
BIOINFORMATICS AND STEM CELL (R HART, SECTION EDITOR)

Single-Cell Transcriptome Analysis
of Developing and Regenerating Spiral Ganglion Neurons

Kelvin Y. Kwan1,2

Published online: 4 August 2016
# Springer International Publishing AG 2016

Abstract The spiral ganglion neurons (SGNs) of the cochlea
are essential for our ability to hear. SGN loss after exposure to
ototoxic drugs or loud noise results in hearing loss. Pluripotent
stem cell-derived and endogenous progenitor cell types have
the potential to become SGNs and are cellular foundations for
replacement therapies. Repurposing transcriptional regulatory
networks to promote SGN differentiation from progenitor
cells is a strategy for regeneration. Advances in the Fludigm
C1 workflow or Drop-seq allow sequencing of single-cell
transcriptomes to reveal variability between cells. During dif-
ferentiation, the individual transcriptomes obtained from
single-cell RNA-seq can be exploited to identify different cel-
lular states. Pseudotemporal ordering of transcriptomes de-
scribes the differentiation trajectory, allows monitoring of
transcriptional changes, and determines molecular barriers
that prevent the progression of progenitors into SGNs.
Analysis of single-cell transcriptomes will help develop novel
strategies for guiding efficient SGN regeneration.
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Introduction

The organs of the inner ear are responsible for our ability to
hear and balance. Encased in a bony labyrinth, the cochlea is
responsible for our ability to discriminate and hear complex
sounds. Residing within the cochlear sensory epithelia are a
single row of inner hair cells (IHCs) and three rows of outer
hair cells (OHCs). The IHCs transform sounds into neural
signals while OHCs amplify sound [1–3]. The spiral ganglion
neurons (SGNs) are the primary auditory neurons. Type I
SGNs comprise 95 % of the SGN population that extend sin-
gle, unbranched, myelinated neurites to innervate a single IHC
while the remaining 5 % of SGNs are type II neurons that
possess thin, unmyelinated fibers that innervate OHCs en
passant [4–8]. The IHCs are responsible for encoding sound
stimuli and are exclusively innervated by multiple type I
SGNs [8]. Release of neurotransmitters from IHCs onto pe-
ripheral endings of type I SGNs initiates transmission of neu-
ral signal to the auditory circuit [9, 10]. The mature human
cochlea contains only 16,000 hair cells and 30,000 SGNs.
Built for exquisite sensitivity and speed, hair cells and SGNs
have a high metabolic demand and possess delicate cellular
structures that make them prime targets for ototoxic damage.
Insults that cause hair cell death, such as loud noises, amino-
glycosides, or chemotherapeutic agents, also cause acute loss
of specialized synapses between IHCs and SGNs, retraction of
the nerve terminal, followed by delayed degeneration of SGN
over months or years [11–13].

Hearing loss affects 13% or ∼30million people in the USA
who are 12 years of age or older [14]. Given a population who
are exposed to loud sounds from portable music players and
treated with ototoxic drugs for cancer therapies or infections,
hearing loss due to cochlear hair cell or SGN degenerationwill
increase as a major health concern. In addition to the environ-
mental effects on hearing loss, genetic mutations resulting in
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hearing loss have been invaluable in identifying genes in-
volved in hair cell or SGN development, function, and main-
tenance [15, 16]. One of the leading challenges in alleviating
hearing loss is cellular replacement of SGNs. Successful au-
ditory prostheses such as hearing aids and cochlear implants
bypass hair cell function but depend on existing SGNs to
initiate the auditory signal. Efforts in repurposing transcrip-
tional regulatory networks and signaling pathways for cellular
regeneration have been employed despite potential differences
between the function of these pathways during development
and regeneration [17].

