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Primary auditory neurons (PANs) play a critical role in hearing by transmitting sound
information from the inner ear to the brain. Their progressive degeneration is associated
with excessive noise, disease and aging. The loss of PANs leads to permanent hearing
impairment since they are incapable of regenerating. Spiral ganglion non-neuronal cells
(SGNNCs), comprised mainly of glia, are resident within the modiolus and continue
to survive after PAN loss. These attributes make SGNNCs an excellent target for
replacing damaged PANs through cellular reprogramming. We used the neurogenic
pioneer transcription factor Ascl1 and the auditory neuron differentiation factor NeuroD1
to reprogram SGNNCs into induced neurons (iNs). The overexpression of both Asc/7 and
NeuroD1 in vitro generated iNs at high efficiency. Transcriptome analyses revealed that
iNs displayed a transcriptome profile resembling that of endogenous PANSs, including
expression of several key markers of neuronal identity: Tubb3, Map2, Prph, Snap25,
and Prox1. Pathway analyses indicated that essential pathways in neuronal growth and
maturation were activated in cells upon neuronal induction. Furthermore, iNs extended
projections toward cochlear hair cells and cochlear nucleus neurons when cultured with
each respective tissue. Taken together, our study demonstrates that PAN-like neurons
can be generated from endogenous SGNNCs. This work suggests that gene therapy
can be a viable strategy to treat sensorineural hearing loss caused by degeneration of
PANSs.

Keywords: cochlea, degenerative disease, regenerative medicine, reprogramming, neuron

INTRODUCTION

Primary auditory neurons (PANs), also known as spiral ganglion neurons, transmit electrical
signals from the inner ear to the central cochlear nucleus in the brainstem (Dabdoub et al., 2015).
Once lost, PANs will not regenerate, resulting in permanent hearing impairment (White et al., 2000;
Kujawa and Liberman, 2009). PAN degeneration is correlated with elevated pure tone audiometric
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thresholds and decreased word recognition scores, becoming
progressively worse as more PANs are damaged (Sagers
et al., 2017). Hearing aids and cochlear implants are auditory
prosthetics that require the stimulation of PANS, either indirectly
or directly, to transmit sound information to the brain, therefore
patients lacking a suitable number of healthy PANs cannot benefit
from these devices. However, if PANs could be replaced or
regenerated, it might be possible to restore the hearing of patients
with severely damaged PANs (Dabdoub and Nishimura, 2017).
Additionally, regeneration of PANs may benefit individuals
with hidden hearing loss, a condition correlated with PAN
degeneration. Hidden hearing loss describes when individuals
experience difficulty hearing in noisy settings but do not clinically
present with auditory disability (see review Liberman and
Kujawa, 2017).

One potential approach to treat hearing loss is the use of gene
therapy. Cochlear gene therapy studies have typically focused
on the preservation of remaining PANs through stimulation by
neurotrophic factors such as brain-derived neurotrophic factor
(BDNF) (Shibata et al., 2010; Wise et al., 2011), neurotrophin-
3 (NT-3) (Wise et al., 2011; Suzuki et al., 2016), or human-
nerve growth factor (Wu et al., 2011). These studies examined
whether gene therapy could be used to preserve existing PANs
and support the growth of neurites to cochlear hair cells, but
did not try to replace lost neurons. Thus, far, cell transplantation
has been the only strategy reported to introduce new neurons
that facilitated partial recovery of hearing (Chen et al., 2012).
However, transplantation remains a challenging task due to the
anatomical barriers present within the cochlea. Transplanted
cells are required to accurately migrate into the auditory system
and, in the case of progenitor cells, are required to also
cease proliferation to avoid tumor formation (Nishimura et al.,
2012).

Cellular reprogramming is an alternative strategy that can
be used to restore PANs and is an emerging area in the field
of regenerative medicine (see review, Srivastava and DeWitt,
2016). We have previously reprogrammed cochlear non-sensory
epithelial cells into induced neurons through the overexpression
of the pioneer neurogenic transcription factor Ascll (Nishimura
et al,, 2014). In the current study, we use spiral ganglion non-
neuronal cells (SGNNC:s) for cellular reprograming and neuron
induction. SGNNC:s are an optimal cell type for reprogramming
since they reside in Rosenthal’s canal surrounding PANs.
SGNNCs are composed primarily of Schwann cells (Nayagam
etal., 2011) with smaller populations of other mesenchymal cells.
Schwann cells in the peripheral auditory system support and
nourish PANS, therefore Schwann cells will also be necessary for
the survival and stimulation of reprogrammed neurons (Whitlon
et al., 2009). This means that a portion of the local Schwann cell
population will need to be retained to support the growth of other
reprogrammed cells. Fortunately, Schwann cells are abundant,
continue to survive and even proliferate after PAN degeneration
so there is little concern that cellular reprogramming will deplete
Schwann cell reserves (Lang et al., 2011).

