, Examples of clathrin-coated pits and vesicles in rda/rda hair cells. H, Quantitation of clathrin-758 
coated pits and vesicles. The x-axis indicates the number of clathrin structures seen in a single section, 759 
while the y-axis indicates the number of sections with that number of clathrin structures. I-J, +/rda 760 
vestibular hair cells at P12. I-J, P12 +/rda hair cells. K-N, P12 rda/rda vestibular hair cells. Notice 761 
massive extrusion of the cell’s apical domain (arrows in K; see also extrusion of apical membrane in M) 762 
and fusion of stereocilia actin cores (asterisks in L; see also N). Panel full widths: A, C, I, K, 4 μm; B, D, 763 
J, L, 1.2 μm; E, 2.5 μm; G, 1.2 μm; M, 5 μm; N, 1.5 μm.  764 

Figure 6. Localization of proteins in rda/rda vestibular hair cells. Reslice projections of confocal z-765 
stacks of phalloidin- and antibody labeled vestibular hair cells from +/rda (left) or rda/rda (right) mice. A-766 
B, MYO6 in P12 utricle hair cells; maximum projection of 5 μm depth. MYO6 is present in the apical 767 
protrusions of rda/rda hair cells. C-D, PTPRQ in P12 utricle hair cells; maximum projection of 5 μm 768 
depth. PTPRQ is also present in the apical protrusions of rda/rda hair cells, and in an expanded zone in 769 
hair bundles. E-F, RDX in P8 utricle hair cells; average projection of 8 μm depth. ARF6 is more apically 770 
located in rda/rda hair cells. G-H, ARF6 and EEA1 in P7 utricle hair cells; average projection of 0.8 μm 771 
depth. ARF6 is more apically located in rda/rda hair cells. I-J, CLTC in P7 utricle hair cells; average 772 
projection of 8 μm depth. Increased number of high-expressing cells in rda/rda utricles. Panel full 773 
widths: 40 μm.  774 

Figure 7. Membrane trafficking in rda/rda vestibular type I hair cells assayed with FM 1-43 775 
labeling. A-F, FM 1-43 labeling of P8 C57BL/6, +/rda, and rda/rda vestibular type I hair cells at 5 and 776 
50 minutes. Each panel is an x-z reslice from a confocal stack. Arrows in F show accumulation of FM1-777 
43 in pre-nuclear regions in rda/rda mutants at 50 min. All panels are 40 μm wide. G-I, Quantitation of 778 
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FM1-43 labeling in type I vestibular hair cells. Diagram of hair cell shows approximate location of each 779 
point along the cell. Labeling was carried out for 1 min at 4°C, then samples were shifted to 37°C for 780 
the indicated times. Fluorescence intensity profiles are normalized to profiles from samples that were 781 
labeled for 1 min at 4°C, then fixed. Points quantified for J and K are indicated by boxes in I. J, Ratio of 782 
super-nucleus to sub-nucleus staining at 5 min. K, Ratio of super-nucleus to sub- nucleus staining at 50 783 
min. ***, p<0.001; **, p<0.01. 784 

Figure 8. ARF6 and ARF6-GTP during hair bundle development. A, Immunoblot detection of ARF6. 785 
Total ARF6 levels are constant during postnatal utricle development, and are unchanged in rda/rda hair 786 
cells. Blot was probed separately for actin (below). B-G, ARF6 and ARF6-GTP immunolabeling in 787 
profile views of C57BL/6 utricles during development. Little change in ARF6, but ARF6-GTP is elevated 788 
in some hair cells at P8. Panel sizes: 30 x 30 μm. H-M, ARF6 and ARF6-GTP immunolabeling in cross-789 
sections of C57BL/6 utricles at the cell apex (cuticular-plate level) during development. Arrows indicate 790 
cells with higher levels of ARF6-GTP. Panel sizes: 100 x 100 μm. N, Immunocytochemistry quantitation 791 
of ARF6 levels relative to phalloidin. O, Immunocytochemistry quantitation of ARF6-GTP levels relative 792 
to phalloidin. ***, p<0.001; **, p<0.01; ns, not significant. 793 

Figure 9. Hair-cell localization of proteins involved in apical membrane trafficking. Displayed for 794 
each protein (in type I or type II hair cells) are an x-z reslice showing the protein’s apical-basal profile, 795 
as well as x-y slices at apical, prenuclear, and nuclear levels. A-F, type I hair cells. G-L, type II hair 796 
cells. A,G: ARF6. B,H: CLTC. C,I: EEA1. D,J: LAMP1. E,K: RAB11. F,L: RAB5. Panel full widths: 797 
18 μm.  798 

Figure 10. ELMOD1 is an ARF6 GAP in hair cells. A, Immunoblot showing total ARF6 (T) or ARF6-799 
GTP pulled down with PBD-GGA3 (PD) from B6, +/rda, and rda/rda utricle extracts. Blot was reprobed 800 
for actin (below). T, total material; PD, pulldown. Equal fractions of each sample were loaded, allowing 801 
direct comparison band intensity. B, Summed data from four PBD-GGA3 pulldown experiments. The 802 
fraction of ARF6 in the GTP-bound state was significantly elevated in rda/rda utricles as compared to 803 
either +/rda or B6 utricles. C, The rda/rda phenotype is most pronounced in cells with high ARF6-GTP 804 
levels; examples of the rda/rda phenotype are shown. Morphology phenotypes are the same as for Fig. 805 
4D: (ii) apical cytoplasmic protrusion, (v) high proportion of long stereocilia in bundles, and (vi) fused 806 
and elongated stereocilia. Panel is 37 x 37 μm. D, Correlation of summed phenotype score against 807 
average ARF6-GTP intensity. For a given cell, phenotype scores (0-2 scale) were summed for all six 808 
phenotype features (mean ± SEM; number of cells with a given phenotype score are indicated above 809 
data points). E-L, Examples of immunocytochemistry at cuticular-plate level of hair cells for ARF6 (E-G) 810 
or ARF6-GTP (I-K), as well as quantitation of the immunocytochemistry data (H and L). In K, arrows 811 
indicate rda/rda cells with high levels of ARF6-GTP. All immunocytochemistry panels are 100 x 100 μm. 812 
In H and L, ARF6 or ARF6-GTP signal was normalized by the phalloidin signal, then distributions were 813 
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fit with double Gaussians. In L, arrow indicates the large population of rda/rda hair cells with high levels 814 
of ARF6-GTP. +/rda and B6 mice had smaller populations of high-expressing cells. 815 

Figure 11. Model for inactivation of ARF6 by ELMOD1. A, While ARF6-GTP (and ELMOD1) levels 816 
appear to have a broad peak during development, the average response (green dashed line) obscures 817 
the sharper peaks of individual cells. ELMOD1 levels peak around the time ARF6-GTP levels do, which 818 
produces a transient ARF6-GTP response. B, In the absence of ELMOD1, ARF6-GTP levels are 819 
maintained at high levels, increasing the fraction of cells that have elevated ARF6-GTP. C, Biochemical 820 
pathways for ARF6 and ELMOD1. 821 
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