Development of SGNs

During embryonic development, the mammalian inner ear un-
dergoes dramatic morphological and cellular changes. The
mouse inner ear starts from the thickening of the ectodermal
layer of cells between rhombomeres 5 and 6 to form the otic
placode at embryonic day (E)9.5. As development proceeds,
the otic placode invaginates to form an otic cup and closes at
E10.5 to form the otic vesicle [18]. The otic vesicle undergoes
an elaborate morphogenesis that is intimately coupled with
specification of the sensory cells and neurons that reside with-
in the inner ear [19, 20]. At ∼E9.5, a subset of neurosensory
precursors marked by Sox2 and Neurog1 delaminate from the
antero-ventral portion of the otic cup to form the future co-
chlear vestibular ganglion (CVG). Little is known about the
separation of the CVG into the spiral ganglion and the vestib-
ular ganglion; however, cells that give rise to the two ganglia
are likely distinct by E10.5 since neurites extending from the
two ganglia are clearly distinguishable by E11.5–12.5 [21]. In
the developing cochlea, neuroblasts delaminate throughout
the growing cochlear duct starting from the future ductus
reuniens region, then the middle region and finally from the
apex of the cochlear duct [22, 23]. Delaminating neuroblasts
continue dividing within the nascent cochlea ganglion. Cell
cycle exit initiates from the base of the cochlea at ∼E10.5 and
proceeds in a wave towards the apex at ∼E12.5. By E14.5, all
the neuroblasts are post-mitotic [24, 25].

The cochlear ganglion gives rise to the SGNs and by E12.5,
the neurons start extending neurites towards hair cells. The early
neuronal differentiation process involves the Sox2-Neurog1-
NeuroD1 transcriptional network [26, 27]. Mutations in human
Sox2 result in anophthalmia, a severe eye malformation, asso-
ciated with sensorineural hearing loss in patients [28, 29].
Similarly, hypomorphic Sox2 mice, yellow submarine (Ysb)
and light coat circler (Lcc), lack Sox2 expression in the inner
ear and are devoid of hair cells, supporting cells and SGNs [30,
31]. Animals lacking Neurog1 are devoid of afferent and effer-
ent fibers but retain morphologically normal hair cells [32]. In
NeuroD1 null animals, a defect in differentiation and survival
results in the massive loss of SGNs [33]. In addition to their

individual roles during SGN development, feedback inhibition
of Sox2 expression by Neurog1 and NeuroD1 is required for
proper progression of otic neurogenesis [26]. For an in depth
review of early stages of cochlea and vestibular neuron devel-
opment, the readers are referred to several reviews [18, 34, 35].

After SGNs are formed, the general wiring pattern of
neurites is established at ∼E15.5 [36]. The neurites innervate
the basolateral surface of the hair cells, seek synaptic partners,
and establish functional contacts. SGNs have to encode the
frequency, intensity, and timing of neural transmitter release
from hair cells and communicate this information rapidly and
faithfully to the brain [34]. To ensure rapid and precise neu-
rotransmission, SGNs form a specialized ribbon synapse
structure with IHCs [37–39]. Ribbon synapses contain an
electron-dense multi-protein ribbon structure, which tethers a
large pool of readily releasable vesicles for fast and sustained
release of glutamate from the IHCs [40–42]. SGNs respond to
fast glutamate release due to abundant clusters of AMPA-type
receptors at the post-synaptic density (PSD) which allows for
matched responses [43]. During the late stages of SGN devel-
opment, the Gata3-MafB transcriptional regulatory network
serves to coordinate SGN differentiation with ribbon synapse
formation [44]. Haploinsufficiency of Gata3 causes hypopara-
thyroidism, deafness, and renal dysplasia (HDR) syndrome
humans [45]. At E13.5, Gata3 can be detected in the cochlea,
which includes the developing SGNs [46, 47]. Ablation of
Gata3 at different time points during SGN development af-
fects formation of neurosensory cells, causes aberrant neurite
outgrowth, and decreases SGN survival [48–51]. Gata3 is
likely involved in both specifying and maintaining SGN cell
fate as well as establishing the auditory circuit [48, 51]. Loss
of Gata3 affects expression of many genes including Mafb
[48]. Mafb is part of a transcription factor family implicated
in terminal differentiation [52]. Deletion of MafB early during
SGN development using a Neurog1 Cre animal does not affect
the initial production of SGNs but is crucial for later stages of
differentiation [44].

