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Neurons and sensory cells are particularly vulnerable to oxidative stress due to their
high oxygen demand during stimulus perception and transmission**. The
mechanisms that protect them from stress-induced death and degeneration remain
elusive. Here we show that embryonic deletion of the chromodomain helicase DNA-
binding protein 7 (CHD7) in auditory neurons or hair cells leads to sensorineural
hearing loss due to postnatal degeneration of both cell types. Mechanistically, we
demonstrate that CHD7 controls the expression of major stress pathway components.
In its absence, hair cells are hypersensitive, dying rapidly after brief exposure to
stress inducers, suggesting that sound at the onset of hearing triggers their
degeneration. In humans, CHD7 haploinsufficiency causes CHARGE syndrome, a
disorder affecting multiple organs including the ear®®. Our findings suggest that CHD7
mutations cause developmentally silent phenotypes that predispose cells to postnatal

degeneration due to a failure of protective mechanisms.

Sensorineural hearing loss (SNHL) is a common feature of CHARGE syndrome, affecting 50-
70% of individuals®®. Mice with heterozygous Chd7 mutations are an excellent model for
CHARGE and, like humans, exhibit SNHL"*°, Chd7 plays an important role during
neurogenesis both in the brain and the inner ear®*1%, At embryonic day (E) 9.5-E10.5,
neuronal progenitors are reduced in the inner ear of Chd7*- mutants, and Chd?7 is necessary
for their proliferation®. However, by E11.5, the number of neuronal progenitors is restored
and inner ear neurons as well as the hair cells they innervate appear normal after birth®2°,
The cellular function of Chd7 and the mechanisms underlying SNHL have yet to be

elucidated.

In the cochlea, inner hair cells are responsible for sound perception, while outer hair cells
modulate the sound amplitude!’. They are innervated by type | and type Il spiral ganglion
neurons, respectively, which project to the auditory nuclei in the brain stem?®. In mice, hair

cell specification mediated by the transcription factor Atohl occurs between E12.5 to
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E16.5%%2°, However, their development continues postnatally?® and they reach maturity just
before the onset of hearing between postnatal day 10 (P10) and P14%. To investigate its
function in hair cells, we deleted Chd7 using the hair cell-specific Atoh1Cre driver
(Athol1Cre/+;Chd7flox). Surprisingly, loss of Chd7 in newly formed hair cells does not affect
their development: hair cells appear normal at P8 (n=10/10; Figure Sla, S1b). Thereafter,
rapid degeneration of inner hair cells becomes evident between P10 (n=6/8) and P14
(n=15/16), while outer hair cells degenerate more slowly (Figures 1a-l, n, Sla, S1b). By P21,
most inner hair cell nuclei are missing, pyknotic or fragmented, indicating progressive
degeneration and cell death (n=8/8; Figures 1m, n, S1b). Chd7 heterozygous mutants show
equally severe phenotypes (Figure S1c) but at a reduced frequency (n=5/24). To establish
when Chd7 function is critical during hair cell formation, we used an inducible
Atoh1CreERT2. Unlike Chd7 deletion as soon as hair cells are specified, loss of Chd7 after
E16.5 does not cause postnatal hair cell degeneration (n=6/6; Figure S3b). These
observations suggest that Chd7 is required during hair cell development to maintain their

survival upon the onset of hearing postnatally.

