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Non-mammalian vertebrates can restore their auditory and vestibular hair cells naturally
by triggering the regeneration of adjacent supporting cells. The transcription factor
ATOH1 is a key regulator of hair cell development and regeneration in the inner ear.
Following the death of hair cells, supporting cells upregulate ATOH1 and give rise to
new hair cells. However, in the mature mammalian cochlea, such natural regeneration of
hair cells is largely absent. Transcription factor reprogramming has been used in many
tissues to convert one cell type into another, with the long-term hope of achieving tissue
regeneration. Reprogramming transcription factors work by altering the transcriptomic
and epigenetic landscapes in a target cell, resulting in a fate change to the desired cell
type. Several studies have shown that ATOH1 is capable of reprogramming cochlear
non-sensory tissue into cells resembling hair cells in young animals. However, the
reprogramming ability of ATOH1 is lost with age, implying that the potency of individual
hair cell-specific transcription factors may be reduced or lost over time by mechanisms
that are still not clear. To circumvent this, combinations of key hair cell transcription
factors have been used to promote hair cell regeneration in older animals. In this review,
we summarize recent findings that have identified and studied these reprogramming
factor combinations for hair cell regeneration. Finally, we discuss the important questions
that emerge from these findings, particularly the feasibility of therapeutic strategies using
reprogramming factors to restore human hearing in the future.
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INTRODUCTION

Hearing loss is a globally prevalent disorder characterized by one or a combination of loss
of inner ear hair cells, malfunction, or degeneration of components critical to hearing such
as the stria vascularis, or loss of spiral ganglion neurons or their synaptic connections
with hair cells. In practice, assistive devices such as hearing aids, cochlear implants,
and auditory brainstem implants are the only current options available to help manage
hearing loss, but these cannot fully restore hearing. Regeneration of inner ear hair cells by
supporting cells or other non-sensory cells has been an attractive possibility for hearing
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restoration since its discovery as a naturally occurring
phenomenon in non-mammalian vertebrates (Corwin and
Cotanche, 1988; Ryals and Rubel, 1988; Cotanche, 1999).
Supporting cells can either directly transdifferentiate or re-enter
the cell cycle and divide to yield new hair cells. Since then, efforts
to translate this phenomenon to mammals have gained traction,
intending to treat human hearing loss.

One of several interventions explored is the ectopic expression
of hair cell-specific transcription factors such as ATOH1 to
reprogram non-sensory inner ear cells into hair cells. Studies
over the past 20 years have shown that ATOH1 successfully
reprograms non-sensory cells adjacent to the organ of Corti
to form hair cells in the neonatal mouse cochlea, and a small
number of studies have reported a similar result in older animals,
although at far lower efficiency (Kelly et al., 2012; Lee S. et al.,
2020). This age-dependent decline in the reprogramming ability
of ATOH1 led to a search for additional transcription factors to
reprogram older cochlear cells into hair cells. In this review, we
focus on the potential for transcription factor reprogramming
in the adult inner ear. We also discuss the potential of different
cochlear cell types to serve as reprogramming reservoirs within
the mammalian inner ear.

CELLULAR REPROGRAMMING:
TOWARDS A PLURIPOTENT CELL FATE

What we now refer to as cellular reprogramming was first
demonstrated by John Gurdon through the process of somatic
cell nuclear transfer in frogs in the 1950s. His experiments
showed that nuclei from tadpole intestinal epithelial cells led to
the development of a normal tadpole when transferred to an
enucleated egg (Gurdon, 1962). Following this, virus-mediated
cell fusion experiments coupled with microsurgical removal of
zygotic pronuclei were carried out in mice. When donor nuclei
were introduced into enucleated mouse zygotes, the resulting
embryos developed comparably normally to those derived from
unmanipulated zygotes (McGrath and Solter, 1983). Cloning
experiments in sheep demonstrated that donor nuclei from fetal
and adult mammary gland cells could produce healthy embryos
when transferred into unfertilized eggs (Willadsen, 1986;Wilmut
et al., 1997). Though the field lacked a detailed molecular and
genetic understanding of reprogramming at that point, these
experiments provided definitive evidence for the presence of
factors in the egg cytoplasm that were capable of restoring the
chromatin of a differentiated cell to something resembling its
original pluripotent state (DiBerardino et al., 1984).

Although the experiments described above relied on
cytoplasmic factors to elicit reprogramming, the known ability
of transcription factors to drive cell fate conversion led to
the search for transcription factors that could reprogram
differentiated cells back to a pluripotent state. A unique
cocktail of transcription factors in pluripotent embryonic
stem cells—OCT4, SOX2, KLF4, and C-MYC (designated the
OSKM/Yamanaka factors after the laboratory that first identified
them)—was demonstrated to reprogram mouse embryonic and
adult fibroblasts into a ‘‘pre-differentiated’’ or pluripotent stem
cell state (Takahashi and Yamanaka, 2006). The cells that were

induced to become pluripotent after reprogramming became
known as induced pluripotent stem cells (iPSCs). Cultured
iPSCs expressed specific pluripotency markers and possessed
embryonic stem cell-like morphology and growth characteristics.
When transplanted into immunocompromised nude mice these
cells gave rise to cell types from all three germ layers, confirming
their pluripotent properties (Takahashi and Yamanaka, 2006).
Human iPSCs were generated using the same four OSKM factors
by Yamanaka’s group the following year (Takahashi et al., 2007).

Another transcription factor combination comprising SOX2,
OCT4, NANOG, and LIN28 was discovered to yield ‘‘fate
irreversible’’ pluripotent stem cells (in previous cases, most of
the iPSCs reverted to their original fate after 2–3 generations)
from human dermal fibroblast cells (Yu et al., 2007; Tanabe
et al., 2013). Furthermore, it was shown that NKX-3, a transiently
expressed homeobox transcription factor endogenously activated
OCT4 and was essential for iPSC reprogramming of mouse
and human cells (Mai et al., 2018). The addition of small
molecules like Valproic acid (VPA), a histone deacetylase
(HDAC) inhibitor, together with OSKM factors improved
reprogramming efficiency in mouse fibroblasts by 100-fold
(Huangfu et al., 2008). The same study showed that VPA
was also successful as a replacement for c-Myc, an oncogene
whose overexpression in iPSCs was a cause of concern due
to its potential tumorigenicity. It was then established that a
set of seven small-molecule compounds, namely Valproic acid
(VPA, an HDAC inhibitor), FSK (Forskolin, an adenylyl cyclase
activator), CHIR (Aminopyramidine derivative, a GSK-3 beta
inhibitor), 616452 (a TGF-beta receptor inhibitor), Tranyl (a
histone demethylation inhibitor), DZNep (adenosine analog, an
EZH2 inhibitor) and TTNPB (Retinoic acid analog, a retinoic
acid pathway activator) could replace all four transcription
factors to successfully reprogram mouse somatic cells into
pluripotent stem cells (Hou et al., 2013).

Mechanistic studies in mouse fibroblasts showed that the
induction of pluripotency begins with the repression of
fibroblast-specific marker genes, followed by the endogenous
expression of the transcription factor genes, Oct4, Sox2, and
Klf4 (OKS) that are sufficient for a self-sustaining pluripotency
state, along with the upregulation of telomerase. Exogenous
expression of the OKS factors alone was found to enable multiple
somatic cell types to reprogram to an iPSC fate (Maherali et al.,
2007; Brambrink et al., 2008; Stadtfeld et al., 2008). OCT4 and
SOX2 are known to interact with each other cooperatively to
activate OCT/SOX-specific enhancers in genes like Fbx15 and
Nanog to maintain pluripotency in mouse embryonic stem cells
(Tokuzawa et al., 2003; Masui et al., 2007). Further, it was shown
experimentally that NANOG recruits RNA polymerase II and
promotes the expression of Esrrb that is critical for pluripotency
fate in multiple cell phases (pre iPSC, partially/incompletely
reprogrammed iPSCs, and developing embryonic stem cells)
(Festuccia et al., 2012). Interactome studies showed that almost
all pluripotency genes lie within the gene regulatory networks
of OCT4, SOX2, and NANOG (Wang et al., 2006). The
reprogramming mechanisms of C-MYC include the recruitment
of several chromatin remodelers (p400, Ini1, Tip48/49), ubiquitin
ligases (Fbw7, Skp2), and histone acetyltransferases (Tip60, p300,
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GCN5; Adhikary and Eilers, 2005). Within iPSCs, C-MYC
predominantly maintains lineage-specific transcription factor
genes in a bivalent state (in conjunction with H3K27methylation
marks and the SuZ12 subunit of the PcG repressor complex),
altering H3K27 and H3K4 methylation status of target gene
promoters for their repression or expression, respectively
(Mikkelsen et al., 2007).

iPSC reprogramming is known to suffer from unpredictable
and low efficiencies, resulting in heterogeneous populations
of iPSCs (Stadtfeld and Hochedlinger, 2010). In human
somatic cells, combined single-cell analysis of transcription
and chromatin accessibility during reprogramming showed
that a switch from gene regulatory networks controlled by
FOSL1 to networks regulated by TEAD4 can drive cells towards
a pluripotent cell state (Xing et al., 2020). The application
of single-cell RNA sequencing and ATAC sequencing to
study these reprogrammed heterogenous populations continues
to advance our understanding of reprogramming efficiency-
associated roadblocks.

The in vivo introduction of pluripotency genes adds
challenges associated with the negative effects of their genomic
integration and continued overexpression. Several pluripotency
genes especially Oct-4, Nanog, Gdf3, and Stella are known
to be expressed in germline tumors (Clark et al., 2004).
OCT4 inhibits cellular differentiation resulting in dysplasia of
epithelial tissue which supports the notion that a progenitor
phase precedes tumorigenesis in adult tissue (Hochedlinger
et al., 2005). When applying combinations of reprogramming
factors in any tissue, the reprogrammed cell transitions through
multiple potential progenitor phases which could lead to
malignancy. Recent studies have employed a more transient
overexpression model to address tumorigenicity issues. For
example, mouse skeletal muscle was regenerated after injury
with no tumorigenicity when OSKM factors were transiently
overexpressed using plasmids (De Lázaro et al., 2019). Another
study showed that transient overexpression of the OSKMLN
reprogramming factors through mRNA cocktails improved
the progression of aging in progeroid mice (Sarkar et al.,
2020). Chromatin remodeling-based modifications for tissue
reprogramming through CRISPR/Cas9 targeting have been
reviewed recently (Martinez-Redondo and Izpisua Belmonte,
2020). In particular, CRISPR-based strategies devised to have no
detectable off-target effects have been proposed for long-term
applications (Akcakaya et al., 2018). Incorporating techniques
that enhance safety and retain the efficacy of reprogramming
is an important consideration when aiming to ultimately treat
human disease.

DNA methylation is a heritable epigenetic modifier that
controls cell fates. It is promoted by DNA methyltransferases
(DNMT1, DNMT3a, DNMT3b) which catalyze the addition of
a methyl group to the cytosine residue at specific DNA loci
(Hon et al., 2009). DNA methylation at the promoter and
enhancer regions of genes prevents the binding of transcription
factors, resulting in gene repression (Xie et al., 2013). During
the process of differentiation, promoter and enhancer regions
of pluripotency genes are hypermethylated as they are down-
regulated, allowing for the expression of differentiation genes

and the adoption of unique cell fates. Additionally, differential
methylation of lineage-specifying gene enhancers results in the
production of functionally diverse cell types within the same
tissue. For example, a study of adult skin and hematopoietic stem
cell differentiation revealed locus-specific methylation changes
in different cell types, often associated with the repression in
a particular cell type of transcription factors specific for other
cell types in that lineage (Bock et al., 2012). Analysis of DNA
methylation during reprogramming can be used to identify
the fidelity of the reprogramming mechanism—for example,
a genome-wide DNA methylation analysis showed that the
promoters of Oct4, Nanog, and Dnmt3b were unmethylated
in ES cells but partially methylated in iPS cells, providing
markers to differentiate between them (Deng et al., 2009).
Another study compared the regions of DNA hypo- and
hypermethylation between iPSCs and parental fibroblasts to
find that complete reprogramming requires extensive DNA
methylation alterations (Doi et al., 2009). iPSCs were also found
to possess residual DNA methylation marks from the parental
cell type with a tendency to re-differentiate (Kim et al., 2010; Polo
et al., 2010). Incompletely reprogrammed iPSCs were unable to
reactivate pluripotency genes due to persistent hypermethylation
of pluripotency gene promoters and incomplete repression of
cell type-specific transcription factors (Mikkelsen et al., 2008).
Studies of methylation during reprogramming have also been
helped by recent advances in sequencing platforms that have
enabled the study of cell methylomes at single-nucleotide
resolution employing MethylCseq (Lister and Ecker, 2009).

DIRECT CELLULAR REPROGRAMMING:
TOWARDS A SPECIFIC CELL FATE

Transcription factors are capable of reprogramming one
differentiated cell type into another directly without the need
to actively induce an intermediate pluripotent stem cell fate.
This process is termed direct cellular reprogramming or direct
transdifferentiation. Initial cell fusion experiments between
human amniocytes and mouse muscle cells showed activation
of a muscle cell-specific genetic program in the resultant
heterokaryons (Blau et al., 1983). In mice, ectopic expression
of MyoD in fibroblasts successfully transdifferentiated them
into myoblasts (Davis et al., 1987). Its identification came
about through a subtraction-hybridization method for cDNAs
of genes differentially expressed in myoblasts and not in the
mesodermal stem cell line C3H10T1/2. When MyoD cDNA was
ectopically expressed in 10T1/2 cells, it resulted in stable clones of
myogenic cells that were competent enough to undergo further
myogenesis. These early results showed the feasibility of direct
reprogramming, and we describe recent examples of this strategy
in the following sections.

Recent Attempts at Direct Cellular
Reprogramming in the Nervous System,
Pancreas, and Heart
Initial attempts to promote direct transdifferentiation of one
cell type to another through transcription factor reprogramming
used a strategy similar to that used for identifying the OSKM
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factors—the screening of an initial pool of transcription factors
to identify combinations that could promote conversion.
In these direct reprogramming efforts, the starting pool of
transcription factors was selected based on their known
roles in the differentiation of the desired cell type. For
example, a transcription factor cocktail comprising ASCL1,
BRN2, and MYT1L was identified to be the most efficient
for transdifferentiating mouse embryonic and postnatal
fibroblasts into induced neurons (Vierbuchen et al., 2010). This
combination was identified from a pool of 19 transcription
factors implicated in neuronal development. ASCL1, BRN2,
and MYT1L in conjunction with NEUROD1 were also able
to transdifferentiate human fetal and adult fibroblasts into
induced neurons (Pang et al., 2011). Further efforts with
different transcription factor combinations were able to generate
specific types of neurons. For example, a combination of
FOXG1, SOX2, ASCL1, DLX5, and LHX6 transdifferentiated
mouse fibroblasts into specific GABAergic neurons (Colasante
et al., 2015). ASCL1, BRN3B, ISL1, and SOX4 converted
human and mouse embryonic fibroblasts into retinal ganglion
cell-like neurons (Wang et al., 2020). Additionally, small
molecules and microRNAs have been used to improve the
transdifferentiation efficiency of fibroblasts to neurons. For
example, porcine fibroblasts were efficiently converted into
induced neurons with a combination of transcription factor
ASCL1 and microRNAs miR9/9* and miR124 (Habekost
et al., 2020). These microRNAs repress the SWI/SNF-like
BAF chromatin remodeling complex and enable induced
neurons to exit the progenitor state to continue differentiating
(Yoo et al., 2011).

Outside the nervous system, directed transdifferentiation
has been attempted to produce cell types as part of future
regenerative therapies. For example, the generation of insulin-
producing pancreatic beta cells has been considered as a
treatment option for patients with Type1 diabetes. The
transcription factors PDX1, NEUROG3, and MAFA (PNM
factors) were identified to be essential during embryonic
beta-cell development (reviewed by Zhu et al., 2017).
Overexpression of this cocktail through adenoviral gene
delivery methods in adult somatic cells of exocrine origin,
liver duct, intestine (duodenum, jejunum) and gall bladder
epithelium transdifferentiated them into insulin-producing
beta cell-like cells (Zhou et al., 2008; Banga et al., 2012, 2014;
Hickey et al., 2013; Chen et al., 2014). Moreover, the addition
of PAX4 to the PNM factor cocktail transdifferentiated human
pancreatic exocrine cells into beta cell-like cells that showed
potent glucose-regulating effects when transplanted into diabetic
mice (Lima et al., 2016).

