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ABSTRACT 39 
Atoh1 is a basic helix-loop-helix (bHLH) transcription factor that is essential for the genesis, survival, 40 
and maturation of a variety of neuronal and non-neuronal cell populations, including those involved in 41 
proprioception, interoception, balance, respiration, and hearing. Such diverse functions require fine 42 
regulation at the transcriptional and protein levels. Here we show that serine 193 (S193) is phosphorylated 43 
in Atoh1’s bHLH domain in vivo. Knock-in mice of both sexes bearing a GFP-tagged phospho-dead 44 
S193A allele on a null background (Atoh1S193A/lacZ) exhibit mild cerebellar foliation defects, motor 45 
impairments, and also partial pontine nucleus migration defects, cochlear hair cell degeneration, and 46 
profound hearing loss. We also found that Atoh1 heterozygous mice of both sexes (Atoh1lacZ/+) have adult-47 
onset deafness. These data indicate that different cell types have different degrees of vulnerability to loss 48 
of Atoh1 function, and that hypomorphic Atoh1 alleles should be considered in human hearing loss. 49 
  50 
SIGNIFICANCE STATEMENT 51 
The discovery that Atoh1 governs the development of the sensory hair cells in the inner ear led to 52 
therapeutic efforts to restore these cells in cases of human deafness. Because prior studies of Atoh1-53 
heterozygous mice did not examine nor report on hearing loss in mature animals, it has not been clinical 54 
practice to sequence ATOH1 in people with deafness. Here, in seeking to understand how phosphorylation 55 
of Atoh1 modulates its effects in vivo, we discovered that inner ear hair cells are much more vulnerable to 56 
loss of Atoh1 function than other Atoh1-positive cell types, and that heterozygous mice actually develop 57 
hearing loss late in life. This opens up the possibility that missense mutations in ATOH1 could increase 58 
human vulnerability to loss of hair cells because of aging or trauma. 59 
 60 
INTRODUCTION 61 
Atonal homolog 1 (Atoh1) is a proneural basic helix-hoop-helix (bHLH) transcription factor that plays a 62 
critical role in a variety of developmental contexts. In the nervous system, Atoh1 is required for the 63 
generation of many brainstem neurons and multiple components of the proprioceptive and interoceptive 64 
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systems; it also regulates the proliferation and differentiation of cerebellar granule neurons (CGNs; Ben-65 
Arie et al., 1997; Bermingham et al., 2001; Wang et al., 2005). Beyond the nervous system, Atoh1 66 
regulates the development of Merkel cells, secretory cells of the intestine, and the hair cells of the inner 67 
ear (Maricich et al., 2009; Yang et al., 2001; Bermingham et al., 1999). With such diverse roles, precise 68 
regulation of Atoh1 at both the transcriptional and protein levels is essential. 69 

While the transcriptional regulation of Atoh1 has been well-studied, with many factors identified 70 
that bind to the enhancer regions of Atoh1 (Mulvaney and Dabdoub, 2012; Groves et al. 2013), only a 71 
handful of studies have examined post-translational modifications of Atoh1. Two recent studies identified 72 
phosphorylation sites that control Atoh1 stability in CGNs and inner ear hair cells through its interaction 73 
with Huwe1 (Cheng et al., 2016; Forget et al., 2014). In addition, serine 292 of the Drosophila Atonal, a 74 
highly conserved phosphorylation site in the proneural protein classes of Ato, Ngn, and Achaete-Scute, 75 
was recently shown to enable precise spatiotemporal control of proneural activity in the fruit fly (Quan et 76 
al., 2016). 77 

Previous work from our lab showed that Atoh1 expression could induce ectopic chordotonal 78 
organs in wild-type flies as well as rescue chordotonal organ loss in atonal mutant fly embryos (Ben-Arie 79 
et al., 2000; Wang et al., 2002). We also showed that atonal could rescue the phenotype of Atoh1-null 80 
mice (Wang et al., 2002). To identify critical phosphorylation sites that mediate Atoh1 function during 81 
development, we reasoned that such sites would be evolutionarily conserved. The mouse Atoh1 protein 82 
has only one highly structured domain, the bHLH domain, which is 100% identical to human Atoh1 and 83 
70% identical to the Drosophila melanogaster atonal homologue (Cai et al., 2015). Outside this region, 84 
the Atoh1 peptide sequence diverges dramatically across species. Since it has been demonstrated that the 85 
bHLH domain conveys specificity to each bHLH transcription factor (Chien et al., 1996), we focused on 86 
phosphorylation sites within this domain.  87 

We aligned fruit fly, frog, chicken, mouse, and human Atoh1 homologues and identified only one 88 
serine residue that could be phosphorylated, S193, the mouse analog to S292 in the fruit fly (Figure 1A). 89 
We previously showed that the phospho-mimetic S193D mutant loses the capability to bind to the 90 
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AtEAM, the specific binding motif of Atoh1 (Quan et al., 2016; Klisch et al., 2011), resulting in a loss of 91 
transcriptional activity in an in vitro luciferase assay and an in vivo fly phenotype that was identical to 92 
that of atonal-null fruit flies (Quan et al., 2016). Because the phospho-mimetic was likely to phenocopy 93 
the Atoh1-null allele, we decided to generate a phospho-dead (serine to alanine) knock-in mouse model to 94 
investigate the in vivo function of S193.  95 

