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Although embryonic stem cells or induced pluripotent stem cells are able to differentiate
into inner ear hair cells (HCs), they have drawbacks limiting their clinical application,
including a potential risk of tumourigenicity. Direct reprogramming of fibroblasts to inner
ear HCs could offer an alternative solution to this problem. Here, we present a stepwise
guidance protocol to induce mouse embryonic fibroblasts to differentiate into inner
ear HC-like cells (HCLs) via mesenchymal-to-epithelial transition and then acquisition
of otic sensory epithelial cell traits by overexpression of three key transcription
factors. These induced HCLs express multiple HC-specific proteins, display protrusions
reminiscent of ciliary bundle structures, respond to voltage stimulation, form functional
mechanotransduction channels, and exhibit a transcriptional profile of HC signature.
Together, our work provides a new method to produce functional HCLs in vitro, which
may have important implications for studies of HC development, drug discovery, and
cell replacement therapy for hearing loss.

Keywords: hair cell regeneration, mesenchymal-to-epithelial transition (MET), hearing loss, mouse embryonic
fibroblasts, transdifferentiation

INTRODUCTION

Inner ear hair cells (HCs), the mechanoreceptors for perception of sound and balance, can convert
the sound or motion into electrochemical signals (Carey and Amin, 2006; Costa et al., 2015). They
are terminally differentiated cells and are positioned in the sensory epithelium of the inner ear.
The latter grows from the otic placode during embryogenesis (Zhai et al., 2005; Kelley, 2006).
Unfortunately, HCs are easily injured by noise, ototoxins, genetic predisposition, and aging and

Abbreviations: ESCs, embryonic stem cells; HCLs, hair cell-like cells; HCs, hair cells; iPSCs, induced pluripotent stem
cells; MEFs, mouse embryonic fibroblasts; MET, mesenchymal-to-epithelial transition; OECs, otic epithelial cells; OPCs, otic
progenitor cells; SCs, supporting cells; SES, Sox2/Eyal/Six1; TGF-p, transforming growth factor beta.
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hardly have a capability to regrow in adult mammals (Schacht,
1986; Dror and Avraham, 2009; Smith et al., 2016). As a result,
millions of people worldwide are permanently debilitated by
hearing loss and balance problems (Ma et al., 2019). Therefore,
development of a novel method of producing new HCs in vitro
may provide a cell replacement therapy method and serve
as a helpful system for our studies of HC biology, disease,
and regeneration.

By far, stem cells are believed to be a promising source for
cell replacement therapy to treat HC loss (Géléoc and Holt,
2014). For HC regeneration, it has been shown that either
embryonic stem cells (ESCs) or induced pluripotent stem cells
(iPSCs) could be induced to differentiate into inner ear HCLs
(Li et al., 2003; Oshima et al, 2010; Koehler et al., 2017;
Ouji et al., 2017). However, clinical application of ESCs is
troubled by its possible immune rejection and moral and safety
worries. Similarly, iPSCs are also limited in clinical use due to
its time-consuming and genetic instability that lead to tumor
formation (Lanza, 2007; Knoepfler, 2009). In addition to ESCs
and iPSCs, some recent studies showed that HCLs could be
obtained from either the differentiation of stem cells in the
inner ear or a direct transdifferentiation of supporting cells
(SCs) in the inner ear (Zheng and Gao, 2000; White et al,
2006; Liu Q. et al.,, 2016), suggesting that inner ear stem cells
and SCs might be considered sources for clinical research and
trial application. However, the use of postnatal inner ear stem
cells and SCs still encounters a great challenge attributable
to the insufficiency of their supply and conceivable ethical
concerns (Burns et al,, 2012; Liu Q. et al,, 2016). In order
to overcome the concerns mentioned above, investigators have
focused on seeking for additional appropriate cell reservoir as an
alternative source. A number of recent investigations reported
that fibroblasts have some distinctive advantages, such as less
of ethical concern, convenience, accessibility, fast proliferation,
and relative guarantee of safety. They are somatic cells and
are capable of further converting to cell type of interest that
can be used for future auto-transplantation cell therapy. For
instance, overexpression of lineage-specific transcription factors
(TFs) can directly convert fibroblasts into some other lineages,
including neurons (Vierbuchen et al., 2010; Ambasudhan et al.,
2011), hepatocytes (Sekiya and Suzuki, 2011; Huang et al., 2011),
cardiomyocytes (Ieda et al.,, 2010; Fu et al., 2013), Sertoli cells
(Buganim et al., 2012), and blood progenitors (Szabo et al., 2010).
The converted cells can acquire relevant physiological functions.
However, up to now, it remains unclear whether and how mouse
fibroblasts can be successfully converted into functional HCs.