Ascll, a pioneer neurogenic transcription factor, can alone
convert various cell types into neurons in vitro at high efficiency,
even at postnatal stages (Chanda et al., 2014; Nishimura et al.,

2014). Ascll induces both GABAergic and glutamatergic neurons
when reprogramming cortical astrocytes in vitro (Heinrich et al.,
2010; Masserdotti et al., 2015), and induces mainly glutamatergic
neurons when reprogramming midbrain astrocytes or mouse
embryonic fibroblasts (Chanda et al, 2014). When delivered
in vivo, either as part of a transcription factor cocktail (Torper
et al., 2015) or on its own (Liu et al., 2015), Ascll has been
shown to reprogram endogenous mouse astrocytes into neurons.
Since PANs are glutamatergic neurons that stimulate the cochlear
nucleus neurons of the brainstem (Zhou et al., 2007; Yuan
et al., 2014), glutamatergic neuronal induction is necessary to
create bona fide reprogrammed PANs that can reconstruct the
auditory pathway. We hypothesized that NeuroD1, which is
necessary for PAN development (Ma et al, 1998; Liu et al,
2000; Kim et al., 2001; Bell et al., 2008; Evsen et al., 2013)
and is sufficient to induce neurons from embryonic cochlear
non-sensory epithelial cells (Puligilla et al, 2010), together
with Ascll, could induce glutamatergic PAN-like neurons from
SGNNCs. Here, we generated induced neurons (iNs) utilizing a
combination of the transcription factors Ascll and NeuroD1, and
performed transcriptome analyses to compare iNs to endogenous
PANs and SGNNCs.

MATERIALS AND METHODS

Animals

Tau-EGFP knock-in mice (Tucker et al., 2001) (Jackson
Laboratories, STOCK Mapt!™(EGFP)KIt /1. stk number, 004779),
which disrupts expression of the Mapt gene by replacing it
with the EGFP coding sequence results in EGFP expression
in neurons, and CD-1 mice (Charles River) were used. To
obtain heterozygous pups, Tau-EGFP homozygous male mice
were crossed with CD-1 female mice (Charles River laboratory).
We used heterozygous Tau-EGFP knock-in pups since these
animals are phenotypically comparable to CD-1 mice whereas
homozygous Tau-EGFP knock-in animals displayed impaired
contextual and cued fear conditioning, and severe deficits in
long-term potentiation (Ahmed et al., 2014). Care and euthanasia
of the mice used in this study were approved by Sunnybrook
Research Institute Animal Care Committee, in accordance with
IACUC regulations.

Harvesting Postnatal Spiral Ganglia

To collect spiral ganglia from postnatal day 1 (P1) Tau-
EGFP mice, we dissected out the temporal bone, removed
the cartilaginous capsule and the membranous labyrinth of the
cochlea (Oshima et al., 2007). Then we gently separated the spiral
ganglion from the modiolus. We collected 20-24 spiral ganglia in
100 pL of HBSS without CaCl, and MgCl, with 10 mM HEPES,
1 mM EDTA, and 0.1% BSA in 1.5mL Eppendorf® tubes on
ice. We digested the tissue as described previously (Oshima
et al.,, 2007). Briefly, the tissues were digested with 50 wL of
0.25% trypsin/EDTA at 37°C for 15 min followed by enzymatic
inactivation by adding 50 wL of 20 mg/mL soybean trypsin
inhibitor (Worthington, cat no. LS003571) and 2 mg/mL DNase I
solution (Worthington, cat no. LS002139) in Dulbecco’s Modified
Eagle Medium/Nutrient Mixture Ham’s F-12 with GlutaMAX™
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supplement (DMEM/Ham’s F12 with GlutaMAX™ supplement
1x; Gibco, cat-no. 10565-042). The cell suspension was passed
through a 40-pm cell strainer (BD Labware), centrifuged at 300 g
for 5 min and resuspended in 500 1 of HBSS without CaCl, and
MgCl,, with 10 mM HEPES, 1 mM EDTA, and 0.1% BSA.

Fluorescence Activated Cell Sorting

Cells were sorted in a flow cytometer (FACSVantage) equipped
with a 100 wm nozzle, and operated using the FACSDiva software
(BD Biosciences). Distinct populations of cells were isolated
based on forward scattering, lateral scattering, and the intensity
of EGFP or DsRed fluorescence. Sorted cells were collected into
Eppendorf® low-bind tubes with 100 wl HBSS without CaCl,
and MgCl,, with 10 mM HEPES, 1 mM EDTA, and 0.1% BSA.
The Tau-EGFP negative fraction consisting of SGNNCs was
further cultured for transfection with neurogenic factors or an
empty vector. After culturing for 6-10 days, we collected induced
neurons from the Tau-EGFP and DsRed double positive fraction.
We also collected the Tau-GFP negative DsRed positive fraction
transfected with an empty vector as a negative control. Lastly, we
collected Tau-EGFP positive endogenous PANSs at P1 to profile
these cells and compare them to iNs.

Plasmid DNA

We used a bi-cistronic expression vector pIRES2 DsRed-Express2
(Clontech), which allowed the simultaneous expression of our
protein of interest and DsRed-Express2. A pCMV-X-DsRed2,
where X is Ascll or NeuroDI, was constructed by inserting
the coding DNA sequence of X into the multiple cloning site of
the pIRES2 DsRed-Express2 plasmid. Henceforth, we will use the
“X-DsRed” notation to refer to pPCMV-X-DsRed2 vector.

Transfection and Cell Culture

We cultured cells of the spiral ganglia from CD-1 mice
or sorted PANs/SGNNCs from Tau-EGFP mice on glass
bottom dishes coated with 0.2% gelatin in “astro-medium”
containing DMEM/Ham’s F12 with GlutaMAX™ supplement
with 10% heat inactivated FBS (Invitrogen), 5% heat inactivated
horse serum, 2% B27 supplement (Thermo Fischer Scientific),
10ng/ml EGF (Sigma-Aldrich), 10ng/ml bFGF (Invitrogen),
and 6.0 mg/ml of D-(4)-glucose (Heinrich et al., 2010). At
60-70% confluency, we transfected cells with the expression
vector(s). Cells were transfected using Lipofectamine LTX (Life
Technologies) based on previously published methods (Heinrich
et al., 2010) and manufacturer’s instructions. We incubated the
cells in DNA/Lipofectamine complexes for 4h at 37°C with
5% CO,. After replacing DNA/Lipofectamine complexes with
astro-medium and incubating for 20 h, the cells were maintained
in “differentiation medium” consisting of DMEM/Ham’s F12
with GlutaMAX™ supplement, 2% B27 supplement, 1% N2
supplement, 10ng/ml of BDNF (Peprotech), 10 ng/ml of NT-
3 (Peprotech) and 6.0 mg/ml of D-(+4)-glucose (Oshima et al.,
2007) for an additional 6 to 10 days.