Postmitotic neural progenitors arise in the otic vesicle from ~E9 onwards under the control of
NeuroD1 and differentiate into spiral ganglion neurons by E14.5%225, However, the
peripheral auditory circuit is only established in the first 10 days after birth (P0-P10), prior to
the onset of hearing!®2627, To assess Chd7 function in spiral ganglion neurons, we analysed
NeuroD1Cre/+;Chd7floxed mutants. In homozygous mutants, ganglion size and neuronal
numbers are indistinguishable from controls at P1 (n=3/3; Figures 1o, S2a), but neurons
degenerate rapidly to 50% by P7 (n=3/3; Figure 1o, p). This phenotype is also observed in
Chd7 heterozygous mutants, although neurodegeneration occurs gradually with 50% loss by
P21 (n=3/3; Figure S2b). Thus, Chd7 controls the survival of a subset of spiral ganglion
neurons. Like in hair cells, Chd7 deletion at embryonic stages does not affect neuronal

development but leads to delayed neurodegeneration postnatally.
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To determine whether Chd7 deletion results in hearing loss, we measured the auditory
brainstem response (ABR) of 4- and 8-week-old mutant and control animals. Most
Atoh1Cre/+;Chd7flox homozygous mutants exhibit severe-profound hearing loss across all
frequencies (n=6/7; Figure 2a, S3a), while only 1/7 heterozygous mutants show a similar
ABR profile (Figure S3a). In contrast, NeuroD1Cre/+;Chd7flox mutants exhibit moderate
hearing loss (n=6; Figure 2b, S5a), presumably due to surviving neurons. Nonetheless, the

ABR tests confirm that SNHL correlates with hair cell or neuronal degeneration.

Chd7 controls transcription through regulation of chromatin architecture®*°, but how it exerts
its function in auditory hair cells and neurons is poorly understood. We therefore examined
the earliest transcriptional changes resulting from Chd7 deletion by comparing gene
expression of FAC-sorted hair cells or spiral ganglia neurons from mutant and control
animals (Figure 3a, Table S1, S4). Differential gene expression analysis reveals significant
changes (FDR <0.05, fold change >2) in 2437 transcripts in hair cells and 1653 transcripts in
neurons (Figure 3b, Figure S4a-d, Tables S1-4). We validated expression changes of
selected genes by gRT-PCR (Figure 3d) and protein by immunohistochemistry (Figure S5b).
Analysis of Disease Ontology terms for all differentially expressed genes shows enrichment
of Chd7-associated syndromes as well as hearing loss. Surprisingly, there is also a strong
association with neurodegenerative diseases including dementia (Figure 3f, Tables S2, S4,

S5, S6) pointing towards a common mechanism underlying these conditions.

Gene Ontology terms for RNA processing and stress pathways are strongly associated with
all differentially expressed genes (Figure 3e, Table S3, S4), while RNA-binding proteins are
among the most prominent transcripts deregulated by Chd7 deletion (Figure 4). Indeed, in
neuronal progenitors, Chd7 binds to many of their promoters (Figure S4e, Table S9; ref. 11)
suggesting direct regulation. RNA-binding proteins are critical regulators of cellular stress,
controlling the assembly and disassembly of stress granules?®*°, As transient membrane-

less compartments, they assemble in the cytoplasm under oxidative stress conditions to
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allow cells to survive, however their persistence triggers apoptosis’?831, The metabolic
demands of sound detection and amplification elicits oxidative stress in neurons and hair
cells that causes cell death unless tightly regulated®223, We therefore tested the hypothesis
that Chd7 mutant hair cells are hypersensitive to oxidative stress by exploiting a cochlear
explant system in which oxidative stress can be induced by treatment with
aminoglycosides*3*3®, When P6 control explants from Atoh1Cre/+;mTmG mice are exposed
to gentamicin for 5 hours (100uM), hair cells are intact along the entire length of the cochlea,
as are untreated Atoh1Cre/+;Chd7flox homozygous mutant hair cells (n=5/5 each; Figure 5).
In contrast, gentamicin treatment of mutant explants results in a reduction of hair cells by
more than 50% across all regions of the cochlea (n=6/6; Figure 5). These findings show that
Chd7 mutant hair cells are hypersensitive to oxidative stress, causing degeneration in
response to stress inducers. Thus, in vivo sound exposure at the onset of hearing may
trigger cell death in Chd7-deficient hair cells. Our data suggest that SNHL in CHARGE
syndrome may partly be due to mis-regulation of RNA-binding proteins as key regulators of

stress granules thereby altering the response of neurons and hair cells to normal sound.