In the heart, cardiomyocyte regeneration is a therapeutic
option to treat coronary artery disease. A screening approach
using cardiomyocyte-specific promoter-driven reporter
expression, FACS, and gene expression analysis showed
that three transcription factors, GATA4, MEF2C, and TBX5
(GMT factors) transdifferentiated cardiac and dermal fibroblasts
into induced cardiomyocytes (Ieda et al., 2010). In human
fibroblasts derived from neonatal skin, fetal heart, or embryonic
stem cells, the GMT factors plus ESSRG, MESP1, Myocardin,

and ZFPM2 enhanced the global expression of cardiac genes and
overall transdifferentiation efficiency (Fu et al., 2013).

Mechanisms of Direct Cellular
Reprogramming
Transcription factors play a multitude of genetic and epigenetic
roles within cells to bring about transdifferentiation. For
example, ASCL1, a proneural bHLH transcription factor is
known to play the role of an ‘‘on target’’ pioneer factor,
meaning it binds directly to all its targets and initiates gene
expression by altering chromatin conformation. Alternatively,
BRN2 is recruited genome-wide by ASCL1 for binding and
expressing proneural genes. MYT1L on the other hand
activates gene expression in open chromatin regions by
enhancing the H3K27ac and H3K4me status through KMT2B,
a methyltransferase (Wapinski et al., 2013; Barbagiovanni et al.,
2018). In the case of pancreatic beta-cell regeneration, it was
found that PDX1 initiated the pancreatic gene expression
program, specification of endocrine lineage, and maturation
of beta cells (Holland et al., 2002). NEUROG3 enabled
cells to take up an endocrine fate by suppressing exocrine
specific genes and MAFA activates insulin expression by
binding to a conserved insulin enhancer element RIPE3b/C1-A2
(Matsuoka et al., 2004; Wang et al., 2010). Mef2c overexpression
in fibroblasts initiates the switching on of genes necessary
for the formation of cardiac structures, and synthesis of
contractile proteins (Dodou et al., 2004). GATA4 binds to
and promotes the acetylation of H3K27 loci of cardiac genes
that further results in active chromatin regions especially at
the enhancers for transcription (He et al., 2014). TBX5 binds
to both GATA4 and MEF2C to form unique pairs that
repress non-cardiac genes in both developing and induced
cardiomyocytes (Steimle and Moskowitz, 2016).

DNA methylation also plays a role in silencing non-specific
gene memory signatures during direct reprogramming.
During fibroblast reprogramming into induced neurons,
accumulation of mCH and mCG hypermethylation marks
serves a repressive function to silence fibroblast and myogenic
fates (Luo et al., 2019). In sensory organs such as the retina,
DNA methyltransferases (Dnmt1, Dnmt3a, Dnmt3b) are
expressed in abundance during embryonic ages and co-operate
during the formation of photoreceptors and retinal neurons
in the mammalian eye (Singh et al., 2017). The expression
pattern of DNMTs at postnatal ages reveals their role in
the differential remodeling of cell types such as cones and
rods (Nasonkin et al., 2011). Conditional knockdown of
Dnmt1 led to the aberrant apicobasal polarity of retinal
pigment epithelium and neural retina differentiation (Nasonkin
et al., 2013). The DNA methylation status of developing
embryonic and post-natal cochlear sensory epithelia of
mice has been established through whole-genome bisulfite
sequencing (Yizhar-Barnea et al., 2018). In a rat aging model,
hypermethylation of Connexin 26 promoter regions resulted
in low expression levels and concomitant age-related hearing
loss (Wu et al., 2014). Currently, there is no data on DNA
methylation studies concerning hair cell reprogramming in the
inner ear.
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Mechanisms of Direct Cellular
Reprogramming by Pioneer Factors
A comparison of individual transcription factors highlight the
fact that a select group, namely pioneer factors, has a significantly
higher reprogramming ability. Pioneer factors are unique in
their interactions with unmarked (no histone modifications),
silent chromatin to induce transcription of genes (Zaret and
Carroll, 2011; Iwafuchi-Doi and Zaret, 2014, 2016). They do
this by recruiting other cofactors (activators or repressors) that
by themselves are unable to interact with the silent chromatin
(Gualdi et al., 1996; Carroll et al., 2005; Sekiya and Zaret,
2007). The transcription factors OCT4, SOX2, KLF-4, three
of the four Yamanaka factors for pluripotency are known
pioneer factors (Soufi et al., 2012, 2015). Similarly, ASCL1 in
neuronal reprogramming, FOXA2 resulting from Neurogenin-3
regulation during pancreatic beta-cell reprogramming, and
GATA4 in cardiac reprogramming are all pioneer factors
(Bossard and Zaret, 1998; Ejarque et al., 2013; Wapinski et al.,
2013). This suggests that many successful reprogramming factor
combinations require pioneer factor activity for efficiently
driving and establishing cell fate changes in a target cell
type (Morris, 2016). Fine-tuning overexpression strategies while
introducing these factors into target cells need to be explored
thoroughly for obtaining completely reprogrammed cells.

Selection and Optimization of
Transcription Factors for Direct Cellular
Reprogramming
A complete understanding of the reprogramming potential of the
∼2,000 currently identified transcription factors by testing them
individually and in combinations on approximately 250 different
cell types would be an arduous trial and error-based experimental
ordeal. The development of meticulous computational
approaches involving several algorithms, databases, experimental
results, and prediction programs (summarized in Table 1) have
helped identify many ‘‘reprogramming factor/s—cell type’’ pairs
for subsequent in vitro and in vivo testing. Transdifferentiation
of multiple cell types like neurons, immune cells, pancreatic beta
cells, cardiac muscle cells, and fibroblasts have been promoted
for addressing cardiac and neurodegenerative diseases (Graf and
Enver, 2009; Vierbuchen et al., 2010; Ladewig et al., 2013; Morris
and Daley, 2013; Morris, 2016).

The above examples shed light on the therapeutic applications
of reprogramming factor overexpression. Despite all the
promising data on reprogramming, there are certain recurrent
themes on its limitations that need to be addressed. First,
in almost all cases of reprogramming the resultant cells are
found to be immature at several levels (all studies summarized
above mention this aspect as a caveat). A specific example is
that in macrophages obtained from reprogrammed fibroblasts,
there is residual fibroblast gene expression, instability, and
de-differentiation once the reprogramming factor expression
ceases (Feng et al., 2008). Thorough reasoning and analysis
into why this may be the case has shed some light on the
fact that target cells may pass through a series of intermediate
phases during reprogramming (pluripotent, multipotent, and

precursor; Bar-Nur et al., 2015; Maza et al., 2015; Morris,
2016). These observations suggest the fidelity of reprogramming
factors in truly ‘‘direct’’ cell fate conversions may be improbable,
inefficient, and may require the transient acquisition of
progenitor or stem cell states for efficient conversion.

Considerations of Direct Cellular
Reprogramming in the Inner Ear
In addition to the above considerations that have been discovered
during reprogramming studies, the inner ear poses several
challenges concerning reprogramming outcomes and their
success rates. Employing reprogramming factors to convert
iPSCs or fibroblasts in vitro into hair cells that may be eventually
transplanted, is possible in many tissues where the cellular
organization is not paramount, but unlikely to succeed in the
inner ear where the precise number and location of sensory
cells is crucial to their function, and the mechanical properties
of the cochlea. Alternatively, the reprogramming of abundantly
available cells that serve as a reservoir within the inner ear
tissue, such as supporting cells of the organ of Corti or the
adjacent non-sensory cells of the inner and outer sulci may also
be attempted. Many non-sensory cell reservoirs exist within the
mammalian inner ear and show evidence for their responsiveness
to transcription factor-mediated reprogramming into induced
hair cells.We discuss these transcription factors and the cell types
capable of being reprogrammed in further sections.

TRANSCRIPTIONAL CONTROL OF HAIR
CELL REGENERATION IN
NON-MAMMALIAN VERTEBRATES

Non-mammalian vertebrates such as fish, birds, and amphibians
are known to regenerate hair cells in response to noise or
chemical damage, as well as replacing hair cells through
physiological turnover under normal, undamaged conditions
(Cotanche, 1987; Cruz et al., 1987; Corwin and Cotanche,
1988; Ryals and Rubel, 1988; Lippe et al., 1991; Lombarte
et al., 1993; Taylor and Forge, 2005; Smith et al., 2006).
This regeneration process can occur by asymmetric division
of supporting cells to give rise to hair cells, as well as direct
transdifferentiation of supporting cells into hair cells in the
absence of cell division (Adler and Raphael, 1996; Roberson
et al., 1996; Baird et al., 2000). Zebrafish and chicken are useful
non-mammalian vertebrate models to study the inner ear, owing
to the conservation of inner ear development genes between these
species and mammals (Gates et al., 1999; Barbazuk et al., 2000;
Chan et al., 2009). Additionally, delineating the molecular and
genetic differences between a regenerating and non-regenerating
system may shed light on potential strategies to regenerate hair
cells in mammals.

The proneural family of transcription factor genes was found
to be important for the generation of neurons, and also cells
that differentiated into sensory organs (Ghysen and Dambly-
Chaudiere, 1989; Bertrand et al., 2002). bHLH transcription
factors include the proneural genes atoh1, neurog1–3, and
neurod1 (Murre et al., 1989). In zebrafish, the atoh1 homologs
atoh1a and atoh1b are required for hair cell development
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TABLE 1 | Computational approaches developed to predict transcription factor/s (TF) suitable for reprogramming one somatic cell type to another.

No. Model type Approach incorporated Validation status Reference

1. Expression reversal based Data-driven approach. Representation
and analysis of gene expression data as
gene pairs. Identification of each gene’s
strength in cell type reversal based on
calculated normalizations.

No new experimental
validation available

Heinäniemi et al. (2013)

2. Polycomb repression TF model A data-driven approach using ChIP seq
and RNA seq data. The model predicts
that all those TFs strongly polycomb
repressed in the source cell and highly
expressed in target cells are
reprogramming factors for that cell pair.

No new experimental
validation available

Davis and Eddy (2013)

3. TF Cross repression model The model predicts the reprogramming
effect of unique gene set perturbations
based on their influence on the stability
of cell fate-specific gene networks. No
prior knowledge of candidate
genes/pathways was considered.

No new experimental
validation available

Crespo and del Sol (2013)

4. Epigenetic landscape
mathematical model

Employing 63 cell fates and 1337 TFs
from mouse microarray gene
expression data, a predictive epigenetic
model was built to identify hybrid cell
fates, known reprogramming factors,
new factors that could reprogram
specific cell types.

No new experimental
validation available.

Lang et al. (2014)

5. CellNet Gene regulatory network-based
approach to compare engineered cells
to target cells. New reprogramming
factors were identified to uncover
transitionary cellular programs and
enhance the quality of engineered cells
to mimic target cells.

CellNet results were tested
on the conversion of B cells
into macrophages. A new
intestinal program was
identified and fine-tuned in
mouse fibroblasts
reprogrammed to hepatic
cells.

Morris et al. (2014)

6. Candidate core TF atlas An entropy-based method used to
identify and build an atlas of candidate
core TFs across a range of human cell
types.

Results obtained from this
model were tested on the
conversion of human
fibroblasts into induced
retinal pigment
epithelial-like cells.

D’Alessio et al. (2015)

7. Mogrify Integration of gene expression data and
regulatory network information to
predict reprogramming factors. A
method applicable to diverse sets of
TFs and cell types.

Results tested on the
induction of keratinocytes
from dermal fibroblasts,
induction of microvascular
endothelial cells from
keratinocytes.

Rackham et al. (2016) and
Ouyang et al. (2019)

8. Stem cell differentiation model Exclusive stem cell differentiation factor
prediction model based on gene
regulatory networks.

Results tested on neural
stem cells. Overexpression
of RUNX2 and
ESR1 reprogrammed neural
stem cells to neuronal and
astrocyte cell fate,
respectively.

Okawa et al. (2016)

(Millimaki et al., 2007). Expression of atoh1a in support
cells along with disruption of Notch signaling gave rise to
supernumerary hair cells that eventually did not survive (Itoh
and Chitnis, 2001; Itoh et al., 2003). In addition to atoh1a,
another proneural factor, neurod, was found to be expressed
in the zebrafish lateral line. Loss of function of either atoh1a
or neurod resulted in the loss of hair cells (Sarrazin et al.,

2006). In the chicken inner ear, ATOH1 is involved in
hair cell development and regeneration, just as in zebrafish.
Hair cells require sensory lineage specification by SOX2 and
subsequent differentiation driven by ATOH1 (Neves et al., 2012).
Regeneration of hair cells in the basilar papilla of birds occurs
only in the event of hair cell death or damage and occurs
by supporting cells transdifferentiating into hair cells, either
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directly or after re-entering the cell cycle (Tsue et al., 1994). This
process is mediated by upregulation of ATOH1 in supporting
cells (Cafaro et al., 2007)—for example, 15% of supporting cells
labeled by a BrdU pulse given 4 days after deafening expressed
ATOH1 within 2 h of the pulse. These early studies confirmed
the conservation and importance of ATOH1 homologs in the
development and regeneration of vertebrate auditory hair cells.

Independent studies in zebrafish and chicken identified
additional factors important for hair cell regeneration. For
example, sox2, a known pluripotency transcription factor, was
shown to be involved in the regulation of hair cell regeneration
in zebrafish (Millimaki et al., 2010). Overexpression of a
combination of sox2 and atoh1a resulted in an enhanced
number of ectopic hair cells in the zebrafish lateral line
compared to either one alone (Sweet et al., 2011). A bulk
RNA-seq analysis performed on support cells and mantle cells
(a stem cell population in the zebrafish lateral line) showed
that the Notch and Fgf signaling pathways were significantly
downregulated in early hair cell regeneration (Jiang et al., 2014).
In chicken, a large-scale gene expression analysis study focusing
on identifying differentially expressed genes in regenerating
utricles identified 15 transcription factors whose expression
correlated with regeneration (Ku et al., 2014). These included
functionally unique genes like BTG1 that appear to promote hair
cell differentiation but negatively regulate proliferation (Rouault
et al., 1992; Rodier et al., 1999), and factors that had not
previously been associated with regeneration such as IRF-1 and
CITED4. Among highly expressed transcription factors were
targets of the Notch signaling pathway, including MAMLD1,
RBPJ, the ID family genes (ID1, ID4, ID2), ATOH1, and HEYL
(Ku et al., 2014).

HAIR CELL REGENERATION IN MAMMALS

The cochlea of neonatal mammals possesses a limited capacity for
spontaneous hair cell regeneration in response to hair cell death.
Newborn mouse supporting cells respond to signals from dying
hair cells and regenerate new hair cells through mitotic division
or direct transdifferentiation (Cox et al., 2014). Mechanistic
studies have shown Wnt, Notch, and ERBB2 signaling pathways
to be essential for spontaneous hair cell regeneration in neonatal
mice (Hu et al., 2016; Ni et al., 2016; Zhang et al., 2018). Specific
manipulations involving these signaling pathways have been
explored for mammalian hair cell regeneration. For example,
Wnt pathway activation or Beta-catenin overexpression led to the
proliferation of hair cell progenitors that differentiated eventually
into hair cells (Chai et al., 2012; Shi et al., 2014). Inhibition of
the Notch pathway is known to upregulate ATOH1 in neonatal
supporting cells, enabling their transdifferentiation into hair cells
(Korrapati et al., 2013; Mizutari et al., 2013). Although such
attempts were successful in regenerating hair cells in young,
pre-hearing animals, their ability to achieve similar results in
older animals failed. To regenerate hair cells in older animals, the
overexpression of transcription factors to reprogram nonsensory
inner ear cells into hair cells is a promising approach. We discuss
a variety of non-sensory cell types that are potential targets for
reprogramming in the mammalian cochlea.

FIGURE 1 | Schematic cross-sectional view of the postnatal mammalian
organ of Corti, denoting some structural features and a variety of cell types of
interest for in vivo hair cell reprogramming.

Inner Ear Non-sensory Cells: Potential
Targets for Transcription Factor
Reprogramming
The various non-sensory cell types of the mammalian cochlea
are indicated in Figure 1. Supporting cells lie adjacent to hair
cells in the organ of Corti and are the most suitable for hair
cell regeneration through transcription factor reprogramming.
Developmentally, supporting cells and hair cells arise from
common progenitors in the sensory patch of the cochlea. The
differentiation and patterning of the two cell types are influenced
by the expression of several genes and signaling pathway
members, such as Notch signaling (reviewed by Basch et al.,
2016). Supporting cells are broadly classified into inner border
cells, inner phalangeal cells, pillar cells (inner and outer), Hensen
cells, Deiters’ cells, and Claudius cells (Raphael and Altschuler,
2003). Previous studies have shown that supporting cell-specific
damage results in the regeneration of inner border and
phalangeal cells but not pillar or Deiters’ cells in neonatal mice
(Mellado Lagarde et al., 2013, 2014).