Synaptogenesis between IHCs and SGNs occurs at E17.5,
late in SGN differentiation [53]. Components of pre-synaptic
ribbons proteins are initially dispersed throughout the IHC
cytoplasm and eventually coalesce at the basolateral surface,
opposite to the SGN post-synaptic terminals [5]. In parallel,
SGN terminals mature to form large post-synaptic densities
containing large numbers of the AMPA receptors GluR2 and
GluR3 [6, 43]. The number of synapses between hair cells and
SGNs peaks at post-natal day (P)6 and is followed by refine-
ment. At the onset of hearing at P12, most ribbons are juxta-
posed to a single SGN terminal [5]. Concurrent with synapto-
genesis, SGNs fire action potentials as early as E14 and be-
come electrophysiologically mature after birth [53]. The ma-
ture SGNs form at least two different populations of neurons
that differ in their spontaneous discharge rate and threshold to
acoustic stimulation [54]. These are the low spontaneous
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discharging high threshold fibers and the high spontaneous
discharging low threshold fibers [54]. The mature SGNs form
the auditory nerve fiber that conveys neural signal from the
inner hair cells to targets in the cochlear nucleus. Loss of
MafB in SGNs results in the loss of well-defined post-synaptic
structures and shows a decrease in GluR2 expression at the
afferent endings [44]. These results implicate MafB in
forming post-synaptic densities at the ribbon synapse between
IHCs and SGNs. Overexpression of MafB conversely accel-
erates maturation of the SGNs by allowingAMPA receptors to
cluster earlier as observed by increased expression of
GluR2 at the afferent terminals [44].

The Sox2-Neurog1-NeuroD1 transcriptional regulatory
network is involved in specification, neurite extension, and
survival of SGNs while the Gata3-MafB is involved in spec-
ification, circuit formation, and synaptogenesis. The handful
of transcription factors provides a rudimentary transcriptional
regulatory network for SGN development and potential fac-
tors that drive SGN differentiation. Repurposing these tran-
scription factors to generate SGNs from different progenitor
cells has been employed as a strategy to promote regeneration.

Otic Progenitors for Cell Replacement and Direct
Conversion of SGNs

Many different stem cell or progenitor cell types obtained
from the inner ear show competency to become neurons and
are potential cellular sources for replacing SGNs [55–57].
Embryonic stem cell-derived inner ear organoids can develop
otic vesicles containing hair cells that are innervated by neu-
rons through modulation of Fgf, Bmp, and Wnt signaling
pathways using small molecule inhibitors and ligands [58].
Cells derived from different portions of the sensory organs
form otospheres when cultured in vitro and show limited
self-renewal properties but are competent to differentiate into
neurons and hair cells [55, 57, 59]. Non-sensory cells that
reside within the cochlear epithelium are another source of
neuronal competent cells [30, 60].

To determine if exogenous stem cells can be used to replace
SGNs, ouabain, a plant-derived arrow toxin, has been used to
specifically ablate type I SGNs from cochlear explants in vitro
[61, 62]. Oubain-induced SGN loss has been employed to
establish a mouse model of neuropathy and was shown to only
cause death of type I SGNs [63]. Introduction of ES-derived
progenitors into the nerve trunk of animals after oubain-
induced neuropathy allows for cell engraftment, neuronal dif-
ferentiation, and extension of neurites peripherally to hair cells
and centrally to the cochlear nucleus [64, 65]. These studies
show that stem cell-derived progenitors have the capability to
differentiate into neurons even when residing in a damaged
niche. Auditory brain stem recordings (ABR) of animals after
receiving progenitor cell replacement therapy show that some

animals display partial recovery of auditory responses [65].
Understanding the molecular transitions of progenitor cells
into SGNs will be invaluable for accelerating regenerative
efforts.

