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Disabling hearing loss affects over 5% of the world’s population and impacts the lives of
individuals from all age groups. Within the next three decades, the worldwide incidence
of hearing impairment is expected to double. Since a leading cause of hearing loss is the
degeneration of primary auditory neurons (PANs), the sensory neurons of the auditory
system that receive input from mechanosensory hair cells in the cochlea, it may be
possible to restore hearing by regenerating PANs. A direct reprogramming approach
can be used to convert the resident spiral ganglion glial cells into induced neurons to
restore hearing. This review summarizes recent advances in reprogramming glia in the
CNS to suggest future steps for regenerating the peripheral auditory system. In the
coming years, direct reprogramming of spiral ganglion glial cells has the potential to
become one of the leading biological strategies to treat hearing impairment.
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INTRODUCTION

It is estimated that disabling hearing loss affects 360 million people worldwide, which is over 5%
of the world’s population (Olusanya et al., 2014; World Health Organization, 2015). This makes
hearing loss the most prevalent form of sensory impairment (Gaylor et al., 2013; Miiller and Barr-
Gillespie, 2015). Hearing disability is also widespread across all age groups; 0.3% of newborns, 5%
of people by the age of 45 and 50% of people by the age of 70 experience some form of congenital
or acquired hearing loss (Kral and O’Donoghue, 2010; Sprinzl and Riechelmann, 2010). Many
individuals suffering from impaired hearing also experience a significant decrease in quality of life
and are more likely to suffer from depression (Mulrow et al., 1990). Therefore, there is a pressing
need to discover new strategies to repair hearing.

The auditory system works by converting sound waves into electrical signals that are transmitted
to the brain. The tympanic membrane at the end of the external ear canal conveys vibrations
in the air to the small bones, or ossicles, of the middle ear. These vibrations are conducted
through the ossicles and passed onto the oval window, which separates the middle and inner ears.
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The movement of the oval window causes disturbances in the
fluid of the cochlear duct and these fluctuations are detected
by mechanosensory hair cells in the organ of Corti, which
transform this information into chemical signals received by
the dendrites of primary auditory neurons (PANs) that emerge
from the spiral ganglion (Figure 1). The hair cells of the
organ of Corti form one row of inner hair cells followed by
three rows of outer hair cells. Inner hair cells are innervated
by Type I PANs, which compose 90-95% of PANs, are large
and myelinated whereas outer hair cells are innervated by
Type II PANs, which compose 5-10% of PANs, are small and
unmyelinated (Nayagam et al., 2011). Type I afferents are the
primary receptors for auditory signaling. Unfortunately, less is
known regarding Type II function, however, it appears strong
acoustic stimulation is required for activation (Weisz et al., 2009).
These glutamatergic PANs relay an electrical impulse from the
cochlea, the sensory organ for hearing, to the auditory centers in
the brain through the eighth cranial nerve (Appler and Goodrich,
2011). There are two primary categories of hearing loss based
on the location of pathology: conductive and sensorineural. The
former includes forms of impairment in conveying sound waves
through the outer or middle ear. The latter includes forms of
impairment resulting from damage to the components of the
cochlea, including hair cells and/or PANs (Liberman, 2017).
Sensorineural hearing loss can manifest after viral infection,
exposure to otherwise lifesaving ototoxic drugs, noise and/or
aging (White et al., 2000; Kral and O’'Donoghue, 2010; Olusanya
et al., 2014; Ruan et al,, 2014; Liberman, 2017). Traditionally
it was thought that PANs could only become damaged as a
result of hair cell loss; a form of PAN damage known as

secondary degeneration (Bohne and Harding, 2000; McFadden
etal., 2004; Stankovic et al., 2004; Sugawara et al., 2005). However,
it is now understood that PAN loss can occur independent
of damage to hair cells; a form of PAN damage known as
primary degeneration (Kujawa and Liberman, 2006; Lin et al,,
2011; Makary et al,, 2011). The primary degeneration of PANs
leads to a condition known as auditory neuropathy, where the
mechanosensory hair cells of the cochlea remain intact but PANs
are lost. Primary degeneration can develop as a consequence of
glutamate excitotoxicity (Zheng et al., 1997), noise exposure (Lin
et al., 2011; Furman et al., 2013), and/or genetic defects (Angeli
et al.,, 2012). This type of sensorineural damage, is one of the
leading features of presbycusis, or age-related hearing loss, and is
characterized by difficulty hearing in noisy settings (Kujawa and
Liberman, 2015). In fact, although presbycusis can present itself
through four pathological categories; sensory, neural, metabolic
and mechanical, where metabolic refers to degeneration of the
stria vascularis and mechanical refers to hardening of cochlear
membranes. Neuronal loss is characterized as the best indicator
for age-related hearing degeneration (Schuknecht and Gacek,
1993).

Once PANs are lost they will never regenerate, hence
regenerative medicine techniques hold enormous potential for
the recovery of PANs in the spiral ganglion. This is especially
significant considering that modern clinical solutions for hearing
impairment rely solely on medical devices such as hearing aids
and cochlear implants (Miiller and Barr-Gillespie, 2015). These
assistive technologies have provided a much-needed boon to
the lives of patients, however, they are only suitable for a
limited population of hearing impaired individuals and even

Myo7a
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FIGURE 1 | Primary auditory neurons (PANSs) innervate sensory hair cells in the cochlea. (A) Cross-section through a neonatal mouse cochlea showing spiral
ganglion glial cells labeled with Sox2 (green nuclei) surrounding PANs labeled with TuJ1 (red) in the spiral ganglion (SG). PANs innervate mechanosensory hair cells
labeled with the specific hair cell marker Myosin7a (white) in the organ of Corti (OC). (B) Higher magnification image of the spiral ganglion showing the PANs (red) and

surrounding glial cells (green).
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when compatible do not resemble natural hearing or make music
enjoyable, as reported by users (Briggs, 2011). One of the main
factors involved in the effectiveness of cochlear implants is the
health and numbers of PANs (Yagi et al., 2000). Hence, to
improve the quality of life for individuals suffering from hearing
impairment there needs to be new interventions that (1) address
the population where current devices are not appropriate and (2)
improve the quality of hearing toward a natural level. Biological
strategies currently being investigated to replace and/or protect
PANs include stem cell (Nayagam et al, 2013) and growth
factor therapies (Gillespie et al., 2014; Miiller and Barr-Gillespie,
2015). Another option to consider is the direct reprogramming
of resident cells in the spiral ganglion into PANs. To the
best of our knowledge, other than the reprogramming of non-
sensory epithelial cells into induced neurons (iN) from our
group (Puligilla et al., 2010; Nishimura et al., 2014) and our
recent reprogramming of neonatal glial cells (Noda et al., 2018)
there have been no other attempts at direct reprogramming in
the peripheral auditory system (PAS). This review will herein
summarize the historical perspectives and recent advances made
in direct reprogramming, within the context of regenerative
medicine, to propose this strategy as a novel intervention for
the treatment of hearing loss. As a second objective, this review
aims to position the PAS as an informative model for the study of
regenerative medicine both in vitro and in vivo.

GLIA WITHIN THE INNER EAR SPIRAL
GANGLION OFFER AN ADVANTAGEOUS
SOURCE FOR DIRECT
REPROGRAMMING

It is important to consider the target cell type for direct
reprogramming since cells acquire lineage specific epigenetic
markers during development (Ho and Crabtree, 2010;
Vierbuchen and Wernig, 2012). These genetic signatures
may partially explain why it is apparently more difficult to
transdifferentiate distantly related lineages (Vierbuchen et al.,
2010). Glial cells were first found to be easily converted into
neuron-resembling cells through expression of a small number
of transcription factors including Pax6 alone (Heins et al., 2002)
or Neurog2 and Ascll (Berninger et al, 2007). Subsequently,
other combinations of transcription factors, such as Brn2, Ascll,
and Myt1l (Vierbuchen et al., 2010) or even AsclI alone (Chanda
et al., 2014), were found to be able to convert more distant cell
types into neurons. These data indicated that it was possible
to coax cells to become a cell type with a very different history
using only a few, or even one, transcription factor(s). However,
it appeared that iNs produced by fibroblasts take longer to
mature than glial-derived iNs, presumably due to additional
stages required in converting cells from a more distant lineage
(Berninger et al., 2007; Heinrich et al., 2011; Wapinski et al., 2013;
Chanda et al., 2014). If there are, in-fact, distinct stages involved,
at least theoretically, it would be easier for glia to progress
through these switches in state since both neurons and glia in
the CNS naturally derive from the same population of neural

progenitor cells (Bertrand et al., 2002). In fact, mutations in
Ascll and Neurog2 result in premature development of astrocytic
precursors instead of neural precursors, and expression of AsclI
both simultaneously commits progenitors to a neural fate and
inhibits the glial developmental program (Bertrand et al., 2002).
Adult pools of neural progenitor cells in the subventricular zone
and hippocampal subgranular zone, which express Ascll, also
display glial characteristics and radial glia are a source of neurons
during development (Malatesta et al., 2000; Doetsch, 2003;
Kriegstein and Alvarez-Buylla, 2009). In the zebrafish retina,
Miiller glia act as a population of latent neural stem cells that
can be activated after lesion to replace retinal neurons (Raymond
et al., 2006). This process is dependent on upregulation of AsclI
(Ramachandran et al., 2010), indicating that normal processes of
development and repair from damage can force glial-like cells to
undergo transdifferentiation into neurons. Unfortunately, in the
PAS no analog exists; however, multipotent stem cells have been
discovered within the inner ear; in the utricle (Li et al., 2003) and
in the spiral ganglion (Oshima et al., 2007; Zhang et al., 2011;
Diensthuber et al., 2014; Li et al.,, 2016; McLean et al., 2016).
These cells have the potential to form neurites, develop synapses
and express neuronal markers in vitro, but it is unclear whether
they naturally repopulate the spiral ganglion post-injury (Li et al.,
2003, 2016). Nevertheless, given the similar history and location
of glia in the spiral ganglion these cells likely have the highest
conversion potential in regenerating auditory neurons to restore
hearing. In fact, we have recently published an analysis of the
transcriptome upon neuronal induction of spiral ganglion glial
cells where we observed a marked upregulation of key neuronal
signatures and downregulation of key glial signatures, indicating
the high potential of reprogramming glial cells into neurons
(Noda et al., 2018).