Greater epithelial ridge (GER) cells are columnar cells
lying adjacent to the inner hair cell layer of the organ of
Corti. They are a transient population of cells occurring in
neonatal animals and undergo thyroid hormone-dependent
remodeling between 1 and 2 weeks of age (Sharlin et al.,
2011; Peeters et al., 2015). This remodeling involving
programmed cell death and cell shape changes, creates the
inner sulcus, a cavity filled with short cuboidal epithelial
cells that promote free movement of hair cell stereocilia
against the tectorial membrane during sound transduction
(Hinojosa, 1977; Kamiya et al., 2001). The physiological
plasticity of GER cells that enable their remodeling into
the inner sulcus has also been exploited to regenerate
hair cells through the ectopic expression of Atoh1 in the
neonatal mouse cochlea (Kelly et al., 2012), which we discuss
further below.
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Interdental cells are present medial to the GER region and
are the point of attachment for the tectorial membrane. The
interdental cells secrete components of the tectorial membrane
matrix and are involved in K+ recycling for hair cell function
(Lim, 1972; Spicer et al., 1999). Lesser epithelial ridge (LER)
cells lie adjacent to the outer hair cells, comprise the Hensen’s
and Claudius supporting cell types, are lateral to the organ of
Corti, and eventually form the outer sulcus region. When Atoh1
is induced in cochlear LER cells in vitro, they differentiate into
hair cell-like cells (Zhai et al., 2005). Interestingly, the GER,
LER, and interdental cells arise from the same pool of Eya1+
multipotent progenitors that give rise to hair cells and supporting
cells during inner ear development (Xu et al., 2017). Currently,
there are no in vivo reprogramming attempts targeting the LER
and interdental cells for hair cell regeneration.

ATOH1–Inner Ear Development,
Context-Dependence, and
Reprogramming
The mammalian inner ear is derived from an ectodermal
thickening named the otic placode, developing on either side
of the embryonic hindbrain. The transient expression of the
Sox2 transcription factor in a specific population of cells in
the cochlear duct marks the prosensory domain followed by
the expression of p27kip1 that drives sensory cells to become
post-mitotic (Lee, 2006). The ATOH1 transcription factor is
then expressed in a cluster of prosensory cells and a hair cell
differentiation program is initiated (Bermingham et al., 1999;
Woods et al., 2004; Driver et al., 2013). Simultaneously, the
expression of Notch ligands is induced in these nascent hair cells,
thereby inhibiting a hair cell fate in adjacent cells through lateral
inhibition (Lanford et al., 1999; Kiernan et al., 2005). The Atoh1
promoter regions in these adjacent cells undergo rapid repression
through induction of Hes/Hey genes, causing them to adopt a
supporting cell fate (Abdolazimi et al., 2016). Three-dimensional
live imaging of ATOH1 activity in cochlear explants showed that
hair cell induction occurs with the formation of inner hair cells
(medial) followed by that of outer hair cells (lateral) (Tateya
et al., 2019). In mammals, hair cell differentiation starts near
the base and ends at the apex of the cochlea. After this initial
developmental phase, ATOH1 is also necessary for the survival
and proper function of hair cells (Pan et al., 2012; Cai et al., 2013;
Chonko et al., 2013).

ATOH1 plays the most important role in hair cell fate
specification, implicating it as a master regulator (a single
factor determining a unique cell fate). ATOH1 independently
recognizes and binds to specific E-box motifs in the promoter
and enhancer regions of its targets (Powell et al., 2008).
However, the set of targets it regulates is variable between
ATOH1-expressing cell types, implying that ATOH1 acts in a
context-dependent fashion to promote cellular differentiation.
Transcriptomic characterization of neonatal hair cells has
identified hair cell-specific ATOH1 target genes of which a
small number overlap with those found in ChIP-seq data
from the cerebellum and intestine (Cai et al., 2015). Several
mechanisms may promote the specificity of ATOH1’s targets

in hair cells. First, the transient expression of Sox2, a pioneer
factor ahead of Atoh1 which is unique to hair cell differentiation,
results in a changing chromatin landscape enhancing chromatin
accessibility for ATOH1 to bind to its targets in hair cell
progenitors (Kempfle et al., 2016). Second, differential control of
ATOH1 activity through the phosphorylation of a serine moiety
in its bHLH domain which acts as a switch to control ATOH1’s
DNA binding ability in a variable manner across tissues (Quan
et al., 2016; Xie et al., 2017). Third, within the inner ear hair
cells, ATOH1’s expression is tightly temporally regulated by a
series of histone modifications of its promoter and enhancer
regions H3K4me3/H3K27me3, H3K9ac and H3K9me3. These
marks enable ATOH1 to rapidly and dynamically transition from
a poised to an active state during hair cell specification, and
to render the ATOH1 locus in a repressive state postnatally in
supporting cells (Stojanova et al., 2015).

The importance of Atoh1’s expression in hair cell
development made it an excellent candidate for reprogramming
to promote hair cell regeneration. Atoh1 overexpression in
postnatal cochlear and utricle explants from rat inner ears
transdifferentiated nonsensory cells into ectopic hair cells
(Zheng and Gao, 2000; Shou et al., 2003). Mouse embryonic
stem cells transdifferentiated in vitro into hair cell-like cells
(expressing cochlear hair cell markers) in response to ectopic
expression of Atoh1 (Ouji et al., 2013). A transcriptomic study
showed that induced multipotent otic progenitors showed a
profound ‘‘pro hair cell’’ effect compared to mouse embryonic
stem cells in response to Atoh1 overexpression (Ebeid et al.,
2017). Early in vivo ATOH1 gene therapy studies employing
adenoviral gene delivery methods in normal and deafened
adult guinea pig cochleae showed regeneration of hair cells
and improvement of hearing thresholds (Kawamoto et al.,
2003; Izumikawa et al., 2005). However, these studies also
highlight several confounding aspects, such as tissue damage in
response to viral inoculation into the endolymph. Initial in vivo
studies in the neonatal mouse cochlea, which investigated the
effect of ATOH1 on reprogramming non-sensory cells into
hair cells, employed transgenic mice harboring an inducible
Atoh1 transgene. Histological analysis post-overexpression
showed that the greater epithelial ridge cells, as well as a small
percentage of pillar and Deiters’ cells, could be reprogrammed
to hair cells (Kelly et al., 2012; Liu et al., 2012). Among
supporting cells, the efficiency of ATOH1 reprogramming
was much better when targeted to the inner phalangeal and
border cells in the neonatal mouse cochlea, but virtually
non-existent in Deiters’ or pillar cells. The ectopic hair cells
expressed several hair cell-specific markers and showed
minimal synaptic density (Liu et al., 2014). However, the
competence of these cells to become hair cells in response
to ATOH1 alone declined rapidly with age, challenging the
feasibility of employing this strategy for hair cell regeneration
in older animals (Kelly et al., 2012; Liu et al., 2012). This
prompted the search for other transcription factors in addition
to ATOH1 that could enhance reprogramming efficiency
for auditory hair cell regeneration, by analogy to the direct
reprogramming studies in other tissues that we described earlier
in the review.
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Hair Cell Reprogramming Strategies
Employing ATOH1 in Combination With
Other Reprogramming Partners
ATOH1 and POU4F3
The POU-IV domain transcription factor, POU4F3 (also BRN-
3C) is a downstream target of ATOH1 and is induced after
the onset of Atoh1 expression in inner ear hair cells [validated
computationally and through ChIP experiments by Masuda
et al. (2011, 2012)]. ATOH1 regulates Pou4f3 expression
synergistically with GATA3, MYC, and TFE2 (Ikeda et al., 2015).
POU4F3 plays a major role in the maturation and survival
of hair cells (Xiang et al., 1998). Deletion of Pou4f3 in the
mouse inner ear leads to severe morphological deficits and
apoptosis of hair cells (Xiang et al., 1997, 1998). A combination
of ATOH1, POU4F3, and GATA3 was able to reprogrammature
supporting cells into hair cell-like cells in the adult cochlea. This
study also provided evidence for the p27kip1 gene playing a
critical role in preventing ATOH1 mediated transdifferentiation
of supporting cells by down-regulating GATA3 in mature
cochlear supporting cells (Walters et al., 2017), although whether
the P27 protein is functioning in this context as a cyclin-
dependent kinase inhibitor ormediating an additional function is
not clear.

ATOH1 and GFI1
GFI1 (Growth factor independent 1) is a zinc-finger transcription
factor expressed in hair cells and cochlear neurons during
development (Wallis et al., 2003). Loss of function studies in
mice has shown that GFI1 does not disrupt hair cell specification
but affects later-stage morphology and survival of hair cells.
In Gfi1 null mice, outer hair cells followed by inner hair cells
undergo apoptosis that is complete by 2 weeks of age, although
vestibular hair cells survive, albeit in an abnormal condition
(Wallis et al., 2003; Hertzano et al., 2004). An in vivo translatome
analysis performed using Gfi1Cre;RiboTag mice showed that
in the absence of GFI1, neuronal fate genes such as Pou4f1
were upregulated in hair cells (Matern et al., 2020). Hence,
GFI1 may play a dual role in fine-tuning hair cell differentiation
by repressing non-hair cell genes (particularly neuronal genes),
in addition to enabling the expression of hair cell-specific genes.
In vivo studies employing a hair cell damage model (Pou4f3DTR)
in adult mice showed that adenoviral delivery of ATOH1 and
GFI1 together post hair cell ablation in the organ of Corti led
to the transdifferentiation of supporting cells to give rise to hair
cells at a significantly higher efficiency than ATOH1 alone (Lee
S. et al., 2020).

ATOH1 and ISL1
Islet-1 (ISL1) is a LIM domain transcription factor and like
ATOH1, ISL1 behaves in a context-dependent manner in
neuronal and non-neuronal tissue types (Hobert and Westphal,
2000). It is an early marker of both the prosensory domain
and spiral ganglion neuron in the developing otic placode
(Radde-Gallwitz et al., 2004; Huang et al., 2013), but is
also expressed transiently in hair cells (Cai et al., 2015).
Early overexpression of Isl1 in the inner ear results in an
age-related hearing loss phenotype in mice (Chumak et al.,

2016). However, overexpression of Isl1 in postnatal mouse
cochlear hair cells specifically protects them from damage
due to age or noise with no functional anomaly (Huang
et al., 2013). Ectopic co-expression of both Atoh1 and Isl1 in
neonatal cochlear explants in vitro and neonatal mice in vivo
resulted in a significantly higher number of reprogrammed
hair cells as compared to overexpression of Atoh1 alone
(Yamashita et al., 2018).

ATOH1, GFI1, and POU4F3
In vitro studies in mouse embryonic stem cells and chick otic
epithelial cells showed that overexpressing Atoh1 alone drove
them to adopt a neuronal fate (Costa et al., 2015). In contrast,
a combination of ATOH1, POU4F3, and GFI1 induced many
hair cell genes when misexpressed in mouse embryonic stem
cells. These induced hair cells expressed characteristic markers,
possessed hair bundle-like projections and their transcriptome
indicated elements of a hair cell signature (Costa et al., 2015). The
GAP factors together with another transcription factor, SIX1,
reprogrammed mouse embryonic fibroblasts and adult tail-tip
fibroblasts in vitro into induced hair cells. In addition to what
was seen in the previous study, these induced hair cells possessed
a hair cell-like epigenetic profile, electrophysiological properties,
expression of transduction channel proteins, and sensitivity to
ototoxins (Menendez et al., 2020).

Thoughts on Additional Reprogramming
Factors—SOX2, GATA3, EYA1, and SIX1
In addition to the above reprogramming factor combinations,
SOX2, GATA3, EYA1, and SIX1 are additional reprogramming
factor candidates whose combinatorial overexpression shows
promise to induce hair cells, based on their expression pattern
and co-operativity. For example, analysis of open chromatin
regions of prosensory cells indicated that binding sites for
SOX2, GATA3, and SIX1 were highly enriched, implying
these genes play a critical downstream role for hair cell
differentiation (Wilkerson et al., 2019). The transient expression
of SOX2 preceding ATOH1’s hair cell specification role is
governed by the activity of SIX1 that in turn downregulates SOX2
(Zhang et al., 2017). SIX1 was found to be a hair cell selector gene
that governs the sequence of events for hair cell differentiation.
It does so by occupying enhancer regions of its target genes
which are transcribed, and physically interacting and synergizing
with the GFI1, ATOH1, and POU4F3 factors and GATA3 (Li
et al., 2020). The interaction of EYA1 and SIX1 is necessary in
addition to SOX2 expression for the induction of ATOH1 in
the developing mouse cochlea (Ahmed et al., 2012). In vivo
analysis of GATA3’s role in the prosensory domain indicate its
involvement in Atoh1 upregulation and spiral ganglion neuron
development (Duncan and Fritzsch, 2013). These factors have the
potential to supplement the GFI1/ATOH1/POU4F3 factors and
thereby enable fine-tuning of hair cell reprogramming efficiency.

CONCLUSION AND FUTURE
PERSPECTIVES

Successful reprogramming of non-sensory cells into hair
cells (summarized in Figure 2) in the mammalian inner
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ear is a promising approach to restore auditory function.
Reprogramming factors that have been shown to drive cells
towards a hair cell fate when overexpressed together include
ATOH1, GFI1, POU4F3, and SIX1. Selective inclusion of other
factors and perturbations of critical pathways like Notch, Wnt,
and Fgf signaling may be necessary, in addition to epigenetic
remodeling of the target cell population to make their chromatin
more accessible to reprogramming factors. There is a good
chance that an optimal reprogramming factor code may differ
slightly between different ‘‘starter’’ cell types that have to be
reprogrammed into hair cells. Supporting cells remain the target
cells of choice for reprogramming based on their proximity
to hair cells. However, just as in non-mammalian vertebrates,
replacement of the reprogrammed supporting cells will be
necessary to preserve normal cochlear mechanics. We discuss
these, some additional questions, and the challenges of hair cell
reprogramming below.

To What Extent Are Reprogrammed Hair
Cells Functional, and Can They Restore
Function in the Damaged Auditory or
Vestibular System?
Most reprogramming studies to date have evaluated the
reprogramming outcome primarily from a genetic and
protein expression perspective with less focus on hair cells,
and overall auditory or vestibular function. Testing the
mechanotransduction ability of reprogrammed hair cells
through electrophysiological studies is an important assay for
individual reprogrammed hair cell function. Moreover, it is also
essential to evaluate the higher-order functional consequences of
reprogramming through audiological and/or vestibular testing.
In this regard, it is notable that regenerative reprogramming of
vestibular hair cells in the mouse utricle has recently been shown
to restore aspects of vestibular function over several months
(Sayyid et al., 2019).

For How Long Do Reprogrammed Cells
Survive, and Are They a Long-Term
Solution to Hearing or Balance Defects?
The survival and maturation of reprogrammed hair cells are
necessary for long-term auditory function. From prior studies
and our unpublished data, we know that reprogrammed hair
cells derived from supporting cells and GER cells do not survive
for more than a few weeks in vivo in the mammalian cochlea.
Even within this time frame, reprogrammed hair cells lack
certain intricate developmental features like planar cell polarity
and frequency tuning properties, as seen by the haphazard,
non-directional stereocilia arrangement, which could be due to
defects in individual cells, or disorganization caused by excess
hair cell production (Kelly et al., 2012). Future reprogramming
studies need to focus on maximizing the extent of hair cell
maturation and survival to aim for long-term function. A
striking example of the consequences of suboptimal hair cell
differentiation on survival was recently observed inmice carrying
a single point mutation of Atoh1. The Atoh1S193A variant in the
bHLH domain does not appear to affect transcription in reporter

assays, yet this mutation causes progressive cochlear hair cell
degeneration (Xie et al., 2017).

