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Abstract (202 words)

The chromodomain helicase binding protein 4 (CHD4) is an ATP-dependent chromatin remodeler. De-
novo pathogenic variants of CHD4 cause Sifrim-Hitz-Weiss syndrome (SIHIWES). Patients with
SIHIWES show delayed development, intellectual disability, facial dysmorphism, and hearing loss.
Many cochlear cell types, including spiral ganglion neurons (SGNs), express CHD4. SGNs are the
primary afferent neurons that convey sound information from the cochlea, but the function of CHD4 in
SGNs is unknown. We employed the Neurog1(Ngn1) CreERT? Chd4 conditional knockout animals to
delete Chd4 in SGNs. SGNs are classified as type | and type Il neurons. SGNs lacking CHD4 showed
abnormal fasciculation of type | neurons along with improper pathfinding of type Il fibers. CHD4 binding
to chromatin from immortalized multipotent otic progenitor-derived neurons was used to identify
candidate target genes in SGNs. Gene ontology analysis of CHD4 target genes revealed cellular
processes involved in axon guidance, axonal fasciculation, and ephrin receptor signaling pathway. We
validated increased Epha4 transcripts in SGNs from Chd4 conditional knockout cochleae. The results
suggest that CHD4 attenuates the transcription of axon guidance genes to form the stereotypic pattern
of SGN peripheral projections. The results implicate epigenetic changes in circuit wiring by modulating

axon guidance molecule expression and provide insights into neurodevelopmental diseases.
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Introduction

Congenital hearing loss syndromes are often associated with pathogenic genetic variants in a single
gene. Hearing loss can be syndromic or non-syndromic. Syndromic hearing impairment is associated
with clinical features in other organ systems, while non-syndromic hearing impairment has no discernable
clinical abnormalities other than in the middle or inner ear. Syndromic hearing loss accounts for over 400
genetic syndromic hearing loss conditions (Toriello et al., 2004). The characteristics of syndromic hearing
loss vary among the different syndromes and affect hearing in either one or both ears. The extent of
hearing loss varies dramatically and can range from profound to mild. Different syndromes show distinct
features of hearing loss at different sound frequencies. Improper development or dysfunction of the

sensory cells and neurons of the inner ear correlates to many forms of syndromic hearing loss.

Mutations in genes that code for epigenetic modifiers can cause syndromic hearing loss. Pathogenic
variants in DNA methyltransferases (DNMT1), histone methyltransferases (EHMT1, KMT2D),
acetyltransferase (KAT6B), and the chromodomain helicase DNA binding (CHD) protein family are
associated with hearing loss (Layman and Zuo, 2014). The CHD family of proteins mobilizes and
rearranges nucleosomes to alter chromatin accessibility. Pathogenic variants in CHD4 and CHD7 are
associated with Sifrim-Hitz-Weiss and CHARGE syndrome, respectively (Clapier et al., 2017; Micucci et
al., 2015). Sifrim-Hitz-Weiss (SIHIWES) is an autosomal dominant intellectual developmental disorder
with variable congenital abnormalities. Patients with SIHIWES show delayed development, intellectual
disability, facial dysmorphism, and ear abnormalities, including hearing loss (Sifrim et al., 2016a; Weiss
et al., 2016). Hearing loss in patients with SIHIWES is confounded by the potential function of CHD4 in
many different inner ear cell types during development. In the mouse, the expression of CHD4 and
components of the nucleosome remodeling and deacetylase (NURD) complex are expressed in many
cells in the cochlea sensory epithelium (Layman et al., 2013). CHD4 has been studied in the context of

the NuRD complex (Tong et al., 1998; Xue et al., 1998; Zhang et al., 1998). Paralogs from six protein


https://doi.org/10.1101/2024.01.31.578202
http://creativecommons.org/licenses/by-nc-nd/4.0/

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.31.578202; this version posted February 1, 2024. 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.

families form the core NURD complex (Millard et al., 2016; Torchy et al., 2015). Multiple paralogs from
each protein family can form distinct NuRD complexes (Torrado et al., 2017). The ATP-dependent
nucleosome remodeler CHD4 and the histone deacetylases (HDAC1, HDAC2) form the catalytic
subunits. Other members include the methyl binding proteins (MBD2, MBD3), and structural subunits
(MTA1, MTA2, MTA3, GATAD2A, GATAD2B, RBBP4, RBBP7). The NuRD complex is localized to active

promoters and enhancers to attenuate transcription (Morra et al., 2012; Watson et al., 2012).

A decrease in transcription caused by the NuRD complex affects a myriad of cellular processes, including
maintenance of cell identity, DNA damage repair, cell cycle progression, and cancer (Bornelov et al.,
2018; Hosokawa et al., 2013; Hung et al., 2012; Pan et al., 2012; Polo et al., 2010; Xia et al., 2017; Yang
et al., 2016). CHD4 binds to thousands of sites in the mammalian genome in a cell-type-specific manner,
and studies show that CHD4 forms distinct protein complexes with NuRD-independent functions
(Hoffmeister et al., 2017; Low et al., 2016). We employed a conditional knockout model to understand
CHD4 function in developing spiral ganglion neurons (SGNs) and how the deletion of CHD4 contributes
to hearing loss. SGNs are the primary afferent neurons in the cochlea that convey auditory signals from
the sensory hair cells to the cochlear nucleus in the brainstem. Improper function of SGNs could result
in sensorineural hearing loss. We examined Chd4 function in SGNs using a transgenic mouse line
harboring the Neurog1(Ngn1) CreER™ (Koundakjian et al., 2007), Chd4 conditional knockout (cKO)

alleles (Williams et al., 2004) and a tdTomato reporter (Madisen et al., 2010).
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Materials and Methods

Generation of Chd4 conditional knockout mice

All procedures were based on institutional animal care, used committee research guidelines, and were
done at Rutgers University. Chd4™kee'm1kee (Chd4 floxed) animals (RRID:MGI:3713386) were obtained
from Dr. Katia Georgopoulos ((Williams et al., 2004). Neurog1(Ngn1) CreER™ animals and Ai9 R26R
tdTomato reporter animals were purchased from Jackson Laboratory (RRID:IMSR_JAX:008529 and
RRID:IMSR_JAX:007909, respectively) (Koundakjian et al., 2007; Madisen et al., 2010). PCR
genotyping was performed using the EconoTaq Plus Green 2X Master Mix (Lucigen) and primer pairs for
wild-type and Chd4 floxed alleles (Table 1). For Cre-induced excision of loxP-flanked exons that code for
the ATPase domain of Chd4, a mixture of tamoxifen and B-estradiol was diluted in corn oil. B-estradiol
was included to help alleviate the anti-estrogen effects of tamoxifen treatments. 1 mg of tamoxifen per
40 g of body weight was used on individual animals. Tamoxifen doses for pregnant female mice were
adjusted for maternal body weight. Pregnant dams were gavaged with 0.25mg/40g of tamoxifen (Sigma
#T5648) and 0.25ug/40g of B-estradiol (Sigma #E8875) daily on embryonic days (E) 8.5- 10.5 to induce
Cre activity. For staging timed embryos, the morning that vaginal plugs were observed, pregnant female

mice were considered carrying E 0.5 embryos.

Tissue fixation and preparation

Embryos or postnatal pups were sacrificed for inner ear dissection. After bisecting the mouse head, brain
tissue was removed. The temporal bone was removed, and the inner ear was separated from other tissue
and fixed directly in 4% formaldehyde in 1X PBS overnight at 4°C. To obtain cochlear epithelium,
extraneous tissue and bone surrounding the cochlea were removed to obtain the cochlea duct. Reissner’s
membrane was removed to expose the sensory epithelium. The microdissected sensory epithelia were

fixed in 4% formaldehyde containing 1X PBS overnight and washed with 1X PBS before being processed
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for immunostaining and in situ hybridization. After processing, the cochlea, including spiral ganglion and

sensory epithelium, was flat-mounted.

Immunohistochemistry

The micro-dissected cochlea tissues fixed in 4% formaldehyde in 1X PBS were permeabilized in wash
buffer (1X PBS with 0.1% Triton X-100) for 10 min before incubated for at least 1 hour in blocking buffer
(1X PBS with 0.1% Triton X-100 and 5% normal goat serum) at room temperature. Samples were
incubated overnight at 4°C with appropriate primary antibodies diluted in the blocking solution. Samples
were then washed 3X for 10 min 1X PBS and incubated with the appropriate combinations of DAPI (1
pug/ml), Alexa Fluor 488 (1:500 dilution), Alexa Fluor 568 (1:500 dilution) or Alexa Fluor 647 (1:500
dilution) conjugated secondary antibodies (Life Technologies) for 2 hours at room temperature and rinsed

in wash buffer before mounting in Prolonged Gold Antifade (Life Technologies).

iIMOP cells were fixed in 4% formaldehyde in 1X PBS for 20 minutes, permeabilized in wash buffer for
10 min, incubated in blocking buffer (1X PBS, 10% goat serum and 0.1% Triton X-100) for 1 hour and
incubated overnight with the primary antibodies in blocking buffer. Cells were incubated with primary
antibodies, rinsed in wash buffer and incubated with appropriate combinations of DAPI (1 pg/ml), Alexa
Fluor 488, Alexa Fluor 568 or Alexa Fluor 647 conjugated secondary antibodies (Life Technologies) in
blocking buffer for 2 hours. Samples were washed with 1X PBS and mounted in Prolonged Gold Antifade

(Life Technologies). All antibodies are listed in Table 2.

