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Abstract 27 
The mammalian inner ear houses the vestibular and cochlear sensory organs 28 
dedicated to sensing balance and sound, respectively. These distinct sensory organs 29 
arise from a common prosensory region, but the mechanisms underlying their 30 
divergence remain elusive. Here, we showed that two evolutionarily conserved 31 
homeobox genes, Irx3 and Irx5, are required for the patterning and segregation of the 32 
saccular and cochlear sensory domains, as well as for the formation of auditory 33 
sensory cells. Irx3/5 were highly expressed in the cochlea, their deletion resulted in a 34 
significantly shortened cochlea with a loss of the ductus reuniens that bridged the 35 
vestibule and cochlea. Remarkably, ectopic vestibular hair cells replaced the cochlear 36 
non-sensory structure, the Greater Epithelial Ridge. Moreover, most auditory sensory 37 
cells in the cochlea were transformed into hair cells of vestibular identity, with only a 38 
residual organ of Corti remaining in the mid-apical region of Irx3/5 double knockout 39 
mice. Conditional temporal knockouts further revealed that Irx3/5 are essential for 40 
controlling cochlear sensory domain formation before embryonic day 14. Our findings 41 
demonstrate that Irx3/5 regulate the patterning of vestibular and cochlear sensory cells, 42 
providing insights into the separation of vestibular and cochlear sensory organs during 43 
mammalian inner ear development. 44 
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Main 45 
 46 
The mammalian inner ear is a highly intricate structure containing six separate sensory 47 
organs responsible for balance and hearing, each of which contains sensory hair cells1. 48 
Five vestibular sensory organs, including saccular and utricular macula, and three 49 
canal cristae (anterior, posterior, horizontal) sense balance and movement. The 50 
cochlea in the ventral part of the inner ear is dedicated for sound perception1. 51 
Nevertheless, the mechanisms of formation of these distinct sensory patches in the 52 
inner ear remain elusive.  53 
 54 
Irx genes encode evolutionarily conserved TALE homeodomain transcription factors 55 
which play important roles during embryogenesis. In mammals, Irx genes are grouped 56 
into two clusters: IrxA cluster contains Irx1, Irx2 and Irx4; IrxB cluster includes Irx3, 57 
Irx5 and Irx6 2. Irx3 and Irx5 genes are essential in developmental processes of various 58 
systems, including bone, heart, limb, hypothalamus, etc2-6. Mutations in IRX5 gene 59 
lead to Hamamy syndrome, a rare developmental disease characterized by 60 
craniofacial malformations, congenital heart defects, skeletal anomalies, and 61 
sensorineural hearing loss3. Interestingly, it has been demonstrated that Irx3 and Irx5 62 
are expressed in the developing chick inner ear at multiple stages7. However, the 63 
function of Irx3/5 genes in mammalian cochlear development remain unknown. 64 
 65 
Irx3/5 deficiency leads to abnormal inner ear morphogenesis and formation of 66 
ectopic HCs of vestibular feature in the cochlea 67 
 68 
To understand the roles of Irx3 and Irx5 in the mammalian inner ear, we first examined 69 
the expression patterns of both genes using Irx3LacZ/+ and Irx5EGFP/+ transgenic knock-70 
in reporter mouse mutants4. We observed that both Irx3 and Irx5 were broadly 71 
expressed in the cochlear epithelium and the surrounding mesenchyme at E14.5 72 
(Supplementary Fig. S1a-b). Consistent with the hearing impairment manifested in 73 
human patients with IRX5 mutations3, Irx3flox Irx5EGFP/Irx3flox Irx5EGFP (designated as 74 
Irx5-/-) mice displayed increased auditory brainstem response (ABR) thresholds at low 75 
frequencies (Fig. 1j,k). Moreover, ABR thresholds assessment in Irx3LacZ/LacZ 76 
(designated as Irx3-/-) mice also showed defective hearing functions, with elevated 77 
ABR thresholds at frequencies around 16-20kHz (Fig. 1i,k).  78 
 79 
To explore the functions of Irx3 and Irx5 during inner ear development, we analyzed 80 
the morphology of Irx3-/-, Irx5-/- and Irx3- Irx5EGFP/Irx3- Irx5EGFP (designated as Irx3/5-/-) 81 
mutant inner ears. Paint-fill analyses showed that while the gross structures and 82 
morphologies of Irx3-/- and Irx5-/- inner ear were comparable to that of control (Fig. 1a-83 