Co-culture of Induced Neurons with Target

Tissue

For co-culture experiments, P1 SGNNCs were cultured and
transfected with Ascl1-DsRed, and maintained for 3 days on
glass bottom dishes coated with 0.2% gelatin in astro-medium.
After we dissociated transfected cells with trypsin-EDTA (0.25%)
(Gibco), cells were re-suspended in 500 pl of differentiation
medium and co-cultured with embryonic day 13.5 (E13.5) CD-
1 cochlear epithelium or P1 Tau-GFP cochlear nucleus on
Matrigel-coated glass-bottom dishes. Cultures were maintained
for an additional 7 days in vitro.

Immunostaining

Induced Immunostaining was performed on cochlear cross
sections and cells in culture. Cochleae or cells were washed with
PBS and fixed with 4% paraformaldehyde for 30 min to 2h at
room temperature. After washing three times with PBS, cochleae
were cryopreserved in OCT compound (Sakura), sectioned and
mounted on glass slides (Fisher). Cochlear cross sections or
fixed cells were permeabilized and blocked in a solution of PBS
containing 10% donkey serum and 0.5% TritonX-100 (Sigma)
for 30 min at room temperature. Samples were incubated in
the primary antibodies diluted in PBS containing 10% donkey
serum and 0.5% TritonX-100 (Sigma) overnight at 4°C. The
following day, samples were washed three times with PBS
and incubated in the secondary antibody solution for 1h at
room temperature. Samples were washed three times with PBS,
mounted on glass slides and imaged using a confocal microscope
SP5 (Leica). The following antibodies were used: mouse anti-
MAP?2 (Sigma, 1:300), rabbit anti-Tu]J1 (for BIII-tubulin) (Sigma,
1:1000), rabbit anti-VGLUT1 (Synaptic systems, 1:5000), goat
anti-hProx1 (R&D, 1:250), and goat anti-Sox10 (Santa Cruz,
1:200).

Calculating Neuronal Conversion

Efficiency

Induced cells derived from P1 CD-1 mice were counted from
a minimum of six different dishes per condition and at least
three independent experiments (different litters). We followed
a previously reported protocol for evaluating neuron induction
(Pang et al., 2011). In order to keep counts unbiased, transfected
cells were selected at random based on the expression of the
DsRed marker. These cells were assayed for the expression of
neuronal markers BIII-tubulin (TuJ1) (Caccamo et al., 1989) or
microtubule-associated protein 2 (MAP2) (Hafidi et al., 1992).
Within the group of TuJl- or MAP2-positive cells, induced
neurons were quantified based on the criteria that they had at
least one neurite extension that was three times longer than
its cell body. The average value for each litter was used in
the analysis. All data were presented as the mean + standard
error of the mean (SEM). Differences in neuron induction
efficiency among different combinations of transcription factors
were examined using two-factor ANOVA, followed by Tukey-
Kramer test for multiple comparisons. p < 0.05 were considered
to be significant.
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Transcriptome Analysis (RNA-Seq)

RNA was extracted using the Single Cell RNA Purification
Kit (NORGEN, #51800) from each of the following groups;
Tau-EGFP positive endogenous PANs, DsRed (Ascll and
NeuroD1) and Tau-EGFP positive iN, and DsRed positive vector-
control (VC). The quality of extracted RNA was verified by
Bioanalyzer 2100 RNA 6000 pico chip (Agilent Technologies)
and the concentration was measured by Qubit RNA HS Assay
(Thermo Fisher). RNA library preparation was performed using
a two-pronged approach: (1) Two ng of input RNA was
converted to double stranded cDNA using Clontech SMARTer
Ultra Low Input RNA Kit v3 using Clontech’s proprietary
Switching Mechanism at 5 End of RNA Template (SMART)
technology, following the manufacturer’s instructions; double
stranded (ds) DNA was then quantified by Qubit HS assay
and then (2) 1 ng of ds-DNA was used as input material
for the Nextera XT library preparation following Illumina’s
recommended protocol. One microliter of the final RNA-
Seq libraries was loaded on a Bioanalyzer 2100 DNA High
Sensitivity chip to check for size; RNA libraries were quantified
by qPCR using the Kapa Library Quantification Illumina/ABI
Prism Kit protocol (KAPA Biosystems). Libraries were pooled in
equimolar quantities and paired-end sequenced on an Illumina
HiSeq 2500 platform using a High Throughput Run Mode
flowcell and the V4 sequencing chemistry following Illumina’s
recommended protocol to generate paired-end reads of 126-
bases in length. Three biological repeats of each group were
loaded and sequenced at 40M reads. We mapped FASTQ files
to mm10 genome by HISAT2 protocol (Kim et al., 2015; Pertea
et al.,, 2016), which is a refined protocol based on TopHat2 (Kim
et al., 2013). Expression data were normalized by the transcripts
per million reads (TPM) method (Wagner et al., 2012), which
enables us to avoid statistical biases inherent in the traditional
read per kilobase per million reads (RPKM) method (Mortazavi
et al., 2008). Genes were included in our analysis if at least one
of the three samples surpassed a threshold of 0.2 TPM. Using
this method, we detected a total of 17,601 genes. Raw RNA-seq
data have been deposited in the NCBI Gene Expression Omnibus
(GEO) under accession number GSE107461.

