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Abstract

Objective: The cellular diversity of the inner ear has presented a technical challenge in
obtaining molecular insight into its development and function. The application of technological
advancements in cell type—specific expression enable clinicians and researchers to leap forward
from classic genetics to obtaining mechanistic understanding of congenital and acquired hearing
loss. This understanding is essential for development of therapeutics to prevent and reverse
diseases of the inner ear, including hearing loss. The objective of this study is to describe and
compare the available tools for cell type—specific analysis of the ear, as a means to support
decision making in study design.

Study Design: Three major approaches for cell type-specific analysis of the ear including
fluorescence-activated cell sorting (FACS), ribosomal and RNA pulldown techniques, and single
cell RNA-seq (scRNA-seq) are compared and contrasted using both published and original data.

Results: We demonstrate the strength and weaknesses of these approaches leading to the
inevitable conclusion that to maximize the utility of these approaches, it is important to match

the experimental approach with the tissue of origin, cell type of interest, and the biological
question. Often, a combined approach (eg, cell sorting and scRNA-seq or expression analysis
using 2 separate approaches) is required. Finally, new tools for visualization and analysis of
complex expression data, such as the gEAR platform (umgear.org), collate cell type—specific gene
expression from the ear field and provide unprecedented access to both clinicians and researchers.
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INTRODUCTION

The past 3 decades have been marked with a transformation in the tools available to study
the molecular and genetic basis of disease, including auditory and vestibular disorders. With
the advent of the polymerase chain reaction (PCR) and sequencing, individual genes could
be amplified from small tissues such as mouse inner ears, affording researchers the ability
to study their presence, structure and changes in expression levels during development or

in response to injury.12 Additionally, the completion of sequencing the mouse and human
genomes has provided a blueprint of the genetic code underlying hereditary disorders,
opening the door to what is now known as the post-genomic era.3-> This has resulted in a
transformation of our knowledge of the molecular basis of hereditary hearing loss (HHL).
While POU3F4, the first gene known to underlie human HHL was cloned in 1995, at

the time this manuscript is written mutations in a total of 117 genes have been found to
underlie hereditary nonsyndromic hearing loss (https://hereditaryhearingloss.org). Many of
these genes have available mouse models, allowing patients and practitioners alike to obtain
insight into the mechanism of HHL in affected individuals and serving as translational

tools for developing treatments. Furthermore, the identification of the genetic basis of HHL
has enabled the development of clinical diagnostic platforms’-€ and now serves as a basis
for the active development of targeted therapeutics, for example, by gene editing or gene
replacement.? Thus, the advances in molecular biology and specifically in our knowledge of
the genetic basis of HHL, have transformed how we approach our patients from a diagnostic
perspective and are likely to also change our therapeutic interventions.

Yet, an in-depth understanding of the pathophysiology of disease does not end with the
identification of the mutated gene or an overall response of a tissue to an insult such

as noise, ototoxic drugs (eg, cisplatin, gentamycin) or aging. The function of any given

cell is reflected by the compendium of genes that it expresses at any given moment

(ie, the transcriptome). These represent only part of the genes that are encoded by the
genome, which is identical across cells. In addition, the expressed structures of each gene
(also known as isoforms) may change between cells, and even within one cell a gene

may have several functionally significant isoforms. Thus, the key for the next step in
understanding inner ear development, unraveling the pathways that are required for hair cell
(HC) regeneration, or identifying signaling cascades that could be modified to ameliorate
age- and noise-induced hearing loss is at least in part at the transcriptomic level. Importantly,
unlike the identification of genetic mutations which can be found using DNA extracted from
peripheral blood, the transcriptome is cell-specific. Thus, targeted analyses of individual
cells/cell types are required.

The cochlea is divided into regions such as the lateral wall, organ of Corti, and

neuronal compartment, and is comprised of epithelial, mesenchymal, neuronal, and vascular
endothelial cell types, which differ in their basic biological properties. Within each
subcategory of cell type, there exists of a variety of cells that differ in function, gene
expression, response to injury, and regenerative capacity, to name a few variables (Fig. 1)
(e.g., within the epithelial compartment inner and outer HCs [IHCs and OHCs], and the
subtypes of supporting cells). Variability in gene expression has been observed even within
a cell type based on the tonotopic position along the cochlear duct, age, and time of the
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day (also known as circadian changes in gene expression).10 Historically, only techniques
based on examination of tissue sections or whole mounted inner ear tissue could provide
cell type—specific information regarding gene/protein expression. These methods, while still
useful and often used for validation, are both low throughput (examining a few genes

at a time) and require advanced knowledge of the genes probed. The classic approach

of dissecting regions within the ear for measuring gene expression suffers from signal
averaging of all cell types, and signal dilution of the information from any individual cell.
Fortunately, the past decade is marked with the development and application of a wide
array of experimental approaches for cell type—specific analysis and their adaptation to the
inner ear. Coupling these approaches with methods for high throughput recording of gene
expression (whole transcriptome, ie, measuring changes in expression of all genes in the
genome), is revolutionizing our understanding of inner ear function. In parallel, these new
methods have resulted in the acquisition of terrific amounts of data that are accessible to
anyone with advanced informatic skills, an expertise infrequently mastered by biological
science researchers or clinicians—the natural end-users for the data. Consequent to the rapid
development of tools and approaches, there is also considerable confusion as to how to best
implement them for experiments, choose appropriate controls, and match a given approach
to a research question. Here the current state of cell type—specific analysis of the inner ear
is reviewed, alongside examples with original data and descriptions of tools that enable
meaningful access of these data to a broad array of clinicians and scientists in the field. The
goal is to provide a roadmap for clinicians and researchers planning to perform expression
analyses in the ear or those interested in obtaining an in-depth understanding of available
data and current techniques.

Cell Type-Specific Analysis Using Fluorescent-Activated Cell Sorting

Flow cytometry is a method used to count and pheno-type individual cells based on
differences in size, granularity, or fluorescence—the latter achieved using endogenous
markers, cellular uptake of fluorescent dyes or fluorescently conjugated antibodies to
detect proteins expressed by the cells (ideally on the cell surface to avoid cellular
permeabilization).1? Multiple fluorescent markers can be combined to enable complex
phenotyping of cells (often 4-9 fluorophores are combined to define populations of
interest using a binary serial “decision tree”). Importantly, as flow cytometry is broadly
used in medicine (eg, for CD4 cell counts, immunophenotyping, HLA typing, or bone
marrow biopsies), flow cytometers are readily available in nearly all clinical and medical
research core facilities. Fluorescent-activated cell sorting (FACS) is the further use of flow
cytometry to separate and collect individual cells based on their properties as identified

by the cytometer. Thus, groups of cells that meet a set of criteria can be pooled into test
tubes for further analyses (eg, RNA, DNA, or protein extraction), enabling their functional
comparison to other cell types within the sample, or to the same cell type between samples
of different conditions (eg, at different developmental time points or subject to treatment).

It is critical to understand tissue-specific considerations when applying FACS to study gene
expression in the inner ear. For any cell type to be sorted by FACS, the tissue containing
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the cells of interest must first be dissociated into a single cell suspension. While trivial
when analyzing whole blood, this is not the case for the inner ear. The inner ear consists

of a complex epithelium with tight cell-cell junctions, and therefore a tissue dissociation
step is necessary prior to further processing. Tissue dissociation is often performed by
combining enzymatic and mechanical dissociation. Most of the enzymes used for tissue
dissociation are effective at 37° C, and include Thermolysin (Sigma Aldrich #T7902, a
thermostable extracellular metalloendopeptidase), Accutase (Sigma Aldrich #A6964, a cell
detachment solution of proteolytic and collagenolytic enzymes), collagenase (Worthington
Biochemical Corporation, endopeptidases that digest native collagen in the triple helix
region), or papain (Worthington Biochemical Corporation #LK003150, a cysteine protease
present in papaya).1213 Additionally, DNase | can be added to reduce the viscosity of single
cell suspensions secondary to free DNA from lysed cells. These enzymes are used in various
combinations with mechanical trituration (using pipettes or syringes), followed by filtration
of the dissociated tissue to obtain a single cell suspension (see methods).