Here we show that S193 is phosphorylated in vivo and that an Atoh1 allele carrying a mutation in 96 
this phosphorylation site results in specific neural, motor and sensory deficits in mice—but at varying 97 
levels of severity. These findings highlight the differential sensitivity of certain cell types to Atoh1 98 
function, suggesting some are more vulnerable to disease resulting from partial Atoh1 dysfunction.  99 
 100 
MATERIALS AND METHODS 101 
Generation of Atoh1-S193A mice and genotyping 102 
We modified an Atoh1-EGFP tagged knock-in targeting construct (pMath1EGFP_Neo, Rose et al., 103 
2009b), by mutating serine 193 to alanine (TCC  GCC) using the QuikChange Lightning Site-Directed 104 
Mutagenesis Kit (Agilent, Santa Clara, CA) with the following primer: 105 
CGACAAGAAGCTGgCCAAATATGAGACCCTACAGATGGCCC. Using albino C57BL/6 ES cells, 106 
we generated Atoh1Atoh1-EGFP-S193A knock in mice as described (Rose et al., 2009b), using the same 107 
genotyping primers (Atoh1EGFP Fwd: GCGATGATGGCACAGAAGG; Atoh1EGFP Rev: 108 
GAAGGGCATTTGGTTGTCTCAG). Figure 1 diagrams the genomic targeting strategy (Fig. 1B), 109 
confirmation of insertion locus by Southern blot (Fig. 1C), and PCR genotyping (Fig. 1D). The genotype 110 
was sequence verified by PCR amplification of Atoh1 from homozygous knock-in mice. For simplicity, 111 
we refer to this allele as Atoh1-S193A throughout the text. Atoh1-lacZ control mice were genotyped using 112 
the primers and PCR protocol of the generic lacZ PCR from The Jackson Laboratory (Transgene Fwd, 113 
oIMR3054: ATCCTCTGCATGGTCAGGTC; Transgene Rev. oIMR0040: 114 
CGTGGCCTGATTCATTCC; Internal Control Fwd, oIMR8744: CAAATGTTGCTTGTCTGGTG; 115 
Internal Control Rev, oIMR8745: GTCAGTCGAGTGCACAGTTT).  116 
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 117 
Mouse strains, husbandry, and handling 118 
Animal housing, husbandry, and euthanasia were conducted under the guidelines of the Center for 119 
Comparative Medicine, Baylor College of Medicine. Mice were housed in an AAALAS-certified Level 3 120 
facility on a 14-hour light cycle. After weaning, all mice were group housed (2–5 mice per cage) as a mix 121 
of genotypes. The investigators remained blind to the genotypes of all tested mice during phenotypic 122 
characterization and behavioral testing. Previously described mouse models are Atoh1 lacZ (Ben-Arie et 123 
al., 2000, B6.129S7-Atoh1tm2Hzo/J, Jackson Laboratory Stock #005970), Atoh1-GFP (Rose et al., 2009b, 124 
B6.129S-Atoh1tm4.1Hzo/J, #013593). 125 
 126 
 127 
Behavior assays 128 
The following assays have been described elsewhere, but short descriptions are included below. All 129 
behavioral assays were performed with mice of both sexes. 130 
Open field assay (Chao et al., 2010): Mice were habituated for 30 minutes in the testing room (200-lux, 131 
60 dB white noise), and then individually placed in the center of an open Plexiglas chamber (40 x 40 x 30 132 
cm) with photo beams (Accuscan) to measure their activity. Data were analyzed by One-Way ANOVA 133 
with Tukey’s post hoc analysis. 134 
Vertical rod assay (Matsuura et al., 1997): Mice were habituated for 30 minutes in the testing room, and 135 
then individually placed on top of a 24-inch tall wooden dowel and allowed to grip the dowel with all four 136 
paws. Latency to fall was recorded during the two-minute test. Data were analyzed by One-Way ANOVA 137 
with Tukey’s post hoc analysis. 138 
Parallel rod footslip assay (Chao et al., 2010): Mice were habituated for 30 minutes in the testing room. 139 
Each mouse was placed in a footslip chamber consisting of a Plexiglas box with a floor of parallel rods 140 
and allowed to move freely for 10 minutes. Movement was recorded by a suspended digital camera and 141 
footslips were recorded using ANY-maze software (Stoelting Co.). The total number of footslips was 142 
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normalized to the distance traveled. Data were analyzed by One-Way ANOVA with Tukey’s post hoc 143 
analysis. 144 
Rotarod assay (Chao et al., 2010): Mice were habituated for 30 minutes in the testing room, and then 145 
placed on a rotating cylinder of an accelerating rotarod apparatus (Ugo Basile, Varese, Italy) and allowed 146 
to move freely as rotation speed increased from 5 rpm to 40 rpm over a 10-minute period. Latency to fall 147 
was recorded when the mouse fell from the rod or the mouse had ridden the rotating rod for three 148 
revolutions without regaining control. Four consecutive trials spaced at least 30 minutes apart were 149 
recorded in one day, and four consecutive days of trials were recorded. Data from all four trials were 150 
averaged per day and analyzed by Two-Way ANOVA with Tukey’s post hoc analysis. 151 
Unrestrained whole-body plethysmography (UWBP; Huang et al., 2012): Mice were placed within air-152 
flushing UWBP chambers (Buxco) with a flow rate of 0.5 liter/minute. Respiratory parameters were 153 
captured using Ponemah 3 software (DSI) and processed using Matlab (Mathworks, RRID:SCR_001622). 154 
Mice were allowed to acclimate for at least 20 minutes, and baseline breathing was recorded for at least 155 
20 minutes (baseline). To determine response to hypercapnia gas, the chamber was flushed with 156 
hypercapnic gas (5% CO2) for 15 minutes and breathing was recorded for the first 5 minutes of 157 
hypercapnic exposure (hypercapnia), and allowed to recover in fresh air for 15 minutes (recovery). 158 
Hypoxic gas (10% O2) challenge was done in the same manner. Data were analyzed by Two-Way 159 
ANOVA with Tukey’s post hoc analysis. 160 
Auditory brainstem response recording (Cai et al., 2013): Mice were anesthetized using an intraperitoneal 161 
injection of ketamine (100 mg/kg) and xylazine (10 mg/kg) and immobilized in a head holder. Pure tone 162 
stimuli from 4 kHz to 48 kHz were generated using Tucker Davis Technologies System 3 digital signal 163 
processing hardware and software (Tucker Davis Technologies, Alachua, FL, USA, RRID:SCR_014520), 164 
and the intensity of the tone stimuli was calibrated using a type 4938, 1/4" pressure-field calibration 165 
microphone (Brüel and Kjær, Nærum, Denmark). Response signals were recorded with subcutaneous 166 
needle electrodes inserted at the vertex of the scalp, the postauricular region (reference) and the back leg 167 
(ground). Auditory thresholds were determined by decreasing the sound intensity of each stimulus from 168 
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90 dB to 10 dB in 5 dB steps until the lowest sound intensity with reproducible and recognizable waves in 169 
the response was reached. Peak amplitude and latency were measured using BioSig software from Tucker 170 
Davis Technologies (Alachua, FL, USA). Mean absolute hearing thresholds ± standard deviations (dB 171 
SPL) were plotted as a function of stimulus frequency (kHz) for each genotype. Statistical analysis 172 
consisted of One-Way ANOVA to reveal overall trends accompanied by two-tailed Student’s t-tests at 173 
individual frequencies or intensities with adjustment of p values for multiple comparisons using the 174 
Tukey HSD method. R (version 3.2.4, RRID:SCR_001905) was used for all statistical analyses. 175 
 176 
Statistical Analyses 177 
Statistical significances were tested using ANOVA (One-Way and Two-Way, when appropriate) with 178 
Tukey’s post hoc analysis using Prism6 (GraphPad, La Jolla, CA, RRID:SCR_002798) for all analyses 179 
except for ABR data (Figure 4A), which was analyzed with R (version 3.2.4). Specific p-values are 180 
reported in table below: 181 
Figure Definition of 

Population 
Population 
Size (n) 

Comparison (only significant values 
listed) 

p-value 

Figure 2B Individual mice 12-15 WT vs. S193A/lacZ, Day 3 
WT vs. S193A/lacZ, Day 4 

0.0053 
0.0012 

Figure 2C Individual mice 3 WT vs. 193A/lacZ 0.0380 
Figure 4A Individual mice 6 WT vs. S193A/+ 

