O DN ph W N =

—
jeRNo)

SR DWW LW WUWWWLWWWINNDNNDNDNDPDNODNNND == === ==
D — OO0 NPE WD, OOUXITDNNDE WD, OOOAINWN W~

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.29.514378; this version posted October 31, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Human hair cell regeneration
Wang et al., October 29, 2022

Single-cell transcriptomic atlas reveals increased
regeneration in diseased human inner ears

Tian Wang'?, Angela H. Ling?, Sara E. Billings’, Davood K. Hosseini', Yona Vaisbuch’,
Grace S. Kim', Patrick J. Atkinson'!, Zahra N. Sayyid', Ksenia A. Aaron', Dhananjay
Wagh?*, Nicole Pham’, Mirko Scheibinger', Akira Ishiyama®, Peter Santa Maria’, Nikolas
H. Blevins', Robert K. Jackler', Stefan Heller!, Ivan A. Lopez®, Nicolas Grillet!, Taha A.
Jan32, Alan G. Cheng'-%2

'Department of Otolaryngology — Head and Neck Surgery, Stanford University School of
Medicine, Stanford, CA, 94305, USA

2Department of Otolaryngology — Head and Neck Surgery, The Second Xiangya
Hospital, Central South University, Changsha, Hunan Province, 410011, PR China.
3Department of Otolaryngology — Head and Neck Surgery, Vanderbilt University Medical
Center, Nashville, TN, 37232, USA

4Stanford Genomics Facility, Stanford University School of Medicine, Stanford, CA,
94305, USA

SDepartment of Head and Neck Surgery, University of California Los Angeles, Los
Angeles, CA, 90095, USA

SLead Contact

Running Title: Human hair cell regeneration
Figures: 6
Supplementary items: 8 figures, 16 tables

aCorresponding authors

Taha A. Jan, M.D.

Department of Otolaryngology
Vanderbilt University Medical Center
1215 215t Avenue South, Suite 7902
Nashville, TN 37232

Email: taha.a.jan@vumc.org

Alan G. Cheng, M.D.

801 Welch Road,

Department of Otolaryngology-HNS
Stanford, CA 94305

Phone: (650) 725-6500

Fax: (650) 721-2163

Email: aglcheng@stanford.edu



https://doi.org/10.1101/2022.10.29.514378
http://creativecommons.org/licenses/by-nc-nd/4.0/

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.29.514378; this version posted October 31, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Human hair cell regeneration
Wang et al., October 29, 2022

Abstract

Mammalian inner ear hair cell loss leads to permanent hearing and balance dysfunction.
In contrast to the cochlea, vestibular hair cells of the murine utricle have some
regenerative capacity. Whether human utricular hair cells regenerate remains unknown.
Here we procured live, mature utricles from organ donors and vestibular schwannoma
patients, and present a validated single-cell transcriptomic atlas at unprecedented
resolution. We describe previously unknown markers of 25 sensory and non-sensory cell
types, with genes of hair cell and supporting cell subtypes displaying striking divergence
between mice and humans. We further uncovered transcriptomes unique to hair cell
precursors, which we validated to be 14-fold more robust in vestibular schwannoma
utricles, representing ongoing regeneration in humans. Lastly, trajectory analysis of the
supporting cell-hair cell axis revealed 5 distinct patterns of dynamic gene expression and
associated pathways, including mTOR signaling and synaptogenesis. Our dataset
constitutes a foundational resource, accessible via a web-based interface, serving to
advance knowledge of the normal and diseased human inner ears and tools to stimulate

human inner ear regeneration.

Key words: hair cell, supporting cell, vestibular system, hair cell progenitor, regeneration
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Introduction

Hearing and vestibular disorders affect over 460 million people worldwide (WHO,
2021). In the inner ear, auditory and vestibular hair cells are essential for detecting sound
and head motions. Genetic mutations, ototoxins, noise and aging are known to cause hair
cell degeneration, leading to permanent hearing loss and vestibular dysfunction (lyer and
Groves, 2021; Maudoux et al., 2022; Morton and Nance, 2006). While the loss of
mammalian auditory hair cells is irreversible, mouse models have shown that vestibular
hair cells turn over during homeostasis and regenerate after damage (Bucks et al., 2017;
Burns et al., 2012; Forge et al., 1993; Golub et al., 2012; Kawamoto et al., 2009; Sayyid
et al., 2019; Wang et al., 2015; Wang et al., 2019). Whether these phenomena similarly
occur in the human vestibular system has not yet been demonstrated, in part because
obtaining normal and diseased human inner ear tissues is exceedingly challenging.

The human inner ear is housed in the temporal bone, making it accessible only via
surgery (Feghali and Kantrowitz, 1994; Oghalai et al., 2000). Because unroofing the
human inner ear renders it non-functional, the majority of work done on the human inner
ear has been performed on postmortem, cadaveric tissues (Hizli et al., 2016; Kaya et al.,
2017; Lopez et al., 2005; Lopez et al., 2016a; Merchant, 1999; Merchant et al., 2000;
Oghalai et al., 2000; Sans et al., 1996; Senn et al., 2020; Watanuki and Schuknecht,
1976). A few studies on viable inner ear tissues from fetuses and organoids derived from
embryonic or induced pluripotent stem cells have characterized morphological and
molecular features of the developing human inner ear (Chen et al., 2007; Chen et al.,
2009; Johnson Chacko et al., 2019; Nie and Hashino, 2020; Roccio et al., 2018; Ueda et

al., 2021), however, the transcriptomic signature of the healthy, adult human inner ear
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90 has remained elusive because of the difficulty of obtaining live samples for such
91 experiments.

92 An alternative approach is to analyze live inner ear tissues extracted during
93  surgery from patients affected by vestibular schwannoma, a benign tumor of the myelin-
94 forming cells of the vestibulocochlear nerve. Patients with vestibular schwannoma
95 develop hearing loss and vestibular dysfunction (Gupta et al., 2020; Matthies and Samii,
96  1997), presumably due to spiral ganglion cell loss caused by nerve compression (Eggink
97 etal., 2022) or hair cell degeneration caused by secreted exosomes (Soares et al., 2016).
98 In certain cases, vestibular schwannoma patients warrant surgical resection via a
99 translabyrinthine approach where inner ear tissues are sacrificed (Feghali and Kantrowitz,
100  1994; House, 1964). Utricles harvested from vestibular schwannoma patients during
101  surgery have served as the primary model system to characterize hair cell morphology
102  (Hizli et al., 2016; Sans et al., 1996; Taylor et al., 2015), their capacity to regenerate after
103  aminoglycoside damage in vitro (Taylor et al., 2018; Warchol et al., 1993), and
104  responsiveness to Atoh1-overexpression to induce ectopic hair cells (Taylor et al. 2018).
105 However, it remains undetermined in these diseased samples whether hair cell
106  regeneration occurs spontaneously in human utricles in vivo.

107 In this study, we successfully sequenced and validated utricular single-cell
108 transcriptomes in adult organ donors and vestibular schwannoma patients Our
109  computational analysis showed that adult human utricles of healthy and schwannoma
110  patients are composed of 25 cell types with unique molecular signatures. Gene
111  expression of human hair cells and supporting cells were well conserved relative to those

112 in mice, with divergent features among hair cell and supporting cell subtypes. Single-cell
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113 transcriptomic trajectory analysis revealed dynamic changes as supporting cells transition
114  into hair cells in both vestibular schwannoma and organ donor utricles. As predicted in
115 tissues, hair cell loss was increased in schwannoma utricular samples compared to ones
116 from organ donors and cadavers. Finally, we observed a ~14-fold increase of hair cell
117  precursors (POU4F3* and GFI1*) in vestibular schwannoma compared to organ donor
118 utricles. Together, we have demonstrated spontaneous, unmanipulated hair cell
119  regeneration in the adult human utricle and the underlying transcriptional changes during
120 homeostasis and in response to damage. These rare datasets represent foundational
121  tools to guide the investigation of human hair cell regeneration and define molecular
122  differences between vestibular organs in humans and other mammalian species.

123

124  Results

125  Transcriptional heterogeneity of the mature human utricle

126  To characterize the human utricle, we harvested tissues from two cohorts: organ donors
127 and vestibular schwannoma patients (Table S1). We previously devised a surgical
128 approach to procure unilateral or bilateral utricles from organ donors (OD) (Aaron et al.,
129  2022; Vaisbuch et al., 2022), who lacked any history of auditory or vestibular dysfunction
130 (Table S1). In parallel, utricles were procured from patients with unilateral vestibular
131 schwannomas and ipsilateral auditory and/or vestibular deficits, undergoing a
132  translabyrinthine approach for tumor resection.