Glia are the support cells of the nervous system. They
comprise at least 50% of the cells in the brain and 80% of the
cells in the peripheral nerves (Rowitch and Kriegstein, 2010;
Zuchero and Barres, 2015). In the brain, macroglia are derived
from the same precursors as neurons. Early in development
neuroepithelial progenitor cells differentiate into radial glia
and these cells are converted first into neurons and then into
astrocytes and oligodendrocytes (Malatesta et al., 2000). In
the PAS on the other hand, glia and sensory neurons arise
from different embryonic sources, the neural crest and the
otic placode, respectively (ID’Amico-Martel and Noden, 1983;
Sandell et al., 2014). These migratory neural crest cells and
neural precursors work in tandem during morphogenesis for
the proper development of the cochleovestibular nerve (Sandell
et al.,, 2014). In the spiral ganglion, the two major types of glia
are satellite cells, which populate the area surrounding the cell
bodies of sensory neurons, and Schwann cells, which migrate
toward axonal projections (Figure 1) (Zuchero and Barres, 2015).
Glia promote neuronal survival, provide nutrients and metabolic
support, remove and recycle neurotransmitters, shape synapses,
and form myelin sheaths (reviewed in Zuchero and Barres, 2015).
In the CNS, astrocytes are additionally critical in regulating
blood flow and in forming the blood-brain barrier. Although,
the cochlea is similarly protected by a blood-labyrinth barrier,
resident glial cells do not appear to be involved (Shi, 2016).
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Glia are also critical in the response to neural injury and
disease. In the CNS, damage caused by acute injury, infection,
ischemia and neurodegeneration results in an intricate balance
between inflammation, cell death and debris removal (reviewed
in Burda and Sofroniew, 2014). One hallmark feature of CNS
insult is the proliferation of astrocytes. This process, known
as reactive gliosis, results in the formation of a glial scar
that prevents the spread of inflammation and protects viable
cells (Faulkner et al., 2004). Unfortunately, recent studies have
suggested that some reactive glia may play an emerging role in
neurotoxicity (Liddelow et al., 2017; Qian et al., 2017) and old
glial scars are also believed to inhibit axonal regeneration both
physically and chemically through the release of extracellular
matrix products (Kimura-Kuroda et al., 2010). Interestingly,
there is alternative evidence to suggest that reactive gliosis may
be involved in directing uncommitted cells toward a neurogenic
fate (Robel et al., 2011). Alternatively, the increased incidence
of transdifferentiation following reactive gliosis might instead
be related to the post-injury environment since reprogramming
experiments are similarly found to be more successful when
induced after injury (Heinrich et al., 2014; Chiche et al., 2016;
Mosteiro et al., 2016). The post-injury environment is associated
with the release of inflammatory cytokines, which in-turn are
responsible for several reactive processes such as triggering glial
scarring and activating endogenous neural stem cells (Alvarez-
Buylla and Garcia-Verdugo, 2002; Arvidsson et al., 2002;
Yamashita et al., 2006; Chen et al., 2017). Hence, reprogramming
glia may be useful for eliminating, or at least shrinking, glial scars
by converting these cells into neurons.

In the PAS, damage can be caused directly to auditory
neurons or indirectly through the loss of hair cells (Kujawa
and Liberman, 2015). Reminiscent of reactive gliosis in the
CNS, in the immediate period following injury there is marked
proliferation of glial cells expressing Sox2 (Lang et al.,, 2011,
2015). These Sox2-expressing glial cells display characteristics
similar to neural progenitor cells, comparable to the neurogenic
cells found after injury in the CNS (Lang et al., 2015). Despite the
fact that neural stem cell niches are found in the spiral ganglion
and cranial nerve VIII, unlike the CNS there is no evidence to
suggest that there is recovery of neurons after damage (Oshima
et al., 2007; Zhang et al., 2011; Diensthuber et al., 2014; Li et al,,
2016). Perhaps these cells in the spiral ganglion play more of
a neuroprotective role rather than replacing lost neurons. It is
also not clear whether the PAS equivalent of reactive gliosis
occurs after primary degeneration of PANs or if it only occurs
after injury. Additionally, there is some overlap between the
two systems since astrocytes and Schwann cells may migrate
across the peripheral and central nervous system transitional
zone following damage along the cochlear nerve (Hu et al., 2014).
Elsewhere in the PNS, neurons have been found to retain some
regenerative capacity, a feature likely related to glial interplay
since Schwann cell dysfunction in age is thought to play a role
in limiting regeneration (Painter, 2017). In sum, glia provide
a similar role in both the CNS and PAS. They present similar
challenges for attempts to regenerate lost neurons, and could
provide significant advantages in that success in one field could
lead to translatable results in the other.

IN VITRO NEURONAL
REPROGRAMMING AND CELLULAR
TRANSPLANTATION

It was previously thought that somatic cells obeyed a strict
program resulting in a static terminally differentiated state.
However, recently it has become accepted that cells are not locked
into a certain state but are amenable to changing conditions
(Sieweke, 2015). In fact, transcription factors can remodel cells
into other differentiated cell types, a technique known as direct
reprogramming. This is a beneficial strategy since it can bypass
the lengthy induced pluripotent stem cell (iPSC) stage and
also consequently decrease the chance of tumorigenesis due to
latent pluripotent cells (Kelaini et al., 2014). Reprogramming has
had major success in converting various cell types into others;
including pancreatic B cell islets (Zhou et al., 2008), brown
adipose tissue (Kajimura et al., 2009), cardiomyocytes (Ieda et al.,
2010), and neurons (Vierbuchen et al., 2010; Pang et al., 2011).
Most of this work has been performed using a combination of
transcription factors, miRNAs and small chemical compounds
in vitro (Li et al, 2015; Cao et al., 2016; Masserdotti et al.,
2016; Gao et al,, 2017). Using these techniques, it has become
theoretically possible to generate new tissue and potentially even
organs from an individual’s own cells with reduced tumourigenic
side effects.

In vitro transdifferentiated cells can be used for the
autologous transplantation of tissues, organs or cells. The
earliest experiments demonstrating the transplantation of iNs
to the CNS used transcription factor-based reprogramming to
induce dopaminergic neurons from fibroblasts for the treatment
of Parkinson’s disease. These cells were able to successfully
integrate into the nervous circuit (Caiazzo et al, 2011), and
even resulted in some functional recovery in an animal model
of Parkinson’s disease (Kim et al., 2011). In the PAS, the
only study to-date involving in vitro differentiated iNs and
subsequent transplantation relied on a directed differentiation
protocol to convert human iPSCs into glutamatergic neurons
to be transplanted into guinea pig inner ears (Ishikawa et al,
2017). On a histological level these cells were incorporated
into Rosenthal’s canal, but circuit integration and recovery of
auditory function were not assessed and the number of cells
remaining after 2 weeks was significantly reduced, presumably
due to the host system’s immune response (Ishikawa et al.,
2017). Other cases of transplantation in the spiral ganglion
have used ESCs (Coleman et al., 2006) and iPSCs (Nishimura
et al., 2009) or neurons extracted from other sources, such as
embryonic dorsal root ganglion neurons (Hu et al., 2005). These
studies demonstrated that it was possible for ESCs or iPSCs to
differentiate into glutamatergic iNs that could form synapses with
cochlear hair cells and could survive up to 4 weeks. However,
these studies did not test recovery of auditory function or survival
after a longer period.

Others have instead generated induced neural stem cells
(iNSCs) in vitro for transplantation and differentiation in vivo.
In the CNS, researchers have generated iNSCs by overexpressing
some of the Yamanaka pluripotency factors and neuron-related
transcription factors, such as Brn2, along with exposure to small
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molecules (Kim et al, 2011; Lujan et al, 2012). Ring et al.
(2012) were able to directly generate iNSCs from fibroblasts
using Sox2 alone (Ring et al., 2012). These Sox2 derived iNSCs
were able to differentiate into various mature neuronal and glial
subtypes when transplanted in the mouse brain (Ring et al,
2012). Similarly, Lee et al. (2015) were able to differentiate blood
cell derived iNSCs using GSK3 and SMAD inhibitors along
with Oct4 overexpression into dopaminergic and nociceptive
neurons when transplanted in vivo (Lee et al, 2015). Kim
et al. (2014) could generate induced neural crest-like cells
that could be differentiated into peripheral neurons and glia
by overexpression of Sox10 when paired with canonical Wnt
activation (Kim et al., 2014). In the PAS, a handful of studies
have indicated that the differentiation of progenitor or stem cells
toward auditory neurons is a similarly promising strategy. iNs
using this method have been shown to abundantly repopulate
the auditory nerve and send extensions toward the sensory
epithelium (Corrales et al., 2006; Shi et al., 2007). Hu et al.
(2017) thoroughly analyzed neural stem cell derived neurons
and discovered they were able to form functional synapses with
cochlear nucleus neurons in vitro (Hu et al., 2017). Chen et al.
(2012), using otic progenitors derived from hESCs, discovered
that it was possible to restore some auditory function after
transplantation (Chen et al., 2012), and Song et al. (2017) found
that acquisition of neuronal properties from otic progenitors
could be accelerated upon Neurogl overexpression (Song et al.,
2017). Hackelberg et al. (2017) similarly observed integration of
differentiated neurons from human-derived neural progenitor
cells when implanted into the guinea pig internal auditory meatus
after induced auditory neuropathy (Hackelberg et al., 2017). To
improve growth of neurites toward PAN targets, Hackelberg et al.
(2017) simultaneously delivered a nanofibrous scaffold. However,
these studies implanted cells only shortly after induced auditory
neuropathy, hence the differentiation of iNs may be the result
of an early post-injury environment. This temporary niche is
supplied with growth factors and cytokines not normally present
and has the potential to even stimulate ESCs transplanted at
the internal auditory meatus portion of the auditory nerve to
migrate toward Rosenthal’s canal and the scala media (Sekiya
et al., 2006). Therefore, it is possible that this environment may
have a profound impact on transplantation with vastly different
results than a late-injury model of auditory neuropathy since
this environment is often inhibitory (Lang et al., 2008). These
approaches that generate multipotent precursors (e.g., iNSCs, otic
progenitors) are useful because these cells are expandable, they
have a reduced potency such that they can only differentiate
into a limited number of cell types, and are amenable to the
environmental cues in the transplanted setting. However, the
proliferative capability of these cells is still of concern.

Despite the usefulness of in vitro reprogrammed cells, there
are major limitations to transplantation. Cellular transplantation
is an invasive process that can result in death of both cells
from the original tissue and the transplanted ones. Therefore,
cellular transplantation requires tremendous numbers of cells to
maximize the yield of viable cells that integrate into host tissues.
Fortunately, Rigamonti et al. (2016) have recently developed a
large-scale production method to differentiate iPSCs into mature

cortical or motor neurons using a suspension culture system
(Rigamonti et al., 2016). These iNs could form integrated neural
networks and generate synchronized action potentials within
the culture system, thereby addressing the need to create large
amounts of iNs. However, a second obstacle for transplantation
efforts using in vitro differentiated cells is immunogenicity.
A characteristic of iPSCs and ESCs maintained in culture for long
periods of time is the development of aberrant surface proteins
which are passed onto differentiated cells and trigger the immune
system (as reviewed in Tang and Drukker, 2011). This problem
is supposedly due to the incomplete conversion of cells in vitro
and is not observed with in vivo reprogramming (Tang and
Drukker, 2011). Hence the completeness of conversion may be
related to extrinsic factors provided to cells within the in vivo
cellular niche. This consequence of ectopically transplanted cells
is also dependent on cell type, since it does not always result
in an immune response (Tapia and Scholer, 2016). In sum,
in vitro lineage conversion is advantageous for understanding
the molecular features of transdifferentiation; however, several
difficult obstacles for the transplantation of in vitro derived
cells limits its usefulness as a therapy for humans. A more
promising solution that avoids some of these issues is the in vivo
reprogramming of spiral ganglion glia into neurons.