WT vs. S193A/S193A 
WT vs. S193A/lacZ 
lacZ/+ vs. S193A/lacZ 
S193A/S193A vs. S193A/lacZ 

0.0010 
0.00012 
1.40E-11 
0.000014 
0.014 

Figure 4C Individual mice, 
per time point 

4-5 P0 lacZ/+ vs. S193A/lacZ, Inner Apex 
P0 lacZ/+ vs. S193A/lacZ, Inner Mid 
P0 lacZ/+ vs. S193A/lacZ, Inner Base 
P0 lacZ/+ vs. S193A/lacZ, Outer Apex 
P0 lacZ/+ vs. S193A/lacZ, Outer Mid 
P0 lacZ/+ vs. S193A/lacZ, Outer, Base 
P5 lacZ/+ vs. S193A/lacZ, Inner Apex 
P5 lacZ/+ vs. S193A/lacZ, Inner Mid 
P5 lacZ/+ vs. S193A/lacZ, Inner Base 
P5 lacZ/+ vs. S193A/lacZ, Outer Apex 
P5 lacZ/+ vs. S193A/lacZ, Outer Mid 
P5 lacZ/+ vs. S193A/lacZ, Outer Base 
P21 lacZ/+ vs. S193A/lacZ, Outer Apex 
P21 lacZ/+ vs. S193A/lacZ, Outer Mid 

0.0129 
0.0015 
0.0006 
<0.0001* 
0.0595 
<0.0001* 
0.0014 
<0.0001* 
0.0053 
<0.0001* 
<0.0001* 
0.0007 
0.0013 
<0.0001* 



 

8 

P21 lacZ/+ vs. S193A/lacZ, Outer Base 
P5 lacZ/+ vs. S193A/S193A, Outer Apex 
P21 lacZ/+ vs. S193A/S193A, Outer Base 

<0.0001* 
0.0477 
0.0112 

Figure 5B Individual mice 3 lacZ/+ vs. S193A/lacZ, circumference 0.0011 
Figure 6D Individual mice 5 Scn11a, WT vs. S193A/S193A 

Scn11a, WT vs. S193A/lacZ 
Mgat5b, WT vs. S193A/S193A 
Mgat5b, WT vs. S193A/lacZ 
Rasd2, WT vs. S193A/lacZ 
Rbm24, WT vs. S193A/lacZ 

<0.0001* 
<0.0001* 
0.0483 
0.0222 
0.0131 
0.0208 

*Prism6 only reports up to 4 decimal points 182 
 183 
X-gal staining and Nissl staining 184 
Whole-mount X-gal staining was performed as previously described using 1 mg/ml of Bluo-Gal 185 
(Invitrogen, Carlsbad, CA; Huang et al., 2012). After fixation and X-gal staining, inner ears were 186 
dissected and dehydrated in an ethanol gradient (1 hour in 30% ethanol, 1 hour in 50% ethanol, overnight 187 
in 95% ethanol, overnight in 100% ethanol at room temperature). Inner ears were cleared in methyl 188 
salicylate overnight at room temperature. Nissl staining was performed as described (Flora et al., 2007). 189 
 190 
Cochlea isolation and sectioning 191 
Heads from P0 and P5 mice were fixed with 4% paraformaldehyde for 3 hours at room temperature. 192 
E16.5 embryos were fixed in 4% paraformaldehyde for 30 minutes. Heads were washed and stored in 193 
PBS at 4°C. Cochleae or utricles were dissected in PBS after fixation. To obtain P21 and adult cochlea, 194 
whole body perfusion was performed and the inner ears were dissected and post-fixed in 4% 195 
paraformaldehyde overnight at 4°C. Cochleae or utricles were dissected in PBS and decalcified in 500 196 
mM EDTA overnight at 4°C. For cochlear section staining, mouse heads were fixed for 3 hours in 4% 197 
paraformaldehyde at room temperature, washed with PBS, cryoprotected in 30% sucrose in PBS at 4°C 198 
until they sank. The cryoprotected heads were then embedded in OCT and sectioned at 14 μm. 199 
 200 
Immunohistochemistry 201 



 