133 Because vestibular schwannoma patients suffer from auditory and/or vestibular
134  deficits and because hair cell degeneration is detected in their cochlear and utricular

135  organs postmortem (Hizli et al., 2016; Sans et al., 1996), we hypothesized that vestibular
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136  schwannoma utricles are damaged whereas those from organ donors may serve as
137  normal controls (Figure 1A, Figure S1A, Table S1). Two vestibular schwannoma and one
138 organ donor utricles were subject to single-cell isolation and sequencing. Sensory
139  epithelia were enzymatically and mechanically purified from surrounding stromal and
140 neural tissues (Figure S1B), yielding a total of 12,765 single cells that were sequenced
141 (7,376 organ donor cells and 5,389 vestibular schwannoma cells, Figure 1B’, Figure S2A).
142  Samples from four captures (two vestibular schwannoma samples with one capture each,
143  and one organ donor sample in two captures) were sequenced (10x Genomics platform),
144  and cells underwent quality control metrics and downstream analyses (Figure S1C). Our
145 integrated dataset (both organ donor and vestibular schwannoma) contained a median of
146 2,061 genes per cell (Figure S1D) and unsupervised clustering identified 25 cell states
147  (Figure 1B). Similarity weighted non-negative embedding (SWNE) was used for all 2-
148 dimensional visualization of reduced dimensions to optimally capture global and local
149 relationships among cells and clusters (Parekh et al., 2018). We annotated the cell
150 clusters based on known marker genes in the mammalian inner ear (Figure 1B, Figure
151  S1E), including 25 different cell types with 16,866 cluster-defining genes (Wilcoxon test,
152 FDR <0.01, Figure 1C, Table S2): supporting cells (GFAP, SNORC, SFRP2, clusters 0,
153  2,4,5,7,9 and 10), hair cells (CIB3, OTOF, MYO7A, TMC1, clusters 13 and 17), hair
154  cell precursors (COX7A1, S100A6, DNAJB1, cluster 20), roof cells (CITED1, cluster 18),
155 dark cells (BSND, KCNQ1, IGF1, clusters 1, 6, 14 and 16), stromal cells (PDGFRA,
156 clusters 3, 11 and 12), melanocytes (PMEL, DCT, MLANA, cluster 15), vascular cells
157  (FLT1, cluster 24), macrophages (CCL3, clusters 19 and 21), pericytes (RGS5, EDNRA,

158 cluster 22), and immune cells (SERPINEZ2, cluster 8 and 23).
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159 To further restrict our analyses to cells in the sensory epithelium, we focused on
160 clusters defined as hair cells, hair cell precursors, and supporting cells (Figure S2A). As
161 expected, EPCAM expression was robust in these sensory epithelial cell clusters (Figure
162  1D). Expression of SOX2, a known marker of supporting cells and type Il hair cells in
163  human, was enriched in a subset of hair cells and supporting cells, while expression of
164 MYO7A, a known human generic hair cell marker (Taylor et al., 2015), is the highest in
165 clusters 13 and 17 (Figure 1D). Sub-clustering and visualization with SWNE showed ten
166 cell states representing utricle sensory epithelial cells (Figure S2A’). The final analysis
167  consisted of 3,292 organ donor and 3,341 vestibular schwannoma utricular cells (Figure
168 S2A’and C). Differential gene expression analysis identified 5,694 cluster defining genes
169  (Figure S2D, Table S3), yielding seven subsets of supporting cells (n=5,786 cells, clusters
170 0, 2,4, 5,7, 9 and 10), one putative hair cell precursor group (n=165 cells, cluster 20),
171  and two hair cell subtypes (n=373 Type | hair cells, cluster 13 and n=309 Type Il hair cells,
172 cluster 17) (Figure S2B). Together, this dataset represents the molecular identities of
173 distinct cell types of the adult human utricle.

174

175  Molecular identity of human hair cells and supporting cells

176 ~ The sensory epithelium is comprised of sensory hair cells and non-sensory supporting
177  cells (Figure 2A). To identify hair cell- and supporting cell-defining genes, we performed
178  a direct comparison without the putative hair cell precursors (Figure 2B). We identified
179 1,163 enriched genes in hair cells and 404 enriched genes in supporting cells with at least
180  2-fold expression difference (LFC>2, FDR<0.01, Figure 2C, Table S4). Among the 24

181  most differentially expressed genes in hair cells (CABP2, CIB3, GPX2, ESPN, CD164L2,
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182  SYT14, SNCG, CPE, STRC, SMPX, ABCAS5, POU4F3) and supporting cells (CLU, GFAP,

183  TMSB4X, CLDN4, TMSB10, CYR61, VIM, ELF3, IFITM3, S100A10, KRT8, S100A6,

184  Figure 2D-E), all were previously reported in mouse inner ear tissues but only 7 in human
185 inner ear tissues (underlined). To validate the specificity of these markers, we performed
186 in situ hybridization and immunolabeled utricles procured from other organ donors and
187  vestibular schwannoma subjects. Both anti-MYO7A and SYT74 labeled all hair cells in
188  organ donor and vestibular schwannoma samples (Figure 2F-G), where fewer hair cells
189 and a flat epithelium were observed. As in mice, human supporting cell nuclei reside in
190 the basal layer of the sensory epithelium and project cytoplasmic processes to the luminal
191  surface (Figure 2F). As computationally predicted, both anti-GFAP and ANXA2 marked
192  only supporting cells from organ donor and vestibular schwannoma tissues (Figure 2F-
193  G). Expression plots confirmed ANXAZ2 and SYT14 as pan-markers of supporting cells
194  and hair cells, respectively (Figure 2H). Similarly, in situ hybridization validated PPP1R27
195 and LRRC10B to be expressed in all hair cells and CD9 in supporting cells (Figure S2E).
196 These results indicate that gene expression in hair cells and supporting cells is well
197 conserved between human organ donor and vestibular schwannoma utricles and
198  between mice and humans.

199

200 Spatial and transcriptomic properties of hair cell subtypes

201  Utricular hair cells of both mouse and human fall into two main subtypes (~50% each of
202 type | and Il) (Rusch et al., 1998). In mice, this distinction is based on morphology,
203  innervation, composition of ion channels, and gene expression (Burns et al., 2015; Jan et

204 al., 2021; Mclinturff et al., 2018; Rusch et al., 1998). However, in humans, this


https://doi.org/10.1101/2022.10.29.514378
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.29.514378; this version posted October 31, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Human hair cell regeneration
Wang et al., October 29, 2022

205  configuration has been shown solely using morphological assessments of postmortem
206 tissues (Hizli et al., 2016; Kaya et al., 2017). In our integrated dataset, differential gene
207  expression revealed two putative hair cell subpopulations (Figure S2D), which we
208 presumed to represent type | and type Il hair cells (Figure 3B-C). Forty-seven genes were
209  highly expressed human type | hair cells and 111 genes for type Il hair cells (Figure 3C,
210 Table S5, LFC>2 and FDR<0.01). Among the 13 most enriched type | hair cell genes
211 (VSIG10L2, BMP2, CLDN5, ALDH1A3, TAC1, FBXW7, CRABP1, ESPN, ATP2B2, PGAS,
212 CHGA, PRKCD, ADAM11, Figure 3D), ten have been reported in the mouse inner ear but
213 only four showed expression restricted to type | hair cells (Burns et al., 2015; Jan et al.,
214  2021). Reciprocally, we examined enriched genes in mouse utricular hair cell subtypes in
215  our human dataset. The mouse type | hair cell marker SPP1 (osteopontin) (Mclnturff et
216 al., 2018), was notably not significantly enriched in our human dataset (Table S5). Except
217  for SOX2 and BRIP1, none of the enriched human type Il hair cell genes (CXCL14,
218 CALB1, CSRP2, HTRA1, MORC1, SCNN1A, GNAS, NDUFA4L2, B3GNT10, CHRNAT,
219  Figure 3E) (Jan et al., 2021) were previously reported to be enriched in mouse type Il hair
220  cells in mice. Similarly, the established mouse type Il hair cell markers ANXA4 and MAPT
221  (Burns et al., 2015; Mclnturff et al., 2018) were not enriched in the human type Il hair cell
222  cluster (Table S5). Unexpectedly, the mouse type | hair cell marker, CALB1 (Stone et al.,
223 2021), was enriched in human type Il hair cells. These data suggest that the transcriptome
224  profiles of hair cell subtypes diverge between mice and humans.

225 We next compared the human utricular sensory epithelia of organ donors and
226  vestibular schwannoma patients. In the mouse and human utricular sensory epithelium,

227  hair cell subtypes have distinct shapes: type | hair cells are amphora-shaped while type
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228 Il hair cells are goblet-shaped and display basolateral cytoplasmic processes. Both hair
229  cell subtypes have their nuclei closer to the epithelial surface contrasting those of
230 supporting cells that are closer to the basal surface (Hizli et al., 2016; Merchant et al.,
231  2000; Pujol et al., 2014; Wang et al., 2019) (Figure 3A).