Droplet Digital PCR (ddPCR)

We used Droplet digital PCR (Hindson et al, 2011) for
validation of RNA-seq data. The QX200 droplet digital PCR
(ddPCR) system (Bio-Rad) was used to quantify the absolute
number of BIII-tubulin, Prph, Sox2 and Tnc mRNA molecules
in cells from each of the three groups. Extracted RNA was
amplified and reverse transcribed to ¢cDNA using CellAmp
Whole Transcriptome Amplification Kit Ver.2 (Clontech).
We utilized Tagman probes (Applied Biosystems) for PIII-
tubulin  (MmO00727586_s1), Prph (Mmo00449704_m1l), Sox2
(MmO03053810_s1), and Tnc (Mm01262852_m1). PCR was
performed in 20 pl containing 0.52 ng of cDNA, 900nM of
the forward and reverse primers, 250 nM probe, and 10 pl of
2X ddPCR supermix for probes (Bio-Rad). Each ddPCR assay
mixture was loaded into a disposable droplet generator cartridge
(Bio-Rad). Then, 70 iL of droplet generation oil for probes (Bio-
Rad) was loaded into each of the eight oil wells. The cartridge was

then placed inside the QX200 droplet generator (Bio-Rad). When
droplet generation was completed, the droplets were transferred
to a 96-well PCR plate (Eppendorf) using a multichannel pipette.
The plate was heat-sealed with foil and placed in a C1000
Touch Thermal Cycler (Bio-Rad). Thermal cycling conditions
were as follows: 95°C for 10min, followed by 44 cycles of
94°C for 30s and 60°C for 1 min, then 98°C for 10 min, and
a 4°C indefinite hold. FAM fluorescent signal in each droplet
was counted by QX200 digital droplet reader and analyzed by
QuantaSoft analysis software ver.1.7.4.0917 (Bio-Rad).

RESULTS

Spiral Ganglion Non-neuronal Cells Can Be

Reprogrammed into Neurons
We wanted to examine the potential for Ascll to reprogram
SGNNC:s into induced neurons. Six to ten days post-transfection,
49 and 41% of wild-type SGNNCs transfected with
Ascll  expressed common neuronal markers TuJl and
MAP2, respectively, and exhibited a neuronal morphology
(Figures 1A,D). iNs also expressed vesicular glutamate
transporter 1 (VGLUT1) (Figure 1B), which packages glutamate
into synaptic vesicles (Zhou et al., 2007; Yuan et al., 2014), and
the transcription factor Prox1 (Figure 1C), which is expressed
in developing PANs, mature type I PANs and the support cells
of the organ of Corti (Bermingham-McDonogh et al., 2006;
Karalay, 2011; Nishimura et al., 2017). These results indicate that
Ascll has the ability to induce neuron-like cells from SGNNCs.
Although Ascll is a robust pioneer and neurogenic factor, it is
not known whether it plays a role in normal PAN development.
Since NeuroDI1 is known to be a necessary factor in PAN
development and differentiation, we chose to ectopically express
NeuroD1 in addition to Ascll (Liu et al., 2000; Kim et al., 2001;
Evsen et al., 2013). NeuroD1 can alone induce glutamatergic
neurons from cortical glial cells (Guo et al, 2014). Further,
the combination of NeuroD1 and Ascll can induce neuron-
like cells from organ of Corti derived non-sensory epithelial
cells that are more electrophysiologically similar to endogenous
neurons than Ascll alone (Nishimura et al., 2014). Thus, we
hypothesized that overexpression of NeuroD1I in addition to AsclI
could induce neurons that are closer to PANs than AsclI-only
induced neurons. We co-transfected SGNNCs with AsclI and
NeuroD1, and observed that co-expression induced neurons at
a similar efficiency (Figure 1D, E, 55 vs. 49%). Based on a
two-factor ANOVA, Ascll transfection was responsible for the
main effect in conversion efficiency [Ascll: F(;, 59) = 55.02, p <
0.0001; NeuroD1: F(; 59y = 1.309, p = 0.2661] and there were no
interacting effects between Ascll and NeuroD1 [F(; 59y = 0.8289,
p = 0.3734]. Multiple comparisons performed using the Tukey-
Kramer method demonstrated that both AsclI alone, and Ascll
and NeuroD1 co-transfection induced neurons at significantly
higher efficiency than empty vector (p < 0.0001; p < 0.0001)
or NeuroDI alone (p < 0.002; p < 0.001). There were also
no significant differences between Ascll alone and Ascll and
NeuroD1 co-transfection (p = 0.9983). However, we continued
using the combination of Ascll and NeuroD1 based on our