Single cell suspensions are kept in solution, typically in a cold buffered media that helps
maintain cell viability. After being loaded into the flow cytometer, a laser beam passes
through each cell in order to measure forward scatter (the light scattered along the same
plane as the laser, a proxy for cell diameter), side scatter (the light detected at 90 degrees
from the laser, a proxy for cell granularity), as well as the emission of fluorescent markers.14
At the initial “gating” (marking of the cells to include in the analysis) it is important to
exclude dead cells and debris. Typically, dead cells and debris have a much lower forward
scatter and can be easily differentiated from the “primary population of cells” (also called
population 1, or P1) (Fig. 2A). A second gating control consists of a doublet discrimination.
This is particularly important when dissociating tissues with abundant tight junctions such
as the inner ear. Despite the dissociation process, some cells may still be attached to other
cells in doublets or triplets. A comparison of cell’s maximal signal (FSC-H) to signal width
(FSC-W) allows users to gate on cells that are more most likely to be single cells for greatest
accuracy (Fig. 2B).

FACS inherently relies on the detection of a fluorescent emission to sort cell populations.
Here, three different approaches to detect cellular populations based on fluorescence are
discussed in the context of analyzing inner ear tissues. These approaches can be used
independently, or in combination with each other. First, fluorescent labeling of cells can

be performed by utilizing fluorescently conjugated antibodies that will recognize a cell
surface marker, or by using antibodies for a cell surface marker followed by staining with

a secondary antibody conjugated to a fluorescent molecule. Such antibodies will bind to

and aggregate on the surface of cells that express the respective antigen, causing these

cells, when excited by a laser, to fluoresce at variable wavelengths as dictated by the
secondary antibody/conjugated fluorophore. Many of the cell surface markers that are used
for cell sorting are cataloged as “CD” genes (clusters of differentiation), and over 60 of
these genes are expressed in the newborn mouse inner ear.1® Commonly used markers to
study the mouse inner ear include: CD326 (EpCAM), a marker for epithelial cells which
include the sensory HCs, supporting cells and epithelial non-sensory cells (eg, epithelial
cells of Reissner’s membrane and the stria vascularis); CD49f (integrin alpha 6) which in the
newborn inner ear marks neurons, vascular endothelium and the sensory epithelial cells; and
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CD34, which marks vascular endothelial cells.}2 The combination of these markers allows
for the immunophenotyping of dissociated inner ear cells (both from the cochlea and the
vestibular system) based on their combined expression (Fig. 3). Cells positive to CD326
are epithelial cells, cells negative to CD326 and CD34 but positive for CD49f are neurons,
cells negative for CD326 and positive for CD34 and CD49f are vascular endothelial cells,
and finally cells negative for CD326, CD49f, and CD34 (triple negative) can be further
designated as mesenchymal cells!2 (Fig. 3).

Not all cell types have uniquely expressed cell surface proteins that also have validated
antibodies to detect their extracellular domain. In these instances, one can either use 1)
transgenic mouse lines that express a fluorescent protein in the cell type and time point

of interest, or 2) mice induced to express a fluorescent protein in a cell type of interest

via DNA recombination (Fig. 4A,B). The latter may provide more flexibility, relying on
breeding mice that express the DNA modifying enzyme Cre-recombinase downstream of a
cell type—specific promoter with a reporter mouse model to drive expression of a fluorescent
marker after recombination. An example of this type of reporter mouse is the Ail4 mouse,6
which contains a construct to encode for the red fluorescent protein tdTomato within the
GIl(ROSA)26So0r locus, along with a STOP cassette flanked by /oxP sites. When crossed to
a mouse model that expresses a cell type—specific Cre-recombinase, the Cre recombinase
protein recognizes the /oxP sites and cleaves them, removing the STOP codon, and allowing
for tdTomato to be expressed (Fig. 4A).

Over the years, many cell type—specific Cre mouse models have been developed for

inner ear research,17:18 providing researchers with flexibility to induce the expression of
fluorescent markers in a variety of inner ear cell types (eg, all HCs, OHCs, supporting
cells etc., Fig. 4C). Additionally, the fusion of Cre-recombinase with the estrogen receptor
(CreER) in some of these models has allowed an additional level of temporal control of the
DNA recombination, as recombination becomes dependent on the timing and dosage of a
tamoxifen injection. The accuracy of the recombination and fluorescent marker expression
also depends on the temporal and spatial specificity of the Cre-recombinase in the cell
type of interest. Therefore, validation of the specificity by direct visualization in inner ear
sections and/or whole mounted tissues with fluorescent microscopy is crucial (Fig. 4).19:20

Finally, a useful fluorescent marker in the ear is the vital dye FM1-43 (N-(3-
Triethylammoniumpropyl)-4-(4-(Dibutylamino) Styryl) Pyridinium Dibromide), which can
enter the inner ear HCs through the transduction channel. It can be used to mark HCs from
freshly dissected mouse inner ear tissues from as early as postnatal day (P) 2 (Fig. 4D, see
methods), and has been used in the past to sort HCs from chick epithelia.?! While wild type
HCs with an intact mechanotransduction channel uptake the dye, the uptake is not specific
only to HCs and may enter some other cell types. Future research may increase its utility for
sorting HCs, possibly by combining with other cell surface markers.

Importantly, transgenic mice can also be utilized in combination with fluorescent markers
to sort specific cell populations. Several previously reported combinations include using
Ai14;Gfi1°" mice with CD326 and CD45 to sort HCs, epithelial non-HCs and inner ear
resident immune cells; AiZ4;Myo15¢" mice and CD326 to specifically sort HCs; and
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Math1-GFPand CD326 to sort HCs, epithelial non-HCs and non-epithelial cells (here a
combination of neurons, mesenchyme and vascular endothelium) (Fig. 5A).20:2223 Finally,
an important consideration in all flow cytometry-based experiments is the specificity of
the sorting. While the user marks a population of interest on the screen for collection, it

is imperative to include a control to ensure that the sought-after population is indeed the
sorted population (Fig. 5B). Thus, a post sort analysis must be conducted, validating that
the collected cells truly express the utilized markers and were sorted correctly by the flow
cytometer. For this analysis, a small sample of each of the sorted groups is re-run through
the flow cytometer to validate that the previously sorted cells fall into the correct gate (ie,
double positive cells, single positive cells, or negative) (Fig. 5C).

One caveat to FACS, as well as other methods that rely on tissue dissociation is that the
process, in addition to taking the cells out of their normal tissue context and cell—cell
signaling environment, leads to cell stress, causing changes in gene expression characterized
by the activation and translation of heat shock and immediate early genes.?425 These

in turn can result in 1) a “false impression” of gene expression (ie, the transcriptome
recorded from the dissociated cells is not representative of the native tissue), and 2) potential
masking of relevant changes in gene expression (for example, when trying to assess gene
expression in HCs following a noise exposure). A newly introduced method to decrease
these potentially confounding changes in gene expression is the use of Cold Active Proteases
(CAP), such as that obtained from Bacillus licheniformis, for tissue dissociation.26 Unlike
other dissociation enzymes, CAP retain their function at colder temperatures, allowing the
dissociation steps to be performed on ice (~4°C). Conducting dissociation steps at colder
temperatures is beneficial, as the mammalian transcriptional machinery is much less active
at these temperatures and stress induced gene changes will be less likely transcribed.28

CAP work just as effectively in dissociating cochlear cells as traditional 37°C enzymatic
methods, such as Thermolysin and Accutase (Fig. 6A,B), and do not change expression of
cell type—specific genes such as Afoh1 and Myo6in HCs, Tubb3in neurons, and Pou3f4

in mesenchymal cells (data not shown). Additionally, compared to non-dissociated control
tissue, expression of apoptotic markers such as Casp3and Bc/2is not significantly increased
in tissue dissociated using CAP or Thermolysin/Accutase (data not shown). However, unlike
Thermolysin/Accutase dissociated cells, in which the expression of the immediate early
genes Fosb and Junb is significantly increased due to the cellular stress of dissociation, CAP
dissociated cells have much reduced levels of Fosb and Junb (Fig. 6C). These results suggest
that CAP may be a preferable dissociation enzyme for inner ear tissues to avoid confounding
changes in gene expression that result from the dissociation process. However, a recently
identified pitfall for CAP is that it may completely or partially cleave cell surface markers,
including the epithelial marker CD326 (Fig. 6D,E). Thus, for protocols that use CD326 as
part of their workflow, CAP may not be a suitable approach.