IN VIVO REPROGRAMMING OF GLIA
AND FUNCTIONAL STUDIES

In vivo reprogramming refers to cellular reprogramming that
takes place within a living organism through direct intervention
methods such as gene therapy. In vivo reprogramming takes
advantage of the microenvironments that already exist in the
body and bypasses some of the complications associated with
cell grafting. As an added benefit, in vivo reprogramming is
perhaps more efficient than in vitro reprogramming since in vivo
strategies (Qian et al., 2012; Liu et al, 2015) appear to be
more successful in converting cardiomyocytes and neurons than
in vitro strategies (Ieda et al., 2010; Vierbuchen et al., 2010; Pang
et al., 2011; Heinrich et al,, 2015). Attempts at reprogramming
glia into neurons in vivo have largely focused on two major
strategies: converting glia into neuroblasts and differentiating
these cells into iNs or directly converting glia into iNs (Smith and
Zhang, 2015; Smith et al., 2016, 2017) (Figure 2A and Table 1).
Neuroblasts are the expandable precursors to neurons, hence
by converting resident glial cells into neuroblasts it is possible
to increase the number of cells while simultaneously creating
new neurons in vivo. The generation of neuroblasts in vivo can
be achieved by the ectopic expression of the Sox2 transcription
factor, both in the brain (Niu et al., 2013, 2015) and in
the spinal cord (Su et al, 2014; Wang et al, 2016). When
animals concurrently overexpress neurotrophic factors such
as BDNF and noggin or are orally administered the histone
deacetylase inhibitor valproic acid, these neuroblasts are found
to differentiate into iNs (Niu et al., 2013, 2015; Su et al.,
2014). This method of creating iNs through a multipotent
neuroblast intermediate involves guiding glia through distinct
cell stages. Transduced cells first become neuroprogenitor cells
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dorsal cochlear nucleus; PVCN, posterior ventral cochlear nucleus.

Cortical NG2 Glia
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Striatal Astrocytes \
Non-Neural Cells

Spinal Astrocytes

Non-Sensory Epithelial Cell

FIGURE 2 | Reprogramming glial cells into neurons in vivo. (A) Schematic identifying source cell populations that have been converted into induced neurons either
in vitro or in vivo. Induced neurons have been derived from several distinct cell populations in the brain, spinal cord and inner ear. Many of these cells include glial cell
types. Peripheral glia (red) are suggested targets for future reprogramming efforts in the inner ear. (B) Schematic identifying the auditory circuit leading from the organ
of Corti within the inner ear, through the spiral ganglion and ultimately to the cochlear nucleus within the brainstem. Type | PANs (red) form multiple synapses with
inner hair cells (IHC) and Type Il PANs (gray) innervate outer hair cells (OHC). Glia (green) are interspersed with PANs in the spiral ganglion. Afferent fibers from both
PAN subtypes project to the cochlear nucleus based on their unique characteristics, establishing a tonotopic map. AVCN, anterior ventral cochlear nucleus; DCN,
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that express Ascll. They develop into Doublecortin expressing
neuroblasts and commit to a neuronal fate (Niu et al., 2015).
They then mature when supplied with exogenous neurotrophic
factors. iNs produced from this step-wise differentiation protocol
using Sox2 could also reliably generate action potentials and form
synapses with endogenous neurons. This technique, which both
increases the number of source cells while creating functional
neurons can be useful for neuronal regeneration approaches. It
is unclear if Sox2 could drive the conversion of peripheral glia
into neuroblasts since the upregulation of Sox2 is a characteristic
response after injury in the PAS for glial proliferation (Lang et al.,
2011). Additionally, reactive gliosis typically results in extensive
amounts of proliferating glia, hence this strategy may not be
necessary to create sufficient numbers of iNs in the inner ear.
However, reprogramming glia to neuroblasts remains an option
if direct conversion in the spiral ganglion yields uncharacteristic
low numbers of iNs or there are too few source cells remaining
in the spiral ganglion, as seen in older animals (Keithley et al.,
1989).

Many other researchers have used neurogenic transcription
factors to reprogram glial cells directly into iNs. The
overexpression of Ascll, Brn2, and Myt1l converted parenchymal
astrocytes into neurons in the adult mouse striatum (Torper
et al, 2013). Similar to the in wvitro studies on neuronal
reprogramming, Ascll on its own also converted midbrain
astrocytes (Liu et al., 2015) and reactive astrocytes from the
subventricular zone (Faiz et al., 2015) into functional neurons.
NeuroD1 alone was also found to convert astrocytes into mature
neurons (Guo et al., 2014; Brulet et al, 2017). Aside from
astrocytes, NG2 glia have been targeted as a potential source
cell type. NG2 glia are the precursors to oligodendrocytes and

could be converted into iNs by NeuroD1 (Guo et al., 2014),
Sox2 (Heinrich et al., 2014) or the combination of Ascll, LmxIa,
and Nurrl (Torper et al, 2015). In a cortical injury mouse
model, Neurog? and the addition of growth factors to non-
neural cortical cells was sufficient for cells to adopt a neuronal
fate (Grande et al,, 2013). Interestingly, different areas of the
brain appeared to have characteristically different responses.
Neurog2-transfected cells in the striatum reliably developed
into both glutamatergic and GABAergic iNs, whereas cells
in the neocortex only developed into glutamatergic iNs. This
difference in reprogramming suggests that local environmental
cues can have a considerable effect on the outcome of conversion.
Alternatively, this may be the result of a developmental effect.
Cells may become regionally primed toward neighboring
neural subtypes through the process of development and this
phenotypic preference materializes during reprogramming
(Liu et al., 2015; Masserdotti et al., 2015; Chouchane et al,,
2017). Regardless of the mechanism, unfortunately, both
areas regenerated less than 5% of the number of neurons
lost from injury. Gascén et al. (2016) hypothesized that the
low vyields achieved after cellular reprogramming were the
result of a switch in metabolism from aerobic respiration
in glia to anaerobic respiration in neurons, and the failure
to transition resulted in cellular death (Gascén et al., 2016).
Hence, they combined the expression of Neurog2 with Bcl2,
an anti-apoptotic transcription factor, to increase iN yields
from astrocytes. Instead of the predicted apoptotic pathway,
Bcl2 appeared to aid in reprogramming by reducing lipid
peroxidation, a marker of ferroptosis (Gascon et al, 2016).
Mosteiro et al. (2016) on the other hand showed that cells failing
to reprogram undergo senescence and secrete cytokines that
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TABLE 1 | Summary of in vivo reprogramming strategies in the nervous system.

Cell type Reprogramming factor(s) Generated cells Location of Functional study Reference
reprogramming
Brain
Astrocyte Ascl1 4+ Brn2 + Myt1l NeuN+ neurons Striatum Torper et al., 2013
Astrocyte Sox2 (+ BDNF + Noggin) NeuN+ neurons Striatum Spontaneous synaptic Niu et al., 2013
currents.
Reactive Neurog2 (+ FGF + EGF) Glutamatergic Cortex/striatum Grande et al., 2013
astrocyte neurons/Glutamatergic and
GABAergic neurons
Reactive NeuroD1 Glutamatergic neurons Cortex Spontaneous and evoked Guo et al,, 2014
astrocyte synaptic responses.
NG2 glia NeuroD1 Glutamatergic and Cortex Spontaneous and evoked Guo et al., 2014
GABAergic neurons synaptic responses.
NG2 glia Sox2 GABAergic Cortex Spontaneous synaptic Heinrich et al., 2014
currents.
Astrocyte Ascli Glutamatergic and Striatum Spontaneous and evoked Liu et al., 2015
GABAergic neurons synaptic responses.
NG2 glia Ascl1 + Lmx1a + Nurr1 Glutamatergic and Striatum Spontaneous and evoked Torper et al., 2015
GABAergic neurons synaptic responses.
Astrocyte Neurog2 + Bcl2 Glutamatergic pyramidal Cortex Gascon et al., 2016
neurons
Astrocyte NeuroD1 NeuN+ neurons Cortex/striatum Brulet et al., 2017
Astrocyte NeuroD1 + Ascl1 4+ Lmx1a Dopaminergic neurons Striatum Spontaneous and evoked di Val Cervo et al., 2017
+ miR218 synaptic responses.
Rescues behavior in
Parkinson’s model.
Astrocyte Ascl1 + Pitx3 4+ Lmx1a + Dopaminergic neurons Striatum Spontaneous and evoked Yoo et al., 2017
Nurr1 (4 gold synaptic responses.
nanoparticles and Rescues behavior in two
electromagnetic field different Parkinson’s
exposure) models.
Spinal Cord
Astrocyte Sox2 (+ VPA) GABAergic Suetal., 2014
Astrocyte Sox2 (+ VPA + BDNF + Primarily glutamatergic Wang et al., 2016
Noggin) (GABAergic, glycinergic,

serotonergic, cholinergic)

actually facilitate the reprogramming of other cells (Mosteiro
et al., 2016). They found that by using a Bcl2 inhibitor they
could selectively kill senescent cells and consequently decrease
reprogramming efficiency (Mosteiro et al., 2016). From the
results of Gascon et al. (2016) and Mosteiro et al. (2016) it is
evident that cells transfected with reprogramming factors can
fail to reprogram and instead enter an alternative pathway,
whether that may be ferroptosis or senescence. However, it
is not clear why some cells are successful at reprogramming
whereas others are interrupted along the way. These studies
are part of an emerging development in the reprogramming
field to understand the molecular roadblocks that prevent
conversion in hopes of facilitating reprogramming instead of
inundating cells with neurogenic transcription factors. These
examples that newly derived iNs from a variety of sources could
form functional connections with endogenous neurons when
reprogrammed in vivo are exciting developments, but further
studies on the mechanisms preventing reprogramming are
critical for developing strategies that can be efficient solutions for
neurodegenerative diseases.

In studies of neural regeneration in the CNS, damage
paradigms involve the use of transgenic mice or targeted lesions.
This is a beneficial approach for diseases tied to a specific
phenotype or pathology but not when the genetics are unknown
and/or broad. In the PAS this problem is circumvented since
it is possible to abolish hearing by specifically targeting the
destruction of PANs through the use of the chemical ouabain
(Yuan et al, 2014). The amount and delivery of ouabain
is particularly important, because at higher concentrations it
can also influence hair cells (Fu et al., 2012). Nevertheless,
this method of selectively destroying endogenous PANs allows
researchers to specifically focus on regeneration of neurons and
hearing instead of other symptomatic effects. An additional
advantage to reprogramming PAS glia into neurons is the
relative homogeneity of PANs compared to the innumerable
subtypes of neurons found in the CNS. In addition to simply
generating neurons for regenerative medicine, it is also critical to
differentiate these cells into the required subtype(s). Fortunately,
based on studies in the CNS most astrocytes induced to convert
in vitro have been found to retain regional specification consistent
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with the location where glial cells were derived. This leads to
the corresponding creation of GABAergic neurons in the cortex
(Masserdotti et al., 2015), and both GABAergic and glutamatergic
neurons in the midbrain (Liu et al., 2015). The neural subtypes
formed when spiral ganglion glial cells are converted has yet
to be examined; however, based on the work completed in
the CNS it is likely that these cells will become glutamatergic
neurons, which is consistent with the neuronal subtype of PANs
(Reijntjes and Pyott, 2016). In fact, spiral ganglion derived neural
stem cells almost exclusively differentiate into spiral ganglion-
like glutamatergic cells (Li et al., 2016). Fortunately for the
purposes of reprogramming in the inner ear this strategy should
be sufficient to restore hearing since all PANs are glutamatergic
neurons. Therefore, the in vivo strategies already succeeding
in the brain can be applied to the PAS as-is without need for
refinement of neural subtype.