Single-molecule in situ hybridization

Single-molecule fluorescence in situ hybridization (smFISH) was performed using RNAscope (Wang et
al., 2012). The RNAscope multiplex fluorescent reagent kit version 2 (Advanced Cell Diagnostics) was
used to detect target RNAs according to the manufacturer's instructions. RNAscope probes are listed in

Table 3. Immunohistochemistry to enhance and detect tdTomato protein was performed after the smFISH
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protocol. Samples were incubated in blocking buffer (1X PBS, 10% goat serum and 0.3% Triton X-100)
for 1 hour at room temperature, followed by overnight incubation with rabbit anti-RFP (Rockland) in
blocking buffer at 4°C. After incubation with primary antibodies, samples were washed with 1x PBS and
incubated with appropriate combinations of DAPI (1 pg/ml) and Alexa Fluor 568 conjugated secondary
antibodies (Life Technologies) in a blocking buffer for 2 hours at room temperature. Samples were

washed with 1X PBS and mounted in Prolonged Gold Antifade (Life Technologies).

Fluorescence micrograph acquisition and visualization

Samples were mounted on a 1.5-cover glass and acquired on a Zeiss LSM800 point scanning confocal
microscope. Antibody-conjugated fluorophores and tdTomato fluorescent protein were excited using four
laser lines (405,488, 561, and 633nm). 1024X1024 images were acquired using either the 40X (1.4 NA)
or 63X (1.4 NA) objective with 1.5-2x digital zoom and 4X Kalmann averaging. The brightness and

contrast on images were adjusted and viewed using Zen Blue (Zeiss).

Cell Culture for iMOP cells

iIMOP cells were grown in suspension with DMEM/F12 (Life Technologies) containing B27 supplement
(Life Technologies), 25 ug/ml carbenicillin and 20 ng/ml bFGF (PeproTech). Cells were passaged weekly
by dissociation with TrpLE Express (Life Technologies), harvested by centrifugation and resuspended in
fresh medium. To generate iIMOP-derived neurons, tissue culture dishes were coated with 10 ug/mL of
poly-D-lysine for 1 hour aspirated and allowed to dry for 15 min, coated overnight with 10 ug/mL of laminin
at 37°C, washed 3 times with 1X PBS before plating cells. Proliferating iMOP cultures were dissociated
in TrypLE Express (Life Technologies), resuspended in neurobasal media and counted using a Moxi
counter. Particles between 9-16 um were considered cells, and 1.5-2 X10* cells were seeded in a poly-
D-lysine and laminin-coated well. The culture medium was switched to Neurobasal medium (Life

Technologies) containing N21, 2 mM L-glutamine (Life Technologies), and 1 uM K03861 when the cells
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were plated. Cultures were maintained in the medium for 7 days, and the medium was changed every

other day before cells were harvested for immunostaining or CUT&Tag.

CUT&Tag

Cells from proliferating iIMOPs and iMOP-derived neurons were harvested for and processed using the
CUT&Tag-IT Assay Kit (Active Motif) described by the manufacturer. Cells were gently dissociated using
TrpLE Express (Life Technologies), counted and collected by centrifugation. For each CUT&Tag reaction,
500,000 cells were used. The supernatant from the cell pellet was removed, and cells were resuspended
in wash buffer and placed on ice. Cells were enriched using magnetic Concanavalin A beads and
resuspended in an antibody buffer containing a primary antibody to the protein of interest. Antibodies for
H3K4me3 (Active Motif), p300 (Developmental Studies Hybridoma Bank), CHD4 (Abcam) and IgG
(Jackson Immunochemicals) were used for individual samples. All antibodies are listed in Table 2. Two
independent samples were used for each antibody condition. Primary antibodies were incubated with the
cells for 2 hours at room temperature to overnight at 4°C. All antibodies for CUT&Tag were used at 1:50
dilution. After incubation, the cells were washed and incubated in buffer containing the assembled pA-
Tn5 transposomes and incubated for 1 hr at RT. Cells were washed and processed for tagmentation by
incubation in the appropriate buffer for 1 hr at 37°C. A solution containing EDTA, SDS and proteinase K
was added to stop the reaction and solubilize DNA fragments. The solution was placed on a magnetic
stand, and the supernatant containing soluble DNA fragments was retained. The DNA solution was
purified using a column. The DNA fragments were subjected to PCR amplification and purified using
SPRI beads. Libraries generated were quantified and subjected to quality control before performing an

lllumina Hiseq 3000 platform (2x150bp).

Peak calling
Paired-end CUT&Tag reads were aligned to mm10 genome assembly with bowtie2. Only mapped reads

were retained, written to the output, and used for the downstream analysis (Langmead and Salzberg,
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2012). The bowtie2 SAM output files were converted into BAM files using Samtools (Li et al., 2009). After
alignment, sequence reads were scaled using the bamCoverage command in deepTools to remove
duplicates and generate normalized bigwig files with reads as Reads Per Kilobase per Million (RPKM)
(Ramirez et al., 2014). UCSC bigWigToBedGraph utility was used to generate bedgraph files from bigwig
files (Kent et al., 2010). Peaks were called using Sparse Enrichment Analysis for CUT&RUN (SEACR)
(Meers et al., 2019b). SEACR output bed files from CHD4, H3K4me3 and p300 were generated using
CHD4, H3K4me3 and p300 bedgraph files as target files while using IgG bedgraph file as a threshold.
BEDtools (Quinlan and Hall, 2010) was used to identify consensus peaks with at least 10% reciprocal
overlap between replicate samples. Only consensus peaks were used for downstream analysis.

CUT&Tag signal tracks were visualized on Integrative Genomic Viewer (IGV) (Robinson et al., 2011).

Identifying CHD4-bound promoters and enhancers

To perform a global survey of CHD4-bound promoters and enhancers, we first defined CHD4-bound
promoters and enhancers in proliferating iMOPs and iMOP-derived neurons. H3K4me3 and p300 were
used as promoter and enhancer marks, respectively. CHD4 bound promoters (CHD4+ H3K4me3+) and
enhancers (CHD4+ p300+) in iIMOPs were identified using bedtools intersect command. CHD4+
H3K4me3+ were identified as regions with at least one base pair overlap between CHD4 and H3K4me3
peaks. CHD4+ p300+ regions were defined using the same strategy using CHD4 and p300 peaks.
SEACR total signals were obtained from the SEACR output file and plotted as box and whisker plots to
show the quartiles, mean (circle) and median (line) values. Cell state-specific CHD4-bound promoters or
enhancers were identified based on their presence or absence in progenitors and neurons. Genome

arithmetic was done using bedtools.

Heatmap and profile plots
Heatmaps and profile plots were generated using deepTools. The signal and region files were obtained

from CUT&Tag data. Normalized bigwig files from two replicates were merged using bigwigCompare to

9
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acquire average bigwig files and used as signal files. The summit regions corresponding to the maximum
SEACR peak signal from CHD4 were used as region files. To visualize CHD4 and H3K4me3 reads as
heatmaps or profile plots, deepTools were used. Plots were centered at summits of CHD4+ H3K4me3+,
and the average CHD4 or H3K4me3 bigwig signals were plotted +/- 3 kb from the summits. To visualize
CHD4 and p300 reads, the summits from CHD4+ p300+ were used as the center, and the average bigwig

signals of either CHD4 or p300 bigwig files were plotted within +/- 3kb of the summits.

Quantification of heatmap total signals

To quantify CUT&Tag signals displayed in heatmaps, deepTools the --outFileNameMatrix option was
used to retrieve the matrix of signal values underlying the heatmaps. CUT&Tag signals within specified
genomic regions were added to obtain the summed signal values. Heatmap signals between progenitors

and neurons within the +/- 3kb window were visualized as box and whisker plots.

Gene ontology (GO) analysis

To annotate CHD4+ common and neuron-specific promoters and enhancers, ChIPpeakAnno was utilized
to determine the closest genes along with the corresponding ensembl gene IDs to those regions (Zhu et
al., 2010). Unique ensembl gene IDs near CHD4-bound promoters and enhancers were used for GO
analysis using DAVID (The Database for Annotation, Visualization and Integrated Discovery) (Huang et

al., 2009).

Statistical analysis

Statistical analyses were performed using either R or OriginPro (Origin Lab) for normally distributed data.
The means of data were presented and subjected to an unpaired two-tailed Student’s t-test to determine
statistical significance and provide a p value. Results with p values <0.05 were considered statistically

significant. Unless noted, the p values are defined as *p<0.05, **p<0.01, and ***p<0.001. Bar graphs

10


https://doi.org/10.1101/2024.01.31.578202
http://creativecommons.org/licenses/by-nc-nd/4.0/

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.31.578202; this version posted February 1, 2024. 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.

display the means + standard error of the mean (SEM), and violin plots show the distribution and mean

of the data points.