9 

Primary antibodies used in this study were anti-activated Caspase 3 (actCasp3, 1:500, rabbit; R and D 202 
Systems Cat# AF835 RRID:AB2243952), anti-Myosin7 (1:500, rabbit; Proteus Biosciences Cat# 25-6790 203 
RRID:AB_2314839), and anti-p27kip1 (1:250, mouse; Thermo Fisher Scientific Cat# MA5-12835 204 
RRID:AB_10988513). Secondary antibodies were anti-mouse Alexa 488 (1:2,000, goat, Thermo Fisher 205 
Scientific Cat# A-11029 RRID:AB_2534088) or anti-rabbit Alexa 594 (1:2,000; goat, Thermo Fisher 206 
Scientific Cat# R37117 RRID:AB_2556545). Cell nuclei were labeled by DAPI (1:10,000; Thermo 207 
Fisher Scientific Cat# D1306 RRID:AB_2629482). The immunostaining procedure followed standard 208 
protocol using 0.1% Triton X-100 in PBS washes and 10% goat serum in the primary antibody blocking 209 
buffer. 210 
 211 
Quantitative PCR 212 
The temporal bone containing the inner ear was dissected from P0 mice and placed into 1 ml TRIzol 213 
(Thermo Fisher Scientific, Waltham, MA) and the recommended protocol by the manufacturer was 214 
followed to isolate RNA. First-strand cDNA was synthesized using M-MLV reverse transcriptase 215 
(Thermo Fisher Scientific, Waltham, MA). Quantitative RT-PCR was performed using 2X SYBR green 216 
reaction mix and the Bio-Rad CFX96 Real-Time system (Bio-Rad, Hercules, CA). The target gene primer 217 
sets were either chosen from Primerbank (Wang et al., 2012) or designed using Primer 3 Plus 218 
(Untergasser et al., 2007). The following primers were used: Anxa4: Forward 5’-219 
CAAAGGAGGAACCGTGAAAGC-3’, Reverse 5’-GCATCTTCATCAGTACCGAGG-3’; Mgat5b: 220 
Forward 5’-GAGACCCTTTCGGCTGTTTGT-3’, Reverse 5’-CCAGCATATCCATGCGCTTC-3’; 221 
Mreg: Forward 5’-GTGGTAACAATCCGTATTCCTCC-3’, Reverse 5’-222 
TCCTCTAAGATTCGTCTCCATCG-3’; Rasd2: Forward 5’-AACTGCGCCTACTTCGAGG-3’, 223 
Reverse 5’-GGTGAAAAGCATCGCCGTACT-3’; Rbm24: Forward 5’-224 
GGGGCTACGGATTTGTCACC-3’, Reverse 5’-TGGCTGCATGATTCTTGGTTT-3’; Scn11a: Forward 225 
5’-CGACTCTTTGGCTGCAATAGA-3’, Reverse 5’-AGAGCTTAGGTAACTTCCTGGAG-3’. 226 
 227 
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Western blot analysis 228 
Protein lysates were prepared from cerebella of P5 mouse pups by trituration in lysis buffer (50 mM Tris, 229 
pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 1 mM PMSF, Roche Complete Protease 230 
Inhibitor, Basel, Switzerland) with 1 ml syringes and 23G needles followed by 29G1/2 needles. Samples 231 
were sonicated and rotated for 10 minutes at 4°C. After centrifugation at 13,000 rpm for 10 minutes, the 232 
supernatant was mixed with 2X NuPAGE Sample Buffer and run on a NuPAGE 4–12% Bis-Tris gradient 233 
gel with MES Running Buffer (Thermo Fisher Scientific, Waltham, MA). Proteins were transferred to 234 
nitrocellulose membranes using the MES NuPAGE transfer system for 1 hr at 4°C. The membranes were 235 
blocked with 5% BSA in Tris buffered saline with 2% Tween-20 (TBST), and incubated with primary 236 
antibody overnight at 4°C with mild agitation. After washing with TBST, the membranes were incubated 237 
with secondary antibody for 1 hr at room temperature followed by washing. HRP was detected using 238 
Pierce ECL detection kit (Thermo Fisher Scientific, Waltham, MA). Antibodies used were: polyclonal 239 
anti-pAtoh1(S193) (1:2,000; rabbit, GenScript, Piscataway, NJ), polyclonal anti-GFP (1:5,000; rabbit, 240 
GeneTex Cat# GTX113617, RRID:AB_1950371), monoclonal anti-vinculin (1:5,000; mouse, Millipore 241 
Cat# MAB3574, RRID:AB_2304338) HRP-conjugated anti-rabbit IgG (1:20,000; donkey, GE Healthcare 242 
Cat# RPN4301, RRID:AB_2650489), and HRP-conjugated anti-mouse IgG (1:20,000; donkey, Jackson 243 
ImmunoResearch Labs Cat# 715-035-150, RRID:AB_2340770). 244 
 245 
Cycloheximide assay 246 
Daoy cells (ATCC Cat# HTB-186, RRID:CVCL_1167) were transfected using Lipofectamine LTX and 247 
Plus reagents with a ratio of Plus-DNA-LTX of 1 μl to 1 μg to 3 μl (Thermo Fisher Scientific, Waltham, 248 
MA) per manufacturer’s instructions. For each sample (1.25 x 105 cells), 250 ng of pcDNA3_Atoh1-GFP 249 
constructs were transfected. After 24 hours, cycloheximide was added to cell media to a final 250 
concentration of 10 μg/ml. Cell lysates were collected at five time points after exposure to cycloheximide: 251 
0, 2, 4, 6, and 8 hours. Western blot images were processed and quantified with ImageJ with each lane 252 
normalized to the loading control. The experiment was repeated six times. 253 
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 254 
Chromatin immunoprecipitation 255 
Cochlea were dissected from P0 Atoh1GFP/GFP and Atoh1S193A/193A pups and stored in DMEM with 5% FBS. 256 
Eight cochlea were collected for each sample and centrifuged at 470 g for 10 minutes at 4°C. DMEM was 257 
carefully removed and samples were cross-linked in 500 μl of PBS containing 13.5 μl of 36.5% 258 
formaldehyde solution (VWR, Radnor, PA) for 20 minutes at room temperature in a tail-over-head 259 
rotator. Fixation was quenched with 57 μl of 1.25M glycine. Cross-linked tissue was centrifuged at 470 g 260 
for 10 minutes at 4°C. The supernatant was removed and the pellet was washed with 500 μl of ice-cold 261 
PBS three times. After removal of final PBS wash, samples were snap frozen in liquid nitrogen and stored 262 
at -80°C. Chromatin immunoprecipitation was performed as described (Cai et al. 2015). The following 263 
primers were used for quantitative PCR following ChIP: Atoh1: Forward 5’- 264 
CCAAGAAGCGTGGGGGTAG-3’, Reverse 5’- GCTTCTGTAAACTCTGCCGG-3’; Anxa4: Forward 265 
5’- CTTTTACCTGCCCCGCCCA-3’, Reverse 5’- GAAACGGCACCTGACCTGTTA-3’; Fgf18: 266 
Forward 5’-TGTTCTAGCCCCATCAGCTT-3’, Reverse 5’- GCTTGCACTACATGGCTCTG-3’; 267 
Mgat5b: Forward 5’- GGCTGCTGTCTCTGTCTTGT-3’, Reverse 5’- CCTCGAAGCCTGGAGAAGTC-268 
3’; Mreg: Forward 5’- CCTCCTCTGGTCTCTGGGTG-3’, Reverse 5’- 269 
TTCCTGTGCATAGTCGCCTG-3’; Rasd2: Forward 5’- GGCACAAAAGATGCACAGGG-3’, Reverse 270 
5’- GCAGCCTCCAAGTGTTCAA-3’; Rbm24: Forward 5’- GCTACTAAGCAGAAGGGACGG-3’, 271 
Reverse 5’- ATCGAGTGGCTTAGTGGGAT-3’; Scn11a: Forward 5’- CCTGCAGTTTGCACCTTTCC-272 
3’, Reverse 5’- GGGCAGGAGAGAAGAAACCC-3’. 273 
 274 
RESULTS 275 
Serine 193 of Atoh1 is highly conserved and phosphorylated in vivo. 276 
As noted above, we identified only one serine residue in the bHLH domain that could be phosphorylated, 277 
S193 (Figure 1A). Because the phospho-mimetic (serine to aspartic acid, S193D) mutant was functionally 278 