Previously, several TFs have been shown to act as
determinants for HC fate and to influence HC differentiation
during inner ear development (Schimmang, 2013). Inner ear HC
differentiation requires Atohl (Zheng and Gao, 2000), as well as
Sox2, Eyal, and Six1 (hereafter referred to as SES), and the latter
three genes are co-expressed in sensory progenitors. Mutations
in these four genes cause sensorineural hearing loss (Xu et al,,
1999; Zheng and Gao, 2000; Ozaki et al., 2004; Dabdoub et al.,
2008; Ahmed et al, 2012). Recent reports indicate that SES
proteins interact directly and cooperatively to regulate the Atohl
enhancer, leading to expression of Atohl and production of

differentiated HCs. In detail, Sox2 and Six1 directly bind to
the Atohl enhancer, while the transcriptional coactivator Eyal
establishes a bridge between Sox2 and Sixl. Together, these
findings confirm that SES work together with Atohl during
HC fate determination in the inner ear (Ahmed et al., 2012;
Schimmang, 2013).

In the present study, we applied a stepwise strategy to induce
mouse embryonic fibroblasts (MEFs) into HCLs. Firstly, MEFs
were obtained and induced initially to undergo mesenchymal-
to-epithelial transition (MET) by a small-molecule transforming
growth factor beta (TGF-B) inhibitor, SB431542. Subsequently,
by using a combination of three TFs SES, the epithelial
cells derived from the MEFs were induced to become a
population of otic epithelial cells (OECs). These OECs were
then capable of differentiating into mechanosensitive sensory
HCLs. Importantly, via such sequential steps, the MEF-derived
HCLs expressed HC-specific genes, displayed ciliary bundle
structures, could be permeated rapidly by FM1-43, and exhibited
a transcriptional profile of HC signature based on RNA
sequencing analyses. Furthermore, these HCLs were responsive
to voltage stimulation. Therefore, we provide in this study a novel
stepwise method to successfully convert mouse somatic cells into
functional HCLs.

RESULTS

Preparation and Characterization of

Mouse Embryonic Fibroblasts

To investigate whether MEFs can be used to convert into inner
ear HCs, first, we prepared the primary MEFs from embryonic
day 13.5 (E13.5) C57BL/6] mice (Vierbuchen et al, 2010).
The head, the limb, the visceral tissues, and all red organs
were removed, and the remaining tissue was dissociated and
cultivated in Dulbecco’s modified Eagle’s medium (DMEM) in
which we supplemented with 10% fetal bovine serum (FBS) and
1% penicillin (Figure 1A). MEFs were used for the subsequent
conversion experiments at passage 2 or 3. To study if the MEFs
that we isolated were pure fibroblasts without contamination of
any HCs, SCs, or OECs, we characterized them in the cultures
by immunofluorescence staining with Vimentin, E-cadherin,
Myo7a, P278P, Pax2, Pax8, Sox2, Jagl, and Sox10 antibodies. As
shown in Figure 1B, the MEFs were E-cadherin negative and
Vimentin positive. In addition, they were negative to Myo7a,
P278P, Pax2, Pax8, Sox2, Jagl, and Sox10 antibodies, markers of
HCs, SCs, or OECs (Figures 1C-G). Thus, the MEFs that we
prepared were pure fibroblasts and were not contaminated by
HCs, SCs, and OECs.

Transforming Growth Factor Beta
Inhibitor Induces Mouse Embryonic
Fibroblasts to Undergo a

Mesenchymal-To-Epithelial Transition

Considering that fibroblasts and inner ear HCs belong to different
cell lineages, we postulated that the conversion of MEFs into
inner ear HCs might go through a stepwise manner with an
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FIGURE 1 | Establishment and characterization of mouse embryonic fibroblasts (MEFs). (A) Fibroblasts isolated from mouse embryos were dissociated and cultured
under standard fibroblast culture conditions. The fibroblasts were passaged and frozen, and cells passaged at generation 2 or 3 were used for experiments. (B-G)
Immunostaining of the MEF cells for Vimentin (green) and E-cadherin (red). Hair cells (HCs), supporting cell, and otic epithelial cell (OEC) markers included Myo7a
(green), P27XP (red), Pax2 (green), Pax8 (red), Sox2, Jag1, and Sox10 (scale bar, 25 um).

initial MET step. In this regard, we designed our experiment by
first inducing the MEFs to become epithelial cells. To achieve
this goal, we decided to add a small molecule SB431542 (an
inhibitor of TGF-B signaling) to the culture medium, which
has been shown to facilitate MET of MEFs and to improve the
nuclear reprogramming of mouse fibroblasts (Li et al., 2010). The
experimental protocol is described in Figure 2A.