Previous studies have used otic progenitors to demonstrate
the ability to re-innervate hair cells and cells of the cochlear
nucleus to re-form the auditory circuit [59, 64, 66, 67].
Although the progenitor state can be well defined, the transi-
tional states and barriers towards achieving functional SGNs
fate are much more ambiguous. One defined otic progenitor
transcriptome is the immortalized multipotent otic progenitor
cells (iMOP). iMOP cells are derived from embryonic co-
chlea, can self-renew, and are derived from single cells.
iMOP cells can differentiate into functional hair cells and
iMOP-derived neurons if given the appropriate cues [68]. To
observe differentiation of progenitors in a damaged cochlea,
co-cultures of iMOP cells with ouabain-denervated cochlea
explants are used. Addition of ouabain to the murine cochlear
explants ablates SGNs as shown by the lack of neuronal β-
tubulin (Tubb3) labeled radial fibers that extend out from the
modiolus (Fig. 1a, b). iMOP cells placed in the modiolar re-
gion can differentiate into bipolar iMOP-derived neurons. To
mark engrafted iMOP cells in the damaged cochlear explants,
a stable iMOP cell line expressing mCherry was generated.
The mCherry expressing iMOP stable cell line allows tracking
and visualizing the morphological features of live cells.
iMOP-derived neurons possess two distinct neuronal process-
es that are distinguishable by the width of the neurites. In
iMOP-derived neurons, mCherry fluorescence reveals a thin
axon or the peripheral axon (P) that extends towards hair cells,
while a thick and more intensely labeled central axon (C)
projects away from hair cells (Fig. 1c). The twofold difference
in width between the thinner peripheral axons and the central
axons in SGNs has been observed across multiple animal
species in vivo [69–71]. In iMOP-denervated cochlear explant
co-cultures, Myo7a labels hair cell bodies while phalloidin
highlights hair bundles (Fig. 1d) [72]. Upon close inspection
of the synaptic region between IHCs and the iMOP-derived
neurite, the peripheral ending terminates at the basal portion of
the inner hair cell body (Fig. 1f). Of the iMOP-derived neu-
rons that engraft in the modiolar region, ∼10 % (11 of 113)
extend peripheral neurites reach the inner hair cells. In addi-
tion to proper axon guidance, the iMOP-derived neurons ex-
press post-synaptic markers. In untreated cochlea cultures,
multiple Psd95 puncta corresponding to the post-synaptic
complex of endogenous SGN can be identified surrounding
the Myo7a-labeled inner hair cell bodies (Fig. 1g). Ouabain
treatment eliminates Psd95 puncta by destroying the synapses
between the inner hair cells and SGNs (Fig. 1h) as previously
reported [63, 67]. In iMOP-derived neurons and deafferented
cochlear co-cultures, ∼20 % (21/113) iMOP-derived neurons
re-innervate the inner hair cells and display Psd95 puncta at
the base of the hair cell bodies (Fig. 1i). These results suggest
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that both cell autonomous and a permissive cellular environ-
ment contribute to neurite extension, guidance, and synapse
formation. The co-culture preparation reveals a population of
iMOP-derived neurons that successfully re-innervate hair cells
as well as cells that fail to do so. Transcriptome comparison of
these two cell populations will provide valuable information

about the cell autonomous barriers that limit cellular processes
essential for SGN replacement therapies.

Directed differentiation of cells in situ has been another
avenue for regeneration. Non-sensory cells located within ear-
ly post-natal cochlea retain the competency to be converted
into neurons that fire action potentials, and express neuronal
and synaptic proteins [60]. Overexpression of Ascl1 or a com-
bination of Ascl1 with NeuroD1 allows non-sensory cochlear
cells to become functional neurons [60]. Ascl1 is a pioneering
factor that recruits other transcription factors to promote dif-
ferentiation [73, 74]. Recruitment of endogenous transcription
factors to promote otic neuronal differentiation may be one
potential mechanism of converting non-sensory cells into
SGNs. Overexpression of Sox2 can also convert cochlear
non-sensory cells into functional neurons with morphological
and electrophysiological features similar to SGNs [30].
Overexpression of Sox2 may activate the Sox2-Neurog1-
NeuroD1 transcriptional regulatory network to drive SGN
differentiation.

Molecular decisions made by engrafted or converted cells
have important implications for regeneration. The competen-
cy of a progenitor cell determines the efficiency of conversion
into a differentiated SGN. Improper molecular choices such as
continued proliferation of stem cell-derived progenitors re-
sults in teratoma formation in the inner ear [75]. Improper
differentiation may exacerbate an already compromised sen-
sory system. One method for determining the events that oc-
cur during differentiation of progenitor cells into SGNs is by
transcriptome profiling of single cells. Defining the compe-
tency and molecular determinants permissive for SGN differ-
entiation from distinct progenitor cell types for SGN replace-
ment therapies will be the next challenge.

Establishing Cellular States of Inner Ear Cell Types
by Transcriptome Profiling

Transcriptome analysis of cells at different stages of SGN
differentiation provides information about the molecular pro-
cesses involved. During differentiation, RNA-seq of cells
from both the developing embryo and stem cell-derived cul-
tures offers a survey of the transcriptome. The diversity of
developing otic cells or nuanced differences between closely
related cell types cannot be determined by bulk RNA-seq.
Bulk RNA-seq from a population of stem cells in culture
provides information of the overall transcriptome state; how-
ever, the molecular heterogeneity of differentiating cells may
be masked. Valuable information can be gleaned from the
transcriptome of individual cells. The paucity of cells obtained
from FACS sorted genetically labeled otic cells could poten-
tially generate a pure population of cells but limited cell num-
bers affect the read-depth from bulk RNA-seq. Pluripotent
derived inner ear organoids can recapitulate development of