Can Reprogramming Generate Hair Cell
Subtypes?
Hair cells can be divided broadly into inner and outer hair cells of
the auditory system, and type I and II hair cells in the vestibular
system. Moreover, regional differences are known to exist in a
given inner ear sensory organ, such as the significant differences
in cell and hair bundle size along the tonotopic axis of the
cochlea. At present, it is not clear when each type of hair cell is
specified, what signals are responsible for subtype specification,
and whether current reprogramming cocktails favor one hair cell
subtype over another, as has been seen with current protocols
that generate largely vestibular hair cells in embryonic stem
cell- or iPS cell-derived organoids (Longworth-Mills et al.,
2016; Koehler et al., 2017). There may be a need for other
reprogramming factors that will play a ‘‘subtype specification’’
role. For example, INSM1 is a zinc finger transcription factor
family member unique in expression to outer hair cells of the
mammalian cochlea (Lorenzen et al., 2015). Insm1 deletion
in the neonatal cochlea leads to the expression of inner hair
cell-specific genes in outer hair cells (Wiwatpanit et al., 2018).
Similarly, IKZF2/Helios is another outer hair cell transcription
factor whose overexpression upregulates outer hair cell-specific
genes and confers electromotility characteristics to target cells
(Chessum et al., 2018). In the vestibular system, EMX2 is a
transcription factor known for its role in controlling hair bundle
orientation across the line of polarity reversal in themouse utricle
(Jiang et al., 2017).

Will Prolonged Overexpression of
Reprogramming Factors Pose Long-Term
Challenges Post Hair Cell
Reprogramming?
During the development of the mouse organ of Corti, the
expression of some hair cell transcription factors such as
ATOH1 are transient, and some are present in progenitor
cells before restricting to hair cells. Current in vivo hair cell
reprogramming strategies generally drive constant expression of
reprogramming factors, and so it is possible that the persistence
of factors whose expression is normally downregulated in hair
cells may compromise their mature function or may hold the
reprogrammed hair cells in a permanently immature state. More
studies are required to determine whether this will impede
regeneration driven by reprogramming. Recent advances in the
delivery of encapsulated RNA or DNA editing molecules or
fusion of proteins to cell-penetrating peptides may offer a way
to transiently deliver reprogramming factors to the ear (Takeda
et al., 2016; Gao et al., 2018).

What Are the Consequences of Losing
Reprogrammed Cells as They Convert Into
Hair Cells?
Inner border and inner phalangeal cells lie adjacent to inner
hair cells and exhibit higher plasticity towards reprogramming
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FIGURE 2 | A summary of some current in vitro (A) and in vivo (B) reprogramming studies employing overexpression of different transcription factor combinations.

as opposed to Hensen cells, Deiters’ cells, and Claudius cells that
lie adjacent to outer hair cells (Liu et al., 2014; Figure 1). The
question of why some supporting cells are harder to reprogram
as compared to others, even in early postnatal ages remains
unanswered. Nevertheless, supporting cell reprogramming is
the most optimal regeneration strategy given their physical
proximity to hair cells. However, the loss of supporting cells by
transdifferentiation without supporting cell division will pose a
challenge for the hearing function, as studies have shown that
supporting cell loss disrupts auditory function (reviewed byWan
et al., 2013). Similarly, the timely remodeling of GER cells into the
inner sulcus is another critical event that ensures correct auditory
function, and any change in GER remodeling may affect hearing
directly (Peeters et al., 2015). So, evaluating the long-term loss
of these cell types and/or considerations to regenerate these cells
is essential.

How Efficient Is the Reprogramming
Process From the Perspective of
Upregulated Hair Cell Gene Regulatory
Networks and Silenced Target Cell Gene
Networks?
Detailed gene expression and gene regulatory network analyses
are necessary to fully understand the reprogramming efficiency
of a transcription factor cocktail as a target cell transitions from

its original fate to a specific final fate. For example, single-cell
mapping studies for delineating cell reprogramming identity
and lineage (Biddy et al., 2018). However, the complexity of
the reprogramming process and the fact that it is influenced
by variables such as age and epigenetic state make this testing
more challenging in comparison to the functional studies
required above. Epigenetic landscapes of both the target cell and
the reprogrammed cell are controlled by specific transcription
factor combinations used in reprogramming. As mentioned
earlier, cell types respond more completely to reprogramming
when a pioneer factor is overexpressed along with other
transcription factors (Morris, 2016). A detailed understanding
of how pioneer factors like POU4F3 and SOX2 alter the
epigenetic landscapes of the target cell towards that of hair
cells can be determined through ATAC sequencing experiments.
With the advent of newer high-throughput technologies and
bioinformatics pipelines, addressing reprogramming efficiency
will become more tractable in the future, leading to better
strategies to drive reprogramming and regeneration in the
inner ear.

What is the Best In vivo Gene Delivery
Strategy for Hair Cell Reprogramming
Employing Transcription Factors?
The application of reprogramming factors as a therapeutic
strategy for hair cell regeneration requires optimal gene delivery
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in vivo. Like the retina, the inner ear is an attractive tissue for
targeted therapies as it is relatively well-enclosed and isolated
from the central nervous system and circulatory system. For
inner ear-specific therapies, various anatomical routes have been
tested, including approaches through the posterior semicircular
canal, round window, and cochleostomy (reviewed by Ahmed
et al., 2017). Non-viral methods of gene delivery through
cationic lipid nanoparticles (to deliver Cas9 guide RNA lipid
complexes specific for Tmc1 allele) have been successful in
reducing hearing loss in mice (Gao et al., 2018). Other modes of
delivering genes, proteins, drugs, and siRNAs molecules include
hydrogel encapsulation, exosomes, PLGA nanoparticles, and
supra-particles (reviewed in Ma et al., 2019). The limitation
of these unique delivery systems is that not all regions of the
inner ear can be accessed and that restricts the scope of its
application for treatment. However, the transient nature of these
treatments may reduce the potential negative consequences of
over-expressing transcription factors for extended periods.

Gene delivery through viral methods includes the use of
adenovirus, adeno-associated-virus, lentivirus, and exosome-
associated adenoviruses. Studies in animal models have shown
that adeno-associated viruses are effective in targeting hair cells
for hearing loss gene therapy (Landegger et al., 2017; Akil et al.,
2019; Isgrig et al., 2019; Nist-Lund et al., 2019). AAVs were found
to have low overall toxicity due tominimal immune response to it

by the host and low rate of host genome integration (Nakai et al.,
2001). Genetically engineered and improvised AAV9-PHP.B was
found to be efficient for targeting hair cells in the organ of Corti
in mice and primates (György et al., 2019; Lee J. et al., 2020).
Though not tested directly, similar technologies will likely be
effective in targeting non-sensory and supporting cells for hair
cell reprogramming.

AUTHOR CONTRIBUTIONS

Both authors wrote and edited the manuscript. AI prepared the
figures. All authors contributed to the article and approved the
submitted version.

FUNDING

The writing of this review was supported by RO1 DC014832 to
AG. AI was supported in part by funds from The Cullen
Foundation.

ACKNOWLEDGMENTS

We thank Ms. Abhinaya Anand and BioRender.com for helping
create the illustrations for this review.

REFERENCES

Abdolazimi, Y., Stojanova, Z., and Segil, N. (2016). Selection of cell fate in
the organ of Corti involves the integration of Hes/Hey signaling at the
Atoh1 promoter. Development 143, 841–850. doi: 10.1242/dev.129320

Adhikary, S., and Eilers, M. (2005). Transcriptional regulation and transformation
by Myc proteins. Nat. Rev. Mol. Cell Biol. 6, 635–645. doi: 10.1038/nrm1703

Adler, H. J., and Raphael, Y. (1996). New hair cells arise from supporting cell
conversion in the acoustically damaged chick inner ear. Neurosci. Lett. 205,
17–20. doi: 10.1016/0304-3940(96)12367-3

Ahmed, H., Shubina-Oleinik, O., and Holt, J. R. (2017). Emerging gene
therapies for genetic hearing loss. J. Assoc. Res. Otolaryngol. 18, 649–670.
doi: 10.1007/s10162-017-0634-8

Ahmed, M., Wong, E. Y. M., Sun, J., Xu, J., Wang, F., and Xu, P.-X. (2012).
Eya1-Six1 interaction is sufficient to induce hair cell fate in the cochlea by
activating Atoh1 expression in cooperation with Sox2. Dev. Cell 22, 377–390.
doi: 10.1016/j.devcel.2011.12.006

Akcakaya, P., Bobbin, M. L., Guo, J. A., Malagon-Lopez, J., Clement, K.,
Garcia, S. P., et al. (2018). in vivo CRISPR editing with no detectable
genome-wide off-target mutations. Nature 561, 416–419. doi: 10.1038/s41586-
018-0500-9

Akil, O., Dyka, F., Calvet, C., Emptoz, A., Lahlou, G., Nouaille, S., et al.
(2019). Dual AAV-mediated gene therapy restores hearing in a DFNB9 mouse
model. Proc. Natl. Acad. Sci. U S A 116, 4496–4501. doi: 10.1073/pnas.18175
37116

Baird, R. A., Burton, M. D., Fashena, D. S., and Naeger, R. A. (2000). Hair cell
recovery inmitotically blocked cultures of the bullfrog saccule. Proc. Natl. Acad.
Sci. U S A 97, 11722–11729. doi: 10.1073/pnas.97.22.11722

Banga, A., Akinci, E., Greder, L. V., Dutton, J. R., and Slack, J. M.W. (2012). in vivo
reprogramming of Sox9+ cells in the liver to insulin-secreting ducts. Proc. Natl.
Acad. Sci. U S A 109, 15336–15341. doi: 10.1073/pnas.1201701109

Banga, A., Greder, L. V., Dutton, J. R., and Slack, J. M. W. (2014). Stable insulin-
secreting ducts formed by reprogramming of cells in the liver using a three-gene
cocktail and a PPAR agonist. Gene Ther. 21, 19–27. doi: 10.1038/gt.2013.50

Barbagiovanni, G., Germain, P.-L., Zech, M., Atashpaz, S., Lo Riso, P., D’Antonio-
Chronowska, A., et al. (2018). KMT2B is selectively required for neuronal

transdifferentiation and its loss exposes dystonia candidate genes. Cell Rep. 25,
988–1001. doi: 10.1016/j.celrep.2018.09.067

Barbazuk, W. B., Korf, I., Kadavi, C., Heyen, J., Tate, S., Wun, E., et al. (2000).
The syntenic relationship of the zebrafish and human genomes. Genome Res.
10, 1351–1358. doi: 10.1101/gr.144700

Bar-Nur, O., Verheul, C., Sommer, A. G., Brumbaugh, J., Schwarz, B. A.,
Lipchina, I., et al. (2015). Lineage conversion induced by pluripotency factors
involves transient passage through an iPSC stage. Nat. Biotechnol. 33, 761–768.
doi: 10.1038/nbt.3247

Basch, M. L., Brown, R. M. II., Jen, H.-I., and Groves, A. K. (2016). Where hearing
starts: the development of the mammalian cochlea. J. Anat. 228, 233–254.
doi: 10.1111/joa.12314

Bermingham, N. A., Hassan, B. A., Price, S. D., Vollrath, M. A., Ben-Arie, N.,
Eatock, R. A., et al. (1999). Math1: an essential gene for the generation of inner
ear hair cells. Science 284, 1837–1841. doi: 10.1126/science.284.5421.1837

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

Biddy, B. A., Kong, W., Kamimoto, K., Guo, C., Waye, S. E., Sun, T., et al. (2018).
Single-cell mapping of lineage and identity in direct reprogramming. Nature
564, 219–224. doi: 10.1038/s41586-018-0744-4

Blau, H. M., Chiu, C.-P., andWebster, C. (1983). Cytoplasmic activation of human
nuclear genes in stable heterocaryons. Cell 32, 1171–1180. doi: 10.1016/0092-
8674(83)90300-8

Bock, C., Beerman, I., Lien, W.-H., Smith, Z. D., Gu, H., Boyle, P., et al. (2012).
DNA methylation dynamics during in vivo differentiation of blood and skin
stem cells.Mol. Cell 47, 633–647. doi: 10.1016/j.molcel.2012.06.019

Bossard, P., and Zaret, K. S. (1998). GATA transcription factors as potentiators of
gut endoderm differentiation. Development 125, 4909–4917.

Brambrink, T., Foreman, R., Welstead, G. G., Lengner, C. J., Wernig, M.,
Suh, H., et al. (2008). Sequential expression of pluripotency markers during
direct reprogramming of mouse somatic cells. Cell Stem Cell 2, 151–159.
doi: 10.1016/j.stem.2008.01.004

Cafaro, J., Lee, G. S., and Stone, J. S. (2007). Atoh1 expression defines activated
progenitors and differentiating hair cells during avian hair cell regeneration.
Dev. Dyn. 236, 156–170. doi: 10.1002/dvdy.21023

Frontiers in Cellular Neuroscience | www.frontiersin.org 12 March 2021 | Volume 15 | Article 660748

https://biorender.com/
https://doi.org/10.1242/dev.129320
https://doi.org/10.1038/nrm1703
https://doi.org/10.1016/0304-3940(96)12367-3
https://doi.org/10.1007/s10162-017-0634-8
https://doi.org/10.1016/j.devcel.2011.12.006
https://doi.org/10.1038/s41586-018-0500-9
https://doi.org/10.1038/s41586-018-0500-9
https://doi.org/10.1073/pnas.1817537116
https://doi.org/10.1073/pnas.1817537116
https://doi.org/10.1073/pnas.97.22.11722
https://doi.org/10.1073/pnas.1201701109
https://doi.org/10.1038/gt.2013.50
https://doi.org/10.1016/j.celrep.2018.09.067
https://doi.org/10.1101/gr.144700
https://doi.org/10.1038/nbt.3247
https://doi.org/10.1111/joa.12314
https://doi.org/10.1126/science.284.5421.1837
https://doi.org/10.1038/nrn874
https://doi.org/10.1038/s41586-018-0744-4
https://doi.org/10.1016/0092-8674(83)90300-8
https://doi.org/10.1016/0092-8674(83)90300-8
https://doi.org/10.1016/j.molcel.2012.06.019
https://doi.org/10.1016/j.stem.2008.01.004
https://doi.org/10.1002/dvdy.21023
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Iyer and Groves Cochlear Hair Cell Reprogramming

Cai, T., Jen, H.-I., Kang, H., Klisch, T. J., Zoghbi, H. Y., and Groves, A. K. (2015).
Characterization of the transcriptome of nascent hair cells and identification
of direct targets of the atoh1 transcription factor. J. Neurosci. 35, 5870–5883.
doi: 10.1523/JNEUROSCI.5083-14.2015

Cai, T., Seymour, M. L., Zhang, H., Pereira, F. A., and Groves, A. K. (2013).
Conditional deletion of Atoh1 reveals distinct critical periods for survival and
function of hair cells in the organ of Corti. J. Neurosci. 33, 10110–10122.
doi: 10.1523/JNEUROSCI.5606-12.2013

Carroll, J. S., Liu, X. S., Brodsky, A. S., Li, W., Meyer, C. A., Szary, A. J.,
et al. (2005). Chromosome-wide mapping of estrogen receptor binding reveals
long-range regulation requiring the forkhead protein FoxA1. Cell 122, 33–43.
doi: 10.1016/j.cell.2005.05.008

Chai, R., Kuo, B., Wang, T., Liaw, E. J., Xia, A., Jan, T. A., et al. (2012). Wnt
signaling induces proliferation of sensory precursors in the postnatal mouse
cochlea. Proc. Natl. Acad. Sci. U S A 109, 8167–8172. doi: 10.1073/pnas.
1202774109

Chan, E. T., Quon, G. T., Chua, G., Babak, T., Trochesset, M., Zirngibl, R. A., et al.
(2009). Conservation of core gene expression in vertebrate tissues. J. Biol. 8:33.
doi: 10.1186/jbiol130

Chen, Y.-J., Finkbeiner, S. R., Weinblatt, D., Emmett, M. J., Tameire, F.,
Yousefi, M., et al. (2014). De novo formation of insulin-producing ‘‘neo-β cell
islets’’ from intestinal crypts. Cell Rep. 6, 1046–1058. doi: 10.1016/j.celrep.2014.
02.013

Chessum, L., Matern, M. S., Kelly, M. C., Johnson, S. L., Ogawa, Y., Milon, B., et al.
(2018). Helios is a key transcriptional regulator of outer hair cell maturation.
Nature 563, 696–700. doi: 10.1038/s41586-018-0728-4

Chonko, K. T., Jahan, I., Stone, J., Wright, M. C., Fujiyama, T., Hoshino, M.,
et al. (2013). Atoh1 directs hair cell differentiation and survival in the late
embryonic mouse inner ear.Dev. Biol. 381, 401–410. doi: 10.1016/j.ydbio.2013.
06.022

Chumak, T., Bohuslavova, R., Macova, I., Dodd, N., Buckiova, D., Fritzsch, B., et al.
(2016). Deterioration of the medial olivocochlear efferent system accelerates
age-related hearing loss in Pax2-Isl1 transgenic mice. Mol. Neurobiol. 53,
2368–2383. doi: 10.1007/s12035-015-9215-1