c’), cochlear duct was shortened and the ductus reuniens, a fine non-sensory structure 84 
that connects the saccule and cochlea, was absent in Irx3/5-/- (Fig. 1a,a’,d,d’). 85 
Immunostaining of Myo7a and Sox2 showed an expansion of sensory region to the 86 
medial edge of the floor epithelium and formation of ectopic HCs in E16.5 Irx3/5-/- 87 
cochlea (Fig. 1e,h). In contrast, the formation of the organ of Corti (oC) was largely 88 
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normal in the cochlea of Irx3-/- or Irx5-/- single mutants (Fig. 1f,g). Collectively, these 89 
results showed that Irx3 and Irx5 compensate each other’s function in mammalian 90 
inner ear development and removal of both Irx3 and Irx5 leads to defective inner ear 91 
morphogenesis and abnormal HC development in the cochlea.  92 
 93 
Next, we sought to understand the underlying reasons of ectopic HC formation and 94 
expanded sensory region in Irx3/5-/- cochlea. At E14.5, while all six Sox2+ sensory 95 
domains in the WT inner ear were separated from each other, saccular sensory domain 96 
remained fused with the cochlear sensory domain in Irx3/5-/- (Fig. 1l). At E16.5, a clear 97 
gap was observed between the Sox2+ sensory domains in saccule and cochlea, 98 
although they were still physically connected in the WT; Myo7a+ HCs were formed 99 
within the Sox2+ sensory regions and cochlear HCs differentiated from base to apex 100 
(Fig. 1m). Strikingly, in Irx3/5-/-, the cochlear duct was significantly shortened, saccular 101 
and cochlear Sox2+ sensory regions were fused together without any gap, and ectopic 102 
HCs were formed in the medial portion of the cochlear floor epithelium (Fig. 1m-o). The 103 
ectopic HCs located medially to the presumptive oC in Irx3/5-/- cochlea occupied the 104 
normal cochlear GER. Crabp1, a differentiating GER marker8, was expressed in the 105 
GER of E16.5 WT cochlea from the base to apex (except for the apical end). However, 106 
its expression was completely absent in Irx3/5-/- cochlea (Fig. 1p), suggesting the loss 107 
of GER identity which was replaced by sensory cells. Interestingly, stereocilia bundles 108 
of the HCs in Irx3/5-/- cochlea were long and wispy, resembling that of vestibular HCs9 109 
(Fig. 1q). These results demonstrated a failure of segregation of cochlear and saccular 110 
sensory domains, and the transformation of non-sensory cells in the cochlear GER 111 
region into sensory cells with vestibular features when both Irx3 and Irx5 functions 112 
were lost. 113 
 114 
Cochlear and saccular sensory domains gradually separate from each other 115 
from E12.5 to E14.5 and requires Irx3/5 116 
 117 
To understand the formation and segregation of saccular and cochlear sensory regions 118 
during inner ear development, we characterized Sox2 and Myo7a expression at 119 
different developmental stages using whole mount immunostaining. At E12.5, Sox2 120 
expression showed that these two sensory domains are fused as one sensory patch 121 
in both WT and Irx3/5-/- inner ears (Supplementary Fig. S2a-b’’). This merged sensory 122 
region gradually segregates into two discrete parts located in the saccule and cochlea 123 
from E12.5 to E14.5 in the WT (Fig. 2a,a’, Supplementary Fig. S2a-a’’, c-c’’). However, 124 
this segregation failed to occur in Irx3/5-/- mutants (Fig. 2a,a’, Supplementary Fig. S2b-125 
b’’, d-d’’). While saccular and cochlear sensory organs were fused at E12.5, HCs were 126 
only found in the saccule, which is consistent with the notion that vestibular HCs 127 
differentiate earlier than cochlear HCs10,11 (Supplementary Fig. S4a-a’’). From E12.5 128 
to E14.5, Myo7a+ saccular HCs were developing inside the saccule of the WT (Fig. 129 
2a,a’, Supplementary Fig. S2a-a’’, c-c’’). On the contrary, in Irx3/5-/-, Myo7a+ HCs 130 
gradually reach to the cochlear mid-apical region along the medial edge of the Sox2+ 131 
sensory domain from E12.5 to E14.5, forming a continuous band of HCs connected to 132 
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the saccular sensory patch (Fig. 2a,a’, Supplementary Fig. S2b-b’’, d-d’’). These 133 
results indicated an early requirement of Irx3 and Irx5 in regulating inner ear sensory 134 
patterning. 135 
 136 
Based on the observation of these ectopic HC formation in Irx3/5-/- cochlea at E14.5, 137 
we asked whether Irx3/5 were continuously required and whether late deletion of Irx3/5 138 