232 In organ donor tissues, the morphology of MYO7A" hair cells was maintained and
233  expression of ADAM11 was exclusive to amphora-shaped type | hair cells. Type Il hair
234  cells displayed basolateral processes and were specifically marked by both anti-SOX2
235 and KCNH6 (Figure 3F). In vestibular schwannoma patients, despite the loss of
236  lamination and cell loss, both ADAM11 and KCNHG6 expression are non-overlapping, and
237  presumed restricted to type | and Il hair cells, respectively (Figure 3G). These results
238 validate the transcriptomic data showing enrichment of ADAM171 and KCNH6 in type |
239 and Il hair cells, respectively, in both cohorts (Figure 3H). Moreover, we validated
240  expression of enriched type | hair cell (CRABP1 and VSIG10L2) and type Il hair cell genes
241 (CALBH1) (Figure S3A-B). These results confirmed the presence of two transcriptionally
242 distinct human utricular hair cell subtypes in both organ donors and vestibular
243  schwannoma utricles. Despite the conservation of morphology, human hair cell subtypes
244  demonstrate divergent molecular features from mice.

245

246  Diversity of supporting cell subtypes

247  Differential expression results have revealed several pan-supporting cells markers
248  (Figure 2C, E), of which we have validated GFAP and ANXAZ2 (Figure 2F). The mouse
249 and human utricles are organized spatially into the central striolar and peripheral

250  extrastriolar zones (Figure S3C) (Watanuki and Schuknecht, 1976) with distinct gene

10


https://doi.org/10.1101/2022.10.29.514378
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.29.514378; this version posted October 31, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Human hair cell regeneration
Wang et al., October 29, 2022

251  expressions described in mice (Jan et al., 2021; Ono et al., 2020). The striolar region may
252 be more critical for utricular function as mutant mice missing this domain lack vestibular
253  responses (Ono et al., 2020). Differential gene expression shows 17 genes enriched in
254  striolar supporting cells and 37 genes in extrastriolar supporting cells (Figure S3E-F).
255  TECTB, which marks striolar supporting cells in mouse and chicken utricles (Burns et al.,
256  2015), was also enriched in human striolar supporting cells (Table S6). Only a small set
257  of enriched genes marking human extrastriolar (two of 12, ALDH1A1, S100B) and striolar
258 (six of 12, SFRP2, TECTB, ISL1, RGCC, CA8 and GATA3) supporting cells were
259  previously reported in the mouse utricle (Burns et al., 2015; Jan et al., 2021). Therefore,
260 like human hair cell subtypes, human supporting cell subtypes also display divergence
261  from those in mice.

262

263  Hair cell degeneration in human vestibular schwannoma utricle

264  Postmortem studies on utricles from vestibular schwannoma patients have reported hair
265  cell degeneration (Hizli et al., 2016; Sans et al., 1996). To independently verify these
266  results and determine whether supporting cells mount a regenerative response, we first
267 immunolabeled utricles for hair cells (MYO7A") and supporting cells (MYO7A  and SOX2")
268 from organ donor (n=5, 4 males and 1 female, aged 42.0+25.5) and vestibular
269  schwannoma subjects (n=13, 9 males and 4 females, aged 50.5£16.7). As a secondary
270  control, we included utricles from cadavers (n=4, 2 males and 2 females, aged 75.8+5.9,
271  Table S1) without any history of auditory and vestibular deficits. Compared to organ
272  donors or cadavers, vestibular schwannoma utricles contained significantly fewer hair

273  cells (~78% fewer, p<0.001, Figure 4A-D, S4A-B”, D-G, Table S7) and supporting cells

11
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274 (~21% fewer, p<0.05, Figure S4A’-C, Table S7). Hair cell counts from individual vestibular
275  schwannoma patients were comparable despite variability of age, gender, laterality, tumor
276  size, or history of radiation in the cohort (Figure S4F, Table S1). Collectively, these results
277  further indicate that vestibular schwannoma utricles represent diseased organs whereas
278  organ donor and cadaveric organs serve as normal controls.

279 To characterize the degree of degeneration, we immunolabeled sections of organ
280  donor and vestibular schwannoma utricles for the hair cell marker MYO7A and supporting
281  cell marker GFAP. Compared to organ donor utricles, vestibular schwannoma utricles
282  contained fewer hair cells and appeared thinner, resulting in less lamination of hair cell
283  and supporting cell nuclei (Figure 4E-F). Hair cells in the vestibular schwannoma sensory
284  epithelium appeared short and round, and many lacked hair bundles (Figure 4E-F). Using
285  TUJ1" calyces or SOX2 protein expression as markers of type | and Il hair cells,
286  respectively, we found that vestibular schwannoma organs had significantly fewer of both
287 type | and Il hair cell subtypes than organ donor tissues. However, there was
288  disproportionally more type | hair cells in the vestibular schwannoma than organ donor
289  utricles (3.51 versus 0.99, respectively, Figure 4G-H, S4H-I, Table S7), suggesting a
290  previously unrecognized, preferential loss of type Il hair cells.

291 We observed cytocauds, which are actin-rich cables in degenerating hair cells
292  (Kanzaki et al., 2002; Taylor et al., 2015), in vestibular schwannoma but not organ donor
293  utricles, suggesting ongoing hair cell degeneration in the former (Figure 41-J, S4J-J’).
294  While phalloidin-labeled bundles were apparent in most MYO7A™ hair cells in the organ
295  donor utricle, few bundle-bearing hair cells were observed in the vestibular schwannoma

296 utricles (10.7% of 1,473 hair cells from 3 vestibular schwannoma utricles, Figure 4K-M).

12
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297  Remnant hair bundles appeared damaged (splayed) or short (13.4% and 56.1% of 157
298 hair cells from 3 vestibular schwannoma utricles, Figure 4M). This contrasts with the
299  organ donor utricles where 89.3% of hair cells displayed bundles, with most appearing
300 long (61.1%, n=236 hair cells from 1 utricle, Figure 4K-M, S4K-L). Under scanning
301 electron microscopy, hair bundles with a staircase pattern and packed stereocilia were
302 rarely found (Figure 4N) in vestibular schwannoma utricles, whereas others lacked
303 stereocilia and kinocilium and instead displayed remnants of short bundles at the apical
304 surfaces (Figure 40-P, S4M-0). In other cases, stereocilia within a hair bundle had fused
305  (Figure 4Q). Lastly, we found individual hair cells with two distinct hair bundles located at
306 the opposite poles of the apical surface (Figure 4Q-S), one with taller and thicker
307 stereocilia than the other, possibly corresponding to different maturation stages, perhaps
308 an indication of ongoing repair or regeneration that has been previously suggested
309 (Kanzaki et al., 2002; Taylor et al., 2015). Together, these results indicate ongoing hair
310 cell degeneration and hair bundle damage in the vestibular schwannoma utricles.

311

312  Transcriptomic and trajectory analysis of hair cell regeneration in the human utricle
313  Both the mouse and human utricle demonstrate a limited degree of hair cell regeneration
314 by supporting cells (Forge et al., 1993; Golub et al., 2012; Sayyid et al., 2019; Taylor et
315 al., 2018; Warchol et al., 1993), although spontaneous regeneration in vestibular
316 schwannoma utricle has not been directly observed. To define the molecular
317  underpinning of human hair cell regeneration, we performed dimension reduction using
318 SWNE on the integrated dataset. The SWNE plot allowed visualization of presumed hair

319 cell precursors (cluster 20, Figure 5A) that displayed spectra of hair cell and supporting
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320 cell marker genes. To delineate genes directing supporting cell to hair cell transition, we
321 created unbiased trajectories (Figure S5B), focusing on two lineages that originate from
322 supporting cells to type | and type Il hair cells via the intermediate hair cell precursors
323  (Figure 5A, S5B).

324 Using a generalized additive model fit onto the two lineages of type | and type Il
325 hair cells, we identified 2,787 and 7,445 significant, dynamically expressed genes along
326 the two respective trajectories (Figure 5B-C). An association test detected five patterns
327 of dynamic gene expression in type | and Il hair cell lineages (Figure 5B-C, Table S8-9):
328 rapidly upregulated, rapidly downregulated, gradually upregulated, gradually
329 downregulated, and transiently upregulated (Figure 5B-C). Both the type | and Il lineages
330 display rapidly upregulated and downregulated genes (type I: GPX2, CIB3, GABPZ2 and
331 CD9, GSN, SPARCLT1; type Il: CETN2, OTOF, ABCA5 and AGR2, GFAP, TMSB4X,
332  Figure 5D-D’), implicating shared features of hair cell specification and differentiation. To
333 identify divergent genes among the type | and type Il lineages, we computed the Different
334 End Test and identified genes upregulated solely in type | hair cells (ADAM11, VSIG10L2,
335 and ESPN) and type Il hair cells (SOX2, CXCL14, and CSRP2, Figure 5D”). These results
336  suggest that regeneration of type | and Il hair cells share some but not all molecular
337 features.