Frontiers in Cell and Developmental Biology | www.frontiersin.org

February 2018 | Volume 6 | Article 16


https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

Noda et al

Reprogramming Cochlear Cells into Neurons

FIGURE 1 | Asc/7 can induce SGNNCs into cells with neuronal characteristics. Asc/7 reprogrammed SGNNCs into induced neurons expressing PAN-specific
neuronal markers. Dissociated SGNNCs (WT) were transfected with Asc/7-DsRed and cultured for 8 days in vitro (DIV), followed by immunocytochemistry with DAPI
labeling cell nuclei (blue). (A) An induced neuron (indicated by arrow) transfected with Asc/7-DsRed (red) expressed pan-neural marker Blll-tubulin (labeled by TuJ1;
white), and mature PAN marker MAP2 (green). (B) An induced neuron (indicated by arrow) transfected with Ascl7-DsRed (red) expressed TuJ1 (white), and a
glutamatergic neuronal marker Vglut1 (green). (C) An induced neuron (indicated by arrow) transfected with Asc/7-DsRed (red) expressed TuJ1 (white), and a
PAN-specific transcription factor Prox1 (green). (D,E) Comparison of neuronal induction efficiency using each or a combination of the transcription factors Ascl1 and
NeuroD1. Neuronal marker Tud1 (D) or MAP2 (E) positive cells were quantified in DsRed positive transfected cells. n = 6 for each experiment. Asterisks in (D,E)
indicate significant difference (o < 0.01, **p < 0.001, ***p < 0.0001). Error bars indicate standard error of the mean (SEM). Scale bar in A, 20 um.

TuJ1 positive neurons (%)

Vglut1

m

MAP2 positive neurons (%)

previous results indicating co-transfected cells induced neurons
that were more mature.

Comparing the Transcriptome of iNs,
PANs, and VCs Using RNA-Seq and Digital
Droplet PCR

To ensure that our starting cell population was not contaminated
with endogenous neurons we performed fluorescence-activated
cell sorting using EGFP expression to separate the neuronal
and non-neuronal populations. We used TauP¢FP/* (Tau-
EGFP) mouse cochlea for these experiments, where EGFP is
expressed only in neurons. Gross morphology of P1 mouse
cochlea after removal of the sensory epithelium indicated
that PANs were EGFP positive (Figure2A). Cochlear cross
sections from Tau-EGFP mice demonstrated that PANs co-
expressed EGFP and BIII-tubulin, validating the use of EGFP
as a neuronal marker in these cells (Figures2B,C). Spiral
ganglion glial cells surrounding PANs identified using Sox10
did not express EGFP (Figures 2B,C’). To purify Tau-EGFP"
PANSs, we collected spiral ganglia from Tauf®TP/* mice at P1
(refer to experimental design in Figure 3). From one litter of
heterozygous pups, we collected 20-24 spiral ganglia that were
subsequently dissociated and sorted based on EGFP fluorescence.
After excluding dead cells and debris (Figure 4A), we regularly
obtained 20,000-24,000 Tau-EGFP positive cells from one sort
(~3% of total sorted cells; Figure4B). Approximately, 900
endogenous PANs were isolated from one spiral ganglion (897
+ 174 Tau-EGFP* cells and 26,953 =+ 8,467 Tau-EGFP~ cells

per spiral ganglion; n = 6). This number of sorted neurons is
consistent with previous results using Mafb-GFP mice (Lu et al.,
2011). We also collected the Tau-EGFP negative fraction, which
included glial cells and non-neuronal, non-glial cells. Tau-EGFP
negative cells were cultured for 2-3 days until 70% confluent
and then were co-transfected with equal concentrations of
Ascll- and NeuroDI-DsRed or a DsRed control vector. After
culturing for 6 to 10 days in vitro, cells transfected with
Ascll and NeuroDI displayed a neuron-like morphology, and
expressed Tau-EGFP and PIII-tubulin (Figure 4C), whereas
cells transfected with the control vector expressed only DsRed
(Figure 4D). Using time-lapse live imaging we observed the real-
time reprogramming of an SGNNC into a cell morphologically
resembling a neuron (see Supplemental Video S1). To obtain
a purified population of iNs and vector control (VC) cells for
further analyses we collected these cells and once more sorted
them based on EGFP and DsRed fluorescence. The EGFP- and
DsRed-positive fraction, representing iNs, from Ascl1-DsRed and
NeuroD1-DsRed-transfected cells were collected (Figure 4E). The
EGFP-negative, DsRed-positive fraction, representing VCs, from
Empty-DsRed-transfected cells were collected (Figure 4F). We
extracted RNA from 3 biological replicates for each population:
1. endogenous PANs; 2. induced neurons (iNs); and 3. vector
control cells (VCs).

To investigate gene expression patterns among the
endogenous PANs, iNs and VCs, we performed transcriptome
analysis using next generation sequencing (Mortazavi et al.,
2008). The sequenced data were mapped using the HISAT2
program (Kim et al, 2015; Pertea et al, 2016). The three
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TuJ1
Tau-GFP

Tau-GFP

Tau-GFP

FIGURE 2 | Tau-EGFP marks primary auditory neurons. (A) A bright field
image of P1 Tau-EGFP spiral ganglion overlapped with Tau-EGFP fluorescence
(green). (B) Low magnification view of a cochlear cross section of P1
Tau-EGFP mouse reporter showing Tau-EGFP (green) and TuJ1 (white)
positive primary auditory neurons. Glial cells in the spiral ganglion and cells in
the cochlear duct expressed Sox10 (red). All cell nuclei were labeled with DAPI
(blue). (C) High magnification view of spiral ganglion in (B) (dotted box). (C’)
The same image as in (C) without DAPI channel. LW; lateral wall, OC; organ of
Corti, SG; spiral ganglion. Scale bar in (B) 100 wm. Scale bar in (C’), 20 um.