will also lead to the non-sensory to sensory cell fate conversion in the cochlea. To 139 
address the temporal requirement of Irx3/5, we generated RosaCreERT2;Irx3flox 140 
Irx5EGFP/Irx3flox Irx5EGFP mutants to delete Irx3 at different time points in the Irx5 null 141 
background upon tamoxifen injection (Fig. 2b). At E14.5, Sox2 was expressed from 142 
the middle to medial side of the cochlear floor epithelium and no Myo7a+ HCs were 143 
found in the WT cochlea (Fig. 2d). However, HCs could be detected in the medial edge 144 
of Irx3/5-/- cochlea floor epithelium (Fig. 2d), consistent with the whole mount results 145 
(Fig. 2a,a’). Similar to Irx3/5-/-, HCs were found in the medial edge of the cochlear floor 146 
epithelium from RosaCreERT2;Irx3flox Irx5EGFP/Irx3flox Irx5EGFP mutants with tamoxifen 147 
injected at E10.5, E11.5 and E12.5 (Fig. 2c,d). Consistently, Emx2Cre;Irx3flox 148 
Irx5EGFP/Irx3flox Irx5EGFP mutant with Cre activation started at around E12 also 149 
recapitulate Irx3/5-/- cochlea phenotype at E14.5 (Fig. 2c,d). Interestingly, when 150 
tamoxifen was injected at E13.5 (embryos harvested at E15.5) or E14.5 (embryos 151 
harvested at E16.5) (Fig. 2e), HC and oC developed normally as they located in the 152 
middle of the cochlear floor without any ectopic HCs forming on the medial edge of the 153 
cochlear floor (Fig. 2f,g). Together, these data demonstrated that the requirement of 154 
Irx3/5 function before E14 for inner ear sensory patterning and that late removal of 155 
Irx3/5 was unable to induce non-sensory to sensory identity switch in the cochlea. 156 
 157 
Single cell transcriptome and gene expression analysis reveal abnormal growth 158 
of vestibular HCs in Irx3/5-/- cochlea  159 
 160 
To investigate the roles of Irx3/5 in specific cell types during inner ear sensory 161 
development, we performed single-cell RNA-sequencing (scRNA-seq) analysis of both 162 
saccule and cochlea from E14 WT and Irx3/5-/- embryos (Fig. 3a). We profiled 11590 163 
cells (6787 cells from WT and 4803 cells from Irx3/5-/- mutant) and annotated different 164 
groups of cells using specific markers (Supplementary Fig. S3a-b). Sox2+/Jag1+ 165 
(pro-)sensory cells were then in silico isolated from the dataset (Fig. 3b,c). These cells 166 
could be identified as saccular sensory cells or cochlear sensory cells based on distinct 167 
gene expression profiles (Fig. 3e). We observed an increase of the proportion of the 168 
saccular sensory cells in Irx3/5-/- mutants (Fig. 3d). Interestingly, Irx3 and Irx5 are two 169 
genes highly enriched in the cochlea (Fig. 3e). Consistently, EGFP and LacZ 170 
expression also confirmed that both Irx3 and Irx5 were predominantly expressed in the 171 
cochlea at E13.5 (Fig. 3f). In addition, we also identified several genes which are 172 
abundantly expressed in the saccule or cochlea (Fig. 3e). To examine the identity of 173 
sensory cells in Irx3/5-/- cochlea, we performed in situ hybridization using a specific 174 
molecular marker Tnfaip2, a gene found to be expressed in the saccule but not in the 175 
cochlea. Single cell analysis12 of postnatal inner ear also confirmed that Tnfaip2 was 176 
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specifically expressed in the vestibular supporting cells (Supplementary Fig. S4). Due 177 
to the embryonic lethality of Irx3/5-/- mutant embryos, we analyzed E17.5 mutants and 178 
WT. In the WT, Tnfaip2 was expressed broadly within the saccule and no expression 179 
was detected in the cochlea (Fig. 3g). Remarkably, in Irx3/5-/- mutants, we detected an 180 
ectopic expression of Tnfaip2 in the cochlea (Fig. 3g). Co-stain of Myo7a showed that 181 
HCs in the cochlea overlap with the Tnfaip2+ region, demonstrating a conversion of 182 
cochlear sensory organ to the vestibular sensory organ when both Irx3 and Irx5 were 183 
inactivated (Fig. 3g).  184 
 185 
We further examined whether cochlear HCs could be formed in the mutants. We 186 
analyzed the presence of cochlear HCs by examining the expression of Bcl11b, an 187 
cochlear outer hair cell (OHC) specific marker13,14. At E17.5, while Bcl11b expression 188 
was not found in the saccule, its expression was detected specifically in the OHCs 189 
throughout the cochlea from base to apex (Fig. 3h). By contrast, in the mutant cochlea, 190 
Bcl11b expression was restricted to the lateral part of the Myo7a+ HC domain in the 191 