null in the fruit fly (Quan et al., 2016) and hence likely to phenocopy the Atoh1-null allele, we decided to 279 
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generate a phospho-dead (serine to alanine, S193A) knock-in mouse model to investigate the in vivo 280 
function of S193 (Figure 1B-D).  281 
 To determine whether S193 is phosphorylated in vivo, we generated a phospho-specific antibody 282 
that recognizes pAtoh1(S193). To test its specificity, we immunoprecipitated Atoh1 from P5 cerebellar 283 
lysates of Atoh1Atoh1-GFP/Atoh1-GFP (Rose et al., 2009b) and our Atoh1Atoh1-GFP-S193A/Atoh1-GFP-S193A mice—from 284 
here on abbreviated as Atoh1GFP/ GFP and Atoh1S193A/S193A, respectively—using the GFP tag and 285 
immunoblotted using GFP antibodies for total Atoh1 protein and our pAtoh1(S193) antibody (Figure 1E). 286 
The much weaker pAtoh1(S193) immunoreactivity from the homozygous knock-in mice indicates that 287 
our antibody is specific, while the immunoreactivity in the wild-type mice indicates that S193 is indeed 288 
phosphorylated in vivo.  289 
 290 
Atoh1S193A/lacZ mice have motor coordination deficits and cerebellar foliation defects. 291 
Since Atoh1 heterozygosity is sufficient for normal cerebellar development, and our homozygous 292 
Atoh1S193A/S193A mice did not show the postnatal lethality phenotype of the Atoh1-null allele, we suspected 293 
that the phospho-mutant phenotype is milder than the null allele. Indeed, we previously showed that the 294 
phospho-dead (S193A) mutant loses neither DNA-binding capacity nor significant transcriptional activity 295 
in a luciferase reporter assay (Quan et al., 2016). Nevertheless, the in vivo Atonal phospho-dead (S292A) 296 
fly mutant did exhibit mild loss of function phenotypes, specifically smaller and disorganized ommatidia 297 
(Quan et al., 2016). We therefore generated another cohort of Atoh1-S193A mice on an Atoh1-null 298 
background (Atoh1S193A/lacZ; Ben-Arie et al., 2000).  299 
 Mice carrying the S193A allele on either wild-type or null backgrounds were born at expected 300 
Mendelian ratios, their body weights were similar to those of control cohorts (Atoh1WT and Atoh1lacZ/+), 301 
and no irregular movements or behavior were detected when observing the mice in their home cages. 302 
Since Atoh1 plays an important role in proprioception and interoception (Rose et al., 2009a), we decided 303 
to assess their motor coordination in more detail. No difference was detected between the phospho-mutant 304 
mice and control littermates in the open field assay for general locomotor activity, vertical rod assay for 305 
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sensorimotor impairment, or parallel rod footslip assay for ataxia (n=7-9; Figure 2A), but Atoh1193A/lacZ 306 
mice performed significantly worse than control littermates on days 3 and 4 of an accelerating rotarod 307 
assay (n=12-15, Day 3: *p=0.0053, Day 4: *p=0.0012, Two-Way ANOVA; Figure 2B). To determine the 308 
underlying anatomical basis of this motor coordination or motor learning deficit, we performed Nissl 309 
staining on adult mouse cerebellum and found that Atoh1S193A/lacZ mice have decreased foliation between 310 
lobules VI and VII as assessed by the area of the molecular layer of both lobules (outlined in pink in 311 
Figure 2C, n=3, *p=0.0356, ANOVA).  312 
 313 
Atoh1193A/lacZ mice have a pontine neuronal progenitor migration defect. 314 
Atoh1 defines the rhombic lip and its lineages, which give rise to numerous nuclei responsible for the 315 
proprioceptive, vestibular, auditory, and respiratory systems in the hindbrain (Rose et al., 2009a and b). 316 
Therefore, we tested respiration of the Atoh1-S193A phospho-mutant mice using unrestrained whole-body 317 
plethysmography (UWBP) and found no difference in baseline breathing or hypoxic and hypercapnic 318 
respiration stress tests (Figure 3A). We concluded that Atoh1-positive neurons that regulate respiration 319 
were intact and functional.  320 
 To determine whether the other Atoh1-positive nuclei were affected, we evaluated β-gal 321 
expression in embryonic day 16.5 (E16.5) hindbrains of Atoh1lacZ/+ and Atoh1S193A/lacZ embryos. Serial 322 
coronal sections through the brainstem revealed that these nuclei are intact in the E16.5 Atoh1S193A/lacZ 323 
embryos, suggesting that S193 phosphorylation is not required for the initial generation of these rhombic 324 
lip-derived, Atoh1-positive nuclei (Figure 3B). We also evaluated β-gal expression in postnatal day 0 (P0) 325 
mice. Interestingly, there was a partial defect in pontine neuronal migration as shown by the continued 326 
presence of the anterior extramural migratory stream (AES) in the Atoh1S193A/lacZ mice (Figure 3C). This 327 
delay in migration was not apparent at E16.5 because pontine neuronal progenitor migration is ongoing 328 
and incomplete at that stage. These findings suggest that while the majority of Atoh1-dependent neuronal 329 
progenitors are unaffected in Atoh1S193A/lacZ mice, the migration of pontine nucleus progenitors is partially 330 
affected.  331 
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 332 
Atoh1-S193A phospho-mutant mice are deaf and progressively lose inner ear hair cells. 333 
The mechanosensory hair cells of the inner ear are dependent on Atoh1 expression for proper 334 
development and survival (Bermingham et al., 1999; Cai et al., 2013). To investigate whether these 335 
Atoh1-dependent cells were affected in our Atoh1-S193A phospho-mutant mice, we performed auditory 336 
brainstem response (ABR) tests to assess hearing in adult mice. Atoh1S193A/lacZ mice were profoundly deaf 337 
by 2 months of age (n=6, *p=2.13e-10, Two-Way ANOVA; Figure 4A, red). Atoh1S193A/S193A mice 338 
exhibited a milder hearing loss, with decreased ABR thresholds at frequencies over 12 kHz (Figure 4A). 339 
To our surprise, two-month-old Atoh1lacZ/+ mice, which had previously been thought to show no effects of 340 
heterozygosity (Ben-Arie et al., 1997; Wang et al., 2005; Fritzsch et al., 2005), also exhibited loss of 341 
hearing at frequencies over 20 kHz (Figure 4A). We then analyzed whole mount preparations of the 342 
cochlea stained for Myosin VIIa of these ABR-tested mice. We discovered hair cell degeneration in the 343 
Atoh1S193A/lacZ, Atoh1S193A/S193A, and Atoh1lacZ/+ mice that were commensurate with the level of hearing loss 344 
revealed in the ABR tests (Figure 4B). 345 