RNA Enrichment and Ribosomal Pulldown Techniques

While dissociation-based techniques can enable users to obtain near pure cell populations,
not all tissues or cell types are amenable to dissociation. For example, the efficiency of
dissociating tissues from the adult inner ear is significantly reduced due to increasing
rigidity of the cytoskeleton and the tightening of cell—cell junctions as the tissue matures.
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Additionally, mature inner ear cells are more vulnerable to trauma, resulting in significantly
lower yields of viable cells from FACS compared to their embryonic counterparts. Finally,
the dissociation process itself induces changes in gene expression which may mask signaling
pathways of relevance (Fig. 6C). To overcome these challenges, several animal models

have been developed over the last decade to capture RNA from specific cell types without
disrupting their native tissue context. These include models such as the BACarray, RiboTag
and NUTRAP mice, which utilize ribosomal tagging to immunoprecipitate cell type—specific
RNA, as well as a mouse model for immunoprecipitation of cell type—specific expressed
thiouracil (TU) tagged RNA (Fig. 7A,B).27-30 |n cells, mRNA that is actively translated

to proteins is bound by ribosomes. For this reason, the BACarray, RiboTag, and NUTRAP
models are considered methods for profiling the “translatome” (ie, the fraction of the mRNA
in the cell that is actively being turned into protein at the time the experiment is done). All of
the above mentioned models can be utilized for profiling cell type—specific gene expression
beginning with “flash frozen” tissue and do not require cell dissociation, thereby providing
an accurate representation of gene expression without dissociation artifacts. However, they
too carry a separate set of challenges as described below.

The first ribosome tagging model introduced to the research community was the BACarray
mouse model. This model results in overexpression of an RPL10A protein (a 60S ribosomal
subunit) that is also tagged with an N-terminal enhanced green fluorescent protein (EGFP-
RPL10A). Expression of the EGFP-tagged ribosomes is controlled via bacterial artificial
chromosome (BAC), and expression is constitutive based on the utilized promoter (different
BACs will drive expression in different cell types, but each model is generated separately).
The RiboTag mouse also utilizes tagging of the 60S ribosomal subunit but offers greater
spatiotemporal control of its expression. Specifically, the RiboTag mouse expresses a version
of the 60S ribosomal subunit RPL22 that is tagged with a C-terminal hemagglutinin tag
(RPL22-HA) in a Cre recombinase dependent manner. Therefore, the RiboTag mouse model
can be crossed with any Cre recombinase model, either inducible or non-inducible, to
control where and when RPL22-HA is expressed. For both models, cell type—specific
expressed tagged ribosomes can be used to capture actively translated RNA from whole
tissue lysates via immunoprecipitation utilizing an antibody for either the EGFP or the HA
tag.

As an example, Figure 7A depicts a case in which these tagged ribosomes are specifically
expressed within cochlear HCs. Upon dissection at any embryonic, postnatal, or adult

time point, tissues can be flash frozen for storage, allowing for the pooling of tissues

from different experiments or genotypes if necessary. Cochlear tissues from as little as

two mice can be combined, homogenized to release all ribosomes into solution, and HC-
expressed tagged ribosomes (and their associated RNAS) are then immunoprecipitated using
an antibody for the ribosome tag. RNA extracted from the immunoprecipitated ribosomes
(called the IP) represents actively translated RNA from HCs, or the HC “translatome.” As an
important control, an aliquot of the whole tissue homogenate should also be saved for total
RNA isolation (input control, see methods). This sample can be used to test the efficiency
of the immunoprecipitation, as well as to assess cell type specificity of gene expression by
calculation of an IP versus input enrichment factor (discussed further below).
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In addition to the BACarray and RiboTag models, the recently introduced NUTRAP mouse
model allows researchers to profile both gene expression of a cell type of interest using
ribosomal immunoprecipitation, as well as perform cell type—specific epigenetic profiling
by nuclear sorting or nuclear immunoprecipitation. At the Rosa26locus, the NUTRAP mice
harbor a construct to express 1) EGFP-RPL10A, 2) the biotinylation protein BirA, and 3)
a biotin ligase recognition peptide (BLRP) and mCherry-fused RanGAP1 nuclear protein
(Fig. 7C). Therefore, in the presence of Cre recombinase, EGFP-RPL10A is expressed

for ribosomal pulldown, and the BLRP-mCherry-RanGAP1 is biotinylated by BirA and
incorporated into the nuclear membrane for nuclear pulldown (using the biotin) or FACS
(using the mCherry). For example, crossing the NUTRAP mice to the Myo15Cre model
results in expression of both EGFP-RPL10A and mCherry-RanGAPL in the cochlear HCs
(Fig. 7C).

Actively transcribed mRNA represents only a fraction of the total RNA of a cell, as non-
coding RNA, which plays critical roles in cell biology, is usually not bound by ribosomes.
An additional model that has the advantage of not only profiling actively translated RNA,

as with the ribosome immunoprecipitation models, but all newly synthesized RNA from

the cell type of interest (ie, the transcriptome), is the thiouracil (TU) tagging mouse

(Fig. 7B).2° For this model, a transgene encoding uracil phosphoribosyltransferase (UPRT)
under control of the ubiquitous chicken p-actin/lCMV (CAG) promoter is expressed in

a Cre recombinase dependent manner. Therefore, upon injection of the animal with the
uracil analog 4-thiouracil (4TU), UPRT expressing cells incorporate 4TU into all newly
synthesized RNA in the cell type of interest. Total RNA from the whole tissue is then
extracted, and cell type—specific 4TU-RNA is labeled with biotin before being purified. TU-
tagging has been used successfully to study the HC transcriptome of the UPRT transgenic
zebrafish (7g/myo6b.UPRT]), identifying genes such as ofofb, strc, and chrna9 as expressed
in zebrafish HCs.31 However, compared with other methods, the overall efficiency of TU-
tagging appears to be decreased, with a significantly smaller number of transcripts identified
as enriched in the UPRT HCs than expected. One possible explanation for this decreased
sensitivity is incorporation of 4TU into the RNA of “off target” cells not expressing UPRT,
as was observed when wildtype zebrafish were exposed to 4TU.3! The sensitivity of this
model may be improved by altering the time of exposure or concentration of 4TU, thereby
decreasing the chances of 4TU incorporation into the RNA of non-hair cells.