In summary, Chd7 emerges as a key coordinator of cellular stress proteins. Its embryonic
deletion leads to an imbalance in stress pathways that does not affect normal development
of neurons or hair cells. However, as cells mature and encounter environmental stress, they
begin to degenerate. Our findings suggest that some neurodegenerative diseases arise from
neurodevelopmental abnormalities that go undetected, and that SNHL may be an early

indicator for these conditions.
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240
241  Figure 1. Postnatal degeneration of hair cells and neurons in Chd7 mutants. a-l, F-

242  actin-stained hair cells in the cochlea of control (a-f) and Chd7 homozygous mutants (g-1) at
12
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P14. Dashed boxes in a-c and h-i indicate the zoomed regions shown in d-f and j-I. Scale
bars = 20pum. m, Inner hair cells showing pyknotic, fragmented (arrow) and missing (arrow)
nuclei in Chd7 mutants at P21. Scale bars = 25um. n, Average number of hair cells in three
non-overlapping 200pum regions per base, middle and apical turn of each cochlea per animal
(n=8 per genotype; each animal is represented by one circle, triangle or square). Separate
inner and outer hair cell quantification is provided in Figure S2. Statistical significance was
obtained by performing a nested one-way ANOVA and Dunnett’s multiple comparison test. **
P-value = 0.005. 0, Average number of neurons in the spiral ganglion per section at different
postnatal stages in control (CTRL) and Chd7 homozygous mutants (HOM). p, Spiral ganglia
neurons stained with NeuN and neurofilament (NF) at P7 in control and mutant animals (t

test, P-values: *=<0.05, **<0.005, ***=<0.0005, ****=<0.00005). Scale bars = 50um.
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Figure 2. Chd7 mutants are hearing impaired. a, Auditory brainstem response (ABR) tests

of Atoh1Cre/+;Chd7flox mutants and controls at 4 weeks and 8 weeks reveals profound

hearing loss in homozygous and mild-moderate hearing loss in heterozygous Chd7 mutants

across all frequencies. b, ABR tests of NeuroD1Cre/+;Chd7flox mutants and controls at 4

weeks and 8 weeks reveals mild-moderate hearing loss in homozygous mutants.

Frequencies where significant threshold elevations were observed are indicated by asterisks

(P-values: *<0.05, **<0.005, ***<0.0005, ****<0.000005). See Figures S5 and S6 for ABR

profiles of each mouse. Error bars represent the standard error of mean (see Figures S5 and

S6). CTRL = control; HET = heterozygote; HOM = homozygote.
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Figure 3. Transcriptome analysis of control and Chd7 mutant hair cells and neurons
reveals misregulation of cellular stress pathways. a, Schematic showing the

experimental approach used for RNA sequencing. DP = double positive. n=6 cochleae or
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271  ganglia were pooled for RNA-seq in three independent experiments per genotype. b,

272  Comparison of the number of differentially expressed genes between hair cells and neurons
273  in homozygotes. ¢, Volcano plot displaying genes that are unaffected (grey) and significantly
274  differentially expressed (adjusted P-value <0.05, fold change >2) in hair cells (blue) and

275 neurons (amber). d, gPCR expression analysis of genes in controls and homozygous FAC-
276  sorted hair cells at E16.5. Error bars represent the standard error. P-values: *=<0.05,

277  **<0.005, ***<0.0005. ns = not significant. e, Plot of Odds ratio by -log10 of the P-value for
278 human diseases identified by disease ontology. Complete disease ontology is provided in
279 Tables S5 and S6. f, Gene ontology for differentially regulated genes. Complete gene

280 ontology is provided in Tables S7 and S8.
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Figure 4. Chd7 regulates RNA-splicing and stress pathway genes. a, Heatmap of

representative functional categories of differentially expressed genes in hair cells. b,

Heatmap of representative functional categories of differentially expressed genes in neurons.