Fig. 1 iMOP-derived neurons and denervated cochlear co-cultures. a
Hoechst-labeled nuclei (magenta) and Tubb3-labeled neurites from
SGNs (green) in untreated cochlear explant. b Ouabain-treated cochlea
lacking Tubb3-labeled SGN neurites. c iMOP-derived neuron expressing
mCherry (red) with peripheral (P) and central (C) axons along with d
Myo7a-labeled hair cells (green) with e phalloidin-marked hair bundles
(cyan). f The merged image shows that the neuronal process terminates
near inner hair cells. Magnified micrograph of g a mCherry-labeled
neurite near the h basolateral portion of a Myo7a- and phalloidin-
labeled hair cell. i Merged image suggests that the neurite terminates at
the base of the hair cell body. Psd95 immunofluorescence (red) at the
synaptic region between SGNs and hair cells (green) from j untreated
cochlear explant, k ouabain-treated cochlear explant and l co-culture of
oubain-denervated cochlear explant containing iMOP-derived neurons
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otic vesicles and generate hair cells and neurons but contain
different cell types [58, 76]. Stem cell cultures allow genera-
tion of large numbers of cells for RNA-seq, but the heteroge-
neity within the cultures make transcriptome analysis from
these cultures less informative. The number of iMOP cells that
re-innervate hair cells from an in vitro regeneration paradigm
are also very limited. The scarcity and heterogeneity of cells
from these studies are less amenable to RNA-seq but particu-
larly suitable for single-cell sequencing. Recent advances in
single-cell RNA sequencing (scRNA-seq) such as Fluidigm
C1 single-cell sequencing workflow or the Drop-seq allow
parallel transcriptome sequencing of cells [77–82].
Transcriptome sequencing provides an unbiased method to
define a cellular state which can be validated with
immunolabeling or qPCR of previously established molecular
markers. For reviews of scRNA-seq methods, workflow and
data quality assessment, the readers are referred to recently
published literature [83–86].

Determining Transitional States by Pseudotemporal
Ordering of Transcriptomes

Development of a neurosensory precursor into a mature SGN
may require transition through several intermediate states as
defined by expression of molecular markers and residence in
specific anatomical regions of the developing inner ear [18].
These cells become progressively fate restricted as they dif-
ferentiate into SGNs. Achieving intermediate states will be
milestones for productive differentiation of neurosensory pre-
cursors or pluripotent stem cells into SGNs. For direct con-
version, cells directly transition from one cell fate to another
[87]. Captured intermediate transcriptome states could reflect
difficult transition points during the direct conversion process
and provide information about molecular barriers that prevent
efficient conversion into SGNs.

scRNA-seq or highly parallelized quantitative PCR
(qPCR) methods can be employed to determine the different
cellular states within a heterogeneous population of cells.
Large-scale surveys of different cell types from scRNA-seq
display the potential to reveal rare cell populations and lineage
relationships. Cellular barcoding strategies allow increased
parallelized sequencing of single cells at ultra-low depths
[77]. Although the limitations of shallow sequencing may
hinder identification of different cellular states, analysis of
single-cell transcriptomes across shallow sequencing depths
(∼50,000 reads per cell) allowed for unbiased cell-type clas-
sification of diverse cell types that included multiple progen-
itor and neuronal subtypes as well as biomarker identification
in the developing cortex [88]. Using Drop-seq, sequencing of
44,808 single cells from the retina revealed at least 39 distinct
cell populations that correlated well to the reported percentage
cell types in the retina [56]. However, morphological and

functional criteria estimate the presence of ∼100 retinal cell
types [89, 90]. Supervised analysis may help define the
transcriptomes of closely associated or additional cell types.
Increasing the sequencing depth and the number of cell se-
quenced may assist in saturated detection of distinct cell types
in the retina.