Ribosomal immunoprecipitation models have been successfully utilized to study gene
expression within the sensory HCs of mice and zebrafish.22:24 However, these and other
studies highlight important considerations that should be taken into account when designing
experiments and analyzing RiboTag data. Firstly, the interpretation of RiboTag data will rely
on the specificity of the Cre recombinase model used for inducing HA-tagged ribosome
expression, and it is recommended that the specificity of recombination be tested by crossing
to a sensitive reporter model before use (for example: Ail4, utilized in Fig. 4C). Secondly,
RiboTag immunoprecipitation experiments inherently rely on the enrichment, rather than the
purification, of cell type—specific transcripts from a whole tissue. Similarly, RNA pulldown
from TU tagging models also results in cell type—specific enrichment of transcripts. The
immunoprecipitated RNA will also contain, to varying extents, RNA from other cell types
regardless of the specificity of the Cre recombinase model or driving promoter utilized. To
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highlight this, in a RiboTag immunoprecipitation experiment performed on inner ear tissues
from wild type 10-week-old PrestinC®ERT2:RiboTag mice, the IP sample still contains a
significant amount of non-OHC expressed transcripts, such as the neuronal marker gene
Tubb3and the mesenchymal marker gene Pou3f4, despite RPL22-HA being expressed only
in the OHCs (Fig. 7D). However, when compared to the input sample (RNA extracted from
the whole tissue lysate), these transcripts are considered depleted in the IP sample (ie, lower
values in the IP compared to input). This introduces the concept of an enrichment factor
(EF), or a log, fold change between the IP RNA and input RNA, that can be used to assess
the cell-type specificity of a given transcript. A general cutoff for transcript enrichment in
the cell type of interest is EF = 1 (ie, 2-fold higher transcript abundance in the IP compared
to input), while a general cutoff for depletion is EF < -1 (ie, 2-fold higher transcript
abundance in the input compared to IP) (Fig. 7C). Transcripts that are enriched are more
likely specifically expressed within the cell type of interest, whereas transcripts that are
depleted are more likely to be expressed in other cell types contained within the tissue.

In this same RiboTag immunoprecipitation experiment, transcripts for the HC and OHC
expressed genes Gfil and S/c26a5 are enriched (EF = 1) in the OHC IP compared to input,
while transcripts for the IHC and non-HC expressed genes S/c17a8, Sox2, and Gfap are
either not enriched or depleted (EF < -1) (Fig. 7D).22 Of note, relying on an enrichment

of transcripts between IP RNA and input allows only for the identification of significantly
enriched and depleted transcripts; overlooking genes that may still be expressed, albeit at
lower levels, in the cell type of interest, or also within other surrounding cell types. Another
use for the RiboTag model is analysis of gene expression in a cell type of interest between
different conditions (eg, drug exposure, developmental progression, mutation) through direct
comparison of the IP RNA only. Analysis of the input RNA and calculation of an EF can
then be used to further validate whether the changes in gene expression originate from the
cell type of interest.

IP RNA from a tissue of interest can be utilized for a variety of techniques that

measure gene expression, including RT-gPCR, NanoString analysis and RNA-seq. However,
when proceeding to library preparation for sequencing, it is also important to consider

how different library preparation methods will affect the results. A study by Song et

al. demonstrated that different library preparation methods could affect the results of
sequencing RiboTag immunoprecipitated RNA, and suggested that the TaKaRa SMART-
Seq v4 Ultra Low Input RNA Kit for Sequencing and the lllumina TruSeq RNA Library
Prep Kit v2 provided better results, including more uniform transcript coverage and lesser
representation of immature mRNAs.32 Indeed, successful and reproducible results could be
obtained from as little as 250 pg of starting RNA using the TaKaRa SMART-Seq v4 Kit,
making it ideal for RiboTag analyses on rare cell populations or small amounts of tissue,
such as that in the inner ear. Additionally, they noted a general increased efficiency for
immunoprecipitation of longer transcripts, possibly as a result of a higher likelihood of
polysome formation and therefore increased HA antibody binding on longer transcripts,
which can be corrected for when calculating the EFs (as was done in Fig. 7D). This too

was dependent on the kit used to generate the libraries, highlighting the need to validate and
check every step of the protocols used for expression analysis.
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Single Cell RNA Sequencing

When considering the cellular diversity of the inner ear, as well as the challenges and
limitations presented with the methods described above, an ideal solution would be to
perform RNA sequencing (RNA-seq) on all the cells of the inner ear, in situ. This would
allow for comparison between cell types within the same sample, or of the entire tissue
between developmental time points, health and disease, treatments or insults—all while
knowing the physical source of the transcript. However, a single cell contains between 1
and 10 picograms of total RNA, and only less than a decade ago RNA-seq required at least
100 nanograms of total RNA per sample for successful analysis. A second challenge is

the scale of the data—each cell expresses on average 12,000-15,000 transcripts. Visualizing/
analyzing a gene expression matrix of 10,000 columns (representing cells) and 15,000

rows (representing genes) is not possible using simple spreadsheets. Finally, mapping back
the data from the many individual cells to the tissue of origin or developing methods

to perform these analyses on intact tissue sections presents yet another challenge. While
merely a dream even a decade ago, and not completely possible yet, technological advances
are progressing rapidly, with single cell RNA-sequencing (SCRNA-seq) and Multiplexed
Error-Robust Fluorescence In Situ Hybridization (MERFISH) at the leading edge.33:34

In recent years, SCRNA-seq has been employed to study the transcriptome of thousands

of individual cells simultaneously on a genomic scale.35 Unlike bulk RNA-seq, which
represents an average of gene expression across thousands of cells, SCRNA-seq indeed
allows for the assessment of gene expression of cell populations at unprecedented
resolution. Due to the cellular heterogeneity of inner ear structures, SSRNA-seq is an ideal
technique to study these different cell types, including rare populations such as sensory
HCs (these represent only 3% of the cells in an intact inner ear sensory epithelium).36
Furthermore, sScCRNA-seq has a wide range of applications in the field of otolaryngology,
from characterization of individual cells for developmental processes such as in studies of
inner ear biology, to characterizing infiltrating cancer cells or the cellular heterogeneity of
cancerous tumors. Additionally, in studies of neurodevelopment, it can be employed when
cell surface markers or Cre mouse models are not available to isolate a specific cell type

of interest by FACS for bulk RNA-seq. Additionally, sScRNA-seq is particularly useful when
studying complex mouse models where outcrossing the mice to yet another line to be able to
isolate a specific cellular population may present a significant technical challenge.

scRNA-seq commercial platforms can be grossly divided into two types: 1) platforms that
sequence a smaller number of cells with a greater depth of transcript coverage per cell (eg,
the microfluidics Fluidigm platform), and 2) platforms that can sequence many more cells
at a lower resolution and do not offer information about the full transcript length (eg, the
droplet-based technique of 10x Genomics). Each technology has its own advantages and
disadvantages when it comes to data usability, sequencing sensitivity, gene diversity and
cost. Which platform is appropriate to use is based on the biological question. Fluidigm

is a single cell capture microfluidic technology where each cell is captured into individual
wells of a microchip to undergo automated single-cell lysis, RNA extraction, and cDNA
synthesis for up to 800 cells at one time. The library can then be prepared and sent

for sequencing, resulting in highly detailed transcriptomics of each cell and allowing for
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identification of lowly expressed genes. This approach is highly useful when sequencing
an enriched population of cells or a highly prevalent cell type in an intact tissue, but can

be less useful for analyzing a rarer cell type from a non-enriched population. For example,
in a sample of 384 cells from a dissociated cochlea, one would expect less than 10 of

the cells to be HCs, whereas over 100 would be otic mesenchymal cells. Given the high
variability in gene expression when using single cell data (these data are normalized at a
log10 scale), it is preferable to have a larger population of cells sequenced for reproducible
results. These larger populations can be obtained with the 10x Genomics platform, as it
allows for targeting of up to 10,000 cells, albeit with lower sequencing detail, by utilizing a
micro-droplet technique. Here individual cells within a dissociated tissue are captured into
microdroplets that contain the necessary reagents to proceed with library construction. The
10x Genomics platform has a lower sensitivity but a much higher throughput, giving the
user the ability to gain a global view of the tissue of interest and in some cases obviate the
need for cell type—specific enrichment. Ultimately, very similar results can be obtained using
these two approaches. Recently two groups reported the cellular diversity of type | spiral
ganglion neurons in the cochlea using scRNA-seq. Shrestha et al. used a low throughput
high sequencing depth approach, whereas Sun et al., used the 10X Genomics platform.37:38
Both groups were able to identify the same three major subtypes of type | spiral ganglion
neurons and their molecular composition; a result with important clinical significance as
these neuronal subtypes differ in their spontaneous activity, threshold, and sensitivity to
noise-induced trauma.37:38