Data for CUT&Tag and RNAscope were determined not to be normally distributed using the Shapiro-
Wilks normality test. The median was presented and subjected to a non-parametric Wilcoxon rank-sum
test to determine whether the paired samples differed statistically. Analysis of the data was performed in
R. The normalized read counts (RPKM) from CUT&Tag were displayed as box and whisker plots to show
the quartiles, means and medians. Horizontal lines within the box denoted the median values, while the
circles represented the means. The number displayed in the text indicates the median + standard
deviation of CUT&Tag signals for box and whisker plots. The RNAscope images were counted to
determine the distribution, mean and median of puncta counts per cell. Unless noted, the p values from
the Wilcoxon rank-sum test were defined as p < 0.0001 to be significant. The variance was calculated as
the sum of the squared difference between puncta counts and the sample mean and divided by the
sample size minus one. The Levene test for the homogeneity of variance was used to determine whether
the variances were statistically significant. The p values from the Levene test were defined as p<0.05 to

be significant.
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Results

CHD4 expression in cochlear cell types

SGNs are bipolar and pseudounipolar neurons of the cochlea. The soma of SGNs reside within the
modiolus and extends a peripheral process through Rosenthal’s canal towards the sensory hair cells,
while a central process from the cell soma projects to the cochlear nucleus in the brainstem. SGNs are
broadly classified as type | and type Il neurons. Type | SGNs are the primary afferents that consist of 90-
95% of the neuronal population in the spiral ganglion. Type | SGNs are myelinated and form a single
synaptic bouton with inner hair cells that reside in the organ of Corti (Fig. 1A). Multiple type | SGNs
synapse along the basolateral surface of inner hair cells (IHCs) (Liberman, 1982). Type | SGNs differ in
sensitivity to sound and spontaneous firing rate (SR), as revealed by single-fiber recordings in the cat
auditory nerve (Kiang et al., 1965). The relationship between threshold and SR predicted three distinct
populations of low, medium and high SR neurons (Liberman, 1978). These three subtypes are present
irrespective of tonotopic position along the length of the cochlea (Borg et al., 1988; el Barbary, 1991;
Schmiedt, 1989; Shrestha et al., 2018; Sun et al., 2022; Taberner and Liberman, 2005; Winter et al.,
1990). SGNs display different receptors and ion channel regulators that shape their sensitivity and SR.
The molecular heterogeneity has been correlated to the differences in electrophysiological properties of

these neurons (Adamson et al., 2002; Chen et al., 2011; Liu et al., 2014, Liu and Davis, 2014).

Type Il afferent neurons account for 5-10% of the neuronal population (Ruggero et al., 1982; Spoendlin,
1972). Type Il SGNs are pseudounipolar and unmyelinated neurons that turn towards the cochlear base
(Zhang and Coate, 2017). During outgrowth, Type Il SGN peripheral axons turn after the growth cone
passes between the basolateral surfaces of the inner pillar cells. Turning occurs among the outer pillar
and Deiters' cells as they are directed towards the cochlear base (Fig. 1A). This process is mediated by

planar cell polarity complexes formed between cochlear-supporting cells for non-cell autonomous

12
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regulation of axon pathfinding (Ghimire and Deans, 2019; Ghimire et al., 2018). The peripheral axons
then gradually ascend apically toward the outer hair cells (OHCs) after turning to join other type Il axons
in one of three outer spiral bundles that extend along the length of the cochlea (Fig. 1B). Each type Il
afferent neuron innervates multiple OHCs from the same row, with individual OHC receiving an en-

passant contact from a type Il afferent neuron (Zhang and Coate, 2017).

To determine the expression of CHD4, neonatal cochleae from embryonic (E)18.5 embryos were
harvested. At this point, type | and type Il SGNs are morphologically distinct, and the neurites have
extended toward IHCs and OHCs, respectively. The cochleae were subjected to immunostaining with
CHD4 and TUBB3 antibodies to mark the presence of type | and type Il SGNs along with CHD4 (Fig.
1C). The fiber tracks from their innervation pattern can identify the type of SGNs. As previously described,
many different cell types within the organ of Corti, including IHCs and OHCs, express CHD4 (Layman et
al., 2013). We confirmed the presence of CHD4 in MYO7A labeled hair cells (Fig. 1D). CHD4 was also
expressed in the nuclei of inner pillar, outer pillar and the three rows of Dieter cells and other supporting
cells (Fig. 1E). Finally, CHD4 was strongly expressed in the nucleus of spiral ganglion neurons (SGNs)
marked by TUBB3 in the modiolus (Fig. 1F). Expression of CHD4 was present in all TUBB3-marked
SGNs. The presence of Chd4 transcripts in developing SGNs (Lu et al., 2011) and our results suggest

that CHD4 may function in SGNs during inner ear development.

Deletion of Chd4 in SGNs

CHDA4 is present in many inner ear cell types, and mutations that inactivate CHD4 chromatin remodeling
activity may contribute to improper development or dysfunction of multiple inner ear cell types. Since
SGNs were highly expressed CHD4, we wanted to delineate how CHD4 ablation in SGNs contributes to
the development of the cochlea and hearing loss. Targeted ablation of CHD4 from SGNs using a

Neurogenin1 (Ngn1) CreER™ Chd4™™x animal was accomplished. The Ngn1 CreERT™ Chd4ox/fiox
13
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animals contain two copies of the Chd4 conditional knockout (cKO) allele where loxP sites flanked exons
that code for the ATPase domain required for nucleosome repositioning (Williams et al., 2004). The Ngn1
CreERT™ transgenes harbor a tamoxifen-inducible Cre expressed in neurosensory progenitors and can
be used for genetic manipulations in SGNs (Koundakjian et al., 2007). Tamoxifen administration to Ngn1
CreER™ animals allowed Cre-mediated excision of loxP-flanked DNA in inner ear neurosensory
progenitors that become SGNs (Koundakjian et al., 2007; Raft et al., 2007). To ensure Cre activity was
present in the intended cell types, Chd4™>x Ngn1 CreER™ were crossed to the Ai9 tdTomato reporter
(Madisen et al., 2010). In the triple transgenic animals, tamoxifen administration allows Cre-activated Ai9
tdTomato reporter expression and enables fluorescence visualization of SGN cell bodies and axonal
projections while simultaneously deleting Chd4 (Fig. 2A). Control (Ngn1 CreERT™; Ai9) and Chd4 cKO
(Ngn1 CreER™; Chd4fo¥fox; Ai9) lines were generated. Timed matings from either control or Chd4 cKO

lines produced pregnant dams were administered with tamoxifen to produce embryos for analysis.

During inner ear development, delaminating otic progenitors around embryonic day (E)9 from the
proneurosensory domain of the otic vesicle coalesce to form the cochlear-vestibular ganglion (CVG). As
development progresses, the CVG neurons segregate to create the spiral ganglion. A population of
neurons exits the cell cycle and terminally differentiates at the base and middle of the cochlea starting
from E9.5-10.5. Most SGNs exit the cell cycle around E11.5 in the middle and base of the cochlea, while
cells in the apex exit the cell cycle at E12.5. After exiting the cell cycle, peripheral projections from SGNs
extend toward the sensory epithelium of the cochlea. At E12.5, SGN projections begin to extend beyond
the spiral ganglion border. At E15.5, SGN peripheral axon outgrowth continues along the length of the
cochlea. Type | SGNs form radial fiber bundles that undergo fasciculation. Between E15.5-18.5, type I-
like SGN processes show extensive branching around and beyond the inner hair cells. The neurites are
subsequently refined by retracting from the outer hair cell region (Appler and Goodrich, 2011; Coate et
al., 2015). Type Il SGNs are notably distinct from Type | SGNs by E16.5 based on their peripheral

projections ending at the outer hair cell region (Bruce et al., 1997). The Ngn1 CreER™ animals with a
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reporter can mark delaminating neurosensory progenitors that develop into type | and type Il SGNs at

the aforementioned developmental stages (Koundakjian et al., 2007).

Chd4 was deleted by administering daily tamoxifen doses to pregnant dams between E8.5-10.5. During
this time, Chd4 was deleted from neurosensory progenitors that give rise to SGNs. Labeled cells were
used to study the consequences of Chd4 ablation in the development of type | and type Il SGNs. E18.5
embryos were harvested from pregnant dams after tamoxifen treatment. Although some embryos
survived, many resorptions occurred perinatally after tamoxifen administration. Quantification and
comparison of resorbed embryos from control and Chd4 cKO dams suggest a significant reduction in
viability of Chd4 cKO embryos (Fig. S1A). Quantifying the number of surviving embryos from individual
litters obtained from pregnant dams showed a statistically significant reduction in embryo viability after
Chd4 deletion (Fig. S1B). Cre recombinase expression in the Ngn1 CreERT? is not limited to the inner
ear but can also be observed throughout the central nervous system (Kim et al., 2011). These findings

suggest that deleting Chd4 in other cell types may decrease viability in the Chd4 cKO embryos.