We next investigated how early the hair cell degeneration begins by examining a series of whole 346 
mount cochlea at P0, P5, and P21 time points and observed a progressive loss of cochlear hair cells for 347 
Atoh1S193A/lacZ and Atoh1S193A/S193A mice (Figure 4C). As expected, Atoh1S193A/lacZ mice exhibited the earliest 348 
degeneration, evident at P0. Atoh1S193A/S193A mice, which had an intermediate hearing loss phenotype, do 349 
not begin to exhibit hair cell loss until P21, and Atoh1lacZ/+ mice are indistinguishable from wild-type mice 350 
at these early time points (Figure 4C).  351 
 352 
Atoh1193A/lacZ mice lose cochlear hair cells as early as E16.5. 353 
Atoh1-null mice show cochlear hair cell death as early as E15.5 (Cai et al., 2013; Chen et al., 2002; Pan et 354 
al., 2011). To determine whether Atoh1193A/lacZ mice fail to specify hair cells or lose them via cell death, 355 
we performed whole-mount cochlear staining using an anti-activated Caspase 3 antibody (ActCasp3) to 356 
mark apoptotic cells. Atoh1S193A/lacZ mouse cochleae show ActCasp3 staining, indicating that the hair cell 357 
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loss is due to apoptosis during development (Figure 5A). The similarity to the phenotype of Atoh1-null 358 
mice also suggests that the hair cell loss arises from loss of Atoh1 function. 359 
 360 
Atoh1-S193A phospho-mutant mice do not show hair cell loss in the vestibular system. 361 
 Because impaired vestibular function can also contribute to a poor rotarod performance, we 362 
investigated the hair cells of the vestibular system (Gnedeva and Hudspeth, 2015; Haque et al., 2016). To 363 
determine the size and hair cell density of the macula and cristae, we performed immunostaining with 364 
Myosin VIIa. We found that both the maculae and cristae of adult Atoh1S193A/S193A and Atoh1S193A/lacZ mice 365 
were normal in size and hair cell density (Figure 5B), suggesting that impaired vestibular function is not a 366 
contributing factor to the poor rotarod performance seen in the Atoh1S193A/lacZ mice. 367 
 368 
Misregulation of Atoh1 target genes in Atoh1S193A/lacZ hair cells. 369 
To investigate the mechanism by which the Atoh1-S193A phospho-mutant causes hair cell loss, we first 370 
looked at whether the levels of Atoh1 RNA or protein were affected in Atoh1S193A/lacZ mice. Atoh1 RNA 371 
levels from the inner ear of Atoh1S193A/S193A mice and Atoh1S193A/lacZ mice were similar to those of littermate 372 
controls (Figure 6A). Using an antibody to the GFP tag, we found that Atoh1 protein levels were 373 
unchanged in Atoh1S193A/S193A mouse cerebella in comparison to cerebella of Atoh1GFP/GFP control mice, 374 
suggesting that phosphorylation of S193 does not play a role in regulating Atoh1 protein levels (Figure 375 
6B). To confirm that S193 does not affect protein stability, we performed a cycloheximide pulse-chase 376 
assay to measure protein half-life of both phosphomimetic and phospho-dead S193 Atoh1 mutants. We 377 
found no difference between the half-life of the phospho-mutant and the wild-type proteins (Figure 6C). 378 
We thus concluded that the Atoh1-S193A mutation does not alter Atoh1 half-life or play a role in Atoh1 379 
protein degradation. 380 
 Next we investigated the expression levels of previously validated Atoh1 direct target genes in 381 
the inner ear (Cai et al., 2015). We found that some genes had altered expression levels, while others were 382 
unaffected (Figure 6D). Anxa4 and Mreg gene expression were not significantly changed, while Scn11a, 383 
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Mgat5b, Rasd2, and Rbm24 were downregulated in Atoh1S193A/lacZ mice and only Scn11a, Mgat5b were 384 
significantly downregulated in Atoh1S193A/S193A mice (n=5, Figure 6C). As would be predicted from the in 385 
vitro studies (Quan et al. 2016), we found that Atoh1-S193A bound promoter DNA of its target genes 386 
similarly to wild-type Atoh1, suggesting that the DNA binding capacity of Atoh1-S193A is unimpaired in 387 
vivo (Figure 6E). These results suggest that Atoh1-S193A is a hypomorphic allele that partially impairs 388 
Atoh1’s ability to upregulate transcription of its target genes in the inner ear. This would likely lead to 389 
widespread transcriptional changes in the hair cell precursors, which we predict would ultimately affect 390 
the differentiation and survival of the hair cells. 391 
 392 
DISCUSSION 393 
We have identified a phosphorylation site, S193, located in the evolutionarily conserved bHLH region of 394 
Atoh1. Mutation from the serine to the non-phosphorylatable alanine, S193A, leads to a partial loss-of-395 
function phenotype in mice. Atoh1S193A/lacZ mice performed poorly on the rotarod assay and had pontine 396 
nuclei progenitor migration defects as well as cerebellar foliation defects. Atoh1S193A/lacZ mice were 397 
profoundly deaf and had cochlear hair cell loss. In contrast, Atoh1S193A/S193A mice exhibited only moderate 398 
hearing deficits with cochlear hair cell loss at P21. These data suggest that there is a functional threshold 399 
for Atoh1 that varies with the cellular context.  400 
 It is interesting that Atoh1 is downregulated shortly after birth in the inner ear with no transcripts 401 
detectable by P3 (Lanford et al., 2000)—yet hair cell loss in the Atoh1S193A/S193A mice did not take place 402 
until P21. This suggests that the Atoh1-S193A mutation is not necessarily toxic to hair cells but may cause 403 
less efficient activation of some transcripts, leading to loss of hair cell progenitors. The expression data of 404 
Atoh1 target genes in the inner ear support this theory: we found four examples of target genes that were 405 
significantly downregulated in Atoh1S193A/lacZ mice and two that were also significantly downregulated in 406 
Atoh1S193A/S193A mice. Both DNA binding and protein interactions can affect a transcription factor’s ability 407 
to properly upregulate its target genes. We have previously shown that Atoh1-S193A is able to bind DNA 408 
and heterodimerize with its obligate binding partners, the E proteins (Quan et al. 2016). However, given 409 
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the transcriptional changes we see in the hair cells of Atoh1S193A/lacZ mice and the location of S193 in the 410 
protein interaction section of the bHLH domain, we hypothesize that Atoh1’s ability to interact with other 411 
proteins that mediate co-activation of target genes may be impaired. It would be interesting to identify 412 
novel Atoh1 binding partners and then investigate whether or not Atoh1-S193A has decreased 413 
interactions with these proteins. 414 