Not only can scRNA-seq can provide a static depiction of
different transcriptomes but it can also be used to glean tem-
poral information within a differentiating culture. Defining
different cellular transcriptomes in a population of differenti-
ating cells permits prediction of a differentiation trajectory by
ordering putative transitional transcriptome states. The idea to
order static differential expression data to provide temporal
information was first accomplished using microarray data
[91]. From scRNA-seq data, differential gene expression data
from genes that are either up or down regulated during differ-
entiation can be defined. Software toolkits such as Monocle
can use differentially expressed genes as temporal markers
and place the transcriptomes in a pseudotemporal order to
reflect the differentiation trajectory [92]. Using myoblast dif-
ferentiation, temporal ordering of differentiating myoblasts
has been accomplished by using an early marker for differen-
tiation, myocyte enhancer factor 2c (Mef2c), and a late marker
for differentiation myosin heavy chain (Myh2) to define the
starting and ending cellular state [92]. Other advances in al-
gorithms such as Sincell provides statistical assessment of the
continuous hierarchy of intermediate cellular states obtained
from scRNA-seq data in differentiating cells [93].Many of the
scRNA-seq software rely on known differential gene expres-
sion to guide placement of the transcriptomes in order to de-
scribe the progression of temporal events. More recent studies
have used other bioinformatics pipelines such as Waterfall to
determine how neural stem cells transition from quiescence to
activation after brain injury or during adult neurogenesis [94,
95]. Unlike Monocle, Waterfall does not require prior infor-
mation such as temporal delineators or well-defined markers
to determine the starting and ending cellular states. For spe-
cialized transcripts that show oscillatory function such as cell
cycle-dependent or circadian rhythm genes, Oscope provides
a platform for identifying such genes from asynchronous cul-
tures. Similar to the algorithms employing scRNA-seq to at-
tain temporal data, Oscope exploits the presence of multiple
cellular states in a heterogenous culture, applies a sinusoidal
function to all gene pairs and identifies the best fit groups as
putative oscillating genes [96]. Single-cell analysis can be
extended from transcriptomes to proteomes. Wanderlust, a
single-cell proteome algorithm uses single-cell mass spectros-
copy data to generate a differentiation trajectory. Proteome
analysis of human B cell undergoing lymphopoeiesis reveals
a continuum of transitional states with discrete stages during B
cell development [97].

Studies that apply scRNA-seq and parallelized single-cell
qPCR analysis have just started for otic cells. Compared to
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other organs, such as the eye, the inner ear is small and diffi-
cult to access. The limited number of cells obtained from the
inner ear has restricted transcriptome studies. Using more re-
fined methodologies that employ genetic labeling of otic cells
with fluorescent proteins allow visual identification, and per-
mit selection of otic cells and exclusion of non-otic cells for
scRNA-seq. To establish the different population of cells in the
inner ear, cells from post-natal cochleae have been used [98]. A
LfngEGFP; Gfi1Cre; R26RCAG-tdTomato-triple transgenic mice
[99–101] allow hair cells to express tdTomato and most non-
sensory supporting cells to express EGFP. Microdissection,
FACS sorting cells, and sequencing of 91 cochlear single cells
provided a set of single-cell transcriptome data. Performing
principal component analysis and clustering reveals four clus-
ters of cells. The four groups include tdTomato cells that ex-
press Pou4f3, Pvalb, Bdnf, Otof, and Myo7a and EGFP cells
that express Lfng,Wnt7a, Fgfr3, Prox1, and Hey2 [98]. These
two groups of cells correspond to hair cells and supporting
cells. The remaining two clusters of cells are either unlabeled
or express EGFP. These cells likely correspond to other non-
sensory cells from the medial and lateral regions flanking the
sensory epithelium [98]. Additional analysis of 52 EGFP-
expressing cells clustered into two main groups of supporting
cells that express distinct gene sets. These groups correspond
to supporting cells found in the medial and lateral portion of
the cochlear sensory epithelia [98]. Transcriptome analysis
identifies unique subpopulations of cells within the sensory
epithelium and reveals the complexity of cell types even within
the cochlear sensory epithelium. A diverse population of non-
sensory cells are competent for conversion into SGNs [30, 60].
Identifying an expression signature from these non-sensory
cells may help define a competent progenitor state. Similar
scRNA-seq experiments from mature SGNs will assist in de-
fining the mature cellular state and reveal the molecular basis
of heterogeneity that correspond to SGNs with different elec-
trophysiological properties [6, 102, 103].