From the remaining embryos, cochleae were harvested and used for immunostaining. To ensure that
genetic deletion of Chd4 lacked protein, immunofluorescence labeling of the CHD4 protein was done.
TUBB3 immunofluorescence was used to identify SGNs. The tdTomato fluorescence suggested Cre
activity was present in TUBB3 marked SGNs in both control and Chd4 cKO cochleae samples. Even
though SGNs were present in the cochleae, only the CHD4 signal was seen in controls and not Chd4
cKO cochleae (Fig. 2B). These results showed that CHD4 protein was absent in the Chd4 cKO cochlea
after tamoxifen treatment and that CHD4 was not essential for SGN viability at embryonic and neonatal
stages. In E18.5 embryonic cochlea, an increase in the number of tdTomato+ and TUBB3-negative cells
was observed in Chd4 cKO (Fig. 2C). To quantify the percentage of the marked cell populations, SGNs
from dissected cochlea were divided into three regions corresponding to the apex, middle and base of

the cochleae. In controls, a low percentage of cells lacking TUBB3 but expressing tdTomato was
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observed (apex: 6.81 £ 1.69%, middle: 4.07 £ 1.94%, base: 3.95 + 1.74%), while in Chd4 cKO cochlea,
increased percentages of these cells were observed along the length of the cochleae (apex: 12.06 +
2.25%, middle: 8.73 £ 0.91%, base: 7.82 £ 1.29%; apex, p<0.136, middle, p<0.095; base, p<0.148) (Fig.
2D). The percentage of TUBB3 labeled SGNs marked by tdTomato allowed us to confirm the efficiency
of Cre-mediated activity in these cells. In control embryos, Cre activity was observed in almost all SGNs
with a slight decrease in labeled cells at the apex (apex: 89.86 + 3.56%, middle: 97.09 + 1.48%, base:
98.97 £ 0.36%). Since development proceeds in a base-to-apex manner, the decreased percentage of
tdTomato-marked cells located at the apical region of the cochlea was likely due to a small population of
late-born neurons that was not exposed to tamoxifen during the time window of administration. Chd4 cKO
displayed similar percentages of tdTomato marked cells (apex: 84.35 + 2.99%, middle: 95.71 + 1.96%,
base: 98.91 + 0.2%; apex p<0.302; middle p<0.603; base, p<0.9). The percentages of
tdTomato+TUBB3+ cells from control and Chd4 cKO cochlea were not statistically different (Fig. 2E).
The numbers of tdTomato+ cells from Chd4 cKO were not significantly different from control (44.22 +
0.41% for control, 49.7 + 2.32% for Chd4 cKO, p<0.081) (Fig. 2F). These results suggest that tamoxifen-
induced Cre recombination was efficient along the entire length of the cochlea and was similar between

control and Chd4 cKO cochleae.

Chd4 cKO cochleae displayed altered fasciculation of radial fiber bundles

Deletion of Chd4 in embryos showed that SGNs were present and in comparable percentages as
controls. Although Chd4 may not dramatically affect the viability or early developmental stages, we
wanted to determine whether loss of Chd4 showed discernable differences at later stages. Post-mitotic
neurons from the spiral ganglion extend neurites towards inner and outer hair cells, starting from the base
to the apex. Type | and type Il SGNs target IHCs and OHCs, respectively. Type | and type Il SGN fiber
tracks and innervation patterns were marked by performing whole mount TUBB3 immunostaining using

cochleae from control and Chd4 cKO (Fig 3A).
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The peripheral axons of type | SGNs extend from the soma to form a radial bundle. The type | SGN fibers
fasciculate, the terminals extensively branch around the inner spiral plexus (ISP) and retract from the
outer hair cell region back into the IHC region (Fig 3B). In Chd4 cKO cochleae, radial fibers were less
compact and showed wider nerve fascicles. The area between the fiber bundles was identified by
converting TUBB3 immunofluorescent images to black-and-white binary images. The white regions
between fiber bundles and the total area from the SGN soma to the sensory epithelium were determined
from images taken along the length of the cochlea (Fig. 3C). The percent area unoccupied by radial fibers
relative to the total area was calculated, and used as a metric for fasciculation (Fig. 3D). The average
percentage of unoccupied space in Chd4 cKO cochleae was significantly decreased (33.19 + 2.59% for
control and 25.12 + 1.28% for Chd4 cKO, p<0.049). The result suggested that the radial fibers from Chd4
cKO cochleae covered more area and thus were wider than controls (Fig. 3E). The fiber bundles were
counted in control and Chd4 cKO cochleae to determine the fascicle numbers in the inner spiral plexus
(ISP), (Fig. 3F). The ISP consists of the region where radial fibers extend from the soma through
the habenula perforata to innervate the IHC (Fig. 1). The average number of fascicles in ISP per inner
radial bundle increased significantly in Chd4 cKO cochleae (4.48 + 0.16 bundles for control and 6.54 +
0.67 bundles for Chd4 cKO, p<0.0083) (Fig. 3G). These results show an increased number of inner radial

fiber bundles and less compact bundling of the nerve fiber.

Chd4 cKO cochleae display improper turning of type Il fibers

Type Il SGNs constitute only 5-10% of the total SGN population, but their axonal projections are spatially
distinct from type | SGNs. During development, their peripheral processes cross the tunnel of Corti into
the outer hair cell region, where the axons make a right-angle turn and travel from the base of the cochlea
towards the apex to make en passant synapses with outer hair cells. The outer spiral fibers are the

bundled neurites from type [l SGNs that extend along the OHC region. Each OHC is innervated by 2-5
17
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type Il SGNs (Huang et al., 2012; Martinez-Monedero et al., 2016). To look at the outer spiral fiber tracks,
TUBB3 labeled neurons from whole mount cochleae were used for analysis (Fig. 4A). The magnified
images of outer spiral fibers usually display three main fiber tracks that travel along individual rows of
outer hair cells with intermittent fibers crossing these tracks. To show quantitative differences between
the outer spiral tracks, intensity profiles from control and Chd4 cKO cochleae images spanning the outer
hair cell region were taken (Fig. 4B). Measurements of the intensity profile show different peaks
corresponding to the presence of fibers. The intensity profile plot showed three prominent peaks in the
control cochlea (black). In contrast, Chd4 cKO cochlea (red) displayed additional peaks (Fig. 4C). The
data suggested that there are type Il SGN fibers or individual axons that detract from the outer fiber tracts
(Fig. 4C). Each major peak corresponds to an outer spiral bundle consisting of multiple fibers. The
appearance of the minor peaks within a major peak corresponds to the increased dispersion of the fibers
within an outer spiral fiber. The number of distinct fibers observed by fluorescent microscopy in the outer
hair cell region was counted and normalized based on the area to validate the altered axon paths. Similar
to the intensity profile, the number of fibers in the OHC area increased in Chd4 cKO samples compared
to controls (13.98 + 0.73 fibers for control and 17.64 + 0.78 fibers for Chd4 cKO, p<0.027) (Fig. 4D).

These results suggest aberrant bundling of the outer spiral fibers after Chd4 ablation in SGNs.

We also noticed the aberrant turning of the outer spiral fiber tracks. Turning of the type Il SGN fibers
usually occurs near the inner pillar cell (IPC), outer pillar cell (OPC) or Dieter cell (DC) region. Confocal
micrographs were acquired below the outer hair cell layer up to the sensory epithelium to visualize the
fiber turning. Individual fibers from control cochleae turned towards the base of the cochlea before joining
one of the three outer spiral fiber tracks. In contrast, the Chd4 cKO cochleae showed fibers turning in the
opposite direction (Fig. 4E, yellow arrows). Incorrectly turned type Il fibers were quantified in control and
Chd4 cKO cochleae (Fig 4F). These data showed that the deletion of Chd4 increases the incorrect turning
of type Il SGNs in the outer spiral fibers (0.12 + 0.06 fibers for control and 1.93 + 0.14 fibers for Chd4

cKO, p<0.00028. Turning of the fibers has previously been shown to require cell signals from supporting
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cells (Deans, 2022; Ghimire and Deans, 2019; Ghimire et al., 2018). To ensure that supporting cells in
the organ of Corti were present and not indirectly affected by Chd4 deletion, immunostaining for both hair
cells using MYO7A and supporting cells SOX2 was performed in control and Chd4 cKO cochlea. A single
row of inner hair cells and three rows of outer hair cells were present in both samples. Moreover, SOX2-
labeled supporting cells showed the presence of organized supporting cells residing below hair cells (Fig.
S2). These results suggest that Chd4 deletion in SGNs affects the turning of type Il SGNs in a cell-

autonomous manner.

Chd4 cKO cochleae display aberrant basal to apical axon path towards outer hair cells

Alterations in axon paths could also be due to how fibers exit Rosenthal’s canal and ascend toward the
outer hair cells. To determine if this is the case, reconstructed confocal images of MYO7A-labeled hair
cells provide a landmark for the terminal destination of axons. We observed that many type Il tracks take
a more circuitous route toward the OHCs because the fibers initially descend basally and migrate further
away from the soma of outer hair cells (Fig. 4G). The distances were obtained from the bottom of
individual OHC somas to the furthest detectable axon fibers directly below. The measurements were
used to quantify the aberrant axon path (Figure 4H). The measurements showed an increase in the
average distance of the fibers to the bottom of hair cells in Chd4 cKO cochleae (17.84 £ 0.66um for
control and 29.87 + 3.74um for Chd4 cKO, p<0.034). The increased distance measured in Chd4 cKO
cochleae suggested that outer spiral fibers do not properly ascend from Rosenthal’s canal towards the
outer hair cells (Fig. 41). Many of these changes in fiber tracks and innervation patterns observed both in
type | and type Il SGNs are reminiscent of axon guidance defects. Although these findings implicate

CHD4 in axon pathfinding, the molecular targets for CHD4 in SGNs are unknown.