groups (PAN: endogenous PANs; iN: induced neurons; and VC:
vector controls) aggregated together after unbiased hierarchical
clustering based on Pearson correlation values between samples
(Figure 5A, Supplemental Figure S1). These three groups also
emerged as separate clusters on a 2-dimensional PCA plot
(Jolliffe, 1988; Love et al., 2014) encompassing 94% of the 500
genes with the largest variance (Figure 5B). PCA1 (x-axis) was
responsible for 79% of the observed variance (Top 5 genes and
weights; Clrnl 0.072, Cpne4 0.066, Slc17a6 0.064, Nrg3 0.064,
Ppplric 0.063). iNs were observed to form a noticeable cluster
between the PAN and VC clusters, suggesting that iNs partly
acquired neuronal characteristics. To validate our RNA-seq
data we compared the expression of four genes with RNA-seq
and droplet digital PCR (ddPCR) (Hindson et al., 2011): Tubb3
(BIII-tubulin) and Prph (Caccamo et al., 1989; Hallworth and
Luduena, 2000; Barclay et al., 2011; Nishimura et al., 2017), Sox2
(Lang et al., 2011; Nishimura et al., 2017), and Tnc (Chiquet
Ehrismann and Chiquet, 2003) were chosen as neuronal, glial,
and mesenchymal cell markers, respectively. The expression
levels of these four genes were highly comparable between
RNA-seq and ddPCR (Figures 5C,D), indicating that transcripts
per million reads (TPM) from the RNA-seq data reflected the
absolute value of each gene expression. Based on these results, we
next profiled gene expression of PANs and iNs using a modified
gene list described previously (Treutlein et al., 2016) (Figure 5E).

Mapt (Tau) was expressed highly in PANs and moderately in iNs.
Both PANs and iNs expressed neuronal markers Tubb3, MAP2,
Prph, Dcx, Rbfox3 (Kim et al., 2009); genes for synaptic proteins
Snap25 (Flores-Otero and Davis, 2011; Wang et al., 2013), Stmn3,
Vamp2, Syp (Khalifa et al., 2003), Synl (Scarfone et al., 1991);
the gene for the ion channel Kcnk3 (Chen and Davis, 2006) and
the transcription factor Proxl (Bermingham-McDonogh et al.,
2006) (Nishimura et al., 2017). However, the expression of genes
for ion channels Kcnkl and Kcnk9 (Chen and Davis, 2006), and
transcription factors Gata3 (Appler et al., 2013; Nishimura et al.,
2017) and Mafb (Yu et al.,, 2013; Nishimura et al., 2017) were
only expressed in endogenous PANs. iNs demonstrated lower
expression levels of the glial marker Nes (Lang et al., 2015) and
mesenchymal cell marker Trnc as compared to VCs. However,
iNs still expressed genetic markers of VCs such as transcription
factors Sox2 and Sox10, markers of cochlear glial cells (Breuskin
et al., 2010), Ngfr, a marker of glial cells (Provenzano et al.,
2011), and Vim, a marker of mesenchymal tissue (Whitlon
et al., 2010). Oligl, which encodes a transcription factor that
promotes oligodendrocytes differentiation (Zhou and Anderson,
2002), was highly expressed only in iNs. At the same time,
the expression of genes for cytoskeletal reorganization such as
Coro2b, Ank2, and Homer2 were increased in iNs, similar to
PANs. The expression of mitotic genes such as Hmga2, Birc5,
Ube2c were also decreased in iNs. Overall, our transcriptome
analysis revealed that co-expression of Ascll and NeuroD1 could
reprogram cells into induced neurons.

Transcriptional Profiling of iNs and PANs

We next profiled the transcriptome of iNs and PANs to
analyze and compare the characteristics of each. We performed
hierarchical clustering on genes with the 50 most positive and 50
most negative fold changes between iNs and either VCs or PANs.
When we compared iNs and VCs (Figure 6A-upper), genes
expressed higher in iNs were subdivided into 2 clusters: iN-high,
PAN-high, VC-low and iN-high, PAN-low, VC-low. The former
contains the PAN marker gene Pvalb (Kim et al., 2016) and genes
for synaptic proteins Snap25, Stmn2/3, and Syp, demonstrating
that iNs acquired PAN characteristics. Transcription factors Ascl1
and NeuroDI were expressed here as expected. Of note, only
iNs expressed factors that are involved in Notch signaling such
as DIlI, DII3, Hes5, and Mfng (Kopan and Ilagan, 2009). In
contrast, we found the Schwann cell marker gene Mgp (Schmid
etal., 2014) and the fibroblast specific gene Dcn (Danielson et al.,
1997) in the iN-low, VC-high cluster, demonstrating iNs lost
characteristics of SGNNCs (Figure 6A-lower). To identify which
pathways were affected during iN induction from SGNNCs, we
next extracted 4,091 differential expressed genes (DEGs) between
the iN and VC groups and performed gene ontology analysis
(Ashburner et al., 2000). Thirty neurogenic events were selected
by gene ontology (Figure 6B). Genes that play a role in neuronal
development such as axon development, regulation of neuron
projection development, and axonogenesis were highly weighted
in the top 30 biological processes. When we compared gene
expression levels between iNs and PANs, iN-highly-expressed
genes contained histone protein coding genes; immunological
genes such as Ifitl, Ifit3, H2-T22, and T23 (Ohtsuka et al., 2008;
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Abbas et al., 2013); as well as Ascll and NeuroD1 (Figure 6C-
upper). In contrast, genes expressed at a lower level in iNs
included genes that play a role in PAN development such as
Gata3 (Appler et al., 2013; Nishimura et al., 2017), Eyal (Ahmed
etal., 2012), and Isl1 (Radde-Gallwitz et al., 2004), suggesting iNs
lacked some genes expressed in nascent PAN at least at this time
point of analysis (Figure 6C-lower).