Clark, A. T., Rodriguez, R. T., Bodnar, M. S., Abeyta, M. J., Cedars, M. I.,
Turek, P. J., et al. (2004). Human STELLAR, NANOG, and GDF3 genes
are expressed in pluripotent cells and map to chromosome 12p13, a
hotspot for teratocarcinoma. Stem Cells 22, 169–179. doi: 10.1634/stemcells.
22-2-169

Colasante, G., Lignani, G., Rubio, A., Medrihan, L., Yekhlef, L., Sessa, A., et al.
(2015). Rapid conversion of fibroblasts into functional forebrain GABAergic
interneurons by direct genetic reprogramming. Cell Stem Cell 17, 719–734.
doi: 10.1016/j.stem.2015.09.002

Corwin, J., and Cotanche, D. (1988). Regeneration of sensory hair cells
after acoustic trauma. Science 240, 1772–1774. doi: 10.1126/science.33
81100

Costa, A., Sanchez-Guardado, L., Juniat, S., Gale, J. E., Daudet, N., and
Henrique, D. (2015). Generation of sensory hair cells by genetic programming
with a combination of transcription factors. Development 142, 1948–1959.
doi: 10.1242/dev.119149

Cotanche, D. A. (1987). Regeneration of hair cell stereociliary bundles in the
chick cochlea following severe acoustic trauma. Hear. Res. 30, 181–195.
doi: 10.1016/0378-5955(87)90135-3

Cotanche, D. A. (1999). Structural recovery from sound and aminoglycoside
damage in the avian cochlea. Audiol. Neurotol. 4, 271–285.
doi: 10.1159/000013852

Cox, B. C., Chai, R., Lenoir, A., Liu, Z., Zhang, L., Nguyen, D.-H., et al. (2014).
Spontaneous hair cell regeneration in the neonatal mouse cochlea in vivo.
Development 141, 816–829. doi: 10.1242/dev.103036

Crespo, I., and del Sol, A. (2013). A general strategy for cellular reprogramming:
the importance of transcription factor cross-repression. Stem Cells 31,
2127–2135. doi: 10.1002/stem.1473

Cruz, R. M., Lambert, P. R., and Rubel, E. W. (1987). Light microscopic evidence
of hair cell regeneration after gentamicin toxicity in chick cochlea. Arch.
Otolaryngol. Head Neck Surg. 113, 1058–1062. doi: 10.1001/archotol.1987.
01860100036017

D’Alessio, A. C., Fan, Z. P., Wert, K. J., Baranov, P., Cohen, M. A., Saini, J. S., et al.
(2015). A systematic approach to identify candidate transcription factors that

control cell identity. Stem Cell Rep. 5, 763–775. doi: 10.1016/j.stemcr.2015.09.
016

Davis, F. P., and Eddy, S. R. (2013). Transcription factors that convert adult
cell identity are differentially polycomb repressed. PLoS One 8:e63407.
doi: 10.1371/journal.pone.0063407

Davis, R. L., Weintraub, H., and Lassar, A. B. (1987). Expression of a single
transfected cDNA converts fibroblasts to myoblasts. Cell 51, 987–1000.
doi: 10.1016/0092-8674(87)90585-x

De Lázaro, I., Yilmazer, A., Nam, Y., Qubisi, S., Razak, F. M. A., Degens, H., et al.
(2019). Non-viral, tumor-free induction of transient cell reprogramming in
mouse skeletal muscle to enhance tissue regeneration. Mol. Ther. 27, 59–75.
doi: 10.1016/j.ymthe.2018.10.014

Deng, J., Shoemaker, R., Xie, B., Gore, A., LeProust, E. M., Antosiewicz-
Bourget, J., et al. (2009). Targeted bisulfite sequencing reveals changes in
DNAmethylation associated with nuclear reprogramming.Nat. Biotechnol. 27,
353–360. doi: 10.1038/nbt.1530

DiBerardino, M., Hoffner, N., and Etkin, L. (1984). Activation of dormant genes
in specialized cells. Science 224, 946–952. doi: 10.1126/science.6719127

Dodou, E., Verzi, M. P., Anderson, J. P., Xu, S.-M., and Black, B. L. (2004). Mef2c
is a direct transcriptional target of ISL1 and GATA factors in the anterior heart
field during mouse embryonic development. Development 131, 3931–3942.
doi: 10.1242/dev.01256

Doi, A., Park, I.-H., Wen, B., Murakami, P., Aryee, M. J., Irizarry, R., et al.
(2009). Differential methylation of tissue- and cancer-specific CpG island
shores distinguishes human induced pluripotent stem cells, embryonic stem
cells and fibroblasts. Nat. Genet. 41, 1350–1353. doi: 10.1038/ng.471

Driver, E. C., Sillers, L., Coate, T. M., Rose, M. F., and Kelley, M. W. (2013).
The Atoh1-lineage gives rise to hair cells and supporting cells within the
mammalian cochlea. Dev. Biol. 376, 86–98. doi: 10.1016/j.ydbio.2013.01.005

Duncan, J. S., and Fritzsch, B. (2013). Continued expression of GATA3 is
necessary for cochlear neurosensory development. PLoS One 8:e62046.
doi: 10.1371/journal.pone.0062046

Ebeid, M., Sripal, P., Pecka, J., Beisel, K. W., Kwan, K., and Soukup, G. A. (2017).
Transcriptome-wide comparison of the impact of Atoh1 and miR-183 family
on pluripotent stem cells and multipotent otic progenitor cells. PLoS One
12:e0180855. doi: 10.1371/journal.pone.0180855

Ejarque, M., Cervantes, S., Pujadas, G., Tutusaus, A., Sanchez, L., and Gasa, R.
(2013). Neurogenin3 cooperates with Foxa2 to autoactivate its own expression.
J. Biol. Chem. 288, 11705–11717. doi: 10.1074/jbc.M112.388173

Feng, R., Desbordes, S. C., Xie, H., Tillo, E. S., Pixley, F., Stanley, E. R.,
et al. (2008). PU.1 and C/EBP convert fibroblasts into macrophage-like
cells. Proc. Natl. Acad. Sci. U S A 105, 6057–6062. doi: 10.1073/pnas.07119
61105

Festuccia, N., Osorno, R., Halbritter, F., Karwacki-Neisius, V., Navarro, P.,
Colby, D., et al. (2012). Esrrb is a direct nanog target gene that can substitute for
nanog function in pluripotent cells. Cell Stem Cell 11, 477–490. doi: 10.1016/j.
stem.2012.08.002

Fu, J.-D., Stone, N. R., Liu, L., Spencer, C. I., Qian, L., Hayashi, Y.,
et al. (2013). Direct reprogramming of human fibroblasts toward a
cardiomyocyte-like state. Stem Cell Rep. 1, 235–247. doi: 10.1016/j.stemcr.2013.
07.005

Gao, X., Tao, Y., Lamas, V., Huang, M., Yeh, W.-H., Pan, B., et al. (2018).
Treatment of autosomal dominant hearing loss by in vivo delivery of genome
editing agents. Nature 553, 217–221. doi: 10.1038/nature25164

Gates, M. A., Kim, L., Egan, E. S., Cardozo, T., Sirotkin, H. I., Dougan, S. T.,
et al. (1999). A genetic linkage map for zebrafish: comparative analysis and
localization of genes and expressed sequences. Genome Res. 9, 334–347.

Ghysen, A., and Dambly-Chaudiere, C. (1989). Genesis of the Drosophila
peripheral nervous system. Trends Genet. 5, 251–255. doi: 10.1016/0168-
9525(89)90097-8

Graf, T., and Enver, T. (2009). Forcing cells to change lineages. Nature 462,
587–594. doi: 10.1038/nature08533

Gualdi, R., Bossard, P., Zheng, M., Hamada, Y., Coleman, J. R., and Zaret, K. S.
(1996). Hepatic specification of the gut endoderm in vitro: cell signaling
and transcriptional control. Genes Dev. 10, 1670–1682. doi: 10.1101/gad.10.
13.1670

Gurdon, J. B. (1962). The developmental capacity of nuclei taken from intestinal
epithelium cells of feeding tadpoles. J. Embryol. Exp. Morphol. 10, 622–640.

Frontiers in Cellular Neuroscience | www.frontiersin.org 13 March 2021 | Volume 15 | Article 660748

https://doi.org/10.1523/JNEUROSCI.5083-14.2015
https://doi.org/10.1523/JNEUROSCI.5606-12.2013
https://doi.org/10.1016/j.cell.2005.05.008
https://doi.org/10.1073/pnas.1202774109
https://doi.org/10.1073/pnas.1202774109
https://doi.org/10.1186/jbiol130
https://doi.org/10.1016/j.celrep.2014.02.013
https://doi.org/10.1016/j.celrep.2014.02.013
https://doi.org/10.1038/s41586-018-0728-4
https://doi.org/10.1016/j.ydbio.2013.06.022
https://doi.org/10.1016/j.ydbio.2013.06.022
https://doi.org/10.1007/s12035-015-9215-1
https://doi.org/10.1634/stemcells.22-2-169
https://doi.org/10.1634/stemcells.22-2-169
https://doi.org/10.1016/j.stem.2015.09.002
https://doi.org/10.1126/science.3381100
https://doi.org/10.1126/science.3381100
https://doi.org/10.1242/dev.119149
https://doi.org/10.1016/0378-5955(87)90135-3
https://doi.org/10.1159/000013852
https://doi.org/10.1242/dev.103036
https://doi.org/10.1002/stem.1473
https://doi.org/10.1001/archotol.1987.01860100036017
https://doi.org/10.1001/archotol.1987.01860100036017
https://doi.org/10.1016/j.stemcr.2015.09.016
https://doi.org/10.1016/j.stemcr.2015.09.016
https://doi.org/10.1371/journal.pone.0063407
https://doi.org/10.1016/0092-8674(87)90585-x
https://doi.org/10.1016/j.ymthe.2018.10.014
https://doi.org/10.1038/nbt.1530
https://doi.org/10.1126/science.6719127
https://doi.org/10.1242/dev.01256
https://doi.org/10.1038/ng.471
https://doi.org/10.1016/j.ydbio.2013.01.005
https://doi.org/10.1371/journal.pone.0062046
https://doi.org/10.1371/journal.pone.0180855
https://doi.org/10.1074/jbc.M112.388173
https://doi.org/10.1073/pnas.0711961105
https://doi.org/10.1073/pnas.0711961105
https://doi.org/10.1016/j.stem.2012.08.002
https://doi.org/10.1016/j.stem.2012.08.002
https://doi.org/10.1016/j.stemcr.2013.07.005
https://doi.org/10.1016/j.stemcr.2013.07.005
https://doi.org/10.1038/nature25164
https://doi.org/10.1016/0168-9525(89)90097-8
https://doi.org/10.1016/0168-9525(89)90097-8
https://doi.org/10.1038/nature08533
https://doi.org/10.1101/gad.10.13.1670
https://doi.org/10.1101/gad.10.13.1670
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Iyer and Groves Cochlear Hair Cell Reprogramming

György, B., Meijer, E. J., Ivanchenko, M. V., Tenneson, K., Emond, F.,
Hanlon, K. S., et al. (2019). Gene transfer with AAV9-PHP.B rescues hearing in
amousemodel of usher syndrome 3A and transduces hair cells in a non-human
primate. Mol. Ther. Methods Clin. Dev. 13, 1–13. doi: 10.1016/j.omtm.2018.
11.003

Habekost, M., Jørgensen, A. L., Qvist, P., and Denham,M. (2020). MicroRNAs and
Ascl1 facilitate direct conversion of porcine fibroblasts into induced neurons.
Stem Cell Res. 48:101984. doi: 10.1016/j.scr.2020.101984

He, A., Gu, F., Hu, Y., Ma, Q., Yi Ye, L., Akiyama, J. A., et al. (2014). Dynamic
GATA4 enhancers shape the chromatin landscape central to heart development
and disease. Nat. Commun. 5:4907. doi: 10.1038/ncomms5907

Heinäniemi, M., Nykter, M., Kramer, R., Wienecke-Baldacchino, A.,
Sinkkonen, L., Zhou, J. X., et al. (2013). Gene-pair expression signatures
reveal lineage control. Nat. Methods 10, 577–583. doi: 10.1038/nmeth.2445

Hertzano, R., Montcouquiol, M., Rashi-Elkeles, S., Elkon, R., Yücel, R.,
Frankel, W. N., et al. (2004). Transcription profiling of inner ears from
Pou4f3ddl/ddl identifies Gfi1 as a target of the Pou4f3 deafness gene. Hum.
Mol. Genet. 13, 2143–2153. doi: 10.1093/hmg/ddh218

Hickey, R. D., Galivo, F., Schug, J., Brehm, M. A., Haft, A., Wang, Y., et al.
(2013). Generation of islet-like cells from mouse gall bladder by direct ex vivo
reprogramming. Stem Cell Res. 11, 503–515. doi: 10.1016/j.scr.2013.02.005

Hinojosa, R. (1977). A note on development of corti’s organ. Acta Otolaryngol. 84,
238–251. doi: 10.3109/00016487709123963

Hobert, O., and Westphal, H. (2000). Functions of LIM-homeobox genes. Trends
Genet. 16, 75–83. doi: 10.1016/s0168-9525(99)01883-1

Hochedlinger, K., Yamada, Y., Beard, C., and Jaenisch, R. (2005). Ectopic
expression of Oct-4 blocks progenitor-cell differentiation and causes dysplasia
in epithelial tissues. Cell 121, 465–477. doi: 10.1016/j.cell.2005.02.018

Holland, A. M., Hale, M. A., Kagami, H., Hammer, R. E., and MacDonald, R. J.
(2002). Experimental control of pancreatic development and maintenance.
Proc. Natl. Acad. Sci. U S A 99, 12236–12241. doi: 10.1073/pnas.1922
55099

Hon, G., Wang, W., and Ren, B. (2009). Discovery and annotation of functional
chromatin signatures in the human genome. PLoS Comput. Biol. 5:e1000566.
doi: 10.1371/journal.pcbi.1000566

Hou, P., Li, Y., Zhang, X., Liu, C., Guan, J., Li, H., et al. (2013). Pluripotent stem
cells induced from mouse somatic cells by small-molecule compounds. Science
341, 651–654. doi: 10.1126/science.1239278

Hu, L., Lu, J., Chiang, H., Wu, H., Edge, A. S. B., and Shi, F. (2016). Diphtheria
toxin-induced cell death triggers Wnt-dependent hair cell regeneration in
neonatal mice. J. Neurosci. 36, 9479–9489. doi: 10.1523/JNEUROSCI.2447-15.
2016

Huang, M., Kantardzhieva, A., Scheffer, D., Liberman, M. C., and Chen, Z.-Y.
(2013). Hair cell overexpression of Islet1 reduces age-related and noise-induced
hearing loss. J. Neurosci. 33, 15086–15094. doi: 10.1523/JNEUROSCI.1489-13.
2013

Huangfu, D., Maehr, R., Guo, W., Eijkelenboom, A., Snitow, M., Chen, A. E.,
et al. (2008). Induction of pluripotent stem cells by defined factors is
greatly improved by small-molecule compounds. Nat. Biotechnol. 26, 795–797.
doi: 10.1038/nbt1418

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

Ikeda, R., Pak, K., Chavez, E., and Ryan, A. F. (2015). Transcription
factors with conserved binding sites near ATOH1 on the POU4F3 gene
enhance the induction of cochlear hair cells. Mol. Neurobiol. 51, 672–684.
doi: 10.1007/s12035-014-8801-y

Isgrig, K., McDougald, D. S., Zhu, J., Wang, H. J., Bennett, J., and Chien, W. W.
(2019). AAV2.7m8 is a powerful viral vector for inner ear gene therapy. Nat.
Commun. 10:427. doi: 10.1038/s41467-018-08243-1

Itoh, M., and Chitnis, A. B. (2001). Expression of proneural and neurogenic genes
in the zebrafish lateral line primordium correlates with selection of hair cell
fate in neuromasts. Mech. Dev. 102, 263–266. doi: 10.1016/s0925-4773(01)
00308-2

Itoh, M., Kim, C.-H., Palardy, G., Oda, T., Jiang, Y.-J., Maust, D., et al. (2003).
Mind bomb is a ubiquitin ligase that is essential for efficient activation of notch
signaling by delta. Dev. Cell 4, 67–82. doi: 10.1016/s1534-5807(02)00409-4

Iwafuchi-Doi, M., and Zaret, K. S. (2014). Pioneer transcription factors in cell
reprogramming. Genes Dev. 28, 2679–2692. doi: 10.1101/gad.253443.114