Enrichment of CHD4 at cis-regulatory regions of Eph and Ephrin genes
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CHD4 function is cell-type dependent, and its chromatin activity likely alters a unique repertoire of cis-
regulatory elements in SGNs to control gene expression. A significant hurdle is identifying high-
confidence occupancy sites for CHD4 in SGNs by chromatin immunoprecipitation followed by deep
sequencing (ChIP-seq) or Cleavage Under Targets & Tagmentation (CUT&Tag). The inability to identify
these high-confidence sites in SGNs is partly due to the large number of cells required for the
experiments. Instead of primary SGNs, we used immortalized multipotent otic progenitor (iMOP)-derived
neurons to determine genome-wide binding sites for CHD4 to identify potential target genes.
Immortalized multipotent otic progenitors (iMOP) derived neurons are highly similar at the transcriptome
level to primary otic progenitors from which they were derived and can differentiate into cells that display

bipolar and pseudounipolar morphology similar to SGNs (Kwan et al., 2015).

Immunostaining confirmed the presence of CHD4 in the nucleus of proliferating iIMOPs and TUBB3-
expressing iIMOP-derived neurons (Fig. 5A). To identify genome-wide CHD4 binding sites, CUT&Tag
was performed using CHD4 antibodies on proliferating iMOP and iMOP-derived neurons. CHDA4
occupancy is cell-type specific and are recruited to active promoters and enhancers to repress
transcription (Yang et al.,, 2016; Yoshida et al., 2019). We used the H3K4me3 and p300 marks as
genomic landmarks for promoters and enhancers. Sparse Enrichment Analysis for CUT&RUN (SEACR)
identified regions of high-confidence enrichment, known as peaks, from all CUT&Tag sequence reads
(Meers et al., 2019a). We compared CHD4 peaks to H3K4me3 and p300 bound regions. The heatmaps
provided a distribution of the reads within a +/- 3 kb window. The profile plots allowed us to evaluate the
read density over the same genomic regions qualitatively. We identified CHD4+ H3K4me3+ regions
based on the occupancy of CHD4 and H3K4me3 peaks in proliferating iMOP cells and iMOP-derived
neurons (Fig. S3B). The CHD4+ H3K4me3+ regions corresponded to CHD4-bound promoters. Similarly,
we defined CHD4+ p300+ regions in proliferating iMOP cells and iMOP-derived neurons (Fig. S3C). The
CHD4+ p300+ regions corresponded to CHD4-bound enhancers. From the profile plots, we noticed that

the CHD4 signal increased in iMOP-derived neurons compared to proliferating iMOPs at both promoters
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and enhancers. We quantified and compared the CHD4 total signals at CHD4+ H3K4me3+ promoters
and CHD4+ p300+ enhancers between proliferating iMOP and iMOP-derived neurons. We showed that
at CHD4-bound promoters, CHD4 total signals increased 2.80 fold in iIMOP-derived neurons (57,811.40
+ 65,983.40 RPKM) compared to proliferating iMOPs (20,684.90 + 25,408.89 RPKM, p<2.2 X 107'%). At
CHD4-bound enhancers, we found a 4.65 fold increase of CHD4 total signals in iMOP-derived neurons
(134,027.50 £ 102,349.97 RPKM) compared to proliferating iMOPs (28,837.65 + 29,014.11 RPKM, p<2.2
X 107'%) (Fig. 5B). The results suggest that increased enrichment of CHD4 at cis-regulatory regions in

iIMOP-derived may regulate gene expression during neuronal differentiation.

To investigate the involvement of CHD4 during neuronal differentiation, we identified CHD4 binding sites
present in iIMOP-derived neurons. We did this by comparing CHD4-bound regions between proliferating
iMOPs and iMOP-derived neurons. At CHD4+ H3K4me3+ promoters, we found 982 progenitor-specific,
168 neuron-specific, and 1,092 common promoters in both proliferating iIMOPs and iMOP-derived
neurons. At CHD4+ p300+ enhancers, we identified 2,106 progenitor-specific, 223 neuron-specific, and
750 common enhancers (Fig. 5C). We focused on common and neuron-specific regions since CHD4
activity may exert epigenetic changes at these sites during neuronal differentiation. We generated
heatmaps and profile plots for each of the regions. At common promoters, we observed a 1.20-fold
increase of H3K4me3 in iIMOP-derived neurons (25,871.92 + 12,797.1 RPKM) compared to proliferating
iIMOPs (21,550.36 + 9,015.1 RPKM, p<3.67 X 10%®) and a 2.28-fold increase in CHD4 in iMOP-derived
neurons (5,407.49 + 2,955.04 RPKM) compared to proliferating iMOPs (2,371.49 + 1573.27 RPKM,
p<3.46 X 10282). At neuron-specific promoters, a 1.3 fold increase in H3K4me3 (proliferating iIMOP
17,105.85 + 10,709.21 RPKM, iMOP-derived neurons 22,411.04 + 14,180.57 RPKM, p<3.87 X107) and
3.30 increase in CHD4 (proliferating iMOP 1,397.09 £ 2,617.01 RPKM, iMOP-derived neuron 4,608.37 +
3,173.27 RPKM, p<4.22 X10*°) was observed in iMOP-derived neurons (Fig. 5D). All observed increase

in H3K4me3 and CHD4 were statistically significant.
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We performed a similar analysis for enhancers. The heatmaps and profile plots showed a distribution of
p300 and CHD4 centered at common and neuron-specific enhancers. A 3.37-fold increase in p300
(proliferating iIMOP = 2,838.41 + 1,713.93 RPKM, iMOP-derived neuron = 9,578.39 + 4531.32 RPKM,
p<5.92 X1022%) was observed at common enhancers. CHD4 displayed a 2.84-fold increase in signal from
iMOP-derived neurons (proliferating iMOP 4,068.79 + 2,542.82 RPKM, iMOP-derived neuron 11,559.34
+ 4,647.43 RPKM, p<9.30 X102'%). At common and neuron-specific enhancers, a statistically significant
increase in signal was detected for p300 and CHD4 in iMOP-derived neurons compared to proliferating
iMOPs (Fig. 5E). These results suggest that CHD4 was significantly enriched at specific promoters and
enhancers during neuronal differentiation. The increased occupancy likely alters the chromatin state of

these cis-regulatory regions to modulate transcription.

To gain biological insights into CHD4 targets, genes near the common and neuron-specific regulatory
elements were identified (Table S1). The identified target genes were used for gene ontology analysis.
Gene ontology (GO) analysis revealed function in chromatin organization (p< 5.1X10'), which is
consistent with the predicted cellular process of CHD4 in inner ear neurons. Other biological processes
such as ephrin receptor signaling (p< 4.9X10®), axon guidance (p< 2X10'®), semaphorin-plexin signaling
during axon guidance (p< 2.7X102), axonal fasciculation (p< 1.6X102), and axonogenesis (p<1.6X10-%)
were some of the notable cellular processes (Fig. S3A). The GO analysis suggested that CHD4 gene
targets may regulate processes involved in axon pathfinding, including ephrin receptor signaling. We
identified Epha4, Epha7, Ephb3, Efna3, Efna4, Efnb2, Efnab, Efnb1, and Ephb2 as candidate genes
involved in ephrin receptor signaling based on their proximity to CHD4-bound promoter and enhancer
regions (Table S1). Ephrin signaling pathways are essential in guiding SGN peripheral axons. We
focused on Epha4, Epha7, and Efnb2 because these genes have previously been implicated to function
in the inner ear (Coate et al., 2012; Defourny et al., 2013; Kim et al., 2016; Petitpre et al., 2018; Sanders
and Kelley, 2022). At Epha4 and Epha7, CHD4 and H3K4me3 peaks were observed near the

transcriptional start site. We also observed an increase in CHD4 and p300 in iMOP-derived neurons at
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multiple intronic regions, a region upstream at Epha4 and a singular downstream site at Epha7 (Fig. 5F).
A similar observation was noted for Efnb2 (Fig. S3D), where CHD4 was enriched at the H3K4me3 marked
promoter along with increased CHD4 and p300 signals at a downstream enhancer region. These results
implicate that CHD4 binding to promoters and enhancers may control the transcription of ephrin receptors
and ligands. The altered expression of these genes may be pertinent to the axon guidance deficits seen

in the Chd4 cKO cochleae.