To compare the neuronal characteristics of iNs with PANs,
we applied 2000 DEGs between either iNs or PANs and VCs
using the KEGG PATHWAY database (Kanehisa and Goto,
2000) on the Database for Annotation, Visualization and

Integrated Discovery (DAVID) (Huang et al., 2009). Pathway
analysis revealed genes that play a role in synaptic development
and maturation (e.g., “neuroactive ligand-receptor interaction”
pathway, “glutamatergic synapse,” “axon guidance” etc.) were
enriched both in PANs and iNs (Figure 6D). However, genes
involved in neurotrophin signaling pathways were more enriched
in PANs than iNs. Additionally, genes involved in Notch
signaling were upregulated in iNs, which might have been a
consequence of Ascll overexpression. Regardless, iNs expressed
genes involved in pathways typically associated with PANs and
not VCs.
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marker TuJ1. (D) Empty-DsRed-transfected cells expressed only DsRed, however GFP was not upregulated and TuJ1 was not expressed. (E) EGFP and DsRed
double positive cells were collected as iNs from Ascl7- and NeuroD1-transfected cells. (F) DsRed single positive cells were collected as vector-control (VC) from

iNs Extend Projections Both Cochlear Hair
Cells and Cochlear Nucleus Neurons in
Vitro

To evaluate whether iNs can reach PAN targets, we co-cultured
iNs with organ of Corti (OC) or cochlear nucleus (CN) explants.
We cultured iNs, from wild type PO SGNNCs transfected with
Ascll-DsRed alongside E13.5 cochlear explants (Figure 7A) and
observed neurite extension from TuJl-positive iNs to Myo7a-
positive hair cells (Figure 7A’). In addition, we could identify
neurite extensions from iNs to Tau-EGFP positive CN explants of
PO mice (Figure 7B). These data suggest that iNs are able to grow
neurites toward targets from the peripheral auditory system and
the central nervous system in vitro.

DISCUSSION

This was the first proof-of-principle study demonstrating that
neuron-like cells could be induced from cells that naturally
exist in the spiral ganglion along with PANs. We predicted
that SGNNCs were likely to develop into glutamatergic PAN-
like neurons through ectopic overexpression of the neurogenic
transcription factors Ascll and NeuroD1. We supplemented
Ascll, which can alone convert various cell types (Chanda et al.,
2014; Treutlein et al, 2016), including cochlear non-sensory

epithelial cells, into functional iNs (Nishimura et al., 2014) with
NeuroDI1. NeuroD1 was chosen since it is one of the primary
factors which specifies neuronal fate and differentiation during
PAN development (Ma et al., 1998; Liu et al., 2000; Kim et al.,
2001; Bell et al., 2008; Evsen et al., 2013). We have previously
shown that NeuroD1 also promotes more mature iNs in cochlear
non-sensory epithelial cells (Nishimura et al., 2014). Therefore,
the combination of Ascll and NeuroDI achieved our aim of
coaxing cells into becoming more PAN-like. We also examined
whether we could induce neurons with NeuroD1 on its own, but
overexpression of NeuroDI alone could only convert SGNNCs
into neuron-like cells at a low efficiency (Figures 1D,E). It may
be possible that NeuroD1 is a less potent reprogramming factor
or that it acts only on certain cell types such as auditory stem cells
(Diensthuber et al., 2014) or reactive glia, whereas Ascll is a more
broad actor that induces neurons from many different cell types
(Wapinski et al., 2013; Chanda et al., 2014). Regardless, SGNNCs
have great potential to reprogram into PAN-like neurons.
Previous studies have shown that iNs typically differentiate into
neuronal-subtypes consistent with the location of where source
cells had been extracted (Liu et al., 2015; Masserdotti et al., 2015).
It is unclear what causes this effect. Perhaps cells within the same
niche experience the same chemical signals and stresses during
development, and are primed toward a specific subtype when
reprogramming factors, such as Ascll, are ectopically expressed.
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Therefore, SGNNCs are likely to reprogram into glutamatergic
PAN-like neurons, which have the potential to re-establish a
peripheral auditory circuit for future experiments in vivo.

The iNs we generated from SGNNCs demonstrated some
neuronal characteristics similar to PANs. These iNs were
observed to dramatically change their appearance and form
bipolar structures with neurite-like extensions that projected
toward PAN targets, sensory hair cells and cochlear nucleus
neurons. These iNs also positively expressed key neuronal
markers such as PIII-tubulin and MAP2. However, when
examining the transcriptome of these cells it was clear that some
characteristics of SGNNCs persisted in converted cells, at least
after the 7-day time point we examined (Figure 5E, 6C). We used
PCA (Figure 5B) to analyze factors responsible for the difference
between iNs and PANs (Verhoeckx et al., 2004; Hu et al., 2013;
Maehara et al., 2015). PC1 accounted for 79% of the variance
observed, and the three-groups were arranged in the order VC-
iN-PAN. Using our data, it is possible to create a list of genes
with positive loading factors based on PC1 and this allows us to
uncover the genes that were likely responsible for the principal
difference between PANs and iNs. Amongst these genes, 13 were
transcription factors (Supplemental Table S1), including Gata3
(PC1; 0.044, PC2; 0.043). In the future, if we can generate iNs
that express some of these genes then we may be able to obtain
neurons that are closer to endogenous PANs. This list may be
informative in setting criteria to judge the similarity between
iNs and PANSs for future studies. Since we used P1 spiral ganglia
for our studies this may have influenced gene expression. This
was an advantageous first step to examine the possibility of

reprogramming from SGNNCs to iNs, but future studies will
need to analyze adult PANs and iNs from adult SGNNCs as adults
are the most likely target for regeneration of PANS.