To determine the populations in developing otic cell types,
the transcriptome of early developingmouse otic vesicle using
a highly parallelized qPCR assay has been done. The expres-
sion of 92 marker and 4 control genes allows identification of
different cell types and subpopulations of cells within the de-
veloping otic vesicle. Transgenic reporter mice containing the
Pax2Cre+/−; Gt(ROSA26)SortdTomato,mEGFP genetically mark
cells in the developing otic vesicle [104, 105]. Cells in the otic
vesicle and delaminating neuroblasts that undergo Cre recom-
bination express a membrane bound EGFP whereas non-otic
cells that do not undergo recombination are marked by
tdTomato. Microdissection of the inner ear from these animals
followed by FACS allowed separation of developing otic cell
types from non-otic cell types in the tissue [106]. Lineage and
expression analyses from 382 single cells suggest that distinct
populations could be assigned to discrete domains in the de-
veloping otic vesicle. By applying multivariate cluster,

principal component, and network analyses to the data, pop-
ulations of sensory progenitors could be distinguished from
neuroblasts [106]. Within the neuroblast population, principal
component analysis identifies distinct cell types that corre-
spond to early and late delaminating neuroblasts that express
the constellation of Neurog1, Isl1, and NeuroD1 [106].
Additional network analysis reveals a distinct group of
transitioning cells between the two neuroblast populations
which reflects the progression of different cellular states dur-
ing neuronal development [106]. By expanding the differen-
tiation trajectory and determining transition from neurosenso-
ry precursors all the way to mature SGNs will provide a mo-
lecular roadmap for the proper cellular decisions to guide a
progenitor cell into a differentiated SGN.

Conclusions

The advent of single-cell sequencing has provided a tool to
determine the cellular state of a single cell. In addition to the
static transcriptome state of a cell, temporal information can
be extracted using scRNA-seq data obtained from developing
inner ears or differentiating stem cell/progenitor cell cultures.
The small number of cells that are harvested and the diversity
of distinct cell types from the inner ear sensory organs make
these preparations particular well-suited for scRNA-seq anal-
ysis. Descriptive anatomy of the inner ear suggests at least
eight distinct cell types in the cochlear sensory epithelium
(Claudius’ cells, Hensen’s cells, Dieters’ cells, outer hair cells,
pillar cells, inner hair cell, inner phalangeal cell, and border
cells) [107]. Sequencing more cells and increasing sequencing
depth may help determine and refine subpopulation of cells,
determine distinct cell types in the cochlea, and identify mo-
lecular hallmarks for progenitors that are competent to be-
come SGNs. Extraction of temporal information from
scRNA-seq can predict lineage relationships and transitions
from a neurosensory precursor to a differentiated state during
development. These relationships between cells can be vali-
dated by in vivo fate mapping. Differentiation of in vitro gen-
erated otic cell types is comprised of a heterogeneous popula-
tion of cells at different cellular states. Pseudotemporal order-
ing of the transcriptomes will help determine the differentia-
tion trajectory of stem cell-derived SGNs. Trajectory of these
cells will be useful in determining decision points for success-
ful SGNs differentiation or to avoid cellular decisions that lead
to continued proliferation or improper differentiation.
Identifying the differentiation trajectory of non-sensory
supporting cells into SGNs by transcription factor-induced
direct conversion can also determine the various states that
prevent efficient conversion. Comparison of the differentia-
tion trajectory of all these cell types may reveal a common
path that leads to SGN differentiation.
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Currently, eight different transcriptomes have been identi-
fied from cells of the sensory epithelium [98] and two
neuroblasts populations [106]. These transcriptomes are cells
derived from early post-natal and embryonic inner ear, respec-
tively. A complete set of single-cell transcriptome data from
development, post-natal, and adult inner ears will provide new
insight into the developmental trajectory and lineage of otic
cells. For regeneration, the set of single-cell transcriptome
data will address whether newly regenerated cells undergo
the same differentiation trajectory as observed in development
and whether the nascent cells are similar to mature cell types.
Most inner ear regeneration studies have been done using
early post-natal or juvenile animals. The plasticity and com-
petency of cells from mature animals may be drastically dif-
ferent in adult animals. These differences may be reflected in
the transcriptomes.

In addition to the differences in the transcriptomes, epigenet-
ic changes may affect the competency of a cell and create a
barrier for regeneration in the adult inner ear. Identifying poten-
tial differences in the epigenetic status by interrogating histone
marks at a single-cell level will be useful in conjunction with
determining the cellular state [108]. Single-cell epigenetic in-
formation will help determine the cell types that are amenable
for regeneration. Use of scRNA-seq and related single-cell
techniques for molecular interrogation provides invaluable in-
formation about the cellular states and differentiation trajectory.
Using this information, altering the transcriptome or epigenetic
state of stem cells, progenitor cells, or non-sensory cells may be
used to promote efficient SGN regeneration in the inner ear.
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