Additionally, reprogramming in the PAS is advantageous
since there are already well-established methods that can be
easily implemented to robustly validate the integration of
reprogrammed iNs into pre-existing circuits. These types of
rigorous functional studies are critical to ensure that iNs are
working as intended and rescuing the impaired phenotype rather
than simply adding cells. Functional studies of reprogramming
in the CNS can be difficult since many neurodegenerative
conditions involve widespread damage, such as in Alzheimer’s
disease, and thus require iNs to form extensive connections
with endogenous neurons in far-reaching areas of the brain
(Goldman, 2016). This is not to mention the sheer number of iNs
that would be required to rescue the phenotype of Alzheimer’s
disease. Given our current state of technology, it is not clear how
to both broadly reprogram glia in the brain and prevent off-
target reprogramming elsewhere in the body. On the other hand,
diseases like Parkinson’s and Huntington’s where lost neurons
are restricted to a single phenotype and/or location may benefit
from the reprogramming techniques currently available. There
is evidence of some motor rescue in humans with Parkinson’s
disease when grafted with fetal dopaminergic tissue (Cicchetti
et al., 2009; Barker et al., 2015), but this does not lead to stable
recovery and typically results in dyskinesias. The instability of
grafted tissue may be related to heterologous transplantation
since dopaminergic neurons derived from autologous iPSCs
in vitro can stably reinnervate the host brain and rescue some
motor function when implanted in non-human primates (Hallett
et al., 2015). Recently, two breakthrough studies have shown
that striatal astrocytes can be reprogrammed into dopaminergic
neurons in vivo. These induced dopaminergic neurons could
reliably generate action potentials and rescue some motor
behavior in mouse models of Parkinson’s disease (di Val Cervo
et al., 2017; Yoo et al., 2017). These studies used a combinations
of familiar transcription factors and/or microRNAs (Table 1). In
a unique approach, Yoo et al. (2017) also supplemented gene
delivery in the mouse striatum with gold nanoparticles that were
affected by an electromagnetic field for 3 weeks (Yoo et al., 2017).
Stimulation by an electromagnetic field was thought to increase
expression of proteins that influenced the chromatin state, thus
robustly activating neuronal genes. Previously only glutamatergic
or GABAergic neurons had been created in vivo, hence this

elusive feat demonstrated by two labs simultaneously indicates
the tremendous innovation happening in the field of regenerative
medicine. In comparison to the brain, the spiral ganglion in the
PAS is a physically small and restricted niche that is separated
from the rest of the body by the blood-labyrinth barrier and
is composed of only glutamatergic neurons. Although, PANs
only form connections at two ends, with the hair cells of the
cochlea and the neurons of the cochlear nucleus of the brain,
these cells form networks in a precisely organized tonotopic
layout (Appler and Goodrich, 2011). Further complexity is
added when considering spontaneous discharge rate, activation
threshold, and sound intensity coding of PANs, which inform the
termination patterns of PANs in the cochlear nucleus (Kawase
and Liberman, 1992). However, functional analyses of the PAS
can be relatively easily evaluated using objective audiometric
tests. The auditory brainstem response (ABR), is a non-invasive
recording of electrical activity transmitted between cranial nerve
eight and the brainstem (Davies, 2016). It is logged using
electrodes placed on the surface of the scalp (Guo et al,, 2014).
ABR waveforms have a distinctive five wave pattern that can
be used to identify the location of pathology, and therefore can
be used to test integration of iNs into the auditory circuit. In
the case that an auditory evoked potential cannot be detected
by the ABR it is possible to use electrically evoked compound
action potentials to test the electrical activity of the auditory
nerve independent of auditory activity (Ramekers et al., 2015).
Although this is an invasive strategy that requires implanting
electrodes in the cochlea and brain, it can be useful to test
whether iNs are electrically active but suffer from functional
connectivity between the cochlea and cochlear nucleus. In either
case, reprogramming in the PAS can be robustly tested using
powerful audiometric techniques. These features make the PAS
an attractive opportunity to examine reprogramming techniques
on a smaller scale with equally landmark implications as studies
in the CNS.

CHALLENGES AND FUTURE
DIRECTIONS

Building upon these foundational studies on direct neuronal
reprogramming of glia in the CNS, the direct reprogramming
of spiral ganglion glial cells into PANs in the PAS appears
likely to be a feasible strategy to restore hearing. Ample
in vitro and in vivo evidence indicate that glia are amenable
to conversion into functional neurons. In terms of delivery to
the spiral ganglion, proneurogenic genes can be administered
using adeno-associated viruses since they have low toxicity and
immunogenicity while being safe for human usage (Mueller and
Flotte, 2008). However, for strategies such as this to be useful,
the success of conversion in aged mice will need to be tested
since the most likely recipient for regenerative medicine efforts
will be adults. Ahlenius et al. (2016) have shown that cells
acquired from older mice display senescence, overexpress the
transcription factor Foxo3 and are more difficult to reprogram
in vitro (Ahlenius et al., 2016). Directly reprogrammed
neurons additionally retain age-related signatures, which may
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include nucleocytoplasmic defects that can critically alter the
cellular phenotype in vitro, although this has not yet been
observed in vivo (Mertens et al., 2015). On the other hand,
Mosteiro et al. (2016) have shown that senescent cells secrete
cytokines which increase the reprogramming efficiency of nearby
cells when transduced with transcription factors in vivo (Mosteiro
et al., 2016). Therefore, more research is needed on in vivo
reprogramming in adult cells to elucidate the effectiveness of
conversion on aged cells.

In the case that in vivo reprogramming can create suitable
numbers of iNs, there is still the issue of forming functional
synaptic connections with the mechanosensory hair cells of
the cochlea and the brainstem. Given the nature of neural
connections between the cochlea and the brainstem, it is likely
that there will be equal or even greater success at reprogramming
glia into neurons and circuit integration in the PAS than the
CNS. This is because PANs are glutamatergic and have a single
connection to the cochlea and another to the auditory center of
the brain. A more difficult task in the PAS will be to establish
tonotopic connections, which will be critical in restoring natural-
like hearing (Figure 2B). It might be necessary to combine
direct reprogramming with the delivery of neurotrophic factors
through an osmotic pump (Sly et al., 2012) or a cell-based therapy
(Zanin et al, 2014) to induce axon pathfinding and synapse
formation. Hence, more work will need to be done to see whether

REFERENCES

Ahlenius, H., Chanda, S., Webb, A. E., Yousif, I., Karmazin, J., Prusiner, S. B., et al.
(2016). FoxO3 regulates neuronal reprogramming of cells from postnatal and
aging mice. Proc. Natl. Acad. Sci. U.S.A. 113, 8514-8519. doi: 10.1073/pnas.
1607079113

Alvarez-Buylla, A., and Garcia-Verdugo, J. M. (2002). Neurogenesis in adult
subventricular zone. J. Neurosci. 22, 629-634.

Angeli, S., Lin, X,, and Liu, X. Z. (2012). Genetics of hearing and deafness. Anat.
Rec. 295, 1812-1829. doi: 10.1002/ar.22579

Appler, J. M., and Goodrich, L. V. (2011). Connecting the ear to the brain:
molecular mechanisms of auditory circuit assembly. Prog. Neurobiol. 93,
488-508. doi: 10.1016/j.pneurobio.2011.01.004

Arvidsson, A., Collin, T., Kirik, D., Kokaia, Z., and Lindvall, O. (2002). Neuronal
replacement from endogenous precursors in the adult brain after stroke. Nat.
Med. 8,963-970. doi: 10.1038/nm747

Barker, R. A., Drouin-Ouellet, J., and Parmar, M. (2015). Cell-based therapies
for Parkinson disease-past insights and future potential. Nat. Rev. Neurol. 11,
492-503. doi: 10.1038/nrneurol.2015.123

Berninger, B., Costa, M. R., Koch, U., Schroeder, T., Sutor, B., Grothe, B., et al.
(2007). Functional properties of neurons derived from in vitro reprogrammed
postnatal astroglia. J. Neurosci. 27, 8654-8664. doi: 10.1523/J]NEUROSCI.1615-
07.2007

Bertrand, N., Castro, D. S., and Guillemot, F. (2002). Proneural genes and the
specification of neural cell types. Nat. Rev. Neurosci. 3, 517-530. doi: 10.1038/
nrn874

Bohne, B. A., and Harding, G. W. (2000). Degeneration in the cochlea after noise
damage: primary versus secondary events. Am. J. Otol. 21, 505-509.

Briggs, R. J. S. (2011). Future technology in cochlear implants: assessing
the benefit. Cochlear Implants Int. 12(Suppl. 1), S22-S25. doi: 10.1179/
146701011X13001035752291

Brulet, R, Matsuda, T., Zhang, L., Miranda, C., Giacca, M., Kaspar, B. K,
et al. (2017). NEURODI instructs neuronal conversion in non-reactive
Astrocytes. Stem Cell Reports 8, 1506-1515. doi: 10.1016/j.stemcr.2017.0
4.013

reliable neural connections are formed. If successful, the PAS
has the potential to become a model system to test regenerative
medicine approaches for many neurodegenerative diseases that
would benefit from a gene therapy approach to cell regeneration.

AUTHOR CONTRIBUTIONS

SM, C-LZ, and AD: conceptualization and writing. AD:
supervision and funding.

FUNDING

This work was supported in part by funding provided to
the University of Toronto Medicine by Design initiative, by
the Canada First Research Excellence Fund (AD), Koerner
Foundation (AD), Mitacs-JSPS (SM), and the Sunnybrook
Hearing Regeneration Initiative.

ACKNOWLEDGMENTS

We thank Drs. K. Nishimura and C. Schuurmans for providing
valuable comments on the manuscript.

Burda, J. E., and Sofroniew, M. V. (2014). Reactive gliosis and the multicellular
response to CNS damage and disease. Neuron 81, 229-248. doi: 10.1016/j.
neuron.2013.12.034

Caiazzo, M., Dell’Anno, M. T., Dvoretskova, E., Lazarevic, D., Taverna, S., Leo, D.,
etal. (2011). Direct generation of functional dopaminergic neurons from mouse
and human fibroblasts. Nature 476, 224-227. doi: 10.1038/nature10284

Cao, N., Huang, Y., Zheng, J., Spencer, C. 1., Zhang, Y., Fu, J.-D., et al. (2016).
Conversion of human fibroblasts into functional cardiomyocytes by small
molecules. Science 352, 1216-1220. doi: 10.1126/science.aaf1502

Chanda, S., Ang, C. E., Davila, J.,, Pak, C., Mall, M., Lee, Q. Y., et al. (2014).
Generation of induced neuronal cells by the single reprogramming factor
ASCLLI. Stem Cell Reports 3, 282-296. doi: 10.1016/j.stemcr.2014.05.020

Chen, C., Zhong, X., Smith, D. K., Tai, W., Yang, J., Zou, Y., et al. (2017). Astrocyte-
specific deletion of Sox2 promotes functional recovery after traumatic brain
injury. Cereb. Cortex. doi: 10.1093/cercor/bhx303 [Epub ahead of print].