To assess the MET of MEFs, we dissociated MEFs and
replated them onto poly-L-lysine-coated glass slips in DMEM-
containing serum and then replaced with serum-free DMEM/F12
medium plus N2, B27 supplements, and SB431542 (SB) 1 day
later. Our quantitative real-time PCR (qQRT-PCR) analysis showed
an upregulation of E-cadherin gene and a downregulation
regulation of Vimentin, a marker for fibroblast, at 3 days post
SB treatment in the cultures as compared with the untreated
group (Supplementary Figure 1A). Such expression pattern
became increased at 5 days post SB treatment (Supplementary
Figure 1B). To determine whether there was a similar expression
pattern for E-cadherin and Vimentin proteins, we performed
double immunostaining at 5 days post SB treatment in the
cultures. As shown in Supplementary Figure 1C, while a

considerable number of the cells became E-cadherin positive,
many of the cells remained Vimentin positive. In contrast,
no E-cadherin-positive cells were seen in the control cultures.
At this time point, the E-cadherin staining appeared to be
punctate, implying an early stage of MET. To find out
whether as time proceeds the MET becomes more complete,
we did qRT-PCR analysis for E-cadherin as well as EpCAM
and ZO-1, two additional epithelial markers. As shown in
Figure 2B, the expression of all of the three epithelial marker
genes was significantly upregulated as compared with the
control cultures. Furthermore, the MEFs with SB treatment
exhibited small, compact cell bodies with an epithelial-
like morphology (Figures 2C,D). These cells also showed
positive immunoreactivity to E-cadherin and ZO-1 antibodies
(Figures 2E,F). In contrast, no such staining was observed in
MEFs without SB treatment (Figures 2G,H). Moreover, the
E-cadherin staining was no longer punctate but rather showed
a continuous membrane pattern. Notably, widespread expression
of E-cadherin and ZO-1 was only detected in MEFs treated with
SB (46 £ 5.4% and 48 = 2.6% over total cells, respectively)
and never seen in MEFs without SB treatment (Figures 2LJ).
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FIGURE 2 | Generation of epithelial-like cells from mouse embryonic fibroblasts (MEFs) by a TGF-p inhibitor. (A) An induction protocol describing the SB431542
treatment timeline. (B) Quantitative real-time PCR analysis of mRNA levels of E-cadherin, EpCAM, and ZO-1 from MEF-derived epithelial-like cells. MEFs in normal
cultures were used as control group, no SB. Data were collected from at least three separate experiments and are shown as means + SEM. Statistical significance
was tested by Student’s t-test and expressed as *p < 0.01, **p < 0.001 compared with the control. (C,D) Phase-contrast images of epithelial-like cells (ELCs)
and MEFs showing epithelial and mesenchymal cell morphologies, respectively. (E,F) Immunostaining analysis of E-cadherin and ZO-1 expression at day 7 in
SB-treated cells. Strong upregulation of E-cadherin (E) and ZO-1 (F) was detected in SB-treated cells. (G,H) Immunostaining analysis of E-cadherin and ZO-1
expression at day 7 in no SB treatment cells. No such staining was observed in MEFs without SB treatment. (I,J) Frequencies of immunopositive cells for E-cadherin
(I) and ZO-1 (J) in MEF-derived cells with or without SB. Without SB, immunopositivity for E-cadherin and ZO-1 was absent. In contrast, a remarkable number of
immunopositive cells were detected in MEF-derived cells with SB. Error bars represent the SEM. n = 4 (scale bar, 25 um).
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Thus, the TGF- signaling inhibitor facilitates MEFs to gradually
undergo a MET so as to form epithelial-like cells.

Conversion of Mouse Embryonic
Fibroblast-Derived Epithelial-Like Cells
to Otic Epithelial Cells by Transduction of
Sox2, Eya1, and Six1