338 To characterize mechanisms driving supporting cell-to-hair cell transition, we
339 analyzed dynamically expressed genes in type | and Il lineages and found 196 and 297
340 associated canonical pathways, respectively (Fisher's Exact Test, p<0.05, Table S10-11),
341 most of which were shared by both lineages. Shared pathways included FAT10, mTOR,

342 VEGF, Neurotrophin, Interferon, HIPPO signaling, while Notch and Wnt/[3-catenin
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343  signaling were only associated with the type Il lineage (Figure SE). In mice, HIPPO, Notch
344 and Wnt signaling have been shown to regulate regeneration of the utricle, but their
345 effects on specification of type | versus type Il hair cells are not known (Lin et al., 2011;
346  Rudolf et al., 2020; Wang et al., 2015). Moreover, 24 and 15 biological function GO terms
347  were identified for dynamically expressed genes in the type | and Il lineages (FDR<0.05,
348 Figure SS5F, Table S12-13). These results serve as a mechanistic framework for
349  characterizing naturally occurring human hair cell regeneration.

350

351 Vestibular schwannoma utricles contain more hair cell precursors than organ
352  donor utricles

353 To characterize hair cell precursors, we examined dynamically expressed genes
354  as supporting cells transition into hair cells in both the type | and Il lineages. As markers
355 of both type | and Il hair cells (Figure 2), SYT14 and MYO7A were upregulated along both
356 lineages (Figure 6A). Conversely, the supporting cell marker ANXA2 (Figure 2) was
357 downregulated along these lineages (Figure 6A). In vestibular schwannoma utricles,
358 where almost all hair cells expressed SYT714 and MYO7A and supporting cells expressed
359  ANXAZ2, we found occasional elongated cells co-expressing ANXA2, SYT14, and MYO7A
360 (Figure 6B-B””’), suggesting a transitory cell state between a supporting cell and hair cell
361 invivo.

362 To confirm the presence of hair cell precursors in vivo and to further identify drivers
363 of hair cell regeneration, we examined transcription factors among the identified
364 dynamically expressed genes (Hu et al., 2019). A total of 446 significant dynamically

365 expressed transcription factors were identified in both type | and Il lineages (Figure 6C-
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366 D, Table S14-15). These include POU4F3 and GFI1 which are required for hair cell
367  survival and maturation in mice (Erkman et al., 1996; Hertzano et al., 2004) (Figure 6C-
368 D). Surprisingly, ATOH1, which promotes hair cell formation in mouse and human utricles
369 (Sayyid et al., 2019; Taylor et al., 2018), was found modestly expressed in a subset of
370  hair cells and not dynamically expressed (Figure S6K-K’, L). Because POU4F3 and GFI1
371  were rapidly upregulated along the type | and type Il hair cell trajectories (Figure 6E), we
372  postulated that they would label both hair cell precursors and differentiated hair cells. As
373  anindependent computational method of validating supporting cell-hair cell transition, we
374  performed RNA velocity analysis (Bergen et al., 2020; La Manno et al., 2018) on our
375 subsetted data. In this method, each individual cell’s trajectory is computed irrespective
376  of surrounding cells’ trajectories using the ratio of spliced to unspliced mRNA to derive
377 the RNA velocity on a gene-by-gene level. Our data showed that the hair cell precursor
378  group is projected to differentiate from a supporting cell state towards the type | and type
379 1l hair cell states (Figure 6F, S6M), further implicating that supporting cell-hair cell
380 transition occurs in situ. As expected, in organ donor and vestibular schwannoma utricles,
381 allMYO7A" hair cells were marked with anti-POU4F3 and anti-GFI1 antibodies. Strikingly,
382 a subset of SOX2*, MYO7A" supporting cells expressed POU4F3 or GFI1 protein and
383  mRNA in both the organ donor and vestibular schwannoma utricles (Figure 6G-H, S6A-
384 G, I-J), with the latter displaying significantly more POU4F3 (13.98 vs. 1.01%, p<0.01,
385 Figure 6l) or GFI1-positive hair cell precursors (12.79 vs. 0.19%, p<0.05, S6H).
386  Collectively, these results unveil transcriptomes of human hair cell precursors, which were
387  more prevalent in vestibular schwannoma than organ donor utricles in situ.

388
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389 Discussion

390 Inner ear sensory hair cells are specialized mechanoreceptors required for hearing
391 and balance functions. Unlike the mammalian cochlea, the vestibular organs have a
392 limited capacity to regenerate lost hair cells (Atkinson et al., 2015). Rodents have served
393  as the primary model system examining mammalian vestibular hair cell regeneration,
394  relying on toxins or transgenic approaches to induce damage (Golub et al., 2012; Sayyid
395 et al.,, 2019). Prior studies using tissues procured from vestibular schwannoma patients
396 showed that supporting cells can spontaneously regenerate hair cells after gentamicin
397 treatment; likewise, ectopic hair cells can form in response to ATOH1 overexpression
398 (Taylor et al., 2018; Taylor et al., 2015; Warchol et al., 1993). Here, we procured utricles
399 from organ donor and vestibular schwannoma subjects. The former cohort lacked any
400 history of auditory or vestibular dysfunction, while the latter exhibited hearing loss and/or
401 vestibular dysfunction. Single-cell transcriptomic analysis and in vivo validation
402  experiments revealed conserved transcriptomes of hair cells and supporting cells, despite
403  significant and ongoing degeneration in the vestibular schwannoma organs. Despite
404  conservation of generic hair cell and supporting cell genes between mice and humans,
405  we found significant interspecies divergence among hair cell and supporting cell subtypes.
406 By analyzing dynamically expressed genes in the supporting cell-hair cell trajectories, we
407  predicted POU4F3 and GFI1 to mark hair cell precursors. We validated these markers
408 and discovered that significantly more hair cell precursors reside in the vestibular
409 schwannoma than organ donor utricles. Our study reveals candidate mechanisms driving
410 spontaneous human hair cell regeneration and serves as a data-rich resource for

411  research on human auditory and vestibular disorders.
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412

413  Single cell transcriptomic studies on the inner ear

414  Single-cell transcriptomic analysis has been instrumental in defining cellular
415 heterogeneity in the mouse inner ear as well as discovering candidate mechanisms of
416 development, hair cell regeneration and pathogenesis of auditory dysfunction (Wu et al.,
417  2021). While these studies can serve as foundational models for human disease, studies
418 on the human inner ear have almost exclusively relied on postmortem, cadaveric tissues
419 (Hizlietal., 2016; Kaya et al., 2017; Lopez et al., 2016a; Merchant, 1999; Merchant et al.,
420 2000; Sans et al., 1996; Senn et al., 2020; Watanuki and Schuknecht, 1976) or tissues
421  originating from fetuses or diseased inner ears. In the current study, transcriptomes of
422  distinct cell types from the healthy and diseased mature, human inner ear serve as
423  benchmarks guiding future works.

424 Because the mouse and human inner ear organs share histologic features and
425  constituents essential for hearing and balance functions (Avraham, 2003; Kikkawa et al.,
426  2012; Ohlemiller, 2019), mouse models are commonly used to study human auditory and
427  vestibular diseases. Several pathways posited to regulate human vestibular hair cell
428  regeneration (Wnt/l3-catenin, Notch, HIPPO) were previously linked to regeneration in the
429  mouse vestibular system (Lin et al., 2011; Rudolf et al., 2020; Wang et al., 2015), while
430  others have unknown functions (FAT10, mTOR, VEGF, Neurotrophin, Interferon) (Figure
431 5). Remarkably, our data suggest that regeneration of type | and Il hair cells may be
432  differentially regulated by Notch and Wnt/3-catenin signaling and warrant further testing.
433  When comparing enriched genes between human and mouse utricles (Burns et al., 2015;

434  Jan et al., 2021; Mclnturff et al., 2018), we found overlap among generic hair cells and
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435  supporting cells but striking divergence among hair cell and supporting cell subtypes.
436  Such an interspecies difference that has previously been suggested in the refined cell
437  subtypes of the mouse and human immune systems (Cheng et al., 2014; Gilbertson and
438  Weinmann, 2021). Along a similar vein, divergence of neurotransmitter receptors and ion
439  channels is known between mouse and human brains (Hodge et al., 2019). Such a
440 divergence has implications for translating mouse studies to humans and emphasizes the
441  importance of investigating human auditory and vestibular organs.