Iwafuchi-Doi, M., and Zaret, K. S. (2016). Cell fate control by pioneer transcription
factors. Development 143, 1833–1837. doi: 10.1242/dev.133900

Izumikawa, M., Minoda, R., Kawamoto, K., Abrashkin, K. A., Swiderski, D. L.,
Dolan, D. F., et al. (2005). Auditory hair cell replacement and hearing
improvement by Atoh1 gene therapy in deaf mammals.Nat. Med. 11, 271–276.
doi: 10.1038/nm1193

Jiang, L., Romero-Carvajal, A., Haug, J. S., Seidel, C.W., and Piotrowski, T. (2014).
Gene-expression analysis of hair cell regeneration in the zebrafish lateral line.
Proc. Natl. Acad. Sci. U S A 111, E1383–E1392. doi: 10.1073/pnas.1402898111

Jiang, T., Kindt, K., and Wu, D. K. (2017). Transcription factor Emx2 controls
stereociliary bundle orientation of sensory hair cells. Elife 6:e23661.
doi: 10.7554/eLife.23661

Kamiya, K., Takahashi, K., Kitamura, K., Momoi, T., and Yoshikawa, Y. (2001).
Mitosis and apoptosis in postnatal auditory system of the C3H/He strain. Brain
Res. 901, 296–302. doi: 10.1016/s0006-8993(01)02300-9

Kawamoto, K., Ishimoto, S.-I., Minoda, R., Brough, D. E., and Raphael, Y. (2003).
Math1 gene transfer generates new cochlear hair cells in mature guinea pigs
in vivo. J. Neurosci. 23, 4395–4400. doi: 10.1523/JNEUROSCI.23-11-04395.
2003

Kelly, M. C., Chang, Q., Pan, A., Lin, X., and Chen, P. (2012). Atoh1 directs
the formation of sensory mosaics and induces cell proliferation in
the postnatal mammalian cochlea in vivo. J. Neurosci. 32, 6699–6710.
doi: 10.1523/JNEUROSCI.5420-11.2012

Kempfle, J. S., Turban, J. L., and Edge, A. S. B. (2016). Sox2 in the differentiation
of cochlear progenitor cells. Sci. Rep. 6:23293. doi: 10.1038/srep23293

Kiernan, A. E., Cordes, R., Kopan, R., Gossler, A., and Gridley, T. (2005).
The Notch ligands DLL1 and JAG2 act synergistically to regulate hair cell
development in the mammalian inner ear. Development 132, 4353–4362.
doi: 10.1242/dev.02002

Kim, K., Doi, A., Wen, B., Ng, K., Zhao, R., Cahan, P., et al. (2010).
Epigenetic memory in induced pluripotent stem cells. Nature 467, 285–290.
doi: 10.1038/nature09342

Koehler, K. R., Nie, J., Longworth-Mills, E., Liu, X.-P., Lee, J., Holt, J. R., et al.
(2017). Generation of inner ear organoids containing functional hair cells from
human pluripotent stem cells. Nat. Biotechnol. 35, 583–589. doi: 10.1038/nbt.
3840

Korrapati, S., Roux, I., Glowatzki, E., and Doetzlhofer, A. (2013). Notch signaling
limits supporting cell plasticity in the hair cell-damaged early postnatal murine
cochlea. PLoS One 8:e73276. doi: 10.1371/journal.pone.0073276

Ku, Y.-C., Renaud, N. A., Veile, R. A., Helms, C., Voelker, C. C. J., Warchol, M. E.,
et al. (2014). The transcriptome of utricle hair cell regeneration in the avian
inner ear. J. Neurosci. 34, 3523–3535. doi: 10.1523/JNEUROSCI.2606-13.2014

Ladewig, J., Koch, P., and Brüstle, O. (2013). LevelingWaddington: the emergence
of direct programming and the loss of cell fate hierarchies. Nat. Rev. Mol. Cell
Biol. 14, 225–236. doi: 10.1038/nrm3543

Landegger, L. D., Pan, B., Askew, C., Wassmer, S. J., Gluck, S. D., Galvin, A., et al.
(2017). A synthetic AAV vector enables safe and efficient gene transfer to the
mammalian inner ear. Nat. Biotechnol. 35, 280–284. doi: 10.1038/nbt.3781

Lanford, P. J., Lan, Y., Jiang, R., Lindsell, C., Weinmaster, G., Gridley, T., et al.
(1999). Notch signaling pathwaymediates hair cell development inmammalian
cochlea. Nat. Genet. 21, 289–292. doi: 10.1038/6804

Lang, A. H., Li, H., Collins, J. J., and Mehta, P. (2014). Epigenetic landscapes
explain partially reprogrammed cells and identify key reprogramming genes.
PLoS Comput. Biol. 10:e1003734. doi: 10.1371/journal.pcbi.1003734

Lee, Y.-S. (2006). A morphogenetic wave of p27Kip1 transcription directs cell
cycle exit during organ of Corti development. Development 133, 2817–2826.
doi: 10.1242/dev.02453

Lee, J., Nist-Lund, C., Solanes, P., Goldberg, H., Wu, J., Pan, B., et al. (2020).
Efficient viral transduction in mouse inner ear hair cells with utricle injection
and AAV9-PHP.B. Hear. Res. 394:107882. doi: 10.1016/j.heares.2020.107882

Lee, S., Song, J.-J., Beyer, L. A., Swiderski, D. L., Prieskorn, D. M., Acar, M.,
et al. (2020). Combinatorial Atoh1 and Gfi1 induction enhances hair cell
regeneration in the adult cochlea. Sci. Rep. 10:21397. doi: 10.1038/s41598-020-
78167-8

Li, J., Zhang, T., Ramakrishnan, A., Fritzsch, B., Xu, J.,Wong, E. Y.M., et al. (2020).
Dynamic changes in cis-regulatory occupancy by Six1 and its cooperative

Frontiers in Cellular Neuroscience | www.frontiersin.org 14 March 2021 | Volume 15 | Article 660748

https://doi.org/10.1016/j.omtm.2018.11.003
https://doi.org/10.1016/j.omtm.2018.11.003
https://doi.org/10.1016/j.scr.2020.101984
https://doi.org/10.1038/ncomms5907
https://doi.org/10.1038/nmeth.2445
https://doi.org/10.1093/hmg/ddh218
https://doi.org/10.1016/j.scr.2013.02.005
https://doi.org/10.3109/00016487709123963
https://doi.org/10.1016/s0168-9525(99)01883-1
https://doi.org/10.1016/j.cell.2005.02.018
https://doi.org/10.1073/pnas.192255099
https://doi.org/10.1073/pnas.192255099
https://doi.org/10.1371/journal.pcbi.1000566
https://doi.org/10.1126/science.1239278
https://doi.org/10.1523/JNEUROSCI.2447-15.2016
https://doi.org/10.1523/JNEUROSCI.2447-15.2016
https://doi.org/10.1523/JNEUROSCI.1489-13.2013
https://doi.org/10.1523/JNEUROSCI.1489-13.2013
https://doi.org/10.1038/nbt1418
https://doi.org/10.1016/j.cell.2010.07.002
https://doi.org/10.1016/j.cell.2010.07.002
https://doi.org/10.1007/s12035-014-8801-y
https://doi.org/10.1038/s41467-018-08243-1
https://doi.org/10.1016/s0925-4773(01)00308-2
https://doi.org/10.1016/s0925-4773(01)00308-2
https://doi.org/10.1016/s1534-5807(02)00409-4
https://doi.org/10.1101/gad.253443.114
https://doi.org/10.1242/dev.133900
https://doi.org/10.1038/nm1193
https://doi.org/10.1073/pnas.1402898111
https://doi.org/10.7554/eLife.23661
https://doi.org/10.1016/s0006-8993(01)02300-9
https://doi.org/10.1523/JNEUROSCI.23-11-04395.2003
https://doi.org/10.1523/JNEUROSCI.23-11-04395.2003
https://doi.org/10.1523/JNEUROSCI.5420-11.2012
https://doi.org/10.1038/srep23293
https://doi.org/10.1242/dev.02002
https://doi.org/10.1038/nature09342
https://doi.org/10.1038/nbt.3840
https://doi.org/10.1038/nbt.3840
https://doi.org/10.1371/journal.pone.0073276
https://doi.org/10.1523/JNEUROSCI.2606-13.2014
https://doi.org/10.1038/nrm3543
https://doi.org/10.1038/nbt.3781
https://doi.org/10.1038/6804
https://doi.org/10.1371/journal.pcbi.1003734
https://doi.org/10.1242/dev.02453
https://doi.org/10.1016/j.heares.2020.107882
https://doi.org/10.1038/s41598-020-78167-8
https://doi.org/10.1038/s41598-020-78167-8
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Iyer and Groves Cochlear Hair Cell Reprogramming

interactions with distinct cofactors drive lineage-specific gene expression
programs during progressive differentiation of the auditory sensory epithelium.
Nucleic Acids Res. 48, 2880–2896. doi: 10.1093/nar/gkaa012

Lim, D. J. (1972). Fine morphology of the tectorial membrane: its relationship to
the organ of corti. Arch. Otolaryngol. 96, 199–215. doi: 10.1001/archotol.1972.
00770090321001

Lima, M. J., Muir, K. R., Docherty, H. M., McGowan, N. W. A., Forbes, S.,
Heremans, Y., et al. (2016). Generation of functional β-like cells from human
exocrine pancreas. PLoS One 11:e0156204. doi: 10.1371/journal.pone.0156204

Lippe, W. R., Westbrook, E. W., and Ryals, B. M. (1991). Hair cell regeneration in
the chicken cochlea following aminoglycoside toxicity. Hear. Res. 56, 203–210.
doi: 10.1016/0378-5955(91)90171-5

Lister, R., and Ecker, J. R. (2009). Finding the fifth base: genome-wide sequencing
of cytosine methylation. Genome Res. 19, 959–966. doi: 10.1101/gr.083451.108

Liu, Z., Dearman, J. A., Cox, B. C., Walters, B. J., Zhang, L., Ayrault, O., et al.
(2012). Age-dependent in vivo conversion of mouse cochlear pillar and deiters’
cells to immature hair cells by atoh1 ectopic expression. J. Neurosci. 32,
6600–6610. doi: 10.1523/JNEUROSCI.0818-12.2012

Liu, Z., Fang, J., Dearman, J., Zhang, L., and Zuo, J. (2014). in vivo generation
of immature inner hair cells in neonatal mouse cochleae by ectopic
atoh1 expression. PLoS One 9:e89377. doi: 10.1371/journal.pone.0089377

Lombarte, A., Yan, H. Y., Popper, A. N., Chang, J. S., and Platt, C. (1993).
Damage and regeneration of hair cell ciliary bundles in a fish ear following
treatment with gentamicin.Hear. Res. 64, 166–174. doi: 10.1016/0378-5955(93)
90002-i

Longworth-Mills, E., Koehler, K. R., and Hashino, E. (2016). Generating inner ear
organoids frommouse embryonic stem cells.MethodsMol. Biol. 1341, 391–406.
doi: 10.1007/7651_2015_215

Lorenzen, S. M., Duggan, A., Osipovich, A. B., Magnuson, M. A., and García-
Añoveros, J. (2015). Insm1 promotes neurogenic proliferation in delaminated
otic progenitors.Mech. Dev. 138, 233–245. doi: 10.1016/j.mod.2015.11.001

Luo, C., Lee, Q. Y., Wapinski, O., Castanon, R., Nery, J. R., Mall, M., et al.
(2019). Global DNA methylation remodeling during direct reprogramming of
fibroblasts to neurons. Elife 8:e40197. doi: 10.7554/eLife.40197

Ma, Y., Wise, A. K., Shepherd, R. K., and Richardson, R. T. (2019). New molecular
therapies for the treatment of hearing loss. Pharmacol. Ther. 200, 190–209.
doi: 10.1016/j.pharmthera.2019.05.003

Maherali, N., Sridharan, R., Xie, W., Utikal, J., Eminli, S., Arnold, K., et al. (2007).
Directly reprogrammed fibroblasts show global epigenetic remodeling and
widespread tissue contribution. Cell Stem Cell 1, 55–70. doi: 10.1016/j.stem.
2007.05.014

Mai, T., Markov, G. J., Brady, J. J., Palla, A., Zeng, H., Sebastiano, V., et al. (2018).
NKX3–1 is required for induced pluripotent stem cell reprogramming and can
replace OCT4 inmouse and human iPSC induction.Nat. Cell Biol. 20, 900–908.
doi: 10.1038/s41556-018-0136-x

Martinez-Redondo, P., and Izpisua Belmonte, J. C. (2020). Tailored chromatin
modulation to promote tissue regeneration. Semin. Cell Dev. Biol. 97, 3–15.
doi: 10.1016/j.semcdb.2019.04.015

Masuda, M., Dulon, D., Pak, K., Mullen, L. M., Li, Y., Erkman, L., et al. (2011).
Regulation of POU4F3 gene expression in hair cells by 5′ DNA in mice.
Neuroscience 197, 48–64. doi: 10.1016/j.neuroscience.2011.09.033

Masuda, M., Pak, K., Chavez, E., and Ryan, A. F. (2012). TFE2 and
GATA3 enhance induction of POU4F3 and myosin VIIa positive cells
in nonsensory cochlear epithelium by ATOH1. Dev. Biol. 372, 68–80.
doi: 10.1016/j.ydbio.2012.09.002

Masui, S., Nakatake, Y., Toyooka, Y., Shimosato, D., Yagi, R., Takahashi, K., et al.
(2007). Pluripotency governed by Sox2 via regulation of Oct3/4 expression in
mouse embryonic stem cells. Nat. Cell Biol. 9, 625–635. doi: 10.1038/ncb1589

Matern, M. S., Milon, B., Lipford, E. L., McMurray, M., Ogawa, Y., Tkaczuk, A.,
et al. (2020). GFI1 functions to repress neuronal gene expression in the
developing inner ear hair cells. Development 147:dev186015. doi: 10.1242/dev.
186015

Matsuoka, T.-A., Artner, I., Henderson, E., Means, A., Sander, M., and Stein, R.
(2004). The MafA transcription factor appears to be responsible for tissue-
specific expression of insulin. Proc. Natl. Acad. Sci. U S A 101, 2930–2933.
doi: 10.1073/pnas.0306233101

Maza, I., Caspi, I., Zviran, A., Chomsky, E., Rais, Y., Viukov, S., et al.
(2015). Transient acquisition of pluripotency during somatic cell

transdifferentiation with iPSC reprogramming factors. Nat. Biotechnol.
33, 769–774. doi: 10.1038/nbt.3270

McGrath, J., and Solter, D. (1983). Nuclear transplantation in the mouse embryo
by microsurgery and cell fusion. Science 220, 1300–1302. doi: 10.1126/science.
6857250

Mellado Lagarde, M. M., Cox, B. C., Fang, J., Taylor, R., Forge, A., and Zuo, J.
(2013). Selective ablation of pillar and deiters’ cells severely affects cochlear
postnatal development and hearing in mice. J. Neurosci. 33, 1564–1576.
doi: 10.1523/JNEUROSCI.3088-12.2013

Mellado Lagarde, M. M., Wan, G., Zhang, L., Gigliello, A. R., McInnis, J. J.,
Zhang, Y., et al. (2014). Spontaneous regeneration of cochlear supporting cells
after neonatal ablation ensures hearing in the adult mouse. Proc. Natl. Acad.
Sci. U S A 111, 16919–16924. doi: 10.1073/pnas.1408064111

Menendez, L., Trecek, T., Gopalakrishnan, S., Tao, L., Markowitz, A. L., Yu, H. V.,
et al. (2020). Generation of inner ear hair cells by direct lineage conversion of
primary somatic cells. Elife 9:e55249. doi: 10.7554/eLife.55249

Mikkelsen, T. S., Hanna, J., Zhang, X., Ku, M., Wernig, M., Schorderet, P., et al.
(2008). Dissecting direct reprogramming through integrative genomic analysis.
Nature 454, 49–55. doi: 10.1038/nature07056

Mikkelsen, T. S., Ku, M., Jaffe, D. B., Issac, B., Lieberman, E., Giannoukos, G.,
et al. (2007). Genome-wide maps of chromatin state in pluripotent and lineage-
committed cells. Nature 448, 553–560. doi: 10.1038/nature06008

Millimaki, B. B., Sweet, E. M., Dhason, M. S., and Riley, B. B. (2007). Zebrafish
atoh1 genes: classic proneural activity in the inner ear and regulation by Fgf
and Notch. Development 134, 295–305. doi: 10.1242/dev.02734