Chen, W., Jongkamonwiwat, N., Abbas, L., Eshtan, S. J., Johnson, S. L.,
Kuhn, S., et al. (2012). Restoration of auditory evoked responses by human
ES-cell-derived otic progenitors. Nature 490, 278-282. doi: 10.1038/naturel
1415

Chiche, A., Le Roux, I, Joest, von, M., Sakai, H., Aguin, S. B., et al. (2016). Injury-
induced senescence enables in vivo reprogramming in skeletal muscle. Cell Stem
Cell 20, 407.e4-414.e4. doi: 10.1016/j.stem.2016.11.020

Chouchane, M., Melo de Farias, A. R, Moura, D. M. S., Hilscher, M. M.,
Schroeder, T., Ledo, R. N,, et al. (2017). Lineage reprogramming of astroglial
cells from different origins into distinct neuronal subtypes. Stem Cell Reports 9,
162-176. doi: 10.1016/j.stemcr.2017.05.009

Cicchetti, F., Saporta, S., Hauser, R. A., Parent, M., Saint-Pierre, M., Sanberg,
P. R, et al. (2009). Neural transplants in patients with Huntington’s disease
undergo disease-like neuronal degeneration. Proc. Natl. Acad. Sci. U.S.A. 106,
12483-12488. doi: 10.1073/pnas.0904239106

Coleman, B., Hardman, J., Coco, A., Epp, S., de Silva, M., Crook, J., et al.
(2006). Fate of embryonic stem cells transplanted into the deafened mammalian
cochlea. Cell Transplant. 15, 369-380. doi: 10.3727/000000006783981819

Corrales, C. E,, Pan, L, Li, H., Liberman, M. C,, Heller, S., and Edge, A. S. B.
(2006). Engraftment and differentiation of embryonic stem cell-derived neural

Frontiers in Molecular Neuroscience | www.frontiersin.org

March 2018 | Volume 11 | Article 77


https://doi.org/10.1073/pnas.1607079113
https://doi.org/10.1073/pnas.1607079113
https://doi.org/10.1002/ar.22579
https://doi.org/10.1016/j.pneurobio.2011.01.004
https://doi.org/10.1038/nm747
https://doi.org/10.1038/nrneurol.2015.123
https://doi.org/10.1523/JNEUROSCI.1615-07.2007
https://doi.org/10.1523/JNEUROSCI.1615-07.2007
https://doi.org/10.1038/nrn874
https://doi.org/10.1038/nrn874
https://doi.org/10.1179/146701011X13001035752291
https://doi.org/10.1179/146701011X13001035752291
https://doi.org/10.1016/j.stemcr.2017.04.013
https://doi.org/10.1016/j.stemcr.2017.04.013
https://doi.org/10.1016/j.neuron.2013.12.034
https://doi.org/10.1016/j.neuron.2013.12.034
https://doi.org/10.1038/nature10284
https://doi.org/10.1126/science.aaf1502
https://doi.org/10.1016/j.stemcr.2014.05.020
https://doi.org/10.1093/cercor/bhx303
https://doi.org/10.1038/nature11415
https://doi.org/10.1038/nature11415
https://doi.org/10.1016/j.stem.2016.11.020
https://doi.org/10.1016/j.stemcr.2017.05.009
https://doi.org/10.1073/pnas.0904239106
https://doi.org/10.3727/000000006783981819
https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Meas et al.

Reprogramming to Ameliorate Hearing Loss

progenitor cells in the cochlear nerve trunk: growth of processes into the organ
of Corti. J. Neurobiol. 66, 1489-1500. doi: 10.1002/neu.20310

D’Amico-Martel, A., and Noden, D. M. (1983). Contributions of placodal and
neural crest cells to avian cranial peripheral ganglia. Am. J. Anat. 166, 445-468.
doi: 10.1002/aja.1001660406

Davies, R. A. (2016). Audiometry and other hearing tests. Handb. Clin. Neurol. 137,
157-176. doi: 10.1016/B978-0-444-63437-5.00011-X

di Val Cervo, P. R, Romanov, R. A, Spigolon, G., Masini, D., Martin-
Montafiez, E., Toledo, E. M., et al. (2017). Induction of functional dopamine
neurons from human astrocytes in vitro and mouse astrocytes in a
Parkinson’s disease model. Nat. Biotechnol. 35, 444-452. doi: 10.1038/nbt.
3835

Diensthuber, M., Zecha, V., Wagenblast, J., Arnhold, S., Edge, A. S. B., and
Stover, T. (2014). Spiral ganglion stem cells can be propagated and differentiated
into neurons and glia. Biores. Open Access 3, 88-97. doi: 10.1089/biores.2014.
0016

Doetsch, F. (2003). The glial identity of neural stem cells. Nat. Neurosci. 6,
1127-1134. doi: 10.1038/nn1144

Faiz, M., Sachewsky, N., Gascén, S., Bang, K. W. A., Morshead, C. M., and Nagy, A.
(2015). Adult neural stem cells from the subventricular zone give rise to reactive
astrocytes in the cortex after stroke. Cell Stem Cell 17, 624-634. doi: 10.1016/].
stem.2015.08.002

Faulkner, J. R., Herrmann, J. E., Woo, M. J., Tansey, K. E., Doan, N. B., and
Sofroniew, M. V. (2004). Reactive astrocytes protect tissue and preserve
function after spinal cord injury. J. Neurosci. 24, 2143-2155. doi: 10.1523/
JNEUROSCI.3547-03.2004

Fu, Y., Ding, D.,, Jiang, H., and Salvi, R. (2012). Ouabain-induced cochlear
degeneration in rat. Neurotox. Res. 22, 158-169. doi: 10.1007/s12640-012-9
320-0

Furman, A. C., Kujawa, S. G., and Liberman, M. C. (2013). Noise-induced cochlear
neuropathy is selective for fibers with low spontaneous rates. J. Neurophysiol.
110, 577-586. doi: 10.1152/jn.00164.2013

Gao, L, Guan, W., Wang, M., Wang, H,, Yu, J, Liu, Q, et al. (2017).
Direct generation of human neuronal cells from adult astrocytes by
small molecules. Stem Cell Reports 8, 538-547. doi: 10.1016/j.stemcr.2017.0
1.014

Gascon, S., Murenu, E., Masserdotti, G., Ortega, F., Russo, G. L., Petrik, D., et al.
(2016). Identification and successful negotiation of a metabolic checkpoint in
direct neuronal reprogramming. Cell Stem Cell 18, 396-409. doi: 10.1016/j.stem.
2015.12.003

Gaylor, J. M., Raman, G., Chung, M., Lee, J., Rao, M., Lau, J., et al. (2013).
Cochlear implantation in adults: a systematic review and meta-analysis.
JAMA Otolaryngol. Head Neck Surg. 139, 265-272. doi: 10.1001/jamaoto.2013.
1744

Gillespie, L. N., Richardson, R. T., Nayagam, B. A., and Wise, A. K. (2014).
Treating hearing disorders with cell and gene therapy. J. Neural Eng. 11:065001.
doi: 10.1088/1741-2560/11/6/065001

Goldman, S. A. (2016). Stem and progenitor cell-based therapy of the central
nervous system: hopes, hype, and wishful thinking. Cell Stem Cell 18, 174-188.
doi: 10.1016/j.stem.2016.01.012

Grande, A., Sumiyoshi, K., Lopez-Judrez, A., Howard, J., Sakthivel, B., Aronow, B.,
et al. (2013). Environmental impact on direct neuronal reprogramming in vivo
in the adult brain. Nat. Commun. 4:2373. doi: 10.1038/ncomms3373

Guo, Z., Zhang, L., Wu, Z., Chen, Y., Wang, F., and Chen, G. (2014). In vivo
direct reprogramming of reactive glial cells into functional neurons after
brain injury and in an Alzheimer’s disease model. Cell Stem Cell 14, 188-202.
doi: 10.1016/j.stem.2013.12.001

Hackelberg, S., Tuck, S. J., He, L., Rastogi, A., White, C., Liu, L., et al. (2017).
Nanofibrous scaffolds for the guidance of stem cell-derived neurons for
auditory nerve regeneration. PLoS One 12:e0180427. doi: 10.1371/journal.pone.
0180427

Hallett, P. J., Deleidi, M., Astradsson, A., Smith, G. A., Cooper, O., Osborn,
T. M., et al. (2015). Successful function of autologous iPSC-derived dopamine
neurons following transplantation in a non-human primate model of
Parkinson’s disease. Cell Stem Cell 16, 269-274. doi: 10.1016/j.stem.2015.0
1.018

Heinrich, C., Bergami, M., Gascon, S., Lepier, A., Vigano, F., Dimou, L., et al.
(2014). Sox2-mediated conversion of NG2 glia into induced neurons in the

injured adult cerebral cortex. Stem Cell Reports 3, 1000-1014. doi: 10.1016/j.
stemcr.2014.10.007

Heinrich, C., Gascén, S., Masserdotti, G., Lepier, A., Sanchez, R., Simon-Ebert, T.,
etal. (2011). Generation of subtype-specific neurons from postnatal astroglia of
the mouse cerebral cortex. Nat. Protoc. 6, 214-228. doi: 10.1038/nprot.2010.188

Heinrich, C., Spagnoli, F. M., and Berninger, B. (2015). In vivo reprogramming for
tissue repair. Nat. Cell Biol. 17, 204-211. doi: 10.1038/ncb3108

Heins, N., Malatesta, P., Cecconi, F., Nakafuku, M., Tucker, K. L., Hack, M. A,,
et al. (2002). Glial cells generate neurons: the role of the transcription factor
Pax6. Nat. Neurosci. 5, 308-315. doi: 10.1038/nn828

Ho, L., and Crabtree, G. R. (2010). Chromatin remodelling during development.
Nature 463, 474-484. doi: 10.1038/nature08911

Hu, Z., Andédng, M., Ni, D., and Ulfendahl, M. (2005). Neural cograft stimulates
the survival and differentiation of embryonic stem cells in the adult mammalian
auditory system. Brain Res. 1051, 137-144. doi: 10.1016/j.brainres.2005.06.016

Hu, Z., Liu, Z., Li, X., and Deng, X. (2017). Stimulation of synapse formation
between stem cell-derived neurons and native brainstem auditory neurons. Sci.
Rep. 7:13843. doi: 10.1038/s41598-017-13764-8

Hu, Z., Zhang, B., Luo, X., Zhang, L., Wang, J., Bojrab, D., et al. (2014). The
astroglial reaction along the mouse cochlear nerve following inner ear damage.
Otolaryngol. Head Neck Surg. 150, 121-125. doi: 10.1177/0194599813512097

Ieda, M., Fu, J.-D., Delgado-Olguin, P., Vedantham, V., Hayashi, Y., Bruneau,
B. G, et al. (2010). Direct reprogramming of fibroblasts into functional
cardiomyocytes by defined factors. Cell 142, 375-386. doi: 10.1016/j.cell.2010.
07.002

Ishikawa, M., Ohnishi, H., Skerleva, D., Sakamoto, T., Yamamoto, N., Hotta, A.,
etal. (2017). Transplantation of neurons derived from human iPS cells cultured
on collagen matrix into guinea-pig cochleae. J. Tissue Eng. Regen. Med. 11,
1766-1778. doi: 10.1002/term.2072

Kajimura, S., Seale, P., Kubota, K., Lunsford, E., Frangioni, J. V., Gygi, S. P., et al.
(2009). Initiation of myoblast to brown fat switch by a PRDM16-C/EBP-beta
transcriptional complex. Nature 460, 1154-1158. doi: 10.1038/nature08262

Kawase, T., and Liberman, M. C. (1992). Spatial organization of the auditory
nerve according to spontaneous discharge rate. J. Comp. Neurol. 319, 312-318.
doi: 10.1002/cne.903190210

Keithley, E. M., Ryan, A. F., and Woolf, N. K. (1989). Spiral ganglion cell density
in young and old gerbils. Hear. Res. 38, 125-133. doi: 10.1016/0378-5955(89)
90134-2