Previous studies that described the conversion of iNs from
fibroblasts, embryonic stem cells (Chanda et al., 2014) or juvenile
astrocytes (Liu et al., 2015) analyzed cells after longer periods
of culturing than we used, 4 or more weeks vs. 1 week in
our study. Although we generated neuron-like cells positive for
mature neuronal markers, longer culturing times may have been
necessary for iNs to completely change cell identity. However,
given that our mode of gene delivery was through Lipofection,
instead of viral, and our iNs developed in culture surrounded
by mainly glia, instead of other cell types, these differences in
transfection and culturing conditions might make it difficult to
compare the timelines required for iNs to achieve maturity in
our study vs. others. Perhaps cells are more competent to convert
into iNs when ectopic gene expression occurs through a preferred
method or if cells are co-cultured with others that support
neuron growth like glia. Additionally, there are different cell-
type-specific prerequisites for reprogramming amongst starter
cells (Gascon et al., 2017). Since SGNNC:s are a heterogeneous cell
population that includes Schwann cells and fibroblasts, different
cell types may have been converted to differing degrees. Our
RNAseq data suggests that both Schwann cells and fibroblasts
had the ability to convert into iNs since our iN groups retained
expression of genes from each respective starting cell type
(Figure 5E). Hence, it may be worthwhile to discover which
cell population has more potential for conversion into neurons
that are more PAN-like. Furthermore, it would be interesting
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to create a developmental portrait of cellular reprogramming,
identifying changes from the early stages of a susceptible cell
to a completely remodeled one. Single-cell sequencing (Burns
et al., 2015; Kwan, 2016) is one method that could offer a high
resolution look at the transcriptome during transitions in cellular
reprograming (Treutlein et al.,, 2016). This could be useful for
determining the reasons why some cells fail to reprogram, the
transcription factors that can help overcome reprogramming
barriers and the conditions needed to make iNs more PAN-
like; thus, providing insight on how to improve the efficiency of
neuronal induction.

It should be noted that the VC groups sequenced in our study
were SGNNCs cultured in vitro and then transfected with the
empty DsRed vector. Mechanical stress during dissociation and
culturing conditions may have changed the genomic profile of
SGNNC:s to appear more similar to iNs than SGNNCs in situ.

Further experiments should be performed to clarify how primary
SGNNCs compare to the VC group. On the other hand, SGNNCs
in culture may partially mimic a damaged environment. Since our
ultimate goal is to directly reprogram SGNNCs into PANs in vivo,
where endogenous PANs have degenerated, our experimental
paradigm in vitro may benefit from an environment where
cells are in the process of recovering from injury. Schwann
cells proliferate after PAN injury (Lang et al.,, 2011), creating
a generous pool of source cells that will not be depleted after
reprogramming. After injury, Schwann cells also upregulate
Sox2, a transcription factor that has previously been used to
induce neurons from astrocytes and Ng2 glia, and is also
important in glial proliferation after injury (Lang et al., 2011;
Heinrich et al., 2014).

Our results demonstrate that iNs extend neurites toward
peripheral cochlear hair cells and central cochlear nucleus
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FIGURE 7 | iNs extend projections toward cochlear hair cells and cochlear nucleus neurons. (A) Low-magnification image of CD-1 P1 SGNNCs transfected with
Ascl1-DsRed (red) and co-cultured with a denervated CD1 E13.5 cochlear epithelium and maintained for 7 days in vitro, immunostained for TuJ1 (white; neuron
marker) and Myo7a (green; sensory hair cell marker). (A') High magnification image of box in (A). Merged views are shown on the left and individual channels are to the
right. *Indicates cell body of iN. (B) Low-magnification image of CD-1 P1 SGNNCs transfected with Asc/7-DsRed (red) and co-cultured with a P1 Tau-EGFP cochlear
nucleus (green) and maintained for 7 days in vitro, immunostained against the neuronal marker TuJ1 (white). Merged views are shown on the left and individual
channels are to the right. Arrows in different colors indicate neuron extensions from individual induced neurons. Scale bar in (A,B), 100 wm. Scale bar in A’, 10um.

neurons in vitro. Future studies should determine whether iNs
form connections in vitro as further evidence to suggest that iNs
in vivo will be able to establish a circuit between the peripheral
and central auditory systems, an essential step for functional
recovery. Neuronal reprogramming in vivo faces many challenges
for implementation such as the influence of neighboring cells in
the damaged environment and the limited optimal time window
for direct conversion after injury (See review Gascon et al.,
2017). Yet, even with this limitation there have been promising
results indicating that neurons reprogrammed in vivo, mainly
glutamatergic, can integrate into pre-existing circuits (Caiazzo
et al.,, 2011; Kim et al., 2011; Torper et al., 2015). In fact, one
study has succeeded in demonstrating functional recovery by
converting astrocytes into dopaminergic neurons in a mouse
model of Parkinson’s disease (Rivetti di Val Cervo et al., 2017).
Future study is warranted to clarify what is needed for successful
in vivo reprogramming and integration for PAN regeneration.
Thus, the next goal is to perform cellular reprograming in
vivo using a preclinical animal model of neuropathy toward
the ultimate target of clinical application. The current study
provides the first proof-of-principle evidence for endogenous
regeneration indicating that SGNNCs can be reprogrammed
into iNs in vitro for the potential treatment of hearing
loss.
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