Chd4 cKO showed increased Epha4 mRNA levels in SGNs

To test if deletion of CHD4 in SGNs affects the level of ephrin molecules, cochleae from control and Chd4
cKO were subjected to RNAscope fluorescence in situ hybridization. We used Epha4, as an example of
how transcription is affected after CHD4 ablation. Calbindin2 (Calb2) transcripts were used as a marker
for SGNs. TUBB3 immunolabeling was combined with RNAscope to demarcate individual cells for
quantification (Fig. 6A). The number of counted punctas from RNAscope measured the relative number
of MRNA molecules. Calb2 and Epha4 puncta were counted from individual TUBB3 marked SGNs. The
average number of Epha4 puncta in the SGN population increased significantly in Chd4 cKO (13 £ 6.29
Epha4 puncta/cell) compared to control (7 + 4 Epha4 puncta/cell, p<2.2 X 107'®) and was statistically
significant. Concurrently, there was no significant difference observed in Calb2 transcript levels between
Chd4 cKO (8 = 5.51 Calb2 puncta/cell) and control (9 £ 6.16 Calb2 puncta/cell, p<0.13) (Fig. 6B). The
distribution of puncta counts per cell was visualized by plotting the Calb2 and Epha4 puncta counts
separately (Fig. 6C) In addition to the increase in puncta counts for each cell in Chd4 cKO SGNs, we
noted an increased variance of Epha4 counts per cell. The variance provides the spread of puncta per
cell around the median. Each histogram was converted to a kernel density estimate to describe the
distribution probability of puncta in cells. A 2.47-fold increase in the variance of Epha4 transcripts was
observed in Chd4 cKO (o? = 39.5) compared to control SGNs (02 = 15.99, p<2.27 X 10'*). The non-

overlapping regions in the kernel density estimates reflect the increased probability of observing cells
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with higher Epha4 transcript levels in the absence of Chd4 (Fig. 6D). In contrast, the variance of Calb2
transcripts showed a 1.25-fold decrease in Chd4 cKO (0? = 30.36) compared to the control (o2 = 37.93,
p <0.035). Although the variance for CalbZ2 is significant, we did not observe CHD4 or the H3K4me3 mark
at the Calb2 promoter (Fig. S3E). The enrichment pattern at Calb2 was distinct from Epha4, Epha7, and
Efnb2, suggesting an indirect effect of Chd4 deletion or a different mechanism causing the decreased
variance. The results suggest that the increased likelihood of Chd4 cKO SGNs to harbor more Epha4
transcripts is likely due to the loss of transcriptional repression. The data indicate that CHD4 normally
fine-tunes transcription in SGNs during development, and ablation of Chd4 increases transcript levels of

axon guidance genes, resulting in aberrant peripheral axon pathfinding.

Discussion

De novo pathogenic variants of CHD4 correlate to SIHIWES, an autosomal dominant
neurodevelopmental disorder. Patients with pathogenic variants of CHD4 show variable symptoms, and
many display hearing loss (Sifrim et al., 2016b; Weiss et al., 2016). CHD4 is expressed in cochlear
supporting cells and hair cells from E18 to P21 (Layman et al., 2013). Gene expression analysis showed
that CHD4 transcripts are present and changing in developing murine SGNs from E12 to P15 (Lu et al.,
2011). CHD4 has a core ATPase SWI/SNF domain that hydrolyzes ATP and converts it into chromatin
repositioning activity. Some pathogenic mutations result in a CHD4 protein with reduced chromatin
remodeling activity (Weiss et al., 2020). To clarify the contribution of CHD4 in SGNs, we employed a
conditional knockout mouse model that allows Cre-dependent inducible deletion of the exons coding for
the ATPase domain of CHD4 in SGNs. The conditional knockout mouse allowed us to separate the CHD4
function from other inner ear cell types, such as hair cells and supporting cells. Our current results
implicate a cell-autonomous role for CHD4 in the pathfinding of SGN peripheral axons during inner ear
development. The lack of CHD4 chromatin remodeling activity in SGNs may result in aberrant axon

guidance. The altered pathfinding may affect the transmission of neural signals and innervation of hair
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cells. These deficits likely contribute to hearing loss in patients with SIHIWES and provide insight into

how other neural circuits may be affected.

CHD4 is a core subunit in the Nucleosome Remodeling and Deacetylase (NuRD) complex (Tong et al.,
1998; Xue et al., 1998; Zhang et al., 1998). The NuRD complex acts mainly as a transcriptional repressor
and localizes to sites of active transcription. At these sites, CHD4 repositions nucleosomes and subunits
of the complex, such as histone deacetylases (HDAC) 1 and 2 deacetylate histones (Morra et al., 2012;
Watson et al., 2012). Although CHD4 has many other paralogs, distinct NuRD complexes with individual
CHD paralogs (CHD3, CHD4, and CHD5) have specific molecular functions and do not compensate for
the loss of a singular CHD. The remaining paralogous CHDs did not compensate for the cellular effects
of ablating CHD4 (Nitarska et al., 2016). CHD4-containing NuRD complexes in the inner ear may contain
distinct protein subunits that alter the epigenetic landscape at cis-regulatory regions. Our results suggest
arole for CHD4 in axon guidance during SGN development. Even if paralogs were present in SGNs, they
did not fully compensate for the observed axon guidance deficits. We used iMOP-derived neurons as a
cellular system to show CHD4 occupancy at distinct sets of promoter and distal enhancers. During iMOP
neuronal differentiation, we observed increased CHD4 occupancy at these sites. We propose that CHD4
exerts epigenetic changes on cis-regulatory elements to attenuate transcription of axon guidance genes
until the appropriate developmental time. In the absence of CHD4, the core NURD complex does not
form, and axon guidance genes may show increased transcription due to the absence of NuRD-
dependent nucleosome repositioning and histone deacetylase activities. The exquisite temporal
transcriptional control of axon guidance genes is likely required for appropriate fasciculation and

innervation patterns.

Our identified candidate set of Eph receptors and Ephrin ligands (EphA4, EphA7, and Efnb2) is
noteworthy since their functions are well-established in the developing cochlea. Eph receptors are a

family of receptor tyrosine kinases that mediate many essential processes through promiscuous
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interactions with membrane-bound ephrin ligands. Ephrins are divided into the glycosyl-
phosphatidylinositol (GPI) linked ephrin-A and the transmembrane ephrin-b ligands. Ephrins bind to Eph

receptors of the same class, except for EphA4. EphA4 interacts with ephrin-A, B2, and B3 ligands.

Deletion of EphA4 showed ectopic innervation of outer hair cells by a subset of type | SGNs (Defourny
et al., 2013). EphA4 interacts with the ephrin-A5 ligand to control target specification, expressed primarily
in OHCs and a subset of type | SGNs. Previously, ephrin-A5 was thought to be expressed in a subset of
type | SGNs, but recent evidence implicated ephrin-A5 mainly in type Il SGNs (Petitpre et al., 2018;
Sanders and Kelley, 2022). The otic mesenchyme surrounding the SGN axons also expresses EphA4
(Coate et al., 2015). This pattern of EphA4 expression guides fasciculation through ephrin-B2 interactions
on the developing SGN axons. Another Eph receptor, EphA7, in SGNs, is required for neurite outgrowth.
Loss of EphA7 resulted in more sparse fiber bundles and fewer synaptic contacts on inner hair cells (Kim
et al., 2016). These studies implicate the function of ephrin signaling in developing peripheral auditory
circuits. Although we observed axon guidance deficits in the Chd4 cKO cochleae, the phenotypes are
distinct. Using the Ngn1 CreER™, we only perturbed SGNs while leaving the other cell types, such as
hair cells and otic mesenchyme, untouched. Instead of inactivating the function of ephrin receptor or
ephrin ligands, Chd4 deletion increased Epha4 transcript levels in SGNs, revealing a molecular
perturbation relevant to SIHWES disease. The Chd4 cKO model also differs from the Eph receptor and
Ephrin ligand single knockouts because it likely affects the expression of multiple axon guidance genes.
The subtle cellular phenotypes in single Eph and Ephrin knockout mice suggest that the proper wiring of
the peripheral auditory circuit may require the combined effects of multiple Eph and Ephrins members
instead of relying on a single molecule. Our findings align with the function of numerous Eph and ephrin
genes during SGN development and suggest that CHD4 may coordinate the expression of several Ephrin

ligands and receptors to shape the innervation pattern of type | and 1l SGNs.
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Control of gene expression plays a fundamental role in development and disease. Patients with Sifrim-
Hitz-Weiss disease show variable congenital disabilities. This observation is reminiscent of CHARGE
syndrome, a genetic disorder caused by pathogenic variants in CHD7. CHD7 and CHD4 are part of the
chromodomain helicase DNA-binding protein family (Micucci et al., 2015). Global chromatin regulators
such as CHD7 and CHD4 can robustly affect transcription and trigger cell-autonomous changes during
critical periods in development. We show that altering the epigenetic landscape by deleting CHD4 early
during otic development (E8.5-E10.5) affects pathfinding and connectivity of SGN peripheral axons at

multiple steps during axon guidance and may contribute to hearing loss in SIHIWES.

Although the phenotype is robust, penetrance is variable. We believe this is a central aspect observed in
mutations of chromodomain helicase DNA-binding proteins. Cellular heterogeneity may contribute to the
variable phenotype. There are four distinct subtypes of SGNs: type la, Ib, Ic and type Il (Petitpre et al.,
2018; Shrestha et al., 2018; Sun et al., 2022). CHD4 may function differently in each neuronal subtype,
resulting in differing cellular phenotypes. The difference is evident in the axon guidance phenotypes
observed in type | compared to type Il neurons. Ablation of CHD4 affected the fasciculation of radial fibers
and branching in the inner spiral plexus region for type | SGNs. In contrast, type Il neurons displayed a
circuitous path to innervate the base of outer hair cells and inappropriate turning at the outer hair cell

region. Deleting CHD4 affected the peripheral axons differently in type | and Il SGNs.