mid-apical regions (Fig. 3h). Based on the ectopic Tnfaip2 expression and the absence 192 
of Bcl11b+ OHCs, HCs in the basal parts of the mutant cochlea adopted a vestibular 193 
HC fate. Interestingly, although residual oC existed in the mutant cochlear apex, 194 
ectopic HCs were found in the GER region of the apex. Therefore, as revealed by the 195 
loss of Crabp1 (Fig. 1p), ectopic Tnfaip2 expression in the medial portion of the floor 196 
epithelium from base to apex (Fig. 3g) and ectopic Myo7a+ HCs (Fig. 3h), the non-197 
sensory GER along the entire cochlear basal-apical axis of Irx3/5 mutants were 198 
transformed into sensory cells of vestibular features. 199 
 200 
 201 
Discussion 202 
 203 
Combining transgenic mouse mutants and scRNA-seq analyses, our study uncovered 204 
essential roles of Irx3 and Irx5 in the segregation of sensory regions in the saccule and 205 
cochlea. Saccular and cochlear sensory domains gradually separate from each other 206 
from E12.5 to E14.5 and this process requires Irx3/5. Removal of both Irx3 and Irx5 207 
leads to fusion of saccular and cochlear sensory domains, and conversion of cochlear 208 
non-sensory GER region into sensory cells of vestibular identity. Both Irx3 and Irx5 are 209 
highly expressed in the cochlea which highlight their critical roles in securing cochlear 210 
cell fate and ensuring the precise patterning of inner ear sensory organs. Notably, a 211 
vestigial oC forms at the cochlear apical region in Irx3/5 mutants, indicating that other 212 
inductive signals or genes could potentially activate the cochlear sensory program. 213 
 214 
All sensory patches in the inner ear share the characteristics of expressing Sox2 and 215 
Jag1. At E12.5, Sox2+ sensory domains in cochlea and saccule are fused together in 216 
the WT. However, HC differentiation already started in the saccule but not in the 217 
cochlea, indicating there are differential molecular regulations of prosensory 218 
differentiation between saccule and cochlea at E12.5. This integrated sensory patch 219 
was gradually separated and became two distinct sensory organs at E14.5. The ductus 220 
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reunien, a fine structure will then form in between the saccule and cochlea. Remarkably, 221 
this separation process does not occur in the Irx3/5 mutant inner ear. Moreover, at 222 
E13.5, while saccular HCs are developing inside the chamber of saccule in the WT, we 223 
could already detect ectopic HCs along the medial edge of the Irx3/5 mutant cochlea, 224 
connecting the saccular sensory region. This ectopic HC differentiation extended to 225 
the mid-apex of the Irx3/5 mutant cochlea at E14.5. Therefore, Irx3/5 are not only 226 
required for separating the saccular and cochlear sensory organs, but also for 227 
preventing cells in the cochlea to adopt vestibular cell fate. As Irx3 or Irx5 single 228 
mutants do not have significant defects of sensory development, there is evident 229 
compensation between these two genes in regulating inner ear sensory patterning. 230 
 231 
Using tamoxifen induced timed deletion of Irx3/5, we uncovered the temporal 232 
requirement of Irx3 and Irx5, specifically within E12.5 and E13.5, in regulating the 233 
sensory patterning of saccule and cochlea. Remarkably, when Irx3/5 are deleted after 234 
E13.5, it did not lead to overt defects in the cochlea, indicating cochlear GER cells are 235 
already specified at E13.5 and removal of Irx3/5 afterwards will not change their non-236 
sensory identity.  237 
 238 
Lineage tracing experiments showed that the entire non-sensory region in the medial 239 
side of the cochlear floor and the sensory oC were derived from Sox2+ prosensory 240 
cells at E12.515,16. Interestingly, these GER and interdental cells within the cochlear 241 
medial floor epithelium down-regulate Sox2 expression during development and 242 
become non-sensory structures (e.g. inner sulcus), which are important for hearing 243 
functions. Conversion of non-sensory GER cells to sensory HCs with vestibular 244 
features in Irx3/5-/- cochlea revealed that these non-sensory GER cells derived from 245 
Sox2 prosensory lineage could be directed to sensory cell fate if inhibitory cues are 246 
absent. 247 
 248 
In sum, in this study, we discovered novel functions of Irx3/5 in regulating the patterning 249 