Millimaki, B. B., Sweet, E. M., and Riley, B. B. (2010). Sox2 is required for
maintenance and regeneration, but not initial development, of hair cells in the
zebrafish inner ear. Dev. Biol. 338, 262–269. doi: 10.1016/j.ydbio.2009.12.011

Mizutari, K., Fujioka, M., Hosoya, M., Bramhall, N., Okano, H. J., Okano, H., et al.
(2013). Notch inhibition induces cochlear hair cell regeneration and recovery
of hearing after acoustic trauma.Neuron 77, 58–69. doi: 10.1016/j.neuron.2012.
10.032

Morris, S. A. (2016). Direct lineage reprogramming via pioneer factors; a
detour through developmental gene regulatory networks. Development 143,
2696–2705. doi: 10.1242/dev.138263

Morris, S. A., Cahan, P., Li, H., Zhao, A. M., San Roman, A. K., Shivdasani, R. A.,
et al. (2014). Dissecting engineered cell types and enhancing cell fate conversion
via CellNet. Cell 158, 889–902. doi: 10.1016/j.cell.2014.07.021

Morris, S. A., and Daley, G. Q. (2013). A blueprint for engineering cell fate: current
technologies to reprogram cell identity. Cell Res. 23, 33–48. doi: 10.1038/cr.
2013.1

Murre, C., McCaw, P. S., and Baltimore, D. (1989). A new DNA binding
and dimerization motif in immunoglobulin enhancer binding, daughterless,
MyoD, and myc proteins. Cell 56, 777–783. doi: 10.1016/0092-8674(89)
90682-x

Nakai, H., Yant, S. R., Storm, T. A., Fuess, S., Meuse, L., and Kay, M. A. (2001).
Extrachromosomal recombinant adeno-associated virus vector genomes are
primarily responsible for stable liver transduction in vivo. J. Virol. 75,
6969–6976. doi: 10.1128/JVI.75.15.6969-6976.2001

Nasonkin, I. O., Lazo, K., Hambright, D., Brooks, M., Fariss, R., and Swaroop, A.
(2011). Distinct nuclear localization patterns of DNA methyltransferases in
developing and mature mammalian retina. J. Comp. Neurol. 519, 1914–1930.
doi: 10.1002/cne.22613

Nasonkin, I. O., Merbs, S. L., Lazo, K., Oliver, V. F., Brooks, M., Patel, K., et al.
(2013). Conditional knockdown of DNA methyltransferase 1 reveals a key
role of retinal pigment epithelium integrity in photoreceptor outer segment
morphogenesis. Development 140, 1330–1341. doi: 10.1242/dev.086603

Neves, J., Uchikawa, M., Bigas, A., and Giraldez, F. (2012). The prosensory
function of Sox2 in the chicken inner ear relies on the direct regulation of
Atoh1. PLoS One 7:e30871. doi: 10.1371/journal.pone.0030871

Ni, W., Zeng, S., Li, W., Chen, Y., Zhang, S., Tang, M., et al. (2016). Wnt activation
followed by Notch inhibition promotes mitotic hair cell regeneration in the
postnatal mouse cochlea.Oncotarget 7, 66754–66768. doi: 10.18632/oncotarget.
11479

Nist-Lund, C. A., Pan, B., Patterson, A., Asai, Y., Chen, T., Zhou, W., et al.
(2019). Improved TMC1 gene therapy restores hearing and balance in mice
with genetic inner ear disorders. Nat. Commun. 10:236. doi: 10.1038/s41467-
018-08264-w

Frontiers in Cellular Neuroscience | www.frontiersin.org 15 March 2021 | Volume 15 | Article 660748

https://doi.org/10.1093/nar/gkaa012
https://doi.org/10.1001/archotol.1972.00770090321001
https://doi.org/10.1001/archotol.1972.00770090321001
https://doi.org/10.1371/journal.pone.0156204
https://doi.org/10.1016/0378-5955(91)90171-5
https://doi.org/10.1101/gr.083451.108
https://doi.org/10.1523/JNEUROSCI.0818-12.2012
https://doi.org/10.1371/journal.pone.0089377
https://doi.org/10.1016/0378-5955(93)90002-i
https://doi.org/10.1016/0378-5955(93)90002-i
https://doi.org/10.1007/7651_2015_215
https://doi.org/10.1016/j.mod.2015.11.001
https://doi.org/10.7554/eLife.40197
https://doi.org/10.1016/j.pharmthera.2019.05.003
https://doi.org/10.1016/j.stem.2007.05.014
https://doi.org/10.1016/j.stem.2007.05.014
https://doi.org/10.1038/s41556-018-0136-x
https://doi.org/10.1016/j.semcdb.2019.04.015
https://doi.org/10.1016/j.neuroscience.2011.09.033
https://doi.org/10.1016/j.ydbio.2012.09.002
https://doi.org/10.1038/ncb1589
https://doi.org/10.1242/dev.186015
https://doi.org/10.1242/dev.186015
https://doi.org/10.1073/pnas.0306233101
https://doi.org/10.1038/nbt.3270
https://doi.org/10.1126/science.6857250
https://doi.org/10.1126/science.6857250
https://doi.org/10.1523/JNEUROSCI.3088-12.2013
https://doi.org/10.1073/pnas.1408064111
https://doi.org/10.7554/eLife.55249
https://doi.org/10.1038/nature07056
https://doi.org/10.1038/nature06008
https://doi.org/10.1242/dev.02734
https://doi.org/10.1016/j.ydbio.2009.12.011
https://doi.org/10.1016/j.neuron.2012.10.032
https://doi.org/10.1016/j.neuron.2012.10.032
https://doi.org/10.1242/dev.138263
https://doi.org/10.1016/j.cell.2014.07.021
https://doi.org/10.1038/cr.2013.1
https://doi.org/10.1038/cr.2013.1
https://doi.org/10.1016/0092-8674(89)90682-x
https://doi.org/10.1016/0092-8674(89)90682-x
https://doi.org/10.1128/JVI.75.15.6969-6976.2001
https://doi.org/10.1002/cne.22613
https://doi.org/10.1242/dev.086603
https://doi.org/10.1371/journal.pone.0030871
https://doi.org/10.18632/oncotarget.11479
https://doi.org/10.18632/oncotarget.11479
https://doi.org/10.1038/s41467-018-08264-w
https://doi.org/10.1038/s41467-018-08264-w
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Iyer and Groves Cochlear Hair Cell Reprogramming

Okawa, S., Nicklas, S., Zickenrott, S., Schwamborn, J. C., and del Sol, A. (2016).
A generalized gene-regulatory network model of stem cell differentiation for
predicting lineage specifiers. Stem Cell Rep. 7, 307–315. doi: 10.1016/j.stemcr.
2016.07.014

Ouji, Y., Ishizaka, S., Nakamura-Uchiyama, F., Wanaka, A., and Yoshikawa, M.
(2013). Induction of inner ear hair cell-like cells fromMath1-transfectedmouse
ES cells. Cell Death Dis. 4:e700. doi: 10.1038/cddis.2013.230

Ouyang, J. F., Kamaraj, U. S., Polo, J. M., Gough, J., and Rackham, O. J. L. (2019).
Molecular interaction networks to select factors for cell conversion. Methods
Mol. Biol. 1975, 333–361. doi: 10.1007/978-1-4939-9224-9_16

Pan, N., Jahan, I., Kersigo, J., Duncan, J. S., Kopecky, B., and Fritzsch, B. (2012).
A novel atoh1 ‘‘self-terminating’’ mouse model reveals the necessity of proper
Atoh1 level and duration for hair cell differentiation and viability. PLoS One
7:e30358. doi: 10.1371/journal.pone.0030358

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

Peeters, R. P., Ng, L., Ma, M., and Forrest, D. (2015). The timecourse of apoptotic
cell death during postnatal remodeling of the mouse cochlea and its premature
onset by triiodothyronine (T3). Mol. Cell. Endocrinol. 407, 1–8. doi: 10.1016/j.
mce.2015.02.025

Polo, J. M., Liu, S., Figueroa, M. E., Kulalert, W., Eminli, S., Tan, K. Y., et al. (2010).
Cell type of origin influences the molecular and functional properties of mouse
induced pluripotent stem cells. Nat. Biotechnol. 28, 848–855. doi: 10.1038/nbt.
1667

Powell, L. M., Deaton, A. M., Wear, M. A., and Jarman, A. P. (2008). Specificity of
Atonal and Scute bHLH factors: analysis of cognate E box binding sites and the
influence of Senseless. Genes Cells 13, 915–929. doi: 10.1111/j.1365-2443.2008.
01217.x

Quan, X.-J., Yuan, L., Tiberi, L., Claeys, A., De Geest, N., Yan, J., et al. (2016).
Post-translational control of the temporal dynamics of transcription factor
activity regulates neurogenesis. Cell 164, 460–475. doi: 10.1016/j.cell.2015.
12.048

Rackham, O. J. L., Firas, J., Fang, H., Oates, M. E., Holmes, M. L., Knaupp, A. S.,
et al. (2016). A predictive computational framework for direct reprogramming
between human cell types. Nat. Genet. 48, 331–335. doi: 10.1038/
ng.3487

Radde-Gallwitz, K., Pan, L., Gan, L., Lin, X., Segil, N., and Chen, P. (2004).
Expression of Islet1marks the sensory and neuronal lineages in themammalian
inner ear. J. Comp. Neurol. 477, 412–421. doi: 10.1002/cne.20257

Raphael, Y., and Altschuler, R. A. (2003). Structure and innervation of the cochlea.
Brain Res. Bull. 60, 397–422. doi: 10.1016/s0361-9230(03)00047-9

Roberson, D.W., Kreig, C. S., and Rubel, E. W. (1996). Light microscopic evidence
that direct transdifferentiation gives rise to new hair cells in regenerating avian
auditory epithelium. Audit. Neurosci. 2, 195–205.

Rodier, A., Marchal-Victorion, S., Rochard, P., Casas, F., Cassar-Malek, I.,
Rouault, J.-P., et al. (1999). BTG1: a triiodothyronine target involved in
the myogenic influence of the hormone. Exp. Cell Res. 249, 337–348.
doi: 10.1006/excr.1999.4486

Rouault, J. P., Rimokh, R., Tessa, C., Paranhos, G., Ffrench, M., Duret, L., et al.
(1992). BTG1, a member of a new family of antiproliferative genes. EMBO J.
11, 1663–1670. doi: 10.1002/j.1460-2075.1992.tb05213.x

Ryals, B., and Rubel, E. (1988). Hair cell regeneration after acoustic trauma in adult
Coturnix quail. Science 240, 1774–1776. doi: 10.1126/science.3381101

Sarkar, T. J., Quarta, M., Mukherjee, S., Colville, A., Paine, P., Doan, L., et al.
(2020). Transient non-integrative expression of nuclear reprogramming factors
promotes multifaceted amelioration of aging in human cells. Nat. Commun.
11:1545. doi: 10.1038/s41467-020-15174-3

Sarrazin, A. F., Villablanca, E. J., Nuñez, V. A., Sandoval, P. C., Ghysen, A., and
Allende, M. L. (2006). Proneural gene requirement for hair cell differentiation
in the zebrafish lateral line. Dev. Biol. 295, 534–545. doi: 10.1016/j.ydbio.2006.
03.037

Sayyid, Z. N., Wang, T., Chen, L., Jones, S. M., and Cheng, A. G. (2019).
Atoh1 directs regeneration and functional recovery of the mature mouse
vestibular system. Cell Rep. 28, 312.e4–324.e4. doi: 10.1016/j.celrep.2019.
06.028

Sekiya, T., and Zaret, K. S. (2007). Repression by Groucho/TLE/Grg proteins:
genomic site recruitment generates compacted chromatin in vitro and impairs

activator binding in vivo. Mol. Cell 28, 291–303. doi: 10.1016/j.molcel.2007.
10.002

Sharlin, D. S., Visser, T. J., and Forrest, D. (2011). Developmental and
cell-specific expression of thyroid hormone transporters in the mouse cochlea.
Endocrinology 152, 5053–5064. doi: 10.1210/en.2011-1372

Shi, F., Hu, L., Jacques, B. E., Mulvaney, J. F., Dabdoub, A., and Edge, A. S. B.
(2014). β-catenin is required for hair-cell differentiation in the cochlea.
J. Neurosci. 34, 6470–6479. doi: 10.1523/JNEUROSCI.4305-13.2014

Shou, J., Zheng, J. L., and Gao, W.-Q. (2003). Robust generation of new hair cells
in the mature mammalian inner ear by adenoviral expression of Hath1. Mol.
Cell. Neurosci. 23, 169–179. doi: 10.1016/s1044-7431(03)00066-6

Singh, R. K., Mallela, R. K., Hayes, A., Dunham, N. R., Hedden, M. E., Enke, R. A.,
et al. (2017). Dnmt1, Dnmt3a and Dnmt3b cooperate in photoreceptor and
outer plexiform layer development in the mammalian retina. Exp. Eye Res. 159,
132–146. doi: 10.1016/j.exer.2016.11.014

Smith, M. E., Coffin, A. B., Miller, D. L., and Popper, A. N. (2006). Anatomical
and functional recovery of the goldfish (Carassius auratus) ear following noise
exposure. J. Exp. Biol. 209, 4193–4202. doi: 10.1242/jeb.02490

Soufi, A., Donahue, G., and Zaret, K. S. (2012). Facilitators and impediments of
the pluripotency reprogramming factors’ initial engagement with the genome.
Cell 151, 994–1004. doi: 10.1016/j.cell.2012.09.045

Soufi, A., Garcia, M. F., Jaroszewicz, A., Osman, N., Pellegrini, M., and Zaret, K. S.
(2015). Pioneer transcription factors target partial DNAmotifs on nucleosomes
to initiate reprogramming. Cell 161, 555–568. doi: 10.1016/j.cell.2015.03.017

Spicer, S. S., Salvi, R. J., and Schulte, B. A. (1999). Ablation of inner hair
cells by carboplatin alters cells in the medial K+ flow route and disrupts
tectorial membrane. Hear. Res. 136, 139–150. doi: 10.1016/s0378-5955(99)
00118-5

Stadtfeld, M., and Hochedlinger, K. (2010). Induced pluripotency: history,
mechanisms, and applications. Genes Dev. 24, 2239–2263. doi: 10.1101/gad.
1963910

Stadtfeld, M., Maherali, N., Breault, D. T., and Hochedlinger, K. (2008). Defining
molecular cornerstones during fibroblast to iPS cell reprogramming in mouse.
Cell Stem Cell 2, 230–240. doi: 10.1016/j.stem.2008.02.001

Steimle, J. D., and Moskowitz, I. P. (2016). TBX5: a key regulator of heart
development. Curr. Top. Dev. Biol. 122, 195–221. doi: 10.1016/bs.ctdb.2016.08.
008

Stojanova, Z. P., Kwan, T., and Segil, N. (2015). Epigenetic regulation of
Atoh1 guides hair cell development in the mammalian cochlea. Development
142, 3529–3536. doi: 10.1242/dev.126763

Sweet, E. M., Vemaraju, S., and Riley, B. B. (2011). Sox2 and Fgf interact with
Atoh1 to promote sensory competence throughout the zebrafish inner ear.Dev.
Biol. 358, 113–121. doi: 10.1016/j.ydbio.2011.07.019

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., et al.
(2007). Induction of pluripotent stem cells from adult human fibroblasts by
defined factors. Cell 131, 861–872. doi: 10.1016/j.cell.2007.11.019

Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors. Cell 126,
663–676. doi: 10.1016/j.cell.2006.07.024

Takeda, H., Kurioka, T., Kaitsuka, T., Tomizawa, K., Matsunobu, T., Hakim, F.,
et al. (2016). Protein transduction therapy into cochleae via the round window
niche in guinea pigs.Mol. Ther. Methods Clin. Dev. 3:16055. doi: 10.1038/mtm.
2016.55

Tanabe, K., Nakamura, M., Narita, M., Takahashi, K., and Yamanaka, S. (2013).
Maturation, not initiation, is the major roadblock during reprogramming
toward pluripotency from human fibroblasts. Proc. Natl. Acad. Sci. U S A 110,
12172–12179. doi: 10.1073/pnas.1310291110

Tateya, T., Sakamoto, S., Ishidate, F., Hirashima, T., Imayoshi, I., andKageyama, R.
(2019). Three-dimensional live imaging of Atoh1 reveals the dynamics of
hair cell induction and organization in the developing cochlea. Development
146:dev177881. doi: 10.1242/dev.177881