Although the scRNA-seq platforms differ in how the single cells are captured before
sequencing, they follow a conceptually similar methodological pipeline from tissue
procurement to data analysis. First, tissue dissection provides an opportunity for crude
selection of the cells of interest while limiting the number of cells that have little to no
biological importance to the hypothesis. This can be seen in Figure 8, representing single
cell datasets from P2 and P7 mice. Dissections were performed so that few spiral ganglion
neurons were contained in the samples, increasing the chance to capture the most relevant
cells for this study, which focused on HCs and supporting cells. Another key to a successful
and robust dataset is an effective dissociation of the tissue to obtain a viable and healthy
single cell suspension. This step is similar in approach and challenges to those described in
the FACS section above. Tissue dissociation is done by using specific proteases that cleave
the protein bonds between cells while keeping the cell integrity. Currently, many inner

ear researchers have performed successful single-cell dissociations with different proteases,
including those mentioned previously (Thermolysin, Papain, Accutase, and more recently,
CAP).13 Alternatively, single nuclei preparations can be employed to avoid transcriptional
artifacts from dissociation and can be used for transcriptomic profiling of difficult to
dissociate time-points, such as adult inner ear tissues.3® This approach may be particularly
useful for analysis of inner ear tissues from human, such as cochlear or vestibular sensory
epithelia obtained during skull base surgery or procured from cadavers or organ donors. In
these tissues, it may be nearly impossible to obtain healthy cellular populations at the single
cell level. However, while to date sequencing results from nuclei are not similar in quality
to whole cells, they are sufficient for cataloging cell types and obtaining an understanding of
the cellular diversity within a tissue.3?
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Next, single cells are isolated (Fluidigm—each cell is in an individual well of a microchip;
10x Genomics—each cell is captured in a micro-droplet) and lysed, freeing the mRNA
molecules from the cell. The mRNA is then captured and converted to cDNA via PCR

using a reverse transcriptase and either poly[T] primers to target polyadenylated mRNAs

or random hexamer primers that randomly prime regions of the mRNAs. Finally, the
sequencing libraries are constructed by adding unique barcodes (short nucleotide sequences)
to the mRNA from each individual cell, allowing for a reconstruction of which mRNAs
came from each cell later in the analysis. Also, during this step, Illumina sequencing
adapters are added to each end of the cDNA, mediating adhesion to the flow cell. Unique
molecular identifiers (UMISs) are also added to address the technical issue of PCR duplicates,
as scRNA-seq library preparation relies on amplification of small amounts of starting
material. UMIs are random sequences that are added before PCR amplification that give
each mRNA molecule a distinct identity, providing the ability during the analysis steps

to correct for PCR amplification bias. Finally, the finished scRNA-seq library (cCDNA that

is amplified and tagged) from every cell is pooled and sequenced using an Illumina next
generation sequencing platform.

After the SCRNA-seq library has been sequenced, one can analyze the gene expression
information of each single cell. First, the raw sequencing data are pre-processed into a count
matrix, which includes aligning the reads to a reference genome and then assigning these
reads to features (genes). This matrix represents read counts per genes per cell (each cell

has a different barcode and all reads per cell per gene are summarized). Reads with identical
UMIs are counted only once. Finally, the matrix is analyzed to identify cell types (based on
similarities and differences in gene expression between individual cells) as well as additional
downstream analyses (eg, trajectory analyses to identify patterns associated with changes in
gene expression during development). Traditionally, these steps are handled by experienced
bioinformaticians utilizing command line tools and programming languages to decipher

the sequencing data. However, many new tools have become readily available that allow
scientists, with minimal to no experience in bioinformatics, to tackle the initial analysis

of scRNA-seq data. These programs include the 10x Genomics Loupe Cell Browser,
Illumina’s cloud computing software (Basespace), Fluidigm’s SINGULAR program and
gEAR’s scRNA-seq workbench (Table 1). However, a fundamental understanding of the
analysis process is important for utilizing such tools. First, an important quality control step
is necessary to remove unwanted captures (wells/droplets without cells and well/droplets
with more than one cell) and filter by mitochondria content (high mitochondria content
indicates cells undergoing apoptosis). After quality control has been completed, highly
variable genes (HVGs) can then be identified. These genes contribute the most to cell-to-cell
variation within the dataset, and are used to perform the Principal Component Analysis
(PCA). PCA simplifies the complexity of the dataset while retaining trends and patterns,
allowing for the visualization of the data structure. In essence, it identifies groups of
genes whose shared expression pattern has the greatest effect on defining a subset of

cells in the dataset. PC1 will have the strongest effect on the data, possibly dividing the
dataset into two large groups of cells, and the following PCs with serial decrements. In

the ear, for example, PC1 often separates a whole cochlear preparation to epithelial and
non-epithelial cells, and PC2 the non epithelial cells to neuronal and non-neuronal. The
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t-Distributed Stochastic Neighbor Embedding (tSNE) technique is next implemented for
dimensionality reduction and clustering of single cells based on gene expression. Of note,
uniform manifold approximation and project (UMAP) has recently been used in place of
tSNE for dimensionality reduction.#! These steps lay the groundwork to perform other basic
analyses, such as finding marker genes for each cell cluster, comparing gene expression
between cell clusters (ie, IHCs vs. OHCs) and computing differential gene expression (ie,
control vs. mutant). However, when comparing two separate datasets, additional analyses
need to be implemented to adjust for batch effects (differences in gene expression across
samples processed on different days), technical variations due to dissociation protocols,
library preparation techniques, and sequencing platforms. Overall, these initial analyses

are sufficient to answer many biological questions at hand, but there are more advanced
techniques which can expand the knowledge to be gained from a sScRNA-seq dataset. This
includes pseudo-time analysis to unravel cell fate decisions, as well as integrating epigenetic
data to understand gene regulatory networks.42-44

After completion of the analyses, cell type—specific genes of interest that have been
identified should be validated. This can be completed in a variety of ways with an

array of commonly used molecular biology techniques. At the mRNA level, in situ
hybridization of inner ear sections allow for visualization of mMRNA expression, serving as a
qualitative analysis of the location of the gene of interest (Fig. 9A). Additionally, RNAscope
technology (a novel in situ hybridization assay) is a useful alternative to a standard in situ
hybridization assay, as it can be quantitative, can label several genes on the same slide
through the use of unique chromogenic or fluorescent probes for each gene, and limits
background noise due to the unique probe design#® (Fig. 9B). For a quantitative analysis of
expression, real-time quantitative reverse transcription PCR (RT-qPCR,) can be performed
on either RNA from whole tissue, although this provides no information on location of
expression or cell type, or FACS sorted tissue for the cell type of interest (Fig. 6C). At

the protein level, immunostaining assays of inner ear sections or tissue whole mounts with
antibodies recognizing proteins of interest will identify the localization of the gene product
(Fig. 9C). Western blots can also be used for a quantitative analysis of protein expression, in
either whole tissue or FACS sorted cell types. Finally, NanoString can be used for validation
of numerous genes of interest at both the mRNA and protein levels.*6

To illustrate the usefulness of ScRNA-seq for inner ear development, a SCRNA-seq was
performed on P2 and P7 mouse cochleae (Fig. 8). The initial analysis was performed

using the Seurat pipeline that follows the general methodology discussed above in this
section. Furthermore, different cell clusters were identified and named based on published
gene expression profiles for inner ear cell types (Fig. 8A,B). For example, the HC cluster
within the tSNE was identified based on the expression of the known HC gene, Pou4f3.
Next, the P2 and P7 datasets were aligned and integrated via canonical correlation analysis,
which identified common sources of variation between the two datasets.#” This step is
necessary to perform when comparing scRNA-seq datasets, as each dataset will have unique
technical batch effects that need to be considered before comparing gene expression. This
allows for gene expression differences to be observed between P2 and P7 cochlear HCs,
providing information about the temporal dynamics of gene expression during postnatal HC
maturation. Here, the OHC marker genes Ocmand Slc26a5 (encoding for the piezoelectric
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protein prestin) have a low expression at P2, but high expression at P7 (Fig. 8C). This
pattern of expression was further validated by comparison to a well-known gene expression
database for inner ear development, the SHIELD (Shared Harvard Inner-Ear Laboratory
Database) (Fig. 8D),*® as well as by immunostaining with antibodies for both OCM

and prestin at P8 to show OHC-specific expression (Fig. 8E). This simple experiment
demonstrates how powerful sScCRNA-seq can be for the study of cell type—specific inner

ear development. In fact, a simple scRNA-seq experiment that requires limited skill, just a
couple of ears, and a very short timeline from tissue procurement to results can provide a
magnitude of cell type—specific expression data that would previously have required decades
of work, numerous assays and the efforts of many of laboratories.