of sensory domains during mammalian inner ear development, and therefore their 250 
essential roles in shaping the cochlear territory. These results highlight an involvement 251 
of Irx3/5 in the gene regulatory modules for forming discrete inner ear sensory organs 252 
and facilitate our understanding of the development and evolution of mammalian 253 
cochlea. 254 
 255 
 256 
 257 
 258 
 259 
 260 
 261 
 262 
 263 
 264 
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Materials and Methods 265 
 266 
Animal  267 
 268 
All experimental protocols, including the use of Irx3LacZ (4), Irx3flox/Irx5EGFP (4), Irx3-/5EGFP 269 
(4), Emx2Cre (17), RosaCreERT2 (18) mice, were approved by the Committee on the Use 270 
of Live Animals in Teaching and Research of the University of Hong Kong (CULATR 271 
4771-18 and 5025-19) and by the Animal Experimentation Ethics Committee of the 272 
Chinese University of Hong Kong (20-185-GRF). The mice were housed in the facilities 273 
of the Centre for Comparative Medicine Research (CCMR) at the University of Hong 274 
Kong and the Laboratory Animal Services Centre at the Chinese University of Hong 275 
Kong. The day when a vaginal plug was observed was considered embryonic day 0.5 276 
(E0.5). The pregnant dams were weighed, and each of them received a single 277 
tamoxifen dosage at 0.1 mg/g through an intraperitoneal injection. 278 
 279 
Auditory brainstem response (ABR) test 280 
 281 
The ABR measurements were performed on 2-month-old mice following previously 282 
published procedures19. The distance between the external ear of the animal and the 283 
MF1 multifield magnetic speaker [Tucker-Davis Technologies (TDT), Alachua, FL, USA] 284 
remained consistent for each test. The recording electrode was subdermally inserted 285 
at the vertex, the reference electrode at the pinna, and a ground electrode near the tail. 286 
For ABR recordings, we utilized RZ6-based TDT (Tucker-Davis Technologies) system 287 
III hardware and BioSigRZ software for stimulus presentation and response averaging.  288 
 289 
Immunostaining 290 
 291 
The embryonic heads were fixed in 4% paraformaldehyde (PFA) overnight at 4°C. 292 
Samples for whole mount immunostaining were further dissected to expose the inner 293 
ear sensory epithelia. For immunostaining on sections, after fixation, the samples were 294 
immersed in a 15% sucrose solution overnight at 4°C and then embedded in gelatin. 295 
The embedded samples were cryo-sectioned at a thickness of 10μm. To prepare the 296 
sections for immunofluorescence staining, they were blocked with 10% horse serum 297 
for 1 hour at room temperature. The primary antibodies used in this study were Sox2 298 
(Neuromics, GT15098, 1:500), Myo7a (Proteus, 26-6790, 1:500), EGFP (Rockland, 299 
600-101-215, 1:500), galactosidase (Abcam, ab9361, 1: 500), phalloidin (Alexa Fluor, 300 
1:200), Bcl11b (Abcam, ab18465, 1:100), each diluted in 10% horse serum and 301 
incubated overnight at 4°C. After washing with PBS, the sections were incubated with 302 
secondary fluorescent antibodies (Invitrogen Alexa Fluor) together with DAPI for 1 hour 303 
at room temperature. Finally, the fluorescent images were acquired using an Olympus 304 
BX51/BX53 fluorescence microscope or a Nikon Ni-U Eclipse upright microscope or 305 
an Olympus FV1200 inverted confocal microscope. 306 
 307 
Paint-fill analysis 308 
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 309 
Inner ear paint-fill was performed as previously described20. Briefly, E16.5 mouse 310 
embryos were rinsed with PBS, followed by fixation overnight using Bodian's fixative. 311 
The embryos' heads were bisected and incubated in ethanol overnight, followed by the 312 
clearance with methyl salicylate. To observe the inner ear, a glass capillary needle was 313 
used to inject 1% white gloss paint into the membranous labyrinth's lumen through the 314 
cochlear duct and utricle. The images were acquired using the Leica MZ10F 315 
fluorescence-stereo microscope. 316 
 317 
In situ hybridization 318 
 319 
The fixed and dehydrated embryos were rehydrated by shaking them in a decreasing 320 
series of methanol in DEPC PBST for 10 minutes each (75%, 50%, 25%, and 0% 321 
methanol). The inner ears of the embryos were then dissected in PBST and treated 322 