In addition to the heterogeneity of neuronal subtypes, variability within type | and Il fibers was also
observed. The phenotypic variability includes the extent of type | radial fiber bundling and branching of
terminals in the inner spiral plexus. CHD4 function in SGN type la, b, and c fibers may contribute to the
observed variability. Cellular heterogeneity, however, cannot be attributed to the improper turning of
some type Il peripheral axons. Some type Il fibers are seemingly unaffected, whereas others turn in the
opposite direction. Stochasticity in molecular processes may be a contributing mechanism. Stochastic

gene expression involves biochemical processes such as transcription and translation. The limiting
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number of molecules that catalyze transcription leads to biological variability, as observed by the dramatic
differences in transcript levels even within isogenic cells (Raj and van Oudenaarden, 2008). Deletion of
CHD4 may alter the chromatin state of cis-regulatory elements and impact the stochasticity in
transcription. The epigenetic perturbation could increase both transcript levels and the variance of
specific genes after ablating CHD4. We showed an increase in the median number of Epha4 transcripts
in Calb2 marked SGNs concomitant with an increase in the variance of the transcript numbers. The
increase in transcripts and variance was specific for Epha4 and not Calb2. The larger variance results in
a broader distribution of neurons with Epha4 and displays a cell population that exceeds the normal range
of Epha4 levels in control SGNs. The percentage of neurons with increased Epha4 transcripts may
possess altered EPHA4 protein expression and perturb axon guidance. In contrast, cells that retain
Epha4 transcripts within the normal range retain normal axon pathfinding. The increase in transcriptional

variance may contribute to the heterogeneous cellular phenotypes observed for type | and type Il SGNs.

We identified multiple axon guidance deficits of type | and Il SGNs using a Chd4 conditional knockout
mouse model. These deficits likely arise at different developmental time points and implicate CHD4
function at varying steps of SGN pathfinding. The candidate CHD4 binding sites include promoters and
enhancers that regulate the transcription of Eph receptors and Ephrin ligands. CHD4 and the NuRD
subunits HDAC1/2 may impose a repressive epigenetic state on these cis-regulatory elements to
attenuate transcription. Inactivation of CHD4 increases transcript levels of axon guidance genes to
perturb the stereotypic peripheral axon patterning. These results also have a broader implication on other

neuronal circuits in patients with SIHIWES, where subtle changes may be more challenging to define.
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Figure 1. CHD4 expression in the spiral ganglion and the organ of Corti.

(A) Top-down schematic depicting the innervation pattern of type | and Il SGNs. Type | SGNs extend
single, unbranched neurites that innervate an individual inner hair cell (IHC). Type Il SGNs extend
neurites into the outer hair cell (OHC) region, turn basally, and can contact multiple OHCs. (B) Sagittal
schematic of the innervation pattern. Multiple Type | SGNs innervate a single IHC. Type Il neurites make
a basal turn in the region near Deiters’ cells, a supporting cell type. (C) Immunofluorescence labeling of
CHD4 (green), TUBB3 (magenta), and MYO7A (white) from a flat-mounted cochlea. TUBB3 and MYO7A
label neurons and hair cells, while DAPI (blue) marks nuclei. Different regions of immunolabeled E18.5
cochlea. (D) Expression of CHD4 in the single row of inner hair cells (IHC) and the three rows of outer
hair cells (OHC1-3). (E) CHD4 labeling in supporting cells, including inner pillar (IP), outer pillar (OP),
and three rows of Dieter cells (DC1-3). The nuclei of supporting cells reside underneath hair cells. (F)

CHD4 labeling in spiral ganglion neurons. Scale bar as marked.

Figure 2. Deletion of Chd4 from SGNs using Neurog1 CreER™ Chd4 floflox mice.

(A) Schematic illustration of Cre-mediated Chd4 deletion following tamoxifen induction in Chd4
conditional knockout (cKO) mice containing Neurog1 CreER'™; Chd4"iox:  tdTomato alleles.
Administration of tamoxifen at E8.5-E10.5 deletes loxP flanked exons coding for the Chd4 ATPase
domain and activates expression of the tdTomato reporter. Animals without the Chd4 cKO allele
(Neurog1 CreER™; tdTomato) were used as controls (B) Immunostaining of CHD4 and TUBB3 marked
neurons in E18.5 cochlea. tdTomato expression correlates with the presence of Cre activity. Nuclear
CHD4 expression was observed in DAPI-marked nuclei in control SGNs but was absent in Chd4 cKO
SGNs after tamoxifen administration. (C) Confocal micrographs from the spiral ganglion. Yellow arrows
indicate tdTomato™ and TUBB3" cells. (D) Percentages of tdTomato* and TUBB3- cells found within the
apex, middle, and base regions of the cochlea (apex, p<0.136, middle, p<0.095; base, p<0.148; control,
n=3 and Chd4 cKO, n=3 cochlea) (E) Percentages of cells expressing tdTomato and TUBB3 from the

base to apex of the cochlea from control and Chd4 cKO cochleae (apex p<0.302; middle p<0.603; base,
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p<0.9; control, n=3 and Chd4 cKO, n=3 cochleae) (F) Normalized number of tdTomato* cells per 100
um? area in control and Chd4 cKO cochleae (p<0.081; control, n=27 and Chd4 cKO n=27 images were
analyzed from control, n=3 and Chd4 cKO, n=3 cochleae).The Student's t-test test was used for statistical

analysis using the number of cochleae. Scale bar as marked.

Figure 3. Inner radial bundles display fasciculation defects in Chd4 cKO cochleae

(A) TUBBS3 labeled cochleae from E18.5 control and Chd4 cKO animals. Images are ordered from base
to apex. (B) Depiction of the inner spiral plexus (ISP) near the base of inner hair cells and peripheral
projections from type | (radial fibers) and Il SGNs from E18.5 cochlea. (C) Binarized images of TUBB3
labeled control and Chd4 cKO cochleae at E18.5. (D) Regions between radial fiber bundles were outlined
in red. (E) The identified areas were quantified and compared between control and Chd4 cKO (p<0.049;
control, n=10 and Chd4 cKO n=13 images were analyzed from control, n=3 and Chd4 cKO, n=3
cochleae). (F) Binarized images of control and Chd4 cKO E18.5 cochleae around the ISP. (G)
Comparison of the normalized number of fascicles in the ISP per radial bundle between control and Chd4
cKO cochleae (p<0.008; control, n=31 and Chd4 cKO n=26 bundles were analyzed from control, n=5 and

Chd4 cKO, n=3 cochleae). The Student's t-test was used for statistical analysis. Scale bars as marked.

Figure 4. Type Il spiral ganglion neurons display turning defects in the Chd4 cKO mice.

(A) TUBB3 labeled neuronal projections in E18.5 control and Chd4 cKO cochleae. Type Il fibers can be
distinguished by their anatomical location. (B) Type Il fibers from control show stereotypic tracks that turn
towards the base and travel along individual rows of outer hair cells. Chd4 cKO type Il fibers showed
aberrant fiber tracks. (C) The intensity profile plot was measured along the white and red lines to highlight
the differences between the control and Chd4 cKO fiber tracks. Peaks from fluorescence intensity
measurements indicate the presence of a fiber track. Control cochleae show three peaks correlating with
fibers along the three rows of outer hair cells. Chd4 cKO samples showed an additional peak suggesting

aberrant fiber tracks (D) Normalized number of fibers entering the OHC region per 100 um from control
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and Chd4 cKO E18.5 cochleae (p<0.027; control, n=9 and Chd4 cKO n=10 images were analyzed from
control, n=3 and Chd4 cKO, n=3 cochleae). (E) Optical section from TUBB3 and DAPI labeled confocal
micrographs that visualize fibers entering the OHC region. Blue arrows mark correctly turned while yellow
arrows show incorrect turning type Il fibers. (F) The normalized number of incorrectly turned type Il fibers
per 100 um from control and Chd4 cKO E18.5 cochleae (p=2.82 X10#; control, n=3 and Chd4 cKO, n=3
cochleae). (G) 3D-rendered images highlighting the axonal trajectory from SGNs (TUBB3", green) to hair
cells (MYO7A", blue). (H) Schematic of peripheral SGN axonal projections to outer hair cells. Red arrows
represent the distance between contact points in the OHCs (red dashed line) and the final turning point
on the incoming axon. (I) Average distances from the base of outer hair cells to the axon bundles showed
differences between control and Chd4 cKO (p<0.034; control, n=11, and Chd4 cKO n=11 images were
analyzed from control, n=3 and Chd4 cKO, n=3 cochleae). The Student’s t-test was used for statistical

analysis. Scale bars as marked.

Figure 5. CHD4 binds to the promoters of genes involved in axon guidance, including members
of the ephrin family of signaling molecules, in iMOP-derived neurons.

(A) Overlap of CHD4 in the nuclei (DAPI) of proliferating iIMOP and TUBB3 labeled iMOP-derived
neurons. CUT&Tag was performed using proliferating iMOP cells and iMOP-derived neurons. CUT&Tag
peaks were identified using SEACR. (B) Box and whisker plots show SEACR total signals for CHD4 at
CHD4+ H3K4me3+ and CHD4+p300+ in proliferating iMOPs were significantly different from that in
iIMOP-derived neurons, p<2.2 X107, (C) Venn diagrams show the overlap of CHD4+ H3K4me3+
promoters and CHD4+ p300+ enhancers between progenitors (P) and neurons (N). (D) Heatmaps and
profile plots show H3K4me3 and CHD4 signals within +/- 3kb of the summit regions of common and
neuron-specific promoters. Box and whisker plots show significantly increased H3K4me3 and CHD4
signals at both common and neuron-specific promoters in P compared to N. (E) Heatmaps and profile
plots show p300 and CHD4 signals within +/- 3kb of the summit regions of common and neuron-specific

enhancers. Box and whisker plots showing significantly increased p300 and CHD4 signals at both
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common and neuron-specific enhancers in P compared to that in N. (F) Enrichment of CHD4 (orange),
H3K4me3 (blue), and p300 (green) at the specified genomic region of Epha4 and Epha7 in proliferating
iMOPs and iMOP-derived neurons. Highlighted genomic regions represent H3K4me3 marked promoters.
Highlighted regions with asterisks denote the regions with increased enrichment of CHD4 and p300 in
iMOP-derived neurons. The number of asterisks denotes the peaks with increased CHD4 and p300

levels. Wilcoxon rank-sum test was used for statistical analysis. Scale bars as marked.