442

443  Application of human utricle single-cell data to study hearing loss and vestibular
444  diseases

445 Our study serves as an invaluable resource to study human inner ear diseases.
446  As a case in point, we interrogated the expression patterns of 70 human hearing loss-
447  and 20 vestibulopathy-related genes in our integrated dataset, 10 of which were linked to
448  both conditions. By determining the mean relative expression of these genes, we found
449  that 40 hearing loss genes are uniquely expressed in hair cells and that seven non-
450  sensory cell types highly expressed 30 hearing loss genes (Figure S7A). Among the 20
451  vestibulopathy-related genes, seven are uniquely expressed in hair cells and 13 in seven
452  non-sensory cell types (Figure S7B). In contrast to the rich literature on the pathogenesis
453  of hearing loss genes in hair cells, studies on non-sensory cell types and vestibulopathy-
454  related genes are scarce, and our study establishes a foundation for these future studies.
455

456  Regeneration in human vestibular schwannoma utricles
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457 Inner ear tissues collected from vestibular schwannoma patients have served as the
458  primary model system to study human hair cell regeneration (Taylor et al., 2018; Taylor
459 etal., 2015; Warchol et al., 1993). Although hair cells are known to have degenerated in
460 inner ear tissues from vestibular schwannoma patients (Hizli et al., 2016; Sans et al.,
461 1996), these studies on regeneration have employed ototoxins to ablate remaining hair
462  cells in vitro. By comparing vestibular schwannoma to organ donor utricles, we discovered
463  that the former represents damaged tissues with active regeneration in situ and therefore
464 is a distinct model system of human hair cell degeneration and regeneration.

465 In mice, lineage-tracing experiments show that regenerating hair cells are primarily
466 type Il and that they incompletely differentiate (Golub et al., 2012; Sayyid et al., 2019;
467 Wang et al., 2019). Our results suggest that regenerating human hair cells display a
468  spectrum of differentiation. While these results may indicate that human vestibular hair
469 cell regeneration, as in mice, requires exogenous factors to enhance the degree of
470  regeneration and differentiation, it is also possible that ongoing damage from vestibular
471 schwannoma modulates these processes.

472 In summary, using vestibular tissues procured from adult human organ donors and
473  vestibular schwannoma patients, we have revealed the transcriptome of inner ear sensory
474 and non-sensory cells. We show that vestibular schwannoma utricles harbor both
475 degenerating sensory cells and hair cell precursors. The adult human inner ear has to
476 date remained an enigma at the molecular level, and it is of utmost public health
477 importance to decipher mechanisms of damage and repair. Our results present a
478  foundational resource for future studies on human auditory and vestibular function and

479 diseases.
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480
481 Methods:

482 Human vestibular organ procurement: Whole organ utricles were collected

483 intraoperatively from patients with vestibular schwannoma and organ donors. For
484  vestibular schwannoma patients, utricles were procured from patients undergoing
485  translabyrinthine resection of tumors. Briefly, a neurotologist (R.K.J., P.S.M., N.B.)
486  opened the vestibule by drilling with a diamond burr on low speed, microdissected out the
487  utricle and removing the attached ampullae. The utricle was then placed in phosphate
488  buffered solution (PBS, pH 7.4; Electron Microscopy Services) on ice until further analysis
489 (<10 min).

490 Organ donors were referred by Donor Network West (San Ramon, CA). Bilateral
491  utricles were harvested from organ donors as previously described (Aaron et al., 2022;
492  Vaisbuch et al.,, 2022). Briefly, a post-auricular incision was made followed by a
493  transcanal approach to expose the middle ear. The tympanic membrane, malleus and
494  incus were removed while keeping the stapes in situ. To expose the vestibular organs,
495  bony covering of the vestibule was thinned using a diamond burr on low speed, the stapes
496 footplate removed, followed by widening of the oval window. The utricle was harvested
497  from the elliptical recess and placed in PBS on ice for single-cell RNA sequencing
498  analysis or in 4% paraformaldehyde for histologic analysis.

499 For cadaveric utricles, temporal bones were collected 10-14 hours postmortem,
500 following which specimens were microdissected from temporal bones acquired at autopsy
501 as previously described (Lopez et al., 2005).

502
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503 Human subject inclusion criteria: Three cohorts were included in the study. In the first

504 cohort, twenty-one patients (21 ears) with vestibular schwannoma were enrolled from
505 Stanford University (Palo Alto, CA). Adult subjects with a vestibular schwannoma
506 diagnosed by MRI and hearing loss documented by audiograms were included. Those
507 undergoing a translabyrinthine approach for tumor resection between March 2015 to
508  August 2021 were enrolled into the study. The second cohort were 8 ears from 6 (pediatric
509 and adult) organ donors enrolled through Donor Network West (San Ramon, CA)
510 between January 2018 and July 2020. Both cardiac and brain death donors with no known
511 history of otologic disorders were included. The last cohort consisted of 4 ears from 4
512  postmortem adult cadavers from University of California, Los Angeles (Los Angeles,
513  California) between February 2015 to January 2017.

514 All protocols were approved by the Institutional Review Board of the Stanford
515  University (IRB 27500, 48579, 38993, 50076), Donor Network West’s internal ethics
516 committee (IRB #STAN-17-200) and its medical advisory board, and University of
517  California, Los Angeles (IRB 10-001449).

518

519  Clinical information: The following was collected for all cohorts: age, gender, and laterality
520 (Table S1). For the first cohort, we also collected information pertaining to vestibular
521 symptoms (dizziness, vertigo, or imbalance) or physical signs (positive Romberg sign or
522  unsteady gait), tumor size (longest diameter and its orthogonal measurement in the axial
523  view of the cisternal component), pure tone averages (PTAs) (calculated using 0.5, 1, 2,
524 and 4 kHz), word recognition scores, and history of radiation (Table S1).

525
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526  Cryosections: Tissues were fixed in 4% paraformaldehyde (PFA) (PBS pH 7.4; Electron

527  Microscopy Services) for 16-24 hrs at 4°C. After washing in PBS, tissues were
528  cryoprotected in a sucrose gradient (15%, 20% and 30% for 1 hour each), embedded in
529  100% OCT, and frozen on dry ice. Sections were cut at 10-15 ym and frozen at -80°C.

530

531 Immunohistochemistry (Lopez et al., 2016b; Wang et al., 2019): Utricles from vestibular

532  schwannoma patients and organ donors were fixed in 4% PFA (in PBS, pH 7.4; Electron
533  Microscopy Services) for 40 min at RT or 20 hr at 4°C. Tissues were blocked with 5%
534  goat or donkey serum, 0.1% tritonX-100, 1% bovine serum albumin (BSA), and 0.02%
535 sodium azide (NaNs) in PBS at pH 7.4 for 1-2 hrs at room temperature, followed by
536  incubation with primary antibodies diluted in the same blocking solution overnight at 4°C.
537  The next day, after washing with PBS, tissues were incubated with secondary antibodies
538  diluted in 0.1% triton X-100, 0.1% BSA, and 0.02% NaN3 solution in PBS for 2 hr at room
539 temperature. After PBS washing, specimens were mounted in antifade Fluorescence
540  Mounting Medium (DAKO) or ProlongGold (Thermo Fisher Scientific) and coverslipped.
541 We used antibodies against the following markers: MYOSIN7A (1:1000-5000; Proteus
542  Bioscience), SOX2 (1:200-500, R&D and 1:400 Santa Cruz Biotechnology), POU4F3
543  (1:400, Santa Cruz Biotechnology), GFI1 (gift from H. Bellen), GFAP (1:250-1000, Sigma),
544  TUJ1 (1:1000, Neuromics), and CALBINDIN1 (1:500, Cell Signaling Technologies).
545  Secondary antibodies were conjugated with FITC (1:500, Thermo Fisher Scientific),
546  TRITC (1:500, Thermo Fisher Scientific), CY5 (1:250, Thermo Fisher Scientific), Alexa
547 594 (1:500, Thermo Fisher Scientific) or Alexa 405 (1:250, Abcam). Fluorescent-

548  conjugated phalloidin (1:1000; Sigma) and DAPI (1:10000; Invitrogen) were used.
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549 Cadaveric temporal bones were fixed in 10% formalin for 6-24 months before
550  microdissection. Utricles were then microdissected, placed individually in a rotary shaker,
551 and incubated for 3 hours in a blocking solution containing 2% BSA fraction V (Sigma),
552 0.1% TritonX-100 (Sigma) diluted in PBS and incubated at 6°C. Subsequently, the
553  blocking solution was removed and tissues were incubated with anti-MYOSIN7A in a
554  rotatory shaker for 72 hrs at 4°C. Next, tissues were washed with PBS (20 min x 5) and
555 incubated with the secondary biotinylated antibodies (1:1000 in PBS, Vector Labs) for 2
556  hrs at RT. Afterwards, tissues were washed again in PBS (20 min x 5) and incubated with
557 the ABC complex (Vector Labs). The antigen-antibody reaction was visualized using 3,3'-
558  Diaminobenzidine (DAB) (Vector Labs). Lastly, utricles were washed with PBS (20 min x
559 5) and flat mounted on glass slides and coverslipped with hard mount VECTASHIELD
560  solution. Cryosections of mouse utricles subjected to the same protocol were used as
561  positive controls. As negative controls, the primary antibody was omitted or preabsorbed
562  with the antigen and the immunoreaction was performed as described above. No
563  immunoreaction was detected in both types of negative controls.