with proteinase K in PBST for about an hour. After rinsing twice, the samples were 323 
post-fixed with 4% PFA with 0.2% glutaraldehyde in PBST for 20 minutes. The samples 324 
were then sequentially washed and incubated with hybridization mix containing the 325 
DIG-labeled RNA probe. After overnight incubation, the samples were washed multiple 326 
times and incubated with AP-anti-DIG antibody (Roche). Finally, the hybridization 327 
signal was developed by incubating the samples with BM purple AP substrate in the 328 
dark at room temperature. The reaction was stopped by washing with PBST, and the 329 
inner ears were photographed using a Nikon Ni-U Eclipse upright microscope or a 330 
Zeiss Stemi 508 microscope.  331 
 332 
Probe labeling 333 
 334 
Plasmids were linearized by restriction enzyme digestion overnight at 37°C. The 335 
digested products were then extracted through electrophoresis in 1% DEPC-336 
SeaPlaque GTG Agarose Gel and equilibrated in 1.5ml of 1X β-agarase buffer for 1h 337 
at room temperature. The gel was melted at 70°C for 15min, and cooled down at 42°C 338 
for 5min. 1 unit of β-agarase (Lonza) for every 200mg of 1% gel was added to the 339 
melted gel, followed by incubation at 42°C for 1h. DNA was precipitated with 5M 340 
Ammonium Acetate of the same volume, 3-4 times volume of absolute ethanol, and 341 
3ul glycogen (10ug/ul) at room temperature for 30min, then centrifuged at max speed 342 
for 30min. The pellet was washed with 1ml 70% DEPC-ethanol and centrifuged for 343 
10min. This washing step was repeated 3 times. The pellet was then dried and 344 
dissolved in 45μl DEPC-H2O. 1ug DNA product was incubated at 37°C for 2h together 345 
with Transcription Buffer, Dig Labelling Mix, 1μl RNase Inhibitor and 2μl RNA 346 
polymerase for a 20μl reaction system, followed by treatment of 2 units DNase I at 347 
37°C for 15min. 2ul 0.5M EDTA (PH 8.0) was added to stop the reaction. 2.5μl 4M LiCl 348 
and 75μl prechilled absolute ethanol were added to the reaction system and incubated 349 
at -80°C for 30min or at -20°C for 2h to allow precipitation. After centrifugation at 350 
13000g for 15min at 4°C and air dry, the pellet was dissolved in 100μl DEPC- H2O at 351 
37°C for 30min. Crabp1 probe was kindly provided by Dr. Pierre Chambon21. A 355bp 352 
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fragment of cDNA coding for Tnfaip2 gene was cloned using the following primer: F: 353 
CACCTGCACCTAGTGAAAGAA; R: CTCCCGTGTTGATGTCCAGT, and inserted into 354 
pBluescript II KS(+) to generate Tnfaip2 probe plasmid.  355 
 356 
Single-cell RNA sequencing and analysis 357 
 358 
Four inner ears from two WT embryos and two Irx3/5-/- mutant embryos (one inner ear 359 
from one embryo) were collected for dissection. The ventral parts of the inner ears 360 
including saccules and cochlear ducts were dissected in cold DEPC-PBS. Dissected 361 
samples were digested in 150µl HBSS with 1mg/mL collagenase/dispaseII for 25min 362 
at 37°C at 900rpm. 150µl 20% FBS in HBSS was used to stop reaction. Dissociated 363 
cells were then filtered using 40μm strainers, centrifuged at 300g for 5min and 364 
resuspended in 10% FBS in HBSS to around 1000 cells/µl. Library preparation was 365 
performed by Single Cell Omics Core at the School of Biomedical Sciences, the 366 
Chinese University of Hong Kong, following the standard protocol of 10X Chromium 367 
Next GEM Single Cell 3' Reagent Kits v3.1. Sequencing was performed using Illumina 368 
NextSeq 2000 System at the Chinese University of Hong Kong. 369 
 370 
Sequences were aligned to mm10-2020-A using Cell Ranger 7.1.0 (10X Genomics). 371 
Processing and analyses of the Cell Ranger output data was done with Seurat (R 372 
version 4.0.2) following the tutorial (https://satijalab.org/seurat/index.html). Genes 373 
detected in at least three cells were included in the analysis. Cells with unique feature 374 
counts over 10000 or less than 200 were filtered out. Cells with more than 10% 375 
mitochondrial genes or with more than 50000 total number of RNA molecules were 376 
excluded for downstream steps. After filtering, 11590 cells were for downstream 377 
analyses.  378 
 379 
 380 
 381 
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 477 
Fig.1 Removal of Irx3/5 leads to defective inner ear morphogenesis and 478 
supernumerary vestibular HC formation in the cochlea.  479 