The applications of SCRNA-seq are endless, giving an unprecedented look into the
transcriptome of the inner ear. There are currently a wealth of datasets that can be taken
advantage of including the Human Atlas Project, which profiles the transcriptomes of a large
variety of cell types, and inner ear datasets that are accessible through the gEAR portal
(https://lumgear.org/). Recent studies have also shown exciting data using a combination of
other modalities and sScRNA-seq. For example, Chessum et al. performed viral gene delivery
to express /kzf2, an essential transcription factor for OHC maturation and function, in the
IHCs of a mouse that expressed a red fluorescent protein in all HCs (Ai14;Myo015Cre).22
This allowed them to sort the HCs, identify inner and outer HCs based on gene expression
patterns, and discover using SCRNA-seq that IKZF2 could induce expression of OHC

genes and downregulate expression of IHC genes in the transduced IHCs.22 In other

tissues, SCRNA-seq is also being used along with CRISPR-based technologies to gain

a comprehensive look at gene perturbations from knock-out mutations,*® and can be
integrated with epigenetic data such as Assay for Transposase-Accessible Chromatin with
high-throughput sequencing (ATAC-seq) to gain a full understanding of the gene regulatory
networks for a gene of interest or developmental timepoint. Finally, ScRNA-seq can be
paired with multiplexed error-robust fluorescence In situ hybridization (MERFISH) which
allows for thousands of RNA molecules to be identified, localized and counted in individual
cells. At this time, this technique has not been applied to the inner ear, but would be an ideal
application due to the inner ear distinct architecture and regional segregation of cell types.

DISCUSSION

The technological advancements of the past century have allowed clinicians and researchers
to obtain an unprecedented understanding of cell type—specific gene expression of the

inner ear. In this manuscript, three types of approaches for cell type—specific analysis

of the ear have been reviewed—FACS, RNA/ribosomal pulldown techniques, and scRNA-
seq. These methods differ in experimental design, resolution, depth and accuracy of gene
expression, applicability to different scientific questions (eg, whether immediate early genes
are activated), cost and ease of use, to name just a few parameters (see Table Il for a
comparative analysis). None of these presented methods are “perfect”; some allow for
greater resolution and specificity but rely on tissue dissociation that inevitably induces
changes in gene expression; whereas others that avoid dissociation are only methods of
enrichment, and thereby lack the resolution of FACS or scRNA-seq—based approaches.
While scRNA-seq provides the greatest resolution of gene expression, at present, it is limited
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by the need for tissue dissociation, the number of genes detected per cell, the stability of
the results across samples (different cells), significant batch effects and often lack of full
transcript representation. However, ScRNA-seq, to date, is the only way one can obtain a
representation of any and all cells of a sample without the need to use transgenic mouse
lines, and therefore applicable also for the study of cell type—specific gene expression from
human tissues.

The development of advanced approaches for cell type—specific isolation and analysis has
resulted in even more applications for the data, catalyzing the development of further
improved platforms. It is conceivable that within less than a decade, the methods used at
this time will be considered archaic and analysis of gene expression will be performed

in situ on intact tissue samples, obviating the need for dissociation and obtaining full
expression data from all cells of a “captured region.” However, even now, the available
tools provide great flexibility and insight into tissue development, response to injury, cell
type diversity, and potential for regeneration. With the ability to obtain transcriptomic
information from individual cells, even a single tissue provides sufficient material for
robust representation of numerous cell types. The ability to measure gene expression using
template-free approaches (ie, RNA-seq) allows us to perform cross-species comparisons
of gene expression, comparing, for example, the response of inner ears with regenerative
capacity from birds or fish to those of mammals which have only very limited regenerative
capacity. As we continue to resolve the cellular complexity of the inner ear, the newly
obtained data will provide the necessary path for the development of novel regenerative and
protective interventions to treat and prevent hearing loss.

MATERIALS AND METHODS

Animals

All procedures involving animals were carried out in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals were approved by the
Institutional Animal Care and Use Committee at the University of Maryland, Baltimore
(protocol numbers 1112005, 1015003 and 0918005). Ail4 and Sox2-CreERT2 mice were
purchased from the Jackson Laboratories (Stock # 007914, RRID:IMSR_JAX:007914 and
# 017593, RRID: IMSR_JAX:017593 respectively), timed-pregnant CD-1 IGS mice were
purchased from Charles River (Cat# CRL:022, RRID: IMSR_CRL:022). Many of the mouse
models were generously provided by colleagues: RiboTag (RRID:IMSR_JAX:011029) by
Dr. Mary Kay Lobo (University of Maryland Baltimore); prestin-CreERT2 by Dr. Jian

Zuo (Creighton University); NUTRAP (RRID: IMSR_JAX:029899) by Dr. Evan Rosen
(Beth Israel Deaconess Medical Center); Math1-GFP by Dr Jane Johnson (University of
Texas Southwestern); and Myo15Cre by Drs. Christine Petit (Institut Pasteur) and Thomas
Friedman (NIDCD).

Tissue Dissociation with Thermolysin and Accutase

Math1-GFP mice and CD-1 mice were euthanized at P1 and P2, respectively, and their
temporal bone removed. Inner ear tissues were dissected and placed into 0.5 mg/ml
Thermolysin (Sigma-Aldrich Cat# T7902) for 20 minutes at 37°C — 5% CO,. The
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Thermolysin was then replaced with Accutase (Sigma-Aldrich Cat# A6964) followed

by three rounds of 3 minutes at 37°C and mechanical dissociation. The Accutase was
inactivated with IMDM (Sigma-Aldrich, Cat# 16529) supplemented with 5% fetal bovine
serum and the cell suspension was filtered through a 35-um cell strainer to eliminate

cell clumps. Dissociated cells were stained with CD326- APC (1:2,000; BioLegend

Cat# 118213, RRID:AB_1134105), CD49falexa488 (1:100; BioLegend Cat# 313607,
RRID:AB_493634), and CD34-PE (1:200; BioLegend Cat# 128609, RRID:AB_2074602)
before FACS.

Tissue Dissociation with Cold Active Protease

Whole cochlear tissues were collected from P2 CD-1 mice and placed in cold PBS for cold
active protease (CAP) dissociation, in six biological replicates (four ears from two mice per
replicate). Additionally, tissues for six replicates of non-dissociated control were collected,
snap frozen on dry ice and stored at —80°C until RNA extraction. CAP (Sigma-Aldrich
Cat# P5380) was added to the cold PBS containing the tissue to a final concentration of

10 mg/ml, along with 5 mM CaCl2 and 125 U/ml DNAse (New England Biolabs Cat#
M0303) and incubated for 15 minutes on ice. Tissues were then subjected to 10-15 rounds
of mechanical dissociation using a pipette before filtering through a 35-um cell strainer

to eliminate cell clumps. Single cell suspensions were washed twice with 0.01% Bovine
Serum Albumin in PBS (centrifugation 250 g at 4°C for 10 minutes) before proceeding with
downstream analyses.