564

565 Image acquisition and analysis: Images of whole mounts and sections were acquired

566  using confocal microscopy (LSM700 or LSM880, Carl Zeiss Microscopy), Axioplan 2
567  microscope coupled to a MRC5 (bright field) camera and using Axiovision AC software
568 (Release 4.8, Carl Zeiss). Z-stack images were taken at 1 ym intervals. Data was
569 analyzed with Image J64 (Fiji, NIH) and Adobe Photoshop (Creative Cloud, Adobe
570  Systems).

571
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572  In_situ_hybridization: Detection of transcripts for ATOH1, POU4F3 and GFI/1 was

573  performed using the V2.5 HD Red RNAscope™ detection system (322350, ACDBio,
574  Newark, CA). The following probes from ACDBio were used: DAPB (negative control;
575 Cat#310043); POLR2A (positive control, Cat# 310451); ATOH1 (Cat# 417861); POU4F3
576  (Cat# 519131); GFI1 (Cat# 422981). Experiments were performed according to the
577  manufacturer’s instructions, with the following modifications: slides were pre-baked at
578  60°C for 30 min before tissue processing, boiling was performed for 90 seconds, and the
579  Protease Plus was diluted 1:3. In some cases, protease digestion was carried out at
580 different temperatures to appropriately balance penetration of probes with retention of
581 immunohistochemical antigens.

582 Detection of additional RNA transcripts was performed using the RNAscope™
583  Fluorescent Multiplex kit (Cat# 320850, ACDBio, Newark, CA). The following probes were
584 used: Hs-CD9-C3 (Cat# 430671-C3), Hs-PPP1R27-C2 (Cat# 855251-C2), Hs-
585 LRRC10B-C3 (Cat# 855261-C3), Hs-SYT14 (Cat# 855271), Hs-ANXA2-C2 (Cat#
586  855281-C2), Hs-VSIG10L2-C2 (Cat# 855291-C2), Hs-ADAM11-C3 (Cat# 855311-C3),
587 Hs-CRABP1-C2 (Cat# 855321-C2), Hs-KCNH6-C2 (Cat #855331-C2). Experiments were
588 carried out according to the manufacturer’s instructions (Tissue prep: 320535-TN
589 11022018, Detection: ACD 320293-UM 03142017), with the following modifications for
590 some tissues to optimize signal quality: boiling time 2.5-5 minutes, protease time 30 min-
591 1 hour, protease temperature 22-40°C.

592

593  Scanning electron microscopy (SEM): Utricle samples were isolated in washing buffer

594  (0.05 mM HEPES buffer pH 7.2, 10 mM CaCl2, 5 mM MgCI2, and 0.9% NaCl), the otolithic
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595  membrane was removed with a brush, and fixed in 4% PFA in 0.05 mM HEPES Buffer
596 pH7.2,10 mM CaCl2, 5 mM MgCI2, and 0.9% NaCl for 30 min at RT. The samples were
597  fixed in 2.5% glutaraldehyde and 4% PFA in 0.05 mM HEPES Buffer pH 7.2, 10 mM
598 CaCl2, 5 mM MgCI2, and 0.9% NaCl overnight at 4°C, then washed, dehydrated in
599  ethanol (30%, 75%, 100%, and 100%, 5 min incubation) and processed to the critical
600  drying point using Autosamdri-815A (Tousimis). Samples were mounted on studs using
601 silver paint and coated with 5 nm of Palladium (sputter coater EMS150TS; Electron
602  Microscopy Sciences). Samples were imaged at 5 kV on a FEI Magellan 400 XHR Field
603  Emission Scanning Electron Microscope at the Stanford Nano Shared Facilities.

604

605 Cell quantification and statistical analysis: Using utricles from vestibular schwannoma

606 patients and organ donors, cells were quantified from z-stack images of 25,600 um?, then
607 normalized to 10,000 um? using Image J64 unless otherwise stated. Images were taken
608 from 1-8 representative areas from the whole sensory epithelium for analyses. For
609 cadaveric utricles, cells were quantified from images of 10,000 um?. Statistical analyses
610 were conducted using Microsoft Excel (Microsoft) and GraphPad Prism 7.0 software
611 (GraphPad). Ordinary one-way ANOVA, Tukey two-way ANOVA and two-tailed, unpaired
612  student’s t-tests were used to determine statistical significance. p<0.05 was considered
613  significant. Data shown as mean4S.D.

614

615  Single cell isolation: Utricles from vestibular schwannoma patients or organ donors were

616 placed in DMEM/F12 (Thermo Fisher Scientific/Gibco, 11-039-021) with 5% FBS during

617  transport to the laboratory. Tissues were then washed twice in DMEM/F12 and any debris
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618 and bone microdissected away. The whole utricle was then incubated with thermolysin
619 (0.5 mg/mL; Sigma Aldrich, T7902) for 45 min at 37°C prior to mechanical separation of
620 the sensory epithelium from underlying stroma. Next, the sensory epithelium was
621 digested using Accutase (Thermo Fisher Scientific, 00-4555-56) for 20 min at 37°C and
622 single cell suspension was obtained by trituration using a 1 ml pipette. Single cell
623  suspension was achieved using a 40 um filter. DMEM/F12 media with 5% FBS was used
624  for this step. Cells were then centrifuged at 300 rcf for 5 min at 4°C. The supernatant was
625 removed and cells were resuspended in media. Number of cells per microliter was
626  quantified using a hemocytometer.

627 The single cell suspension was then loaded onto a 10x Chromium controller (10x
628 Genomics, Pleasanton, CA) using manufacturer's recommended protocols at the
629  Stanford Functional Genomics Facility. Following cDNA amplification and library prep, the
630 sample was loaded onto an lllumina HiSeq4000 for sequencing. Two vestibular
631 schwannoma samples were separately processed as described above using two
632 separate 10x Genomics captures and subsequently sequenced in separate lane. One
633  human organ donor sample was also processed as above and the sample was split into
634  two 10x Genomics capture runs and sequenced on two separate lanes.

635

636 Data Preprocessing and Quality Control: Standard 10x Genomics CellRanger pipeline

637  was utilized for demultiplexing, alignment, and quantification. Filtered count matrices were
638 then loaded into R to create a SeuratObject. We used the DoubletFinder method to
639 identify and exclude doublets from four separate 10x captures with a total of 1094

640 doublets detected using default parameters (McGinnis et al., 2019). Cells with at least
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641 300 features and with less than 20% mitochondrial genes were kept with 735 cells in total
642 excluded based on these criteria. The vestibular schwannoma SeuratObjects were then
643 combined, and the organ donor SeuratObjects were combined.

644

645 Normalization and Data Integration: Using Seurat’'s default parameters, the joined data

646  was normalized using SCTransform method with the 3,000 most variable genes selected
647  for further downstream analysis. Data were integrated using the “IntegrateData’ function
648 in Seurat v3 (Stuart et al., 2019). The integrated data object was then scaled using
649  “ScaleData’ function in Seurat.

650

651  Cell Clustering: Following principal component analysis ('RunPCA’) with consideration of

652 100 principal components, the JackStraw method was used to identify the top 20 most
653  significant principal components. Initial standard UMAP was used for data visualization,
654  followed by clustering with a resolution of 1.0. The chooseR algorithm was used to identify
655  the optimal resolution of 1.0 for cell clustering (Patterson-Cross et al., 2021). Given that
656 UMAP representation loses global structure, we chose to represent our data using the
657  previously described Similarity Weighted Non-negative Embedding (SWNE) method for
658  preserving both local and global data structure (Parekh et al., 2018; Wu et al., 2018). The
659 SWNE Seurat wrapper function was used per default parameters.

660 Cell annotation was carried out based on marker genes as described in the
661 literature (Bry et al., 2014; Hammond et al., 2019; Sole-Boldo et al., 2020; Summers et
662 al., 2020; Wilms et al., 2016). In order to focus our analysis on the sensory epithelium,

663  we excluded certain cell clusters (dark cells, stromal cells, melanocytes, vascular cells,
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664  roof cells, macrophages, and immune cells). The remaining cells were then reclustered
665 and used for further downstream analysis (Figure S2).
666

667 Differential Gene Expression: The Wilcoxon rank sum test from Seurat (Butler et al., 2018;

668  Stuart et al., 2019) was used for identification of differentially expressed genes among
669 the different cell groups with default parameters that utilized the Bonferroni correction for
670 false-discovery (FDR < 0.01). Cell clusters were defined based on known marker genes
671  for each cluster. Only positive marker genes were kept in the differential gene expression
672  analysis. When comparing two groups of cells (Figures 2, 3, S3), we used pseudobulk
673 analysis using the DESeq?2 algorithm. Each 10x capture was considered as a separate
674 run, generating 4 replicates that were used for pseudobulk analysis purposes. For
675 example, there are hair cells from two organ donors and two vestibular schwannoma
676  derived cells that were compared generating a robust differential gene expression
677 comparison. For generation of volcano plots, DESeq2 results were plotted using
678  EnchancedVolcano with indicated thresholds.