a-d’, Paint-fill analysis of E16.5 WT, Irx3-/-, Irx5-/- and Irx3/5-/- inner ears (n=3 for all samples). 480 
Cochlear duct was shortened and ductus reuniens was lost (indicated by asterisk) in Irx3/5-/-, 481 
while single Irx3 or Irx5 mutants were relatively normal. Zoom in view of the ductus reuniens in 482 
a-d (a’, b’, c’, d’). 483 
e-h, Myo7a and Sox2 immunostaining on E16.5 WT, Irx3-/-, Irx5-/- and Irx3/5-/- cochlear sections 484 
(n>3 for all samples). Ectopic hair cells were observed and the Sox2+ sensory domain was 485 
expanded in Irx3/5-/- cochlea. Formation of the organ of Corti was relatively normal in Irx3-/- and 486 
Irx5-/- cochlea. 487 
i, ABR thresholds for 2-month-old Irx3-/- mice (n=3), together with heterozygous (n=3) and WT 488 
littermates (n=3). Mean±SEM. * p ≤ 0.05, ** p ≤ 0.01, unpaired two-tailed t tests with Welch’s 489 
correction. Data suggested hearing impairment of the Irx3-/- mice under medial frequency (16-490 
20kHz) stimuli.  491 
j, ABR thresholds for 2-month-old Irx5-/- adult mice (n=4) and their littermates, Irx5+/- (n=4) and 492 
WT mice (n=7). Mean±SEM. * p ≤ 0.05, ** p ≤ 0.01, unpaired two-tailed t tests with Welch’s 493 
correction. Irx5-/- mice displayed significantly elevated hearing thresholds under low sound 494 
frequency stimuli. 495 
k, Representative ABR traces elicited by click stimuli indicate hearing impairments of 2-496 
month-old Irx3-/- and Irx5-/- mice. 497 
l, Whole mount Sox2 immunostaining of E14.5 WT and Irx3/5-/- inner ears (n=3 for all samples). 498 
All six sensory patches were separated from each other in the WT.  However, saccular and 499 
cochlear sensory domains were merged in the Irx3/5-/- inner ear (highlighted by white asterisk). 500 
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m, Whole mount Sox2 and Myo7a immunostaining in saccule and cochlea of E16.5 WT and 501 
Irx3/5-/- (n=3 for all samples). Sox2+ sensory domains and Myo7a+ hair cells were well 502 
segregated between saccule and cochlea in the WT. Nevertheless, saccular and cochlear 503 
Sox2+ sensory domains were fused together and Myo7a+ hair cells exhibited continuous pattern 504 
in Irx3/5-/-. Myo7a+ hair cells in Irx3/5-/- cochlea were located along the medial edge.  505 
n, Quantification of E16.5 Irx3/5-/- cochlear length relative to WT (n=3 for all samples). mean ± 506 
SEM. *** p ≤ 0.001, unpaired two-tailed t tests with Welch’s correction. 507 
o, Quantification of hair cell numbers in E16.5 WT and Irx3/5-/- cochlea (n=3 for all samples). 508 
mean ± SEM. ** p ≤ 0.01, unpaired two-tailed t tests with Welch’s correction. 509 
p, Whole mount in situ hybridization of Crabp1, a marker for GER region, in E16.5 WT and 510 
Irx3/5-/- cochlea (N=3 for all samples). Crabp1 expression was absent in the Irx3/5-/- cochlea. 511 
q, Whole mount Phalloidin immunostaining of hair cell stereocilia bundles in E16.5 WT and 512 
Irx3/5-/- cochlear basal region and saccule. Stereocilia bundles of hair cells in Irx3/5-/- cochlea 513 
were long and wispy, resembling that of vestibular hair cells (N=3 for all samples). 514 
  515 
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 516 

 517 
Fig.2 Removal of Irx3/5 leads to defective inner ear morphogenesis and ectopic 518 
vestibular HC formation in the cochlea.  519 
a, Whole mount Sox2 and Myo7a immunostaining in saccule and cochlea of E14.5 WT and 520 
Irx3/5-/- (N=3 for all samples). While saccule and cochlear sensory patches were separated in 521 
WT, they were merged in Irx3/5-/-. Ectopic hair cells were found along the medial portion of the 522 
cochlear floor epithelium and related to the saccular hair cells in Irx3/5-/-. A schematic diagram 523 
was shown in a’. 524 
b, Summary of tamoxifen injection time points and Emx2Cre activation time point to generate 525 
mutants for experiments shown in d. Embryos were collected at E14.5.  526 
c, Quantification of ectopic hair cell numbers in the GER region from the experiments shown in 527 
d. mean ± SEM. ** p ≤ 0.01, **** p ≤ 0.0001, unpaired two-tailed t tests with Welch’s correction. 528 
d, Sox2 and Myo7a immunostaining on the sections of cochlea from E14.5 WT, Irx3/5-/-, 529 
Emx2Cre;Irx3floxIrx5EGFP/Irx3floxIrx5EGFP and various RosaCreERT2;Irx3floxIrx5EGFP/ 530 
Irx3floxIrx5EGFP with tamoxifen injected at different time point (N≥3 for all samples). 531 
e, Summary of tamoxifen injection time and embryo harvest time for experiments in f. 532 