Highlighted blocks of genes: green = upregulated; red = downregulated.
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289  Figure 5. Chd7 mutant hair cells are hypersensitive to stress. a, Cochlear explants of
290 control and Chd7 homozygous mutants were treated with gentamicin to induce oxidative
291  stress. Rapid hair cell death is observed in mutants within 5 hours whereas control hair cells
292  and untreated mutant hair cells survive. Green = Cre recombined cells expressing

293 membrane GFP, magenta = all hair cells stained with Myo7a, blue = DAPI stained nuclei. b,
294  Quantification of Myo7a+ and GFP+ hair cells per 200um region in untreated and treated
295 explants in both controls (CTRL) and mutants (HOM). Two-tailed unpaired t test shows

296

significant difference between mutant and control. P-value = 0.0025. Scale bars = 25um.
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Methods

Animals

The Atoh1Cre (B6.Cg-Tg(Atohl-cre)1Bfri)®’, Chd7flox (B6.tm1c(EUCOMM)Wtsi)*? and
NeuroD1Cre (B6.Cg-Tg(NeuroD1-cre)RZ24Gsat*® mice were maintained on a C57BL/6J
genetic background. The mTmG (tm4(ACTB-tdTomato,-EGFP)Lu0)*® mice were maintained
on a 129S6/SvEv background. The Atoh1lCreERT2 (Tg(Atohl-cre/Esrl*)14Fsh, JAX
#007684) used in Figure S4 was maintained on an FVB/NJ background. The Chd7floxed
mice were crossed with the relevant Cre/reporter lines and backcrossed to C57BL/6J for
three generations. All mice were maintained in either C57BL/6J or mixed genetic
background. For tamoxifen-induced Cre recombination, a single dose of 20mg/ml tamoxifen
(Sigma, T5648) dissolved in corn oil (Sigma, C8267) was administered to pregnant
Atoh1CreERT2;Chd7flox;mTmG dams (80mg/kg of body weight) by intraperitoneal injection.
To minimise abortion, 10mg/ml of progesterone (Sigma: P0130) was simultaneously
administered at half tamoxifen dose (40mg/kg of body weight). One injection gave a
consistent recombination efficiency of 95-99%. Upon Cre-mediated recombination, targeted
cells expressed membrane GFP. All animal work was performed in accordance with UK
Home Office regulations. Experiments were performed on male and female littermates and

animals were randomly allocated to experimental groups.

Immunohistochemistry

Dissected inner ear tissue was fixed in 4% paraformaldehyde (PFA) in phosphate buffered
saline (PBS) and processed for whole mount immunostaining or frozen sectioning. For
whole-mount immunostaining, following permeabilisation with 0.2% Triton X-100/PBS (3 x 10
minutes) and blocking with 0.2% Triton X-100/5% serum/PBS (1 hour), the cochleae were
incubated overnight at 4°C in primary antibodies and then washed in 0.2% Triton X-100 (3 x

10 minutes). Fluorescent secondary antibodies were applied for 1 hour at room temperature.
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After staining with DAPI, the cochleae were washed extensively prior to mounting onto slides
in 50% glycerol/PBS. For immunostaining on cryoprotected sections, following washes in
PBS (2 x 10 minutes), permeabilisation in 0.1% TritonX-100/PBS (1 x 10 minutes) and
blocking in 0.1% TritonX-100/5% serum/PBS (30 minutes), sections were incubated
overnight at 4°C with primary antibodies. After several washes in 0.1% TritonX-100/PBS, the
sections were incubated for 1 hour at room temperature with fluorescent secondary
antibodies, subsequently washed in PBS, stained with DAPI and mounted onto slides with
50% glycerol/PBS. Primary antibodies used were: rabbit Myo7a (1:1000, Proteus, 25-6790);
rabbit NeuN (1:1000, Abcam, ab177487); mouse NF-M (1:200, ThermoFisher Scientific, 13-
0700); rabbit Sptbnl (1:500, Bethyl Laboratories, A300-936A); rabbit Lmxla (1:100, Abcam,
ab139726); rabbit Epha3 (1:100, St John’s Laboratory, STJ110712). Secondary antibodies
were: goat anti-rabbit Alexa Fluor 635 (1:500, Invitrogen, A31576); goat anti-mouse Alexa
Fluor 488 (1:1000, Invitrogen, A11001). F-actin were stained with Phalloidin 488 (1:1000,