679

680  Trajectory Analysis: To identify candidate hair cell precursors, we focused our analysis
681 on the sensory epithelial cells and known hair cell and supporting cell genes. Seurat
682  clustering identified seven supporting cell subtypes, two types of hair cells, and one group
683  of putative hair cell precursors. We used Slingshot to connect the cell states on the
684 reduced dimensions as visualized by the SWNE plot (Figure S5A) (Street et al., 2018).
685 The reduced dimensions as captured by SWNE was used to build this trajectory using

686 the Slingshot algorithm (Street et al., 2018) (Figure 5A, S5A). We defined the starting
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687  point as cluster 7, and end points as the two hair cell types. Unbiased lineage trajectory
688 modeling identified four different lineages (Figure S5B) using the default 6 knots within
689 the tradeSeq package (Van den Berge et al., 2020). We chose to focus our analysis on
690 the two lineages that generated type | and type Il hair cells (Figure 5A). A generalized
691 additive model (GAM) was then used to fit the dynamic expression of each gene along
692 each lineage using the *fitGAM" function in tradeSeq. Dynamically expressed genes were
693 identified along each lineage using the “AssociationTest” function. Significantly
694  associated genes were determined using an FDR < 0.01. The ‘diffEntTest’ function in
695 tradeSeq identified genes with dynamic expressions that significantly diverge following a
696 common test expression level (Figure 5D). The “plotSmoothers™ function allowed the
697  plotting of expression of select individual genes along pseudotime.

698

699 RNA Velocity Analysis: We used the CellRanger output bam files to identify spliced and

700  unspliced mRNA reads using the velocyto command-line (La Manno et al., 2018). The
701  generated loom files were imported into a Python Jupyter notebook for quantification of
702  spliced to unsliced reads (82% spliced and 18% unspliced in our dataset). They dynamic
703  model algorithm was followed to generate the RNA velocities for each cell (Bergen et al.,
704  2020) projected onto the SWNE reduced dimensions from the analysis above.

705

706  Pathway analysis

707  Genes that passed fradeSeq association test, which assesses significant changes in
708  gene expression as a function of pseudotime, for either type | or type Il hair cell lineages

709  with an FDR<0.01, were uploaded into Ingenuity Pathway Analysis (IPA, QIAGEN
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710 Inc., https://digitalinsights.qiagen.com/IPA) for core analysis (Kramer et al., 2014). IPA
711  was performed to identify canonical pathways that are most significant to type | and type
712 1l hair cell lineages. Gene Ontology was performed using DAVID to reveal significant
713  biological processes (Huang da et al., 2009a, b).
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741  Figure Legends:

742  Figure 1. Sensory and non-sensory cell types in utricles from vestibular schwannoma
743  and organ donor patients. (A) Cartoon depicting procurement of human utricles from
744  patients undergoing translabyrinthine resection of vestibular schwannoma (VS) and
745  organ donors (OD). Samples from both sources were used for histological and single-cell
746  RNA sequencing analyses. (B) SWNE plot of integrated dataset of two VS utricles and
747  one OD utricle showing 12,765 single cells following all quality control steps including
748  exclusion of doublets. Twenty-five cell clusters were identified, and marker genes were
749  used to annotate the sensory and non-sensory cell types. (B’) The SWNE plot from (B) is
750  decomposed into the cells originating from OD and VS subjects. There were 7,376 and
751 5,389 cells from the OD and VS samples, respectively. (C) Heatmap showing
752  differentially expressed genes among the 25 cell clusters. The top differentially expressed
753  genes of each cluster are shown on the right side of the heatmap. A full list of these genes
754 is found in Table S2. The heatmap is colored by relative expression from -2 (blue), 0
755  (white), and 2 (red). (D) Expression of established markers of epithelial cells (EPCAM),
756  non-sensory cells and type Il hair cells (SOX2) and sensory cells (MYO7A) within the cell
757  clusters. SWNE plots colored by log> expression (values of 0 in white to maximum in red
758 as indicated) and violin plots colored by cell cluster are shown. EPCAM was highly
759  expressed in clusters 0, 1, 2, 4, 5-7, 9, 10, 13, 14, 16-18, and 20; SOX2 in clusters 0, 2,
760 4,5,7-10, 17, 20 and 23; and MYOT7A in clusters 13 and 17, which represents hair cells.
761  SOX2 labels a subgroup of the MYO7A* cells indicating type Il hair cells.

762
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763  Figure 2. Differential gene expression in human vestibular hair cells and supporting cells.
764  (A) Schematic of utricle sensory epithelium. (B) SWNE plot colored by hair cell and
765  supporting cell groups with the hair cell precursor group (gray) excluded. (C) Volcano plot
766  with enriched hair cell versus supporting cell genes using pseudobulk DESeq2 analysis.
767  The top 5 differentially expressed genes are labeled as well as validated markers (red
768  triangles). Using a log2 threshold of 2 and FDR < 0.01, 404 genes were enriched in the
769  supporting cells and 1,163 in the hair cells (listed in Table S4). (D) Violin plots depicting
770 12 highly enriched hair cell (D) and supporting cell genes (E) using the Wilcoxon rank
771  sumtest. (F-G’) Validation of the hair cell marker SYT74 (cyan) and supporting cell marker
772 ANXA2 (red) in utricles from organ donor and vestibular schwannoma patients.
773  Cryosections were processed for fluorescent in situ hybridization and immunostaining for
774  MYOTA (green), GFAP (gray) and DAPI (blue). Yellow dashed lines mark the basement
775 membrane of the sensory epithelium. SYT14 is expressed in MYO7A* hair cells in (F’)
776  and ANXAZ2 is expressed in the cytoplasm of GFAP* supporting cells in (F”) in OD. (F”’)
777  Cartoon depicting the expression pattern of SYT174 (perinuclear cytoplasm) and ANXA2
778  (apical cytoplasm) in hair cells and supporting cells, respectively. Boxed area is magnified
779  in individual panels in (F””’). Maroon dashed lines outline the MYO7A*/GFAP- hair cells
780  expressing SYT14. Yellow dashed lines outline the MYO7A /GFAP* supporting cells
781  expressing ANXA2. (G-G’) SYT14 marks hair cells and ANXA2 supporting cells in
782  vestibular schwannoma utricle, which is notably disorganized with loss of hair cells. (H)
783  SWNE plots displaying enrichment of ANXAZ2 in supporting cells and SYT74 in hair cells.
784  Logz expression is shown with 0 in white and maximum in red at the indicated thresholds.

785  Merged color SWNE plot demonstrates minimal overlap between these marker genes.
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786

787  Figure 3. Human vestibular hair cell subtypes in vestibular schwannoma and organ donor
788 utricles. (A) Schematic showing amphora-shaped type | hair cells with apical neck and
789  calyceal innervation. Type Il hair cells are goblet-shaped and display bouton-type
790 innervation. (B) SWNE plot with distinct clusters of type | and Il hair cells highlighted. (C)
791  Volcano plots of 47 and 111 enriched genes in type | and Il vestibular hair cells,
792  respectively using DESeq2 pseudobulk analysis. The top 5 differentially expressed genes
793  are labeled and validated genes are marked with red triangles. See Table S5 for complete
794  list of genes. (D-E) Violin plots of enriched markers of type | and Il hair cells using
795  Wilcoxon rank sum test. (F-G) Combined fluorescent in situ hybridization and
796  immunostaining validating expression of ADAM11 in type | hair cells (red) and KCNH6 in
797 type Il hair cells in sections of organ donor and vestibular schwannoma utricles
798  counterstained with MYO7A (blue) and DAPI (gray). (F’) High magnification images of a
799  type | hair cell from F (maroon box). This SOX2 (gray) type | hair cell is amphora-shaped,
800 displays a narrow apical neck, and robustly expresses ADAM11. (F”) shows high
801  magnification image of a type Il hair cell from F (yellow box). This SOX2* type Il hair cell
802 is goblet-shaped, displays basolateral process, and expresses KCNH6. (F’”’) Additional
803 examples of type | and type Il hair cells with ADAM11 and KCNH6 expression,
804 respectively, from F (green box). (G) Type | and Il hair cells marked by ADAM11 and
805 KCNHS6 in a vestibular schwannoma utricle, which has notably fewer hair cells of both
806 types. (H) Violin and SWNE plots showing enrichment of ADAM11 and KCNH6 in type |
807 and Il hair cells, respectively.