Figure 6. Chd4 cKO shows increased Epha4 mRNA expression in SGNs.

(A) E16.5 control and mutant cochlea processed for RNA fluorescence in situ hybridization (FISH) with
probes against Epha4 and Calb2. Cochleae were immunolabeled with TUBB3 to visualize SGNs. (B) The
number of puncta for individual TUBB3 labeled cells was quantified. The lines denoted median values,
and the circles represented mean values. Controls were compared to Chd4 cKO samples after
performing smFISH for Calb2 (p<0.295) and Epha4 (p<0.011; control, n=3 and Chd4 cKO, n=3 cochlea).
Calb2 was used as a transcript to mark the SGNs, while Epha4 was used as a CHD4 target gene.
Distribution of the number of smFISH puncta in control and Chd4 cKO SGNs for (C) Calb2 and Epha4
transcripts in SGNs (control, n=350 and Chd4 cKO n=345 cells were counted from control, n=3 and Chd4
cKO, n=3 cochleae). (D) Kernal densities for Calb2 and Epha4 transcripts. Significant non-overlapping
regions of densities in Epha4 (hashed region) display an increased probability of cells from Chd4 cKO
with higher levels of Epha4 transcripts compared to the control. Wilcoxon rank-sum test was used for

statistical analysis. Scale bars as marked.

39


https://doi.org/10.1101/2024.01.31.578202
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.31.578202; this version posted February 1, 2024. 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.

Fig. S1
A 1207 T B 97 control | Hkk |
100- LA NN N NN N ] w Chd4CKO ]
© — == . o
> 801 [ 2. . £6
c . : "
2 601 | °
s . IS
401 31
3 g
20 1 c
0 T O' -.-—._-_'I
0 20 40 60 80 100 120

Control ~ Chd4 cKO ,
% of survival

40


https://doi.org/10.1101/2024.01.31.578202
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.31.578202; this version posted February 1, 2024. 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.

Control Chd4 cKO

41


https://doi.org/10.1101/2024.01.31.578202
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.31.578202; this version posted February 1, 2024. 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.

Fig. S3
A B Prolif. iMOP iMOP-Derived Neuron (G Prolif. IMQP IMOP-Derived Neuron
CHDA H3Kdme3  CHDA H3Kdme3 CHDA_ 5300 93{%4 300
. % % + +
ephrin receptor ] Es E So S
0048013 signaling pathway HE 32 <5 B2 28
. ek 25 g v s
0007411 axon guidance 2.0E-13 e I3 i85 43
3% i3 o 5
semaphorin-plexin si(?naling 5 S
1902287 pathway involved in 2.7E-02
axon guidance +i3kh 4 TR : o L -
0 80 160 0 80 160 0 50 100 50 100
0007409 axonogenesis 1.6E-14 Srsor—2HRA— 50 HakKdme3 Ztsor—CHDE—— 1 p30
€ |m=Prolif. iMOP 2
0006325 chromatin organization  5.1E-14 %wo = IMOP Neuron | 100 %wo 10
S 50 " 50 £ 507 50
0007413 axonal fasciculation 1.6E-02 © ok = o O oF = & =
D E * * *
o |10 CHD4 o100 CHD4
Olo Qlo
= 300L H3K4me3 =|300 H3K4me3
5o 5o
S 100 p300 a | 100 p300
0 Q
g 100 CHD4 5 100 CHD4
E goo 3 800
z i H3K4me3 Zz H3K4me3
5 E?00 5|9
Q ) p300 2 éﬂo p300
— —
' : o R b 10k

42

Calb2


https://doi.org/10.1101/2024.01.31.578202
http://creativecommons.org/licenses/by-nc-nd/4.0/

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.31.578202; this version posted February 1, 2024. 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.

Supplemental Figure Legend

Supplemental Figure 1. Survival of Chd4 conditional knockout mice.

(A) Average percentage of viable pups from all collected control and mutant litters (p<4.36 X 10°¢; control,
n=16 and Chd4 cKO, n=13 litters). (B) Distribution of the percentages of surviving E18.5 pups from control
and Chd4 cKO litters after tamoxifen treatment. The p-value and sample size as listed. The Student’s t-

test was used for statistical analysis.

Supplemental Figure 2. The number of supporting and hair cells is unaffected following the
deletion of Chd4 within spiral ganglion neurons.

Immunofluorescent labeling of MYO7A and SOX2 marked hair cells and supporting cells from E18.5
cochleae. Confocal stacks from control and Chd4 cKO cochleae with MYO7A marked hair cells and
SOX2 marked supporting cells. OHC = outer hair cell, IHC = inner hair cell, D = Deiters’ cells, OP = outer

phalangeal cells, IP = inner phalangeal cells. Scale bar as marked.

Supplemental Figure 3. Identifying CHD4 binding at promoters and enhancers of target genes.

(A) Table showing Gene Ontology ID, description of each category, and corresponding adjusted p values
using Benjamini-Hochberg method for multiple testing correction. (B) Heatmaps and profile plots of CHD4
and H3K4me3 signals within +/- 3kb of the summit regions of CHD4+ H3K4me3+ in both proliferating
iMOP and iMOP-derived neurons. (C) Heatmaps and profile plots of CHD4 and p300 signals within +/-
3kb of the summit regions of CHD4+ p300+ in prolif. IMOP and iMOP-derived neurons. (D Enrichment of
CHD4 (orange), H3K4me3 (blue), and p300 (green) at the specified genomic regions of Efnb2 in
proliferating iIMOPs and iMOP-derived neurons. Highlighted genomic regions represented H3K4me3
marked promoters, while highlighted regions with asterisks denote regions with increased CHD4 and
p300 in iIMOP-derived neurons. The number of asterisks indicate the number of peaks that show

increased CHD4 and p300 levels. Scale bars as marked.
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Table 1

Allele Sequence (5'->3’) Amplicon Size

Chd4 TCC AGA AGA AGA CGG CAG AT Wild-type: 275bp
CTG GTC ATA GGG CAG GTC TC Chd4 floxed allele: 400bp

Ai9 tdTomato AAG GGA GCT GCA GTG GAG TA Wild-type: 287bp
CCG AAAATC TGT GGG AAG TC
GGC ATT AAA GCAGCG TAT CC Mutant: 196bp
CTG TTC CTG TAC GGC ATG G

Generic Cre AGC GAT CGC TGC CAG GAT Mutant: 382bp
ACC AGC GTT TTC GTT CTG CC

Neurogenin1- AGC CCATTC ACT CCCTGA G Mutant: 527bp

specific Cre ATC AACGTTTTC TTT TCG GA
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Table 2
Antibody Company Identifier Dilution | Purpose
mouse anti-CHD4 | Abcam Cat# ab70469, 1:100 Immunostaining
RRID:AB_2229454 (tissue)
1:300
(cells)
rabbit anti-MYO7A | Proteus Bioscience Cat# 25-6790, 1:200 Immunostaining
RRID:AB 10015251
mouse anti-Tuj1 BioLegend Cat# 801202, 1:300 Immunostaining
(TUBB3) RRID:AB 10063408
rabbit anti-Tuj1 BioLegend Cat# 802001, 1:300 Immunostaining
(TUBB3) RRID:AB 2564645
rabbit anti-Sox2 Millipore Cat# AB5603, 1:100 Immunostaining
RRID:AB 2286686
goat anti-mouse Thermo Fisher Cat# A-11001, 1:500 Immunostaining
Alexa 488 Scientific RRID:AB 2534069
goat anti-mouse Thermo Fisher Cat# A-21235, 1:500 Immunostaining
Alexa 647 Scientific RRID:AB 2535804
goat anti-rabbit Thermo Fisher Cat# A-11034, 1:500 Immunostaining
Alexa 488 Scientific RRID:AB 2576217
goat anti-rabbit Thermo Fisher Cat# A-21246, 1:500 Immunostaining
Alexa 647 Scientific RRID:AB 2535814
goat anti-rabbit Thermo Fisher Cat# A-11011, 1:500 Immunostaining
Alexa 568 Scientific RRID:AB 143157
Rabbit anti-EP300 | Developmental Cat# ENCITp300-1, 1:50 CUT&Tag
(p300) Studies Hybridoma RRID:AB_2619604
Bank (DSHB)
rabbit anti- Active Motif Cat# 39060, RRID: 1:50 CUT&Tag
H3K4me3 AB 2615077
Rabbit anti-CHD4 | Abcam Cat# ab72418, 1:50 CUT&Tag
RRID:AB 1268107
rabbit IgG Jackson Cat# 011-000-003, 1:50 CUT&Tag
ImmunoResearch RRID:AB 2337118
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Table 3

RNAscope Probe

Accession Number

Probe Region

Catalog Number

Mm-Calb2

NM_007586.1

147-1265

313641

Mm-Epha4

NM_007936.3

291-1191

419081
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