Recent experiments have demonstrated that overexpression
of lineage-specific TFs was able to lead to cell-fate changes
in various types of somatic cell. For example, Ahmed and
colleagues found that a combination of Eyal and Six1 induces
an HC fate in Sox2-expressing non-sensory cells in mouse
cochlear explants (Ahmed et al, 2012). In addition, SES
are co-expressed in sensory progenitors. If these genes are
mutated, an early arrest of otic development can happen in

mice (Xu et al., 1999; Ozaki et al., 2004; Dabdoub et al., 2008;
Schimmang, 2013). After considering the TFs that are crucial
for HC development and regeneration, we decided to examine
whether a combination of SES can program MEF-derived
epithelial-like cells to become OECs. To establish a “tunable”
SES overexpression system, we first generated doxycycline
(Dox)-inducible lentiviruses expressing SES (Supplementary
Figure 2A). Then we transduced the cultured cells at 7 days
post SB treatment with the Dox-inducible SES lentiviruses to
generate putative OECs in the presence of Dox. As shown in
Supplementary Figures 2B and 2C, gRT-PCR and Western blot
analyses indicated that both the SES genes and proteins were
significantly overexpressed. Moreover, co-immunostaining for
Sox2 and Six1 revealed that Sox2 and Six1 were co-expressed
in single cells (Supplementary Figure 2D). Notably, the Sox2
staining indicated that the viral infection efficiency was about
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43.7% (Supplementary Figures 2E,F). In the absence of Dox,
no expression of the inducible SES was observed at either the
mRNA or protein level, confirming the validity of the tunable
SES overexpression.

To evaluate whether OECs could be obtained from MEF-
derived epithelial-like cells by overexpression of 3TF, we
subjected the MEF-derived epithelial-like cells to a conversion
protocol in which Dox treatment was initiated at day 7 and
maintained during the following 7 days till day 14, when these
cells were collected for analysis (Figure 3A). As expected, we
found that the induced cells formed colonies at days 7-14
following Dox treatment. Consistent with what was described by
Chen W. etal. (2012), the cells in the colonies with Dox treatment
showed a flat phenotype with a large amount of cytoplasm
and formed epithelioid islands (Figures 3B,C). To verify OEC
induction, we used antibodies against Pax2 and Pax8 (Hans et al,,
2004; Oshima et al., 2010), two markers for OECs, and quantified
the numbers of Pax2™ cells and Pax8™ cells after 7 days of 3TF
treatment with or without Dox (Figures 3D-G). As a result,

cells without Dox treatment did not express Pax2 and Pax8. By
contrast, in the 3TF treatment with Dox group, we observed a
remarkable induction of Pax2™ cells (36% % 3.8%) and Pax8*
cells (37.8% £ 2.8%) (Figures 3H,I). In addition, qRT-PCR
analyses also confirmed their extremely high transcript levels, as
compared with the group receiving 3TF treatment without Dox
(Figure 3J). Remarkably, removal of any one or two factors of the
3 TFs reduced the efficiency of OEC induction (Supplementary
Figure 3). To ascertain that the induced Pax8™ cells were indeed
epithelial cells, we conducted Pax8 double staining with an
epithelial marker E-cadherin. As expected, all of the Pax87 cells
were double labeled by the E-cadherin antibody (Supplementary
Figure 4A). Altogether, these observations suggest that co-
expression of SES induces a rapid conversion of MEF-derived
epithelial cells into OECs.

Previous studies suggested that during otic development,
prior to HC production, there is a formation of the prosensory
epithelium where HC progenitors and SCs are generated (Burns
and Stone, 2017). To study whether the OECs induced from the
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FIGURE 3 | Inducible expression of Six1, Eyal, and Sox2 promotes the conversion of mouse embryonic fibroblast (MEF)-derived epithelial-like cells into otic
epithelial cells (OECs). (A) MEF induction protocol including the sequential treatment with SB and doxycycline (Dox). (B,C) Morphology of OECs (OECs). (D,E)
Immunostaining analysis of Pax2 and Pax8 expression in MEF-derived epithelial-like cells treated with Dox [3TF Dox (+)]. (F,G) Immunostaining analysis of Pax2 and
Pax8 expression in MEF-derived epithelial-like cells treated without Dox [3TF Dox (-)]. (H,l) Frequencies of immunopositive cells for Pax2 (H) and Pax8 (l) in
MEF-derived cells with or without 3TF Dox. Without Dox, immunopositivity for Pax2 and Pax8 was absent. In contrast, a remarkable number of immunopositive cells
were detected in MEF-derived cells with Dox. Error bars represent the SEM. n = 4. (J) Quantitative real-time PCR analysis of the mRNA levels of OEC genes (Pax2
and Pax8) under different culture conditions. MEF-derived cells cultured without Dox were used as controls. Data were collected from at least three separate
experiments and are shown as means = SEM. Statistical significance was tested by Student’s t-test and expressed as *p < 0.01, **p < 0.001 compared with
the control (scale bar, 25 um).
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MEFs via the above-mentioned protocol can form prosensory
epithelial cells, we performed immunostaining for Sox2, p27