808
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809  Figure 4. Hair cell degeneration in human vestibular schwannoma utricles. (A-C) Whole
810  mount preparation of utricles from organ donors and vestibular schwannoma patients.
811 Representative low magnification images of MYO7A* hair cells (green) in the sensory
812  epithelium from both groups (dashed lines). Insets show representative high
813  magnification images of hair cells and supporting cells (magenta). Fewer hair cells were
814 observed in vestibular schwannoma than organ donor tissues. (C) Whole mount
815  preparation of utricular sensory epithelium from cadavers. MYO7A-DAB (brown) staining
816 showing a dense population of hair cells. Inset shows a high magnification image. (D)
817  Quantification showing that vestibular schwannoma utricles (n=13) had significantly fewer
818 hair cells than either those from organ donors (n=5) or cadavers (n=4). (E-F)
819 Representative images of sections of utricular sensory epithelium of organ donor and
820  vestibular schwannoma patients. Compared to organ donor utricles, the vestibular
821 schwannoma sensory epithelium appeared thinner, contained fewer hair cells (MYO7A,
822  green), with many supporting cells (GFAP, red) remaining. Hair cells in the vestibular
823 schwannoma sensory epithelium appeared dysmorphic and devoid of bundles. (G-H)
824  Relative to organ donor utricles, vestibular schwannoma utricles displayed fewer type |
825  hair cells (asterisks, SOX2" (blue), TUJ1* calyces) and type Il hair cells (arrow, SOX2%).
826  (I-J) F-actin (green) labeling reveals degenerating hair cells (arrowhead and inset,
827  cytocauds with actin-rich cables) in VS but not OD tissues. (K-L’) Representative images
828  showing hair cells with damaged bundles (F-actin, gray) connected to MYO7A" cell
829 bodies (red, asterisks) in VS but not OD tissues. (K”’-L'’) Representative high
830  magnification images showing 4 types of bundle morphology observed in K and L: long

831 bundles (blue box), damaged long bundles (red box), short bundles (green box) and
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832 bundle-less (purple box). (M) Percentage of hair cells displaying distinct bundle
833  morphology in hair cells from OD and VS tissues. Most hair cells are bundle-less in VS
834  tissues (n=1,473 cells from 3 samples), whereas many hair cells in OD tissues have long
835 bundles (n=236 from 1 sample). (N-O) Scanning electron microscopy images of hair cells
836 from a VS utricle. (N) Hair cell with normal-appearing hair bundle (colored in blue). (O)
837  Two hair cells with remnants of hair bundles visible as short stereocilia stubs at the apical
838  surface (colored in purple); the left hair cell has an additional normal appearing hair
839 bundle. (P) Remnants of stereocilia and kinocilium (colored in yellow). (Q) Hair cell with
840  short (green) and tall hair bundles located at the opposite poles of the apical surface. (R)
841 Hair cell with few normal appearing stereocilia and remnants of a hair bundle at the
842  opposite apical pole. (S) Hair cell with a few thin and short stereocilia and remnants of a
843  hair bundle. Data shown as meantS.D. and compared using one-way ANOVA.
844  ***p<0.001.

845

846  Figure 5. Differential gene expression along trajectories linking supporting cells and hair
847  cells in organ donor and vestibular schwannoma utricles. (A) SWNE plot with projected
848  type | and type Il hair cell lineages using Slingshot starting at the supporting cell clusters.
849  Predicted hair cell precursors are labeled in pink, cluster 20. (B-C) Heatmap depicting
850 genes that are dynamically changing along the type | and Il hair cell lineages. An
851 association test in fradeSeq was used to determine statistically significant genes
852  changing along pseudotime with an FDR < 0.01, revealing 2,787 and 7,445 genes in type
853 | and type Il hair cells, respectively. There are five patterns of dynamic expression with

854  some genes upregulated, some downregulated, and others transiently expressed in both
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855 type I and Il lineages. The density of cells and corresponding location along the lineage
856 is depicted below the heatmap. Genes listed in Tables S8-9. (D-D’) Plots showing the
857 dynamic expressions of genes from (B-C) that increase (left column) or decrease (right
858  column) along pseudotime as a supporting cell transitions to a type | or Il hair cell. The
859 individual dots in each plot represent single cells with the x-axis representing pseudotime
860 and the y-axis showing log> expressions. The solid line represents the generalized
861 additive model fit to the expression pattern for each gene. (D”) Comparison of type |
862 versus type Il hair cell dynamic gene expressions. Using the different end test, we
863  detected statistically significant genes that begin at similar expression levels and end at
864  different levels. SOX2, CXCL14, and CSRPZ2 expression increase in type Il hair cells,
865  while ADAM11, VSIG10L2, and ESPN increase in type | hair cells. (E) Graph showing
866  eight of the top scoring canonical pathways associated with the type | and/or type I
867 lineages along with the corresponding percentage of significantly expressed genes
868 relative to the total number of genes in each pathway. (F) Graph of top biological function
869 GO terms associated with a type | and type Il lineages.

870

871 Figure 6. Regenerative responses in organ donor and vestibular schwannoma utricles.
872 (A) Pseudotime plots with generalized additive models depicting dynamic gene
873  expressions along the supporting cell-to-type | hair cell and -type Il hair cell lineages. The
874 location of hair cell precursors along pseudotime is highlighted (peach). These plots
875  predict that hair cell precursors co-express SYT14, ANXA2, and MYO7A. Both SYT14
876 and MYO7A expression is upregulated while ANXAZ2 expression is downregulated in both

877 lineages. SWNE expression plots show the 2-dimensional locations of cells expressing
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878 these genes. (B-B””) Combined in situ hybridization and immunostaining of cryosection
879  of a vestibular schwannoma utricle, showing an elongated hair cell-precursor-like cell
880  expressing SYT14 (green), ANXAZ2 (red), MYOTA (gray). White dashed line marks the
881 basement membrane of the sensory epithelium. Boxed area is magnified in individual
882 panelsin (B-B””). A SYT14, ANXA2 and MYQOTA ftriple positive cell (yellow dashed line)
883  was observed. The nucleus of this cell is located close to the basement membrane, below
884  that of other hair cells. (C-D) Dynamic expression of transcription factors along the type |
885 and Il hair cell lineages. The association test revealed 446 transcription factors with
886  statistically significant dynamic expression patterns in each of type | and type Il
887 trajectories. Sample genes from each of 5 patterns of expression are shown. The location
888  of cells along pseudotime for each lineage is depicted as cell density below the heatmaps.
889  (E) Dynamic expression and SWNE plots predicting upregulation of both POU4F3 and
890  GFI1 as supporting cells transition to both type | and Il hair cells. (F) RNA velocity analysis
891  shows the hair cell precursor group is differentiating towards type | and type Il hair cells
892 and away from supporting cells. (G-H”) Whole mount preparation of utricles from both
893  OD and VS patients were immunostained for POU4F3 (red), MYO7A (green) and SOX2
894  (blue). Many POU4F3*/SOX2*/MYQOT7A" hair cell-precursor cells (arrowheads) were
895 present in the VS tissues, but only few were detected in OD tissues. Representative
896  orthogonal views show POU4F3*/SOX2*/MYOT7A" cells (arrowhead) with nuclei near the
897 basement membrane. Occasional elongated POU4F3*/SOX2*/MYOT7A" cells (asterisks)
898 were found in VS utricle (H”). These hair cell-precursor cells display nuclei at the

899  supporting cell level and below that of other hair cells. (I) The percentage of
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POU4F3*/MYOT7A" supporting cells was significantly higher in VS (n=12) than to OD (n=3)

tissues. Data shown as mean + S.D. and compared using Student’s t-tests. **p<0.01.
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923  Supplementary items

924  Figure S1 (to Figure 1) Surgical approaches to procure and quality control for human
925  utricles

926  Figure S2 (to Figure 2) Strategies to subset and validate enriched genes in human hair
927  cells and supporting cells

928  Figure S3 (to Figure 3) Genes enriched in hair cell and supporting cell subtypes

929  Figure S4 (to Figure 4) Degenerating hair cells in utricles from vestibular schwannoma
930 (VS) patients.

931 Figure S5 (to Figure 5) Trajectory analysis

932  Figure S6 (to Figure 6) Characteristics of hair cell precursors in organ donor and

933  vestibular schwannoma utricles

934  Figure S7 (to Figure 1) Expression patterns of genes associated with hearing loss and
935  vestibular dysfunction

936 Table S1 (to all figures) Patient demographic and medical information

937 Table S2 (to Figure 1) Differential gene expression of all cells

938 Table S3 (to Figures 2 and S2) Differential gene expression of sensory epithelial cells
939 Table S4 (to Figure 2) Hair cell versus supporting cell markers

940 Table S5 (to Figure 3) Hair cell subtype genes

941 Table S6 (to Figure S3) Supporting cell subtype genes

942  Table S7 (to Figures 4 and S4) Quantification of hair cells and supporting cells

943  Table S8 (to Figure 5) Type | hair cell lineage associated genes

944  Table S9 (to Figure 5) Type Il hair cell lineage associated genes

945  Table S10 (to Figure 5) Type | hair cell lineage associated pathway analysis
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946 Table S11 (to Figure 5) Type Il hair cell lineage associated pathway analysis
947  Table S12 (to Figure 5) Type | hair cell lineage GO terms

948  Table S13 (to Figure 5) Type Il hair cell lineage GO terms

949  Table S14 (to Figure 6) Type | hair cell lineage transcription factors

950 Table S15 (to Figure 6) Type Il hair cell lineage transcription factors

951 Table S16 (to all Figures) Key resource table

952

953
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