Taylor, R. R., and Forge, A. (2005). Hair cell regeneration in sensory epithelia
from the inner ear of a urodele amphibian. J. Comp. Neurol. 484, 105–120.
doi: 10.1002/cne.20450

Tokuzawa, Y., Kaiho, E., Maruyama, M., Takahashi, K., Mitsui, K., Maeda, M.,
et al. (2003). Fbx15 is a novel target of Oct3/4 but is dispensable for embryonic
stem cell self-renewal and mouse development. Mol. Cell. Biol. 23, 2699–2708.
doi: 10.1128/mcb.23.8.2699-2708.2003

Frontiers in Cellular Neuroscience | www.frontiersin.org 16 March 2021 | Volume 15 | Article 660748

https://doi.org/10.1016/j.stemcr.2016.07.014
https://doi.org/10.1016/j.stemcr.2016.07.014
https://doi.org/10.1038/cddis.2013.230
https://doi.org/10.1007/978-1-4939-9224-9_16
https://doi.org/10.1371/journal.pone.0030358
https://doi.org/10.1038/nature10202
https://doi.org/10.1016/j.mce.2015.02.025
https://doi.org/10.1016/j.mce.2015.02.025
https://doi.org/10.1038/nbt.1667
https://doi.org/10.1038/nbt.1667
https://doi.org/10.1111/j.1365-2443.2008.01217.x
https://doi.org/10.1111/j.1365-2443.2008.01217.x
https://doi.org/10.1016/j.cell.2015.12.048
https://doi.org/10.1016/j.cell.2015.12.048
https://doi.org/10.1038/ng.3487
https://doi.org/10.1038/ng.3487
https://doi.org/10.1002/cne.20257
https://doi.org/10.1016/s0361-9230(03)00047-9
https://doi.org/10.1006/excr.1999.4486
https://doi.org/10.1002/j.1460-2075.1992.tb05213.x
https://doi.org/10.1126/science.3381101
https://doi.org/10.1038/s41467-020-15174-3
https://doi.org/10.1016/j.ydbio.2006.03.037
https://doi.org/10.1016/j.ydbio.2006.03.037
https://doi.org/10.1016/j.celrep.2019.06.028
https://doi.org/10.1016/j.celrep.2019.06.028
https://doi.org/10.1016/j.molcel.2007.10.002
https://doi.org/10.1016/j.molcel.2007.10.002
https://doi.org/10.1210/en.2011-1372
https://doi.org/10.1523/JNEUROSCI.4305-13.2014
https://doi.org/10.1016/s1044-7431(03)00066-6
https://doi.org/10.1016/j.exer.2016.11.014
https://doi.org/10.1242/jeb.02490
https://doi.org/10.1016/j.cell.2012.09.045
https://doi.org/10.1016/j.cell.2015.03.017
https://doi.org/10.1016/s0378-5955(99)00118-5
https://doi.org/10.1016/s0378-5955(99)00118-5
https://doi.org/10.1101/gad.1963910
https://doi.org/10.1101/gad.1963910
https://doi.org/10.1016/j.stem.2008.02.001
https://doi.org/10.1016/bs.ctdb.2016.08.008
https://doi.org/10.1016/bs.ctdb.2016.08.008
https://doi.org/10.1242/dev.126763
https://doi.org/10.1016/j.ydbio.2011.07.019
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1038/mtm.2016.55
https://doi.org/10.1038/mtm.2016.55
https://doi.org/10.1073/pnas.1310291110
https://doi.org/10.1242/dev.177881
https://doi.org/10.1002/cne.20450
https://doi.org/10.1128/mcb.23.8.2699-2708.2003
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Iyer and Groves Cochlear Hair Cell Reprogramming

Tsue, T. T., Oesterle, E. C., and Rubel, E. W. (1994). Diffusible factors regulate
hair cell regeneration in the avian inner ear. Proc. Natl. Acad. Sci. U S A 91,
1584–1588. doi: 10.1073/pnas.91.4.1584

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

Wallis, D., Hamblen, M., Zhou, Y., Venken, K. J. T., Schumacher, A., Leighton
Grimes, H., et al. (2003). The zinc finger transcription factor Gfi1, implicated
in lymphomagenesis, is required for inner ear hair cell differentiation and
survival. Development 130, 221–232. doi: 10.1242/dev.00190

Walters, B. J., Coak, E., Dearman, J., Bailey, G., Yamashita, T., Kuo, B.,
et al. (2017). in vivo interplay between p27Kip1, GATA3, ATOH1, and
POU4F3 converts non-sensory cells to hair cells in adult mice. Cell Rep. 19,
307–320. doi: 10.1016/j.celrep.2017.03.044

Wan, G., Corfas, G., and Stone, J. S. (2013). Inner ear supporting cells: rethinking
the silent majority. Semin. Cell Dev. Biol. 24, 448–459. doi: 10.1016/j.semcdb.
2013.03.009

Wang, J., He, Q., Zhang, K., Sun, H., Zhang, G., Liang, H., et al. (2020). Quick
commitment and efficient reprogramming route of direct induction of retinal
ganglion cell-like neurons. Stem Cell Rep. 15, 1095–1110. doi: 10.1016/j.stemcr.
2020.09.008

Wang, J., Rao, S., Chu, J., Shen, X., Levasseur, D. N., Theunissen, T. W., et al.
(2006). A protein interaction network for pluripotency of embryonic stem cells.
Nature 444, 364–368. doi: 10.1038/nature05284

Wang, S., Yan, J., Anderson, D. A., Xu, Y., Kanal, M. C., Cao, Z., et al. (2010).
Neurog3 gene dosage regulates allocation of endocrine and exocrine cell fates
in the developing mouse pancreas. Dev. Biol. 339, 26–37. doi: 10.1016/j.ydbio.
2009.12.009

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

Wilkerson, B. A., Chitsazan, A. D., VandenBosch, L. S., Wilken, M. S.,
Reh, T. A., and Bermingham-McDonogh, O. (2019). Open chromatin
dynamics in prosensory cells of the embryonic mouse cochlea. Sci. Rep. 9:9060.
doi: 10.1038/s41598-019-45515-2

Willadsen, S. M. (1986). Nuclear transplantation in sheep embryos. Nature 320,
63–65. doi: 10.1038/320063a0

Wilmut, I., Schnieke, A. E., McWhir, J., Kind, A. J., and Campbell, K. H. S. (1997).
Viable offspring derived from fetal and adult mammalian cells. Nature 385,
810–813. doi: 10.1038/385810a0

Wiwatpanit, T., Lorenzen, S.M., Cantú, J. A., Foo, C. Z., Hogan, A. K.,Márquez, F.,
et al. (2018). Trans-differentiation of outer hair cells into inner hair cells in the
absence of INSM1. Nature 563, 691–695. doi: 10.1038/s41586-018-0570-8

Woods, C., Montcouquiol, M., and Kelley, M. W. (2004). Math1 regulates
development of the sensory epithelium in the mammalian cochlea. Nat.
Neurosci. 7, 1310–1318. doi: 10.1038/nn1349

Wu, X., Wang, Y., Sun, Y., Chen, S., Zhang, S., Shen, L., et al. (2014). Reduced
expression of Connexin26 and its DNA promoter hypermethylation in the
inner ear of mimetic aging rats induced by d-galactose. Biochem. Biophys. Res.
Commun. 452, 340–346. doi: 10.1016/j.bbrc.2014.08.063

Xiang, M., Gao, W. Q., Hasson, T., and Shin, J. J. (1998). Requirement for Brn-3c
in maturation and survival, but not in fate determination of inner ear hair cells.
Development 125, 3935–3946.

Xiang, M., Gan, L., Li, D., Chen, Z.-Y., Zhou, L., O’Malley, B. W., et al. (1997).
Essential role of POU-domain factor Brn-3c in auditory and vestibular hair cell
development. Proc. Natl. Acad. Sci. U S A 94, 9445–9450. doi: 10.1073/pnas.94.
17.9445

Xie, W. R., Jen, H.-I., Seymour, M. L., Yeh, S.-Y., Pereira, F. A., Groves, A. K.,
et al. (2017). An Atoh1–S193A phospho-mutant allele causes hearing deficits
and motor impairment. J. Neurosci. 37, 8583–8594. doi: 10.1523/JNEUROSCI.
0295-17.2017

Xie, W., Schultz, M. D., Lister, R., Hou, Z., Rajagopal, N., Ray, P., et al.
(2013). Epigenomic analysis of multilineage differentiation of human
embryonic stem cells. Cell 153, 1134–1148. doi: 10.1016/j.cell.2013.
04.022

Xing, Q. R., El Farran, C. A., Gautam, P., Chuah, Y. S., Warrier, T., Toh, C. X. D.,
et al. (2020). Diversification of reprogramming trajectories revealed by parallel
single-cell transcriptome and chromatin accessibility sequencing. Sci. Adv.
6:eaba1190. doi: 10.1126/sciadv.aba1190

Xu, J., Ueno, H., Xu, C. Y., Chen, B., Weissman, I. L., and Xu, P.-X. (2017).
Identification of mouse cochlear progenitors that develop hair and supporting
cells in the organ of Corti. Nat. Commun. 8:15046. doi: 10.1038/ncomms
15046

Yamashita, T., Zheng, F., Finkelstein, D., Kellard, Z., Carter, R.,
Rosencrance, C. D., et al. (2018). High-resolution transcriptional dissection of
in vivoAtoh1-mediated hair cell conversion inmature cochleae identifies Isl1 as
a co-reprogramming factor. PLoS Genet. 14:e1007552. doi: 10.1371/journal.
pgen.1007552

Yizhar-Barnea, O., Valensisi, C., Jayavelu, N. D., Kishore, K., Andrus, C.,
Koffler-Brill, T., et al. (2018). DNA methylation dynamics during embryonic
development and postnatal maturation of the mouse auditory sensory
epithelium. Sci. Rep. 8:17348. doi: 10.1038/s41598-018-35587-x

Yoo, A. S., Sun, A. X., Li, L., Shcheglovitov, A., Portmann, T., Li, Y., et al. (2011).
MicroRNA-mediated conversion of human fibroblasts to neurons. Nature 476,
228–231. doi: 10.1038/nature10323

Yu, J., Vodyanik, M. A., Smuga-Otto, K., Antosiewicz-Bourget, J., Frane, J. L.,
Tian, S., et al. (2007). Induced pluripotent stem cell lines derived
from human somatic cells. Science 318, 1917–1920. doi: 10.1126/science.
1151526

Zaret, K. S., and Carroll, J. S. (2011). Pioneer transcription factors: establishing
competence for gene expression. Genes Dev. 25, 2227–2241. doi: 10.1101/gad.
176826.111

Zhai, S., Shi, L., Wang, B., Zheng, G., Song, W., Hu, Y., et al. (2005). Isolation and
culture of hair cell progenitors from postnatal rat cochleae. J. Neurobiol. 65,
282–293. doi: 10.1002/neu.20190

Zhang, J., Wang, Q., Abdul-Aziz, D., Mattiacio, J., Edge, A. S. B., andWhite, P. M.
(2018). ERBB2 signaling drives supporting cell proliferation in vitro and
apparent supernumerary hair cell formation in vivo in the neonatal mouse
cochlea. Eur. J. Neurosci. 48, 3299–3316. doi: 10.1111/ejn.14183

Zhang, T., Xu, J., Maire, P., and Xu, P.-X. (2017). Six1 is essential for differentiation
and patterning of the mammalian auditory sensory epithelium. PLoS Genet.
13:e1006967. doi: 10.1371/journal.pgen.1006967

Zheng, J. L., and Gao, W.-Q. (2000). Overexpression of Math1 induces robust
production of extra hair cells in postnatal rat inner ears. Nat. Neurosci. 3,
580–586. doi: 10.1038/75753

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

Zhu, Y., Liu, Q., Zhou, Z., and Ikeda, Y. (2017). PDX1, Neurogenin-3, and MAFA:
critical transcription regulators for β cell development and regeneration. Stem
Cell Res. Ther. 8:240. doi: 10.1186/s13287-017-0694-z

Conflict of Interest: 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 © 2021 Iyer and Groves. 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(s) 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 Cellular Neuroscience | www.frontiersin.org 17 March 2021 | Volume 15 | Article 660748

https://doi.org/10.1073/pnas.91.4.1584
https://doi.org/10.1038/nature08797
https://doi.org/10.1242/dev.00190
https://doi.org/10.1016/j.celrep.2017.03.044
https://doi.org/10.1016/j.semcdb.2013.03.009
https://doi.org/10.1016/j.semcdb.2013.03.009
https://doi.org/10.1016/j.stemcr.2020.09.008
https://doi.org/10.1016/j.stemcr.2020.09.008
https://doi.org/10.1038/nature05284
https://doi.org/10.1016/j.ydbio.2009.12.009
https://doi.org/10.1016/j.ydbio.2009.12.009
https://doi.org/10.1016/j.cell.2013.09.028
https://doi.org/10.1038/s41598-019-45515-2
https://doi.org/10.1038/320063a0
https://doi.org/10.1038/385810a0
https://doi.org/10.1038/s41586-018-0570-8
https://doi.org/10.1038/nn1349
https://doi.org/10.1016/j.bbrc.2014.08.063
https://doi.org/10.1073/pnas.94.17.9445
https://doi.org/10.1073/pnas.94.17.9445
https://doi.org/10.1523/JNEUROSCI.0295-17.2017
https://doi.org/10.1523/JNEUROSCI.0295-17.2017
https://doi.org/10.1016/j.cell.2013.04.022
https://doi.org/10.1016/j.cell.2013.04.022
https://doi.org/10.1126/sciadv.aba1190
https://doi.org/10.1038/ncomms15046
https://doi.org/10.1038/ncomms15046
https://doi.org/10.1371/journal.pgen.1007552
https://doi.org/10.1371/journal.pgen.1007552
https://doi.org/10.1038/s41598-018-35587-x
https://doi.org/10.1038/nature10323
https://doi.org/10.1126/science.1151526
https://doi.org/10.1126/science.1151526
https://doi.org/10.1101/gad.176826.111
https://doi.org/10.1101/gad.176826.111
https://doi.org/10.1002/neu.20190
https://doi.org/10.1111/ejn.14183
https://doi.org/10.1371/journal.pgen.1006967
https://doi.org/10.1038/75753
https://doi.org/10.1038/nature07314
https://doi.org/10.1186/s13287-017-0694-z
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Transcription Factor Reprogramming in the Inner Ear: Turning on Cell Fate Switches to Regenerate Sensory Hair Cells
	INTRODUCTION
	CELLULAR REPROGRAMMING: TOWARDS A PLURIPOTENT CELL FATE
	DIRECT CELLULAR REPROGRAMMING: TOWARDS A SPECIFIC CELL FATE
	Recent Attempts at Direct Cellular Reprogramming in the Nervous System, Pancreas, and Heart
	Mechanisms of Direct Cellular Reprogramming
	Mechanisms of Direct Cellular Reprogramming by Pioneer Factors
	Selection and Optimization of Transcription Factors for Direct Cellular Reprogramming
	Considerations of Direct Cellular Reprogramming in the Inner Ear

	TRANSCRIPTIONAL CONTROL OF HAIR CELL REGENERATION IN NON-MAMMALIAN VERTEBRATES
	HAIR CELL REGENERATION IN MAMMALS
	Inner Ear Non-sensory Cells: Potential Targets for Transcription Factor Reprogramming
	ATOH1–Inner Ear Development, Context-Dependence, and Reprogramming
	Hair Cell Reprogramming Strategies Employing ATOH1 in Combination With Other Reprogramming Partners
	ATOH1 and POU4F3
	ATOH1 and GFI1
	ATOH1 and ISL1
	ATOH1, GFI1, and POU4F3
	Thoughts on Additional Reprogramming Factors—SOX2, GATA3, EYA1, and SIX1


	CONCLUSION AND FUTURE PERSPECTIVES
	To What Extent Are Reprogrammed Hair Cells Functional, and Can They Restore Function in the Damaged Auditory or Vestibular System?
	For How Long Do Reprogrammed Cells Survive, and Are They a Long-Term Solution to Hearing or Balance Defects?
	Can Reprogramming Generate Hair Cell Subtypes?
	Will Prolonged Overexpression of Reprogramming Factors Pose Long-Term Challenges Post Hair Cell Reprogramming?
	What Are the Consequences of Losing Reprogrammed Cells as They Convert Into Hair Cells?
	How Efficient Is the Reprogramming Process From the Perspective of Upregulated Hair Cell Gene Regulatory Networks and Silenced Target Cell Gene Networks?
	What is the Best In vivo Gene Delivery Strategy for Hair Cell Reprogramming Employing Transcription Factors?

	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	REFERENCES