Kelaini, S., Cochrane, A., and Margariti, A. (2014). Direct reprogramming of adult
cells: avoiding the pluripotent state. Stem Cells Cloning 7, 19-29. doi: 10.2147/
SCCAA.S38006

Kim, J., Efe, J. A., Zhu, S., Talantova, M., Yuan, X., Wang, S., et al. (2011). Direct
reprogramming of mouse fibroblasts to neural progenitors. Proc. Natl. Acad.
Sci. U.S.A. 108, 7838-7843. doi: 10.1073/pnas.1103113108

Kim, Y. J, Lim, H,, Li, Z,, Oh, Y., Kovlyagina, I, Choi, I. Y., et al. (2014).
Generation of multipotent induced neural crest by direct reprogramming of
human postnatal fibroblasts with a single transcription factor. Cell Stem Cell 15,
497-506. doi: 10.1016/j.stem.2014.07.013

Kimura-Kuroda, J., Teng, X., Komuta, Y., Yoshioka, N., Sango, K., Kawamura, K.,
etal. (2010). An in vitro model of the inhibition of axon growth in the lesion scar
formed after central nervous system injury. Mol. Cell. Neurosci. 43, 177-187.
doi: 10.1016/j.mcn.2009.10.008

Kral, A., and O’Donoghue, G. M. (2010). Profound deafness in childhood. N. Engl.
J. Med. 363, 1438-1450. doi: 10.1056/NEJMra0911225

Kriegstein, A., and Alvarez-Buylla, A. (2009). The glial nature of embryonic and
adult neural stem cells. Annu. Rev. Neurosci. 32, 149-184. doi: 10.1146/annurev.
neuro.051508.135600

Kujawa, S. G., and Liberman, M. C. (2006). Acceleration of age-related hearing
loss by early noise exposure: evidence of a misspent youth. J. Neurosci. 26,
2115-2123. doi: 10.1523/J]NEUROSCI.4985-05.2006

Kujawa, S. G., and Liberman, M. C. (2015). Synaptopathy in the noise-
exposed and aging cochlea: Primary neural degeneration in acquired
sensorineural hearing loss. Hear. Res. 330, 191-199. doi: 10.1016/j.heares.2015.0
2.009

Lang, H., Li, M., Kilpatrick, L. A., Zhu, J., Samuvel, D. J., Krug, E. L., et al. (2011).
Sox2 up-regulation and glial cell proliferation following degeneration of spiral
ganglion neurons in the adult mouse inner ear. J. Assoc. Res. Otolaryngol. 12,
151-171. doi: 10.1007/s10162-010-0244-1

Frontiers in Molecular Neuroscience | www.frontiersin.org

March 2018 | Volume 11 | Article 77


https://doi.org/10.1002/neu.20310
https://doi.org/10.1002/aja.1001660406
https://doi.org/10.1016/B978-0-444-63437-5.00011-X
https://doi.org/10.1038/nbt.3835
https://doi.org/10.1038/nbt.3835
https://doi.org/10.1089/biores.2014.0016
https://doi.org/10.1089/biores.2014.0016
https://doi.org/10.1038/nn1144
https://doi.org/10.1016/j.stem.2015.08.002
https://doi.org/10.1016/j.stem.2015.08.002
https://doi.org/10.1523/JNEUROSCI.3547-03.2004
https://doi.org/10.1523/JNEUROSCI.3547-03.2004
https://doi.org/10.1007/s12640-012-9320-0
https://doi.org/10.1007/s12640-012-9320-0
https://doi.org/10.1152/jn.00164.2013
https://doi.org/10.1016/j.stemcr.2017.01.014
https://doi.org/10.1016/j.stemcr.2017.01.014
https://doi.org/10.1016/j.stem.2015.12.003
https://doi.org/10.1016/j.stem.2015.12.003
https://doi.org/10.1001/jamaoto.2013.1744
https://doi.org/10.1001/jamaoto.2013.1744
https://doi.org/10.1088/1741-2560/11/6/065001
https://doi.org/10.1016/j.stem.2016.01.012
https://doi.org/10.1038/ncomms3373
https://doi.org/10.1016/j.stem.2013.12.001
https://doi.org/10.1371/journal.pone.0180427
https://doi.org/10.1371/journal.pone.0180427
https://doi.org/10.1016/j.stem.2015.01.018
https://doi.org/10.1016/j.stem.2015.01.018
https://doi.org/10.1016/j.stemcr.2014.10.007
https://doi.org/10.1016/j.stemcr.2014.10.007
https://doi.org/10.1038/nprot.2010.188
https://doi.org/10.1038/ncb3108
https://doi.org/10.1038/nn828
https://doi.org/10.1038/nature08911
https://doi.org/10.1016/j.brainres.2005.06.016
https://doi.org/10.1038/s41598-017-13764-8
https://doi.org/10.1177/0194599813512097
https://doi.org/10.1016/j.cell.2010.07.002
https://doi.org/10.1016/j.cell.2010.07.002
https://doi.org/10.1002/term.2072
https://doi.org/10.1038/nature08262
https://doi.org/10.1002/cne.903190210
https://doi.org/10.1016/0378-5955(89)90134-2
https://doi.org/10.1016/0378-5955(89)90134-2
https://doi.org/10.2147/SCCAA.S38006
https://doi.org/10.2147/SCCAA.S38006
https://doi.org/10.1073/pnas.1103113108
https://doi.org/10.1016/j.stem.2014.07.013
https://doi.org/10.1016/j.mcn.2009.10.008
https://doi.org/10.1056/NEJMra0911225
https://doi.org/10.1146/annurev.neuro.051508.135600
https://doi.org/10.1146/annurev.neuro.051508.135600
https://doi.org/10.1523/JNEUROSCI.4985-05.2006
https://doi.org/10.1016/j.heares.2015.02.009
https://doi.org/10.1016/j.heares.2015.02.009
https://doi.org/10.1007/s10162-010-0244-1
https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Meas et al.

Reprogramming to Ameliorate Hearing Loss

Lang, H., Schulte, B. A., Goddard, J. C., Hedrick, M., Schulte, ]. B., Wei, L., et al.
(2008). Transplantation of mouse embryonic stem cells into the cochlea of an
auditory-neuropathy animal model: effects of timing after injury. J. Assoc. Res.
Otolaryngol. 9, 225-240. doi: 10.1007/s10162-008-0119-x

Lang, H., Xing, Y., Brown, L. N., Samuvel, D. J., Panganiban, C. H., Havens, L. T.,
et al. (2015). Neural stem/progenitor cell properties of glial cells in the adult
mouse auditory nerve. Sci. Rep. 5:13383. doi: 10.1038/srep13383

Lee, J.-H., Mitchell, R. R., McNicol, J. D., Shapovalova, Z., Laronde, S.,
Tanasijevic, B., et al. (2015). Single transcription factor conversion of human
blood fate to NPCs with CNS and PNS developmental capacity. Cell Rep. 11,
1367-1376. doi: 10.1016/j.celrep.2015.04.056

Li, H., Liu, H., and Heller, S. (2003). Pluripotent stem cells from the adult mouse
inner ear. Nat. Med. 9, 1293-1299. doi: 10.1038/nm925

Li, X., Aleardi, A., Wang, J., Zhou, Y., Andrade, R, and Hu, Z. (2016).
Differentiation of spiral ganglion-derived neural stem cells into functional
synaptogenetic neurons. Stem Cells Dev. 25, 803-813. doi: 10.1089/scd.2015.
0345

Li, X., Zuo, X., Jing, J., Ma, Y., Wang, J., Liu, D., et al. (2015). Small-molecule-driven
direct reprogramming of mouse fibroblasts into functional neurons. Cell Stem
Cell 17, 195-203. doi: 10.1016/j.stem.2015.06.003

Liberman, M. C. (2017). Noise-induced and age-related hearing loss: new
perspectives and potential therapies. FIO00Res. 6:927. doi: 10.12688/
f1000research.11310.1

Liddelow, S. A., Guttenplan, K. A., Clarke, L. E., Bennett, F. C., Bohlen,
C. J., Schirmer, L., et al. (2017). Neurotoxic reactive astrocytes are
induced by activated microglia. Nature 541, 481-487. doi: 10.1038/nature2
1029

Lin, H. W., Furman, A. C., Kujawa, S. G., and Liberman, M. C. (2011). Primary
neural degeneration in the Guinea pig cochlea after reversible noise-induced
threshold shift. J. Assoc. Res. Otolaryngol. 12, 605-616. doi: 10.1007/s10162-
011-0277-0

Liu, Y., Miao, Q., Yuan, J., Han, S., Zhang, P., Li, S., et al. (2015). AsclI converts
dorsal midbrain astrocytes into functional neurons in vivo. J. Neurosci. 35,
9336-9355. doi: 10.1523/JNEUROSCI.3975-14.2015

Lujan, E., Chanda, S., Ahlenius, H., Sidhof, T. C., and Wernig, M. (2012).
Direct conversion of mouse fibroblasts to self-renewing, tripotent neural
precursor cells. Proc. Natl. Acad. Sci. U.S.A. 109, 2527-2532. doi: 10.1073/pnas.
1121003109

Makary, C. A,, Shin, J., Kujawa, S. G., Liberman, M. C., and Merchant, S. N. (2011).
Age-related primary cochlear neuronal degeneration in human temporal bones.
J. Assoc. Res. Otolaryngol. 12, 711-717. doi: 10.1007/s10162-011-0283-2

Malatesta, P., Hartfuss, E., and Gotz, M. (2000). Isolation of radial glial cells by
fluorescent-activated cell sorting reveals a neuronal lineage. Development 127,
5253-5263.

Masserdotti, G., Gascon, S., and Gotz, M. (2016). Direct neuronal reprogramming:
learning from and for development. Development 143, 2494-2510. doi: 10.1242/
dev.092163

Masserdotti, G., Gillotin, S., Sutor, B., Drechsel, D., Irmler, M., Jorgensen, H. F.,
et al. (2015). Transcriptional mechanisms of proneural factors and REST in
regulating neuronal reprogramming of astrocytes. Cell Stem Cell 17, 74-88.
doi: 10.1016/j.stem.2015.05.014

McFadden, S. L., Ding, D., Jiang, H., and Salvi, R. J. (2004). Time course of efferent
fiber and spiral ganglion cell degeneration following complete hair cell loss in
the chinchilla. Brain Res. 997, 40-51. doi: 10.1016/j.brainres.2003.10.031

McLean, W. J., McLean, D. T., Eatock, R. A., and Edge, A. S. B. (2016). Distinct
capacity for differentiation to inner ear cell types by progenitor cells of the
cochlea and vestibular organs. Development 143, 4381-4393. doi: 10.1242/dev.
139840

Mertens, J., Paquola, A. C. M., Ku, M., Hatch, E., Béhnke, L., Ladjevardi, S.,
et al. (2015). Directly reprogrammed human neurons retain aging-associated
transcriptomic signatures and reveal age-related nucleocytoplasmic defects. Cell
Stem Cell 17, 705-718. doi: 10.1016/j.stem.2015.09.001

Mosteiro, L., Pantoja, C., Alcazar, N., Marién, R. M., Chondronasiou, D.,
Rovira, M., et al. (2016). Tissue damage and senescence provide critical signals
for cellular reprogramming in vivo. Science 354:aaf4445. doi: 10.1126/science.
aaf4445