One surprising finding was the apparent hearing loss in the adult Atoh1lacZ/+ mice. It has long been 415 
accepted that Atoh1lacZ/+ mice are similar to wild-type mice (Ben-Arie et al., 1997; Wang et al., 2005; 416 
Fritzsch et al., 2005). However, the hearing loss at higher frequencies in these mice points to a possible 417 
haploinsufficiency phenotype. We did not see hair cell loss in the Atoh1lacZ/+ mice before P21, indicating 418 
that the loss of hearing we observed is due to either hair cell loss at a later time point or hair cell 419 
dysfunction. Atoh1 is highly expressed in the developing sensory epithelium; it is possible that lower 420 
levels of Atoh1 are sufficient for hair cell survival but cannot keep up with the transcriptional demand for 421 
hair cells to properly differentiate and become functional, eventually leading to their dysfunction or death. 422 

It is intriguing that although cochlear and vestibular hair cells come from the same pool of Atoh1-423 
positive precursors, the hair cells in the vestibular system seem to be more resilient. Studies showed that 424 
deletion of Atoh1 from the cochlea before E15.5 leads to rapid cell death, while deletion of Atoh1 in the 425 
utricle only decreased expression of myosin VIIa causing failure of stereocilia to form (Cai et al., 2013; 426 
Chonko et al., 2013). These early differences suggest that the transcriptional landscape differs between 427 
cochlear and utricle hair cells. Certainly there are temporal differences between these two organs with 428 
regards to mechanical sensitivity: hair cells become mechanically sensitive between E16 and P0 in the 429 
utricle but not until between P0 and P4 in the cochlea (Géléoc and Holt, 2003; Lelli et al., 2009). 430 
 It is also noteworthy that the inner hair cells of the cochlea seem to be the first and most affected 431 
in the Atoh1-S193A mice. This is unusual as most noise, blast, drug damage, and aging paradigms show 432 
that the outer hair cells are killed first (Bohne et al., 2000; Cho et al., 2013; Govaerts et al., 1990; Sha et 433 
al., 2008). One of the few examples of inner hair cells dying first is a study in which Neurog1 was 434 
knocked into the Atoh1 locus (Jahan et al., 2012). A milder phenotype was seen in a compound mutant of 435 
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Neurog1 knocked into the Atoh1 locus together with a floxed Atoh1 allele (Jahan et al., 2015). It is 436 
unclear why the inner hair cells are more sensitive to changes in Atoh1 levels or activity, but our findings 437 
have demonstrated a clear differential sensitivity between inner hair cells, outer hair cells, and utricle hair 438 
cells. 439 

 In addition to the inner ear hair cell defects, we discovered milder defects in pontine nucleus 440 
progenitor migration and missing foliation between lobules VI and VII of the cerebellum in the 441 
Atoh1S193A/lacZ mice. Although the anatomical defects in both the pontine nuclei and the cerebellum can 442 
contribute to the poor performance motor performance of the Atoh1S193A/lacZ mice, it is difficult to prove 443 
causality. However, associations between altered coordination and both pontine and cerebellar foliation 444 
defects have been described in humans and mice. Human patients with lesions in the basilar pons exhibit 445 
several motor coordination deficits (Schmahmann et al. 2004). Additionally, mice with cerebellar 446 
foliation defects have motor coordination deficits (Chen et al. 2005, Chen et al. 2008, Rosin et al. 2015). 447 
One study in particular reported on motor coordination problems and the absence of lobule VI/VII 448 
foliation in TR4-/- mice that is strikingly similar to our cerebellar foliation defect (Chen et al. 2005). 449 

Our lab has previously shown that Atoh1 is required for the birth and proliferation of rhombic lip 450 
progenitors; the absence of Atoh1 results in the complete loss of mature neurons that derive from the 451 
rhombic lip, including both cerebellar granule and pontine nuclei neurons (Ben-Arie et al., 1997; Wang et 452 
al., 2005). In contrast, our present study suggests that not all neuronal progenitors from the rhombic lip 453 
are affected by the Atoh1-S193A mutation. The cerebellum is largely normal, suggesting that the CGNs 454 
are unaffected by the mutation. With the exception of the pontine nucleus, many other brainstem nuclei 455 
seem to be unaffected, suggesting that the pontine nuclei are the most affected lineage of the rhombic lip 456 
progenitors. The lack of foliation between lobules VI and VII could be due to less mossy fiber projection 457 
from the pontine nuclei. The cerebellum receives the majority of its mossy fiber input from the pontine 458 
nuclei, and it has been shown that the pontine nuclei project heavily to lobules VI and VII in the 459 
cerebellum (Cicirata et al., 2005), implying a direct connection between the two phenotypes. This 460 
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suggests that proper foliation of the mature cerebellum is not solely dependent on the cells populating the 461 
cerebellum, but also dependent on proper projections from distant neurons.  462 

Other phosphorylation sites of Atoh1 have been previously reported (Cheng et al., 2016; Forget et 463 
al., 2014; Tsuchiya et al., 2007). Serines 52 and 56 were shown to affect Atoh1 stability. These findings, 464 
however, were not reproduced (Tsuchiya et al., 2007; Cheng et al., 2016). Serines 328, 339, and 334 have 465 
also been implicated in altering Atoh1 stability, specifically through interactions with E3 ubiquitin ligase 466 
Huwe1 (Cheng et al., 2016; Forget et al., 2014). These sites are located in the serine-rich C-terminal 467 
domain found only in vertebrate homologs of Atoh1 (Mulvaney and Dabdoub, 2012). S193 however, is 468 
located in the highly conserved bHLH domain and is thus found not only in humans and other vertebrate 469 
species but also in flies. In addition, S193 does not seem to affect Atoh1 protein stability, but rather, 470 
mimicking phosphorylation (S193D) at this residue abolishes Atoh1’s ability to bind DNA, rendering the 471 
phospho-mutant protein functionally null (Quan et al., 2016).  472 

A recent study characterized mice carrying a methionine to isoleucine mutation in the bHLH 473 
region (M200I; Atoh1trhl/trhl; Sheykholseslami et al., 2013). Similar to our Atoh1-S193A mice, Atoh1trhl/trhl 474 
mice present with hearing loss and loss of cochlear hair cells. In addition, Atoh1trhl/trhl mice have trembling 475 
gait and smaller cerebella with lack of foliation in all lobules, indicating that this M200I point mutation 476 
results in a stronger hypomorphic phenotype than our Atoh1-S193A mice. It was not tested whether or not 477 
the M200I point mutation alters DNA binding, dimerization with E proteins, or transcriptional activity of 478 
Atoh1, but it is likely that at least one of these functions is affected, given its location in the bHLH region.  479 