Invitrogen, A12379) or 546 (1:500, Invitrogen, A22283).

Auditory Brainstem Response (ABR)

ABR measurements were performed as described in ref. 40. An audiometric profile for each
mouse at 4 and 8 weeks old was obtained across a range of sound frequencies (3, 6, 12, 18,
24, 30, 36 and 42 kHz). The mice were on a mixed genetic background (C57BL/6J x
129S6/SvEV). Statistical significance was obtained using Kruskall-Wallis non-parametric

ANOVA and Bonferroni-corrected significance in GraphPad Prism 9.0.0.121.

Isolation of hair cells and neurons by FAC-sorting

For RNA-sequencing, samples were collected for three biological replicates on independent
occasions. E16.5 cochlear duct from Atoh1Cre;Chd7flox mice or P4 spiral ganglia neurons
from NeuroD1Cre;Chd7flox mice were isolated from inner ears in cold L-15 medium

(Thermofisher, 21083027). Tissues were cut into 3-6 pieces depending on stage and
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collected into low-binding tubes with L-15 on ice. Per experiment, a total of 6 cochleae or
ganglia from three siblings were pooled into one tube. Excess L-15 was removed and 100yl
of 20U/ml Papain (27mg/ml, Sigma, P3125) and 1U/ul RNase-free DNAse (Promega,
M6101) in L-15 medium was added to each tube. Cells were dissociated at 37°C in a heated
shaker, triturating using a filtered low-binding tip (Alpha Laboratories, LP200NFRS) every 5
minutes for a total of 40 minutes for hair cells and 1 hour for neurons. The dissociation
reaction was stopped by adding 1:1 volume of prewarmed sample buffer (1% fetal bovine
serum in L-15). Cells were strained using a 40um nylon sterile cell strainer (Falcon, 352340)
into a 50ml low-binding tube (VWR, 5250403) and transferred to a 5ml FACS tube (Falcon,
352235). DAPI (Img/ml) was added (1:1000) immediately prior to FAC-sorting using the BD
FACSAria sorters into 1.5ml low-binding tubes with 100ul of sample buffer. FAC-sorted cells
were centrifuged at 4°C for 4 minutes at 8000 relative centrifugal force (Eppendorf centrifuge
54415R), frozen in liquid nitrogen and stored at -80°C or immediately processed for RNA

extraction and first strand cDNA synthesis.

RNA purification, library preparation and RNA Sequencing

FACS-sorted cells were processed using the NEB Monarch kit (T2010S/L) for polyA+ RNA
isolation and NEBNext Single Cell/Low Input RNA Library Prep Kit for lllumina (E6420S/L)
and NEBNext Multiplex Oligos for lllumina (Index Primers Set 1, E7335S/L) was used for
library preparation (as per kit instructions). RNA and cDNA quality were analysed using
Agilent Total RNA 6000 Pico or High Sensitivity DNA Assay on a Bioanalyser (Agilent, 2100).
Additional library quality control was performed by the Oxford Genomic Centre at the
Wellcome Centre for Human Genetics (funded by the Wellcome Trust, grant 203141/Z/16/Z)
and sequenced using lllumina HiSeq 4000 75bp paired-end reads. Following quality control,
paired reads were aligned to mouse MM10 genome assembly. Alignment was performed