Flow Cytometry and FACS

Dissociation and flow cytometry using CD326-APC with T/A compared to CAP was
performed on a BD LSR Il (BD Biosciences) flow cytometer. FACS was performed on

a BD FACSARIA Cell Sorter (BD Biosciences) at the University of Maryland Greenebaum
Comprehensive Cancer Center Flow Cytometry Shared Service.

FM1-43 Dye Uptake

P2, P5, and P8 CD-1 mice were euthanized and their inner ears removed. The lateral wall
and stria vascularis were removed from the cochlea to expose the organ of Corti. The tissue
was incubated for 30 seconds in 3-um FM1-43 (Thermo Fisher Scientific, Cat# T35356)

in cold Hank’s Balanced Salt Solution (HBSS), followed by three washes in cold HBSS.
Following the washes, the organ of Corti was dissected out of the cochlea and mounted on

a slide with ProLong Gold antifade (Thermo Fisher Scientific Cat# P36934) to be imaged.
Images were taken using an inverted Nikon W1 spinning disk (Nikon Instruments, Inc) at
the University of Maryland School of Medicine Center for Innovative Biomedical Resources
Confocal Microscopy Facility—Baltimore, Maryland.

Immunostaining of Dissociated Cells

Dissociated cells were fixed with 4% PFA for 10 minutes and attached to glass slides

using a Cytospin 4 Cytocentrifuge (Thermo Fisher Scientific). Cells were permeabilized
and the non-specific antigens blocked with a 30-minute incubation at room temperature in
PBS-0.2% Tween20 supplemented with 5% normal goat serum. Cells were incubated at 4°C
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overnight with the following antibodies: rabbit anti-MYO6 (1:1000; Proteus Biosciences
Cat# 25-6791, RRID:AB_10013626), mouse anti-TUBB3 (1:500; BioLegend Cat# 801202,
RRID:AB_2313773). Following three washes in PBS-Tween, cells were incubated with a
goat anti-rabbit 1gG-Alexa Fluor 488 (1:1000; Thermo Fisher Scientific Cat# A-11034,
RRID:AB_2576217), a Goat anti-Mouse-Alexa Fluor 546 (1:1000; Thermo Fisher Scientific
Cat# A-11030, RRID: AB_2534089) and 4’,6-Diamidino-2-Phenylindole Dihydrochloride
(DAPI to counterstain the nuclei; Thermo Fisher Scientific Cat# 62247). Cells were covered
with a coverslip using ProLong Gold antifade (Thermo Fisher Scientific) and imaged using a
Nikon Eclipse E600 coupled with an Infinity3 camera (Lumenera).

Immunostaining of Whole Mounted or Sectioned Tissue

RT-gPCR

Whole inner ears for section staining were fixed overnight in 4% PFA, decalcified using

0.5 M EDTA and mounted in Optimal Cutting Temperature embedding medium (OCT;
Fisher Scientific Cat# 23-730-571) before cryosectioning to 10 um. Immunostaining was
performed as described for the dissociated cells (normal goat serum was replaced with

5% normal donkey serum when necessary) using the following primary antibodies: goat
anti-prestin N-20 (1:200; Santa Cruz Biotechnology Cat# sc-22692, RRID:AB_2302038),
goat anti-OCM N-19 (1:100; Santa Cruz Biotechnology Cat# sc-7446, RRID:AB_2267583),
rabbit anti-MYQO6 (1:1000; Proteus BioSciences). The secondary antibodies used were

as followed: Donkey anti-Goat-Alexa Fluor 546 (1:1000; Thermo Fisher Scientific Cat#
A-11056, RRID: AB_2534103) and Goat anti-Rabbit 1gG-Alexa Fluor 488 (1:1000; Thermo
Fisher Scientific). Nuclei were stained with DAPI. Images were taken using an inverted
Nikon W1 spinning disk (Nikon Instruments Inc.) or a Nikon Eclipse E600 coupled with an
Infinity3 camera (Lumenera). Confocal images were acquired at the University of Maryland
School of Medicine Center for Innovative Biomedical Resources Confocal Microscopy
Facility—Baltimore, Maryland.

RNA was extracted from non-dissociated and dissociated samples using TRIzol LS Reagent
(ThermoFisher Scientific Cat# 10296010) and the Direct-zol RNA Mini-prep kit (Zymo
Research Cat# R2050) following the manufacturer’s instructions. RNA was then reverse-
transcribed using the Maxima First Strand cDNA Synthesis Kit (Thermo Fisher Scientific
Cat# K1641), and RT-gPCR was performed using TagMan Fast Advanced Master Mix
(Applied Biosystems Cat# 44-445-57) and the following TagMan assays: Mm00725448_s1
for Rplip0, Mm00500401_m1 for Fosband Mm04243546_s1 for Junb. Relative gene
expression was calculated using the comparative AACT method with Rp/p0Oas a control

and statistical significance between samples was assessed by two-way analysis of variance
with Tukey post hoc test.

RiboTag Immunoprecipitation

RiboTag immunoprecipitations were performed as described in Chessum et al., 2018.
Briefly, cochlear ducts from eight mice were homogenized and centrifuged at 9400 g for 10
minutes at 4°C to pellet cell debris. Fifty microlitre of supernatant was stored at —80°C until
RNA isolation (input sample) while 5 pg of haemagglutinin (HA) antibody (BioLegend Cat#
901502, RRID: AB_2565007) was added to the remaining supernatant and incubated at 4°C
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for 4 hours. Then the equivalent of 300 pl of rinsed Dynabeads Protein G magnetic beads
(Thermo Fisher Scientific Cat# 10004D) were added to the sample and incubated overnight
at 4°C. Following three washes in high-salt buffer, 350 pl of Buffer RLT (supplemented
with B-mercaptoethanol) from the RNeasy Plus Micro kit (Qiagen Cat# 74034) was added
to the beads and the input sample. RNA was extracted according to the manufacturer’s
instructions. RNA integrity was assessed on a Bioanalyzer 2100 RNA pico chip (Agilent
Technologies). The RNA was processed for RNA-seq using the Ovation RNA-Seq System
V2 (NUGEN Cat# 7102-A01) to make the libraries and sequenced on a HiSeq 4000 system
(IMumina) using a 75 bp paired end read configuration. Libraries and sequencing were
performed at the Genomics Resource Center from the Institute for Genome Sciences at the
University of Maryland.

Single Cell RNA-seq

Three P2 and 3 P7 CD1 mice were euthanized, the organs of Corti collected, and cells were
dissociated by Thermolysin/Accutase as described above. Samples were then processed

for single-cell RNA-seq using the Chromium Single Cell 3 Reagent Kit and Chromium
controller (10x Genomics Cat# PN-1000075) following the manufacturer’s instructions. The
resulting samples were sequenced on a HiSeq 4000 system (Illumina) using a 75 bp paired
end read configuration and one lane per sample. Library preparations and sequencing were
performed at the Genomics Resource Center from the Institute for Genome Sciences at the
University of Maryland. The scRNA-seq data are available via the gene Expression Analysis
Resource (https://umgear.org/p?l=ed724158).

In situ Hybridization

RNAscope

Inner ear section in situ hybridization for Fcr/bwas performed as described in Chessum

et al., 2018. Sections obtained as described above were treated with 2 pg/ml Proteinase-K
(New England Biolabs Cat# P8107S) for 10 minutes followed by a second fixation in 4%
PFA and acetylation. Hybridization of the Fcr/b probe was performed at 65°C overnight. The
detection of the probe was performed using a sheep-anti-digoxigenin antibody conjugated
to alkaline phosphatase (1:100; Sigma-Aldrich Cat# 11093274910, RRID:AB_2734716)

at 4°C overnight and incubation in BM purple AP substrate precipitating solution (Sigma-
Aldrich Cat# 11442074001) at 28°C. Fcrlb probe primers are as follows: forward 5'-GTG
GTG CTG CGC TGC GAG AC-3’; reverse 5'-CTA GCT GTC CAC TCG GCC CTC
CA-3’. Images were acquired with a Nikon Eclipse E600 coupled with an Infinity3 camera
(Lumenera).