Mueller, C., and Flotte, T. R. (2008). Clinical gene therapy using recombinant
adeno-associated virus vectors. Gene Ther. 15, 858-863. doi: 10.1038/gt.2008.68

Miiller, U., and Barr-Gillespie, P. G. (2015). New treatment options for hearing loss.
Nat. Rev. Drug Discov. 14, 346-365. doi: 10.1038/nrd4533

Mulrow, C. D., Aguilar, C., Endicott, J. E., Tuley, M. R,, Velez, R., Charlip, W. S,,
et al. (1990). Quality-of-life changes and hearing impairment. A randomized
trial. Ann. Intern. Med. 113, 188-194. doi: 10.7326/0003-4819-113-3-188

Nayagam, B. A., Edge, A. S., Needham, K., Hyakumura, T., Leung, J., Nayagam,
D. A. X, etal. (2013). An in vitro model of developmental synaptogenesis using
cocultures of human neural progenitors and cochlear explants. Stem Cells Dev.
22,901-912. doi: 10.1089/scd.2012.0082

Nayagam, B. A., Muniak, M. A., and Ryugo, D. K. (2011). The spiral ganglion:
connecting the peripheral and central auditory systems. Hear. Res. 278, 2-20.
doi: 10.1016/j.heares.2011.04.003

Nishimura, K., Nakagawa, T., Ono, K., Ogita, H., Sakamoto, T., Yamamoto, N.,
et al. (2009). Transplantation of mouse induced pluripotent stem cells into
the cochlea. Neuroreport 20, 1250-1254. doi: 10.1097/WNR.0b013e32832
287

Nishimura, K., Weichert, R. M., Liu, W., Davis, R. L., and Dabdoub, A. (2014).
Generation of induced neurons by direct reprogramming in the mammalian
cochlea. Neuroscience 275, 125-135. doi: 10.1016/j.neuroscience.2014.05.067

Niu, W., Zang, T., Smith, D. K., Vue, T. Y., Zou, Y., Bachoo, R,, et al. (2015). SOX2
reprograms resident astrocytes into neural progenitors in the adult brain. Stem
Cell Reports 4, 780-794. doi: 10.1016/j.stemcr.2015.03.006

Niu, W., Zang, T., Zou, Y., Fang, S., Smith, D. K., Bachoo, R., et al. (2013). In vivo
reprogramming of astrocytes to neuroblasts in the adult brain. Nat. Cell Biol. 15,
1164-1175. doi: 10.1038/ncb2843

Noda, T., Meas, S. J., Nogami, J., Amemiya, Y., Uchi, R., Ohkawa, Y., et al. (2018).
Direct reprogramming of spiral ganglion non-neuronal cells into neurons:
towards ameliorating sensorineural hearing loss by gene therapy. Front. Cell
Dev. Biol. 6:16. doi: 10.3389/fcell.2018.00016

Olusanya, B. O., Neumann, K. J., and Saunders, J. E. (2014). The global burden of
disabling hearing impairment: a call to action. Bull. World Health Organ. 92,
367-373. doi: 10.2471/BLT.13.128728

Oshima, K., Grimm, C. M., Corrales, C. E., Senn, P., Martinez Monedero, R.,
Geleoc, G. S. G,, et al. (2007). Differential distribution of stem cells in the
auditory and vestibular organs of the inner ear. J. Assoc. Res. Otolaryngol. 8,
18-31. doi: 10.1007/s10162-006-0058-3

Painter, M. W. (2017). Aging Schwann cells: mechanisms, implications, future
directions. Curr. Opin. Neurobiol. 47, 203-208. doi: 10.1016/j.conb.2017.10.022

Pang, Z. P, Yang, N., Vierbuchen, T., Ostermeier, A., Fuentes, D. R, Yang, T. Q,,
etal. (2011). Induction of human neuronal cells by defined transcription factors.
Nature 476, 220-223. doi: 10.1038/nature10202

Puligilla, C., Dabdoub, A., Brenowitz, S. D., and Kelley, M. W. (2010). Sox2 induces
neuronal formation in the developing mammalian cochlea. J. Neurosci. 30,
714-722. doi: 10.1523/JNEUROSCI.3852-09.2010

Qian, K., Huang, H., Peterson, A., Hu, B., Maragakis, N. J., Ming, G.-L., et al.
(2017). Sporadic ALS astrocytes induce neuronal degeneration in vivo. Stem
Cell Reports 8, 843-855. doi: 10.1016/j.stemcr.2017.03.003

Qian, L., Huang, Y., Spencer, C. I, Foley, A., Vedantham, V., Liu, L., et al.
(2012). In vivo reprogramming of murine cardiac fibroblasts into induced
cardiomyocytes. Nature 485, 593-598. doi: 10.1038/nature11044

Ramachandran, R., Fausett, B. V., and Goldman, D. (2010). Asclla regulates Muller
glia dedifferentiation and retinal regeneration through a Lin-28-dependent, let-
7 microRNA signalling pathway. Nat. Cell Biol. 12, 1101-1107. doi: 10.1038/
ncb2115

Ramekers, D., Versnel, H., Strahl, S. B., Klis, S. F. L., and Grolman, W. (2015).
Temporary neurotrophin treatment prevents deafness-induced auditory
nerve degeneration and preserves function. J. Neurosci. 35, 12331-12345.
doi: 10.1523/JNEUROSCI.0096-15.2015

Raymond, P. A., Barthel, L. K., Bernardos, R. L., and Perkowski, J. J. (2006).
Molecular characterization of retinal stem cells and their niches in adult
zebrafish. BVC Dev. Biol. 6:36. doi: 10.1186/1471-213X-6-36

Reijntjes, D. O.]., and Pyott, S.]. (2016). The afferent signaling complex: regulation
of type I spiral ganglion neuron responses in the auditory periphery. Hear. Res.
336, 1-16. doi: 10.1016/j.heares.2016.03.011

Rigamonti, A., Repetti, G. G., Sun, C,, Price, F. D., Reny, D. C., Rapino, F,, et al.
(2016). Large-scale production of mature neurons from human pluripotent
stem cells in a three-dimensional suspension culture system. Stem Cell Reports
6,993-1008. doi: 10.1016/j.stemcr.2016.05.010

Frontiers in Molecular Neuroscience | www.frontiersin.org

March 2018 | Volume 11 | Article 77


https://doi.org/10.1007/s10162-008-0119-x
https://doi.org/10.1038/srep13383
https://doi.org/10.1016/j.celrep.2015.04.056
https://doi.org/10.1038/nm925
https://doi.org/10.1089/scd.2015.0345
https://doi.org/10.1089/scd.2015.0345
https://doi.org/10.1016/j.stem.2015.06.003
https://doi.org/10.12688/f1000research.11310.1
https://doi.org/10.12688/f1000research.11310.1
https://doi.org/10.1038/nature21029
https://doi.org/10.1038/nature21029
https://doi.org/10.1007/s10162-011-0277-0
https://doi.org/10.1007/s10162-011-0277-0
https://doi.org/10.1523/JNEUROSCI.3975-14.2015
https://doi.org/10.1073/pnas.1121003109
https://doi.org/10.1073/pnas.1121003109
https://doi.org/10.1007/s10162-011-0283-2
https://doi.org/10.1242/dev.092163
https://doi.org/10.1242/dev.092163
https://doi.org/10.1016/j.stem.2015.05.014
https://doi.org/10.1016/j.brainres.2003.10.031
https://doi.org/10.1242/dev.139840
https://doi.org/10.1242/dev.139840
https://doi.org/10.1016/j.stem.2015.09.001
https://doi.org/10.1126/science.aaf4445
https://doi.org/10.1126/science.aaf4445
https://doi.org/10.1038/gt.2008.68
https://doi.org/10.1038/nrd4533
https://doi.org/10.7326/0003-4819-113-3-188
https://doi.org/10.1089/scd.2012.0082
https://doi.org/10.1016/j.heares.2011.04.003
https://doi.org/10.1097/WNR.0b013e32832ff287
https://doi.org/10.1097/WNR.0b013e32832ff287
https://doi.org/10.1016/j.neuroscience.2014.05.067
https://doi.org/10.1016/j.stemcr.2015.03.006
https://doi.org/10.1038/ncb2843
https://doi.org/10.3389/fcell.2018.00016
https://doi.org/10.2471/BLT.13.128728
https://doi.org/10.1007/s10162-006-0058-3
https://doi.org/10.1016/j.conb.2017.10.022
https://doi.org/10.1038/nature10202
https://doi.org/10.1523/JNEUROSCI.3852-09.2010
https://doi.org/10.1016/j.stemcr.2017.03.003
https://doi.org/10.1038/nature11044
https://doi.org/10.1038/ncb2115
https://doi.org/10.1038/ncb2115
https://doi.org/10.1523/JNEUROSCI.0096-15.2015
https://doi.org/10.1186/1471-213X-6-36
https://doi.org/10.1016/j.heares.2016.03.011
https://doi.org/10.1016/j.stemcr.2016.05.010
https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Meas et al.

Reprogramming to Ameliorate Hearing Loss

Ring, K. L., Tong, L. M., Balestra, M. E,, Javier, R., Andrews-Zwilling, Y., Li, G,,
et al. (2012). Direct reprogramming of mouse and human fibroblasts into
multipotent neural stem cells with a single factor. Cell Stem Cell 11, 100-109.
doi: 10.1016/j.stem.2012.05.018

Robel, S., Berninger, B., and Gétz, M. (2011). The stem cell potential of glia: lessons
from reactive gliosis. Nat. Rev. Neurosci. 12, 88-104. doi: 10.1038/nrn2978

Rowitch, D. H., and Kriegstein, A. R. (2010). Developmental genetics of vertebrate
glial-cell specification. Nature 468, 214-222. doi: 10.1038/nature09611

Ruan, Q., Ao, H.,, He, J., Chen, Z., Yu, Z., Zhang, R,, et al. (2014). Topographic
and quantitative evaluation of gentamicin-induced damage to peripheral
innervation of mouse cochleae. Neurotoxicology 40, 86-96. doi: 10.1016/j.neuro.
2013.11.002

Sandell, L. L., Butler Tjaden, N. E., Barlow, A. J., and Trainor, P. A. (2014).
Cochleovestibular nerve development is integrated with migratory neural crest
cells. Dev. Biol. 385, 200-210. doi: 10.1016/j.ydbio.2013.11.009

Schuknecht, H. F., and Gacek, M. R. (1993). Cochlear pathology in presbycusis.
Ann. Otol. Rhinol. Laryngol. 102, 1-16. doi: 10.1177/00034894931020S101

Sekiya, T., Kojima, K., Matsumoto, M., Kim, T.-S., Tamura, T., and Ito, J. (2006).
Cell transplantation to the auditory nerve and cochlear duct. Exp. Neurol. 198,
12-24. doi: 10.1016/j.expneurol.2005.11.006

Shi, F., Corrales, C. E., Liberman, M. C., and Edge, A. S. B. (2007). BMP4 induction
of sensory neurons from human embryonic stem cells and reinnervation of
sensory epithelium. Eur. J. Neurosci. 26, 3016-3023. doi: 10.1111/j.1460-9568.
2007.05909.x

Shi, X. (2016). Pathophysiology of the cochlear intrastrial fluid-blood barrier
(review). Hear. Res. 338, 52-63. doi: 10.1016/j.heares.2016.01.010