using HISAT2 version 2.1.0 with the default parameters in Galaxy version 2.1.0*42, To
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facilitate quantitative gene expression analysis, aligned reads for each sample were counted

using featureCounts version1.6.4%,

Differential gene expression analysis

Differential gene expression analysis was performed using DESeq2 version 2.11.40.6,
applying parametric fit**. Prior to differential gene expression analysis, a number of filters
were applied. We considered the RPKM values of genes that are not normally expressed in
E16.5 hair cells (i.e., Satb2) or P4 spiral ganglia neurons (i.e., Atohl) and removed all genes
with an RPKM value equivalent to or less than Satb2 or Atohl. This resulted in 6910
transcripts for genes expressed in hair cells and 11293 genes expressed in neurons. We
performed a pairwise comparison between controls and homozygotes and controls and
heterozygotes. Considering an adjusted p-value (FDR) of <0.05 and linear fold change of >2
in either direction, we found a total of 2437 genes in hair cells (1014 upregulated, 1423
downregulated) and 1653 genes in neurons (609 upregulated, 1044 downregulated) that
were differentially expressed in Chd7 homozygous mutants compared to controls (Figure 3b,
Tables S1-4, see Figure S7a-d for heterozygotes).

Gene Ontology and Disease Ontology analysis were performed both separately and together
on up- or downregulated genes using the R interface (https://cran.r-

project.org/web/packages/enrichR/vignettes/enrichR.html) to the Enrichr

(https://maayanlab.cloud/Enrichr/) databases (see Tables S5-8 for specific databases for

each analysis). Heatmaps and bubble plots were generated with the R packages pheatmap

and GOplot. Volcano plots were generated in GraphPad Prism 9.0.0.121.

Quantitative (q) RT-PCR

cDNA from RNA extracted from FAC-sorted hair cells or neurons were subjected to qPCR
analysis with the AriaMx Real-Time PCR System (Agilent Technologies) using SYBR green

and gene specific primers. Reactions were repeated in triplicates. Relative expression levels
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397  were calculated using 22T method using Ppp6r3 as an endogenous housekeeping gene.
398 Differences between experimental groups were compared using an unpaired two-tailed

399  Student's t-test and P-value <0.05 was considered statistically significant.

400 Cochlear explants

401  Cochlear explants from postnatal day 6 Atoh1Cre;mTmG and Atoh1Cre;Chd7f/f;mTmG mice
402  were cultured in MatTek dishes coated with CellTak (BD Biosciences). Culture medium

403  comprised of L-15 medium (Thermofisher, 21083027), 5% FBS, 0.2% N2, and 0.001%

404  ciprofloxacin. Explants were maintained at 37°C under 5% CO, for 1 hr prior to gentamicin
405  exposure. Explants were incubated with or without 100uM gentamicin for 5 hours. At 5 hours,
406  explants were rinsed in PBS, fixed in 4% PFA (20 minutes at room temperature) and rinsed
407  again in PBS (3 x 10 minutes) prior to immunohistochemistry. Experiments were performed

408  on explants of basal and middle turns of the cochlea.

409 Microscopy and Imaging

410 Confocal z stack images were obtained using a TCS SP5 confocal (Leica) microscope,
411  projected using Fiji and further processed using Photoshop (Adobe). Figures were

412  assembled in Photoshop.

413 Quantification and statistical analysis

414  Statistical significance for hair cell and neuronal quantification was obtained by performing
415 one-way ANOVA and Dunnett’s multiple comparison test or paired t-test. Differences
416  between experimental groups in Figure 5 were compared using two-tailed unpaired t-tests.

417  All statistical tests were conducted using Microsoft Excel and GraphPad Prism 9.0.0.121.

418 Data availability

419 RNA-seq data are on the Gene Expression Omnibus, GEO: GSE163798.
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