f, Sox2 and Myo7a immunostaining on the sections of E15.5 533 
RosaCreERT2;Irx3floxIrx5EGFP/Irx3floxIrx5EGFP cochlea with tamoxifen injected at E13.5 and E16.5 534 
RosaCreERT2;Irx3floxIrx5EGFP/Irx3floxIrx5EGFP cochlea with tamoxifen injected at E14.5, together 535 
with staining of the WT cochlea (N=3 for all samples). 536 
g, Quantification of ectopic hair cell numbers in the GER region from the experiments shown in 537 
f. Note the increase of a single row of IHC (E15.5) to four rows of IHC and OHCs (E16.5) within 538 
the oC, but no HCs were observed in the GER.  539 
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540 

Fig. 3 scRNA-seq and gene expression revealed abnormal vestibular hair cell 541 
development in the Irx3/5-/- cochlea. 542 
a, Cochlea and saccule from E14 WT and Irx3/5-/- inner ears were dissected out and processed 543 
to single cell RNA sequencing (scRNA-seq).  544 
b, UMAP plot of in silico isolated prosensory cells from scRNA-seq dataset. Identities and 545 
genotypes of cells are indicated.  546 
c, Featureplots show Sox2 and Jag1 expression in prosensory cells in b.  547 
d, Relative proportion of cochlear prosensory and saccular prosensory cells in WT and Irx3/5-/- 548 
mutant.  549 
e, Dotplot of differentially expressed genes in saccule and cochlea. Purple circle highlights 550 
saccular specific gene Tnfaip2, which is also validated in g. Red circle highlights both Irx3 and 551 
Irx5 are cochlear specific genes, which are also validated in f.  552 
f, LacZ and EGFP reporters show Irx3 and Irx5 are predominantly expressed in the cochlea, 553 
but not in the saccule at E13.5.  554 
g, Whole mount in situ hybridization of Tnfaip2 counterstained with Myo7a in the cochlea and 555 
the saccule from E17.5 WT and Irx3/5-/-. Black box regions in the cochlea are highlighted in the 556 
lower panel. While Tnfaip2 was only expressed in the WT saccule, ectopic expression of 557 
Tnfaip2 was detected in Irx3/5-/- cochlea (N≥3 for all samples) and colocalize with Myo7a+ hair 558 
cells. 559 
h, Whole mount immunostaining of Bcl11b and Myo7a in the saccule and cochlea from E17.5 560 
WT and Irx3/5-/- (n≥5 for all samples). Bcl11b marks cochlear outer hair cells. Bcl11b 561 
expression was only detected in the mid-apical region of Irx3/5-/- cochlea.  562 
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 563 
 564 
Fig. S1 Expression of Irx3 and Irx5 in E14.5 cochlea.  565 
a, LacZ expression showing that Irx3 was broadly expressed in the cochlear epithelium and 566 
surrounding mesenchyme of E14.5 Irx3LacZIrx5+/Irx3+Irx5EGFP embryos (N=3). 567 
a’, Costain of EGFP in a showing that Irx5 was also broadly expressed in the cochlear 568 
epithelium and surrounding mesenchyme. 569 
b, Schematic diagram of Irx3 and Irx5 expression in E14.5 cochlea. These two genes share 570 
similar expression patterns.  571 
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573 

Fig. S2 Cochlear and saccular sensory domains gradually separate from each other 574 
from E12.5 to E14.5 and requires Irx3/5.  575 
a-d’’, Whole mount Sox2 and Myo7a immunostaining on saccule and cochlea of E12.5, E13.5 576 
WT and Irx3/5-/- (N=3 for all samples). Cochlear and saccular sensory domains were fused at 577 
E12.5, and they gradually separate from each other from E12.5 to E14.5 (See also Fig. 2a). 578 
This process was regulated by Irx3/5. Schematic diagram of Sox2 and Myo7a expression in 579 
WT and mutants (a’’,b’’,c’’,d’’). 580 
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 582 

Fig. S3 Characterization of transcriptomic profiles of cochlea and saccule from 583 
E14 WT and Irx3/5-/-.  584 
a, UMAP plot of cochlear and saccular cells profiled by single cell RNA sequencing. 585 
Identities of cell clusters were annotated in the plot.   586 
a’, Genotypes of each cell in a.  587 
b, Heatmap of top 25 markers of each cluster in a. 588 
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 590 

Fig. S4 Tnfaip2 was specifically expressed in the vestibular supporting cells.  591 
a-d, Matrixplot generated by the gEAR portal (https://umgear.org/p?l=ed724158) showing 592 
mean expression values of Tnfaip2 and pou4f3 in each cell clusters. Cells were collected from 593 
P2 and P7 cochlea and utricle, respectively. Pou4f3 marks all the HCs.   594 
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