In sum, we have created and characterized an Atoh1 knock-in mouse bearing a mutation in the 480 
most evolutionarily conserved serine of the bHLH. Our mouse model will be a useful tool to study Atoh1 481 
function in specific cell populations while circumventing the perinatal death phenotype that is seen in the 482 
Atoh1-null mouse. The effect of Atoh1-S193A on other Atoh1-dependent cell populations is currently 483 
unknown, but would be worthy of investigation. Most importantly, this work may contribute to a better 484 
understanding of the genetics behind human deafness, which affects one in every 500 newborns and 278 485 
million individuals worldwide (Shearer and Smith, 2012). We propose that Atoh1 haploinsufficiency as 486 
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well as Atoh1 point mutations may cause human deafness, particularly later-onset hearing loss, in the 487 
absence of other symptoms. 488 
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 677 
LEGENDS 678 
Figure 1. Serine 193 is a highly conserved phosphorylation site in Atoh1. 679 
A. Alignment of basic helix-loop-helix domain sequences between H. sapiens (human, NM_005172.1), 680 
M. musculus (mouse, NM_007500.4), G. gallus (chicken, ab909426.1), X. laevis (frog, KT722747.1), 681 
and D. melanogaster (fly, NM_169213.2). S193 is marked with red asterisk. Numbers indicate position of 682 
bHLH domain in protein sequence. Identical amino acids are white on black. B. Targeting schematic of 683 
Atoh1-S193A allele. S193 is mutated to an alanine in a targeting construct that contains an EGFP coding 684 
sequence fused to the 3’ end of the Atoh1 coding sequence. Together with an frt-flanked PGK-Neo 685 
selection cassette, the mutated Atoh1-EGFP coding sequence is placed between intact Atoh1 5’ and 3’ 686 
homology arms. This construct was targeted to the Atoh1 genomic locus, followed by subsequent removal 687 
of the PGK-Neo cassette as depicted. C. EcoRI-digested genomic DNA from six mouse embryonic stem 688 
cell clones show that 4 out of 6 carry the targeted allele when probed with a DNA probe that lies outside 689 
of the homology arms. Two clones (1 and 3) were selected for mouse blastocyst injection. D. PCR 690 
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genotyping of WT, Atoh1S193A/+, and Atoh1S193A/S193A mice is shown. E. S193 is phosphorylated in vivo. 691 
EGFP-tagged Atoh1 was immunoprecipitated from P5 cerebella of Atoh1GFP/GFP and Atoh1S193A/S193A mice 692 
and immunoblotted with GFP antibody or the generated phospho-specific antibody to S193, 693 
pAtoh1(S193).  694 
 695 
Figure 2. Atoh1S193A/lacZ mice perform poorly on the rotarod and have a foliation defect in the 696 
cerebellum. 697 
A. Behavioral data showing total distance traveled and number of vertical episodes in the open field 698 
assay, total time spent in the vertical rod assay, and number of foot slips per distance traveled in the 699 
parallel rod foot slip assay (n = 7-9, 2-month old mice). Shown are mean values ± SEM; there was no 700 
statistical significance. B. Latency to fall on the accelerating rotarod over the course of 4 days with 4 701 
trials per day (n = 12-15). Shown are mean values ± SEM. Day 3: *p=0.0053, Day 4: *p=0.0012, Two-702 
Way ANOVA. C. Sagittal sections of 6-week-old mouse cerebella near the midline. Black arrowheads 703 
point to foliation between lobules VI and VII. Red arrowhead points to missing foliation between lobules 704 
VI and VII in Atoh1S193A/lacZ mice. Cerebellar lobule area was calculated using ImageJ to outline the 705 
molecular layer of lobules VI and VII (n = 3). Scale bar = 1 mm. Shown are mean values ± SEM. 706 
*p=0.0356, One-Way ANOVA.  707 
 708 
Figure 3. Atoh1S193A/lacZ mice have a pontine nucleus migration defect. 709 
A. Unrestrained whole body plethysmography of 2-month old mice (n = 4). Graphs show no change in 710 
respiratory frequency (breaths per minute) when challenged with hypoxia (10% O2) or hypercapnia (5% 711 
CO2). Shown are mean values ± SEM over 20 minutes of normoxic baseline, 5 minutes of gas challenge, 712 
and 15 minutes of normoxic recovery. B. Serial coronal sections from E16.5 Atoh1lacZ/+ and Atoh1S193A/lacZ 713 
brainstems at approximate levels 1-3. DLL, dorsal lateral lemniscal; DN, deep cerebellar nuclei; EGL, 714 
external granule layer; MiTg, microcellular tegmental; PB, parabrachial; PN, pontine nuclei; pTRI, 715 
paratrigeminal; VC, ventral cochlear. All nuclei are present. Scale bar = 500 μm. C. Ventral view of 716 



 

29 

whole mount β-galactosidase staining of three P0 Atoh1lacZ/+ and Atoh1S193A/lacZ hindbrains. Arrowhead 717 
points to the pontine nucleus (PN) while the arrow points to the anterior migratory stream (AES), which 718 
is affected in the Atoh1S193A/lacZ mutants. 719 
 720 
Figure 4. Atoh1S193A/lacZ mice have accelerated hearing loss due to progressive inner ear hair cell loss. 721 
A. Auditory brainstem response assay of 2-month old mice. Atoh1193A/lacZ mice are profoundly deaf and 722 
Atoh1193A/193A mice have hearing loss at frequencies over 12 kHz. Shown are mean values ± SEM. B. 723 
Whole mount cochlear staining of 2-month old mice with Myosin VIIa. Hair cell degeneration is shown 724 
in Atoh1S193A/lacZ, Atoh1193A/193A and Atoh1lacZ/+ mice, with degeneration being most severe in the 725 
Atoh1S193A/lacZ mice. Scale bar = 20 μm. C. Different regions of whole mount cochlea at three postnatal 726 
time points: P0, P5, and P21. Number of inner and outer hair cells were quantified and shown in graphs to 727 
the right. Loss of inner ear hair cells is apparent in both Atoh1193A/193A and Atoh1193A/lacZ mice (n = 3), with 728 
the latter being more severe. Hair cells were counted per 200 μm length. Shown are mean values ± SEM. 729 
*p< 0.01, **p < 0.001, One-Way ANOVA. Scale bar = 20 μm. 730 
 731 
Figure 5. Caspase3 signal is seen as early as E16.5 in Atoh1S193A/lacZ mice. 732 
A. Immunofluorescence of whole mount cochlea from E16.5 mice. p27kip1 (green) marks the prosensory 733 
epithelia. ActCasp3 (red) marks apoptotic cells. Scale = 20 μm. B. Whole mount staining with Myosin 734 
VIIa of utricles and cristae from 2-month old mice. Scale bar = 200 μm.  735 
 736 
Figure 6. Some Atoh1 target genes in the inner ear have decreased expression in Atoh1S193A/S193A 737 
mice. 738 
A. Quantitative RT-PCR analysis of Atoh1 RNA levels in P0 inner ears from Atoh1WT, Atoh1193A/+, 739 
Atoh1193A/193A, Atoh1LacZ/+, and Atoh1193A/lacZ mice (n=6). Atoh1 transcript levels are representative of the 740 
number of alleles present. B. Western blot analysis of Atoh1 protein levels in P5 cerebellum from 741 
Atoh1GFP/GFP and Atoh1193A/193A mice (n=3). C. Cycloheximide (CHX) pulse chase assay. Daoy cells were 742 
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transfected with either wild type, Atoh1-S193A, or Atoh1-S193D constructs. CHX (10 μg/ml) was added 743 
to cell media 24 hours post-transfection and cell lysates are collected at 0, 2, 4, 6, and 8 hours after CHX 744 
addition. Atoh1 phospho-mutants have similar protein half-lives as that of wild type Atoh1. Shown are 745 
mean values ± SEM. D. Quantitative RT-PCR analysis of selected Atoh1 target genes in the inner ear of 746 
P0 Atoh1WT, Atoh1193A/+, Atoh1193A/193A, Atoh1LacZ/+, and Atoh1193A/lacZ mice (n=5). Shown are mean values 747 
± SEM. *p < 0.05, One-Way ANOVA. E. Chromatin immunoprecipitation and quantitative PCR of 748 
selected Atoh1 target genes in the inner ear as well as Atoh1 (positive control) and Fgf18 (negative 749 
control) of P0 Atoh1GFP/GFP and Atoh1193A/193A mice (n = 5). Shown are mean values ± SEM. 750 
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