Sieweke, M. H. (2015). Waddington“s valleys and Captain Cook”s islands. Cell Stem
Cell 16, 7-8. doi: 10.1016/j.stem.2014.12.009

Sly, D. J., Hampson, A. J., Minter, R. L., Heffer, L. F,, Li, J., Millard, R. E., et al.
(2012). Brain-derived neurotrophic factor modulates auditory function in the
hearing cochlea. J. Assoc. Res. Otolaryngol. 13, 1-16. doi: 10.1007/s10162-011-
0297-9

Smith, D. K., He, M., Zhang, C.-L., and Zheng, J. C. (2017). The therapeutic
potential of cell identity reprogramming for the treatment of aging-related
neurodegenerative disorders. Prog. Neurobiol. 157, 212-229. doi: 10.1016/j.
pneurobio.2016.01.006

Smith, D. K., Wang, L., and Zhang, C.-L. (2016). Physiological, pathological, and
engineered cell identity reprogramming in the central nervous system. Wiley
Interdiscip Rev. Dev. Biol. 5,499-517. doi: 10.1002/wdev.234

Smith, D. K., and Zhang, C.-L. (2015). Regeneration through reprogramming adult
cell identity in vivo. Am. J. Pathol. 185, 2619-2628. doi: 10.1016/j.ajpath.2015.
02.025

Song, Z., Jadali, A., Fritzsch, B., and Kwan, K. Y. (2017). NEUROGI regulates
CDK2 to promote proliferation in Otic progenitors. Stem Cell Reports 9,
1516-1529. doi: 10.1016/j.stemcr.2017.09.011

Sprinzl, G. M., and Riechelmann, H. (2010). Current trends in treating hearing
loss in elderly people: a review of the technology and treatment options - a
mini-review. Gerontology 56, 351-358. doi: 10.1159/000275062

Stankovic, K., Rio, C., Xia, A., Sugawara, M., Adams, J. C,, Liberman, M. C,,
et al. (2004). Survival of adult spiral ganglion neurons requires erbB receptor
signaling in the inner ear. J. Neurosci. 24, 8651-8661. doi: 10.1523/J]NEUROSCIL.
0733-04.2004

Su, Z., Niu, W,, Liu, M.-L., Zou, Y., and Zhang, C.-L. (2014). In vivo conversion
of astrocytes to neurons in the injured adult spinal cord. Nat. Commun. 5:3338.
doi: 10.1038/ncomms4338

Sugawara, M., Corfas, G., and Liberman, M. C. (2005). Influence of supporting
cells on neuronal degeneration after hair cell loss. J. Assoc. Res. Otolaryngol. 6,
136-147. doi: 10.1007/s10162-004-5050-1

Tang, C., and Drukker, M. (2011). Potential barriers to therapeutics utilizing
pluripotent cell derivatives: intrinsic immunogenicity of in vitro maintained
and matured populations. Semin. Immunopathol. 33, 563-572. doi: 10.1007/
$00281-011-0269-5

Tapia, N., and Schéler, H. R. (2016). Molecular obstacles to clinical translation of
iPSCs. Cell Stem Cell 19, 298-309. doi: 10.1016/j.stem.2016.06.017

Torper, O., Ottosson, D. R., Pereira, M., Lau, S., Cardoso, T., Grealish, S., et al.
(2015). In vivo reprogramming of striatal NG2 glia into functional neurons that

integrate into local host circuitry. Cell Reports 12, 474-481. doi: 10.1016/j.celrep.
2015.06.040

Torper, O., Pfisterer, U., Wolf, D. A., Pereira, M., Lau, S., Jakobsson, J., et al. (2013).
Generation of induced neurons via direct conversion in vivo. Proc. Natl. Acad.
Sci. U.S.A. 110, 7038-7043. doi: 10.1073/pnas.1303829110

Vierbuchen, T., Ostermeier, A., Pang, Z. P., Kokubu, Y., Siidhof, T. C., and
Wernig, M. (2010). Direct conversion of fibroblasts to functional neurons by
defined factors. Nature 463, 1035-1041. doi: 10.1038/nature08797

Vierbuchen, T., and Wernig, M. (2012). Molecular roadblocks for cellular
reprogramming. Mol. Cell 47, 827-838. doi: 10.1016/j.molcel.2012.09.008

Wang, L.-L., Su, Z., Tai, W., Zou, Y., Xu, X.-M., and Zhang, C.-L. (2016). The p53
pathway controls SOX2-mediated reprogramming in the adult mouse spinal
cord. Cell Rep. 17, 891-903. doi: 10.1016/j.celrep.2016.09.038

Wapinski, O. L., Vierbuchen, T., Qu, K, Lee, Q. Y., Chanda, S., Fuentes, D. R.,
et al. (2013). Hierarchical mechanisms for direct reprogramming of fibroblasts
to neurons. Cell 155, 621-635. doi: 10.1016/j.cell.2013.09.028

Weisz, C., Glowatzki, E., and Fuchs, P. (2009). The postsynaptic function of type II
cochlear afferents. Nature 461, 1126-1129. doi: 10.1038/nature08487

White, J. A., Burgess, B. ], Hall, R. D., and Nadol, J. B. (2000). Pattern of
degeneration of the spiral ganglion cell and its processes in the C57BL/6] mouse.
Hear. Res. 141, 12-18. doi: 10.1016/S0378-5955(99)00204-X

World Health Organization (2015). Deafness and Hearing Loss. Geneva: WHO.

Yagi, M., Kanzaki, S., Kawamoto, K., Shin, B., Shah, P. P.,, Magal, E., et al.
(2000). Spiral ganglion neurons are protected from degeneration by GDNF gene
therapy. J. Assoc. Res. Otolaryngol. 1, 315-325.

Yamashita, T., Ninomiya, M., Hernandez Acosta, P., Garcia-Verdugo, J. M.,
Sunabori, T., Sakaguchi, M., et al. (2006). Subventricular zone-derived
neuroblasts migrate and differentiate into mature neurons in the post-stroke
adult striatum. J. Neurosci. 26, 6627-6636. doi: 10.1523/JNEUROSCI.0149-06.
2006

Yoo, J., Lee, E,, Kim, H. Y., Youn, D.-H,, Jung, J., Kim, H., et al. (2017).
Electromagnetized gold nanoparticles mediate direct lineage reprogramming
into induced dopamine neurons in vivo for Parkinson’s disease therapy. Nat.
Nanotechnol. 12, 1006-1014. doi: 10.1038/nnano.2017.133

Yuan, Y., Shi, F., Yin, Y., Tong, M., Lang, H., Polley, D. B,, et al. (2014). Ouabain-
induced cochlear nerve degeneration: synaptic loss and plasticity in a mouse
model of auditory neuropathy. J. Assoc. Res. Otolaryngol. 15, 31-43. doi: 10.
1007/s10162-013-0419-7

Zanin, M. P., Hellstrom, M., Shepherd, R. K., Harvey, A. R., and Gillespie, L. N.
(2014). Development of a cell-based treatment for long-term neurotrophin
expression and spiral ganglion neuron survival. Neuroscience 277, 690-699.
doi: 10.1016/j.neuroscience.2014.07.044

Zhang, L., Jiang, H., and Hu, Z. (2011). Concentration-dependent effect of nerve
growth factor on cell fate determination of neural progenitors. Stem Cells Dev.
20, 1723-1731. doi: 10.1089/5¢d.2010.0370

Zheng, X. Y., Henderson, D., Hu, B. H., and McFadden, S. L. (1997). Recovery
of structure and function of inner ear afferent synapses following kainic
acid excitotoxicity. Hear. Res. 105, 65-76. doi: 10.1016/S0378-5955(96)00
188-8

Zhou, Q., Brown, J., Kanarek, A., Rajagopal, J., and Melton, D. A. (2008). In vivo
reprogramming of adult pancreatic exocrine cells to beta-cells. Nature 455,
627-632. doi: 10.1038/nature07314

Zuchero, J. B., and Barres, B. A. (2015). Glia in mammalian development and
disease. Development 142, 3805-3809. doi: 10.1242/dev.129304

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Meas, Zhang and Dabdoub. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org

March 2018 | Volume 11 | Article 77


https://doi.org/10.1016/j.stem.2012.05.018
https://doi.org/10.1038/nrn2978
https://doi.org/10.1038/nature09611
https://doi.org/10.1016/j.neuro.2013.11.002
https://doi.org/10.1016/j.neuro.2013.11.002
https://doi.org/10.1016/j.ydbio.2013.11.009
https://doi.org/10.1177/00034894931020S101
https://doi.org/10.1016/j.expneurol.2005.11.006
https://doi.org/10.1111/j.1460-9568.2007.05909.x
https://doi.org/10.1111/j.1460-9568.2007.05909.x
https://doi.org/10.1016/j.heares.2016.01.010
https://doi.org/10.1016/j.stem.2014.12.009
https://doi.org/10.1007/s10162-011-0297-9
https://doi.org/10.1007/s10162-011-0297-9
https://doi.org/10.1016/j.pneurobio.2016.01.006
https://doi.org/10.1016/j.pneurobio.2016.01.006
https://doi.org/10.1002/wdev.234
https://doi.org/10.1016/j.ajpath.2015.02.025
https://doi.org/10.1016/j.ajpath.2015.02.025
https://doi.org/10.1016/j.stemcr.2017.09.011
https://doi.org/10.1159/000275062
https://doi.org/10.1523/JNEUROSCI.0733-04.2004
https://doi.org/10.1523/JNEUROSCI.0733-04.2004
https://doi.org/10.1038/ncomms4338
https://doi.org/10.1007/s10162-004-5050-1
https://doi.org/10.1007/s00281-011-0269-5
https://doi.org/10.1007/s00281-011-0269-5
https://doi.org/10.1016/j.stem.2016.06.017
https://doi.org/10.1016/j.celrep.2015.06.040
https://doi.org/10.1016/j.celrep.2015.06.040
https://doi.org/10.1073/pnas.1303829110
https://doi.org/10.1038/nature08797
https://doi.org/10.1016/j.molcel.2012.09.008
https://doi.org/10.1016/j.celrep.2016.09.038
https://doi.org/10.1016/j.cell.2013.09.028
https://doi.org/10.1038/nature08487
https://doi.org/10.1016/S0378-5955(99)00204-X
https://doi.org/10.1523/JNEUROSCI.0149-06.2006
https://doi.org/10.1523/JNEUROSCI.0149-06.2006
https://doi.org/10.1038/nnano.2017.133
https://doi.org/10.1007/s10162-013-0419-7
https://doi.org/10.1007/s10162-013-0419-7
https://doi.org/10.1016/j.neuroscience.2014.07.044
https://doi.org/10.1089/scd.2010.0370
https://doi.org/10.1016/S0378-5955(96)00188-8
https://doi.org/10.1016/S0378-5955(96)00188-8
https://doi.org/10.1038/nature07314
https://doi.org/10.1242/dev.129304
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

	Reprogramming Glia Into Neurons in the Peripheral Auditory System as a Solution for Sensorineural Hearing Loss: Lessons From the Central Nervous System
	Introduction
	Glia Within the Inner Ear Spiral Ganglion Offer an Advantageous Source for Direct Reprogramming
	In Vitro Neuronal Reprogramming and Cellular Transplantation
	In Vivo Reprogramming of Glia and Functional Studies
	Challenges and Future Directions
	Author Contributions
	Funding
	Acknowledgments
	References