RNAscope experiments were performed on paraffin-embedded inner ears of CD-1 mice at
post-natal day 1 using the RNAscope 2.0 High Definition (HD)—Red Assay (Advanced Cell
Diagnostics Cat# 320487) and following the manufacturer’s instructions with the following
optimization: tissue was incubated with the Target Retrieval reagent for 10 minutes and
incubated with the Protease Plus reagent for 15 minutes. The Myo6 probe was purchased
from ACD (Cat# 313381). Images were acquired with a Nikon Eclipse E800 coupled with a
Qimaging Retiga EXi Fast1394 camera.
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Fig. 1.

Sc%ematic of the postnatal Organ of Corti. The Organ of Corti consists of multiple cell
types. Epithelial cells comprising the sensory inner (1) and outer hair (2) cells, and the
supporting cells of Claudius (3), Hensen (4), Deiters (5), as well as inner (6) and outer (7)
pillar, inner phalangeal cells (8), border cells (9) and cells of the spiral limbus (10). Vascular
Endothelial comprising the blood vessels (11), Mesenchymal cells (12) and Neuronal cells
from the spiral ganglion (13). Many of these cell type can be further sub-divided to
additional sub-populations. The tunnel of Corti is 14.
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Fig. 2.
Gating methods to exclude debris, dead cells, and doublets. (A) Exclusion of debris/dead

cells and gating of cells (red frame) to be included in subsequent steps of the analysis based
on the forward scatter (FSC, related to size) and side scatter (SSC, related to granularity).
(B) Gating of single cells (singlets) based on forward scatter width (FSC-W) and forward
scatter height (FSC-H) and exclusion of cell clumps (doublets).
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Cell type separation of newborn mouse cochleae using FACS. (A) Representation of
expected flow cytometry immunophenotyping of cochlear major cell types when using
antibodies for CD326, CD49f and CD34. (B) Schematic representing the organ of Corti

and the four sorted cell populations. Red denotes vascular endothelium, green denote
neurons, yellow denotes epithelial cells, and blue denotes mesenchyme. (C) 3-dimensional
representation of flow cytometry analysis of a cochlear single cell suspension obtained from
the organ of Corti using a combination of antibodies for CD326 (APC fluorescence), CD49f
(FITC fluorescence), and CD34 (PE fluorescence) to separate the cells into epithelial,
neuronal, vascular endothelial and mesenchymal cell populations.
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Examples of fluorescent markers used to sort cell-types in the cochlea. (A) Schematic
representation of Cre-dependent expression of the reporter protein tdTomato in the Ail4
mouse model. (B) Expression of GFP in HCs in the transgenic Atoh1-GFP mouse
expressing GFP under the control of the Atohl enhancer. (C) Specificity of different Cre
mouse models assessed with a reporter mouse (Ail4). The Myol5 promoter is used to

mark all HC starting at P4 (Myo15Cre). The Slc26a5 promoter (regulating the expression
of the OHC protein prestin) has been utilized to drive inducible Cre recombinase expression
specifically in OHCs (PrestinCreERT2, expression in all OHC starting at P7 with induction
at P2). The promoter of Gfil (GfilCre and Gfil-P2A-GFP-CreERT2 (Gfi1-GCE)) is

used to induce expression in all HCs starting at E16.5 but has been shown to induce
recombination in Monocytes/Macropahges (M) as well. The Sox2 promoter has been used
for recombination in embryonic prosensory cells, supporting cells (DC- Deiters Cells; PC-
Pillar Cells; BC- Border Cells), and glial cells (GC) of the spiral ganglion, depending on
the time point of induction (Sox2CreERT2). Scale bar is 20 um. (D) Labeling of HCs with
FM1-43. The dye in incorporated by OHC and IHC at P2 but mainly by OHC starting at P5.
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Cell sorting from a Math1-GFP mouse. (A) Schematic representing the organ of Corti and
the three sorted cell populations. (B) Flow cytometry from cochlear tissue with HCs positive
for CD326 and GFP (Double positive DP), supporting cells positive only for CD326 (Single
Positive SP) and non-epithelial cells negative for both markers (Double negative DN). (C)
Post-sort analyses of the cells sorted in (b) showing high purity for HCs (96.7%) and

supporting cells (98.6%).
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Fig. 6.

Validation of CAP in cochlear dissociations and FACS. (A-B) Immunofluorescence staining
of cochlear cells dissociated with Thermolysin/Accutase (T/A) and cold active protease
(CAP). Nuclei stained blue (DAPI), HCs stained green (MYO6) and neurons stained

red (TUBB3). Scale bar is 50 um. (C) Fold change difference in immediate early gene
expression between non-, T/A- and CAP- dissociated cochlear cells as measured by RT-
gPCR. Statistical significance was assessed by two-way analysis of variance with Tukey
post-hoc test. (D-E) Flow cytometry of dissociated cochlear cells stained with CD326 to
isolate cochlear epithelial cells. Dissociation with CAP results in a loss of immunoreactivity

to CD326.
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Fig. 7.

Models for RNA enrichment and ribosomal profiling. (A) Tagged ribosomes are expressed
in a cell type—specific manner, either driven by BAC (BACarray) or Cre recombinase
(RiboTag, NUTRAP). In this example, tagged ribosomes are expressed in cochlear HCs

and immunoprecipitated using tag-specific antibodies from whole tissue lysates. RNA
extracted from the immunoprecipitated ribosomes (IP) is enriched for the HC translatome,
and can be compared to input RNA to identify HC-expressed genes. (B) Schematic
representation of ribosome, RNA and nuclei tagging models used to perform cell
type—specific analyses of whole complex tissues. EGFP = enhanced green fluorescent
protein, HA = hemagglutinin, B = biotin. Purple circles represent 4-thiouracil (TU)
incorporated into RNA, gray circles represent NUTRAP nuclei. (C) Cochlear whole

mount preparation of a P6 NUTRAP mouse crossed to Myo15Cre showing HC-specific
expression of GFP-RPL10A and nuclear mCherry-RanGAP1. Scale bar is 50 pm. (D)
Sequencing results of a RiboTag immunoprecipitation experiment performed on 10 week old
PrestinCreERT2/+;RiboTagHA/+ mice (OHC specific). Known cell-type specific transcripts
are enriched (red) or depleted (blue) as expected according to the Cre driven RPL22-HA
expressing cell-type. IP = immunoprecipitated, EF = enrichment factor (Log2 IP/input,
corrected for transcript length).
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Initial analysis and gene identification in datasets of the P2 and P7 cochlea. Unbiased
clustering of the P2 (A) and P7 (B) scRNA-seq datasets. Cluster identity is identified by
known cell-type specific genes. (C) Expression of OCM and Slc26a5 in P2 and P7 HCs.

(D) Validation of gene expression using the SHIELD database (adapted from the gEAR
[umgear.org]). (E) Validation of protein expression using Immunostaining with antibodies to
label OCM or prestin (red). Slides were counterstained with DAPI (blue). Scale bar is 50

um.
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Fig. 9.

Va?lidation of tissue specific expression. (A) In situ hybridization showing specific
expression of Fcrlb in both IHCs and OHCs in the P1 cochlea. By P8, expression of Fcrlb is
more restricted to IHCs. (B) Representative RNAscope for the HC marker Myo6 in P1 inner
ear. Presence of mRNA is shown by distinct puncta, with one puncta representing one gene
specific transcript. (C) Whole mount immunostaining showing HC-specific expression of the
MYOG protein in the P1 cochlea. Scale bar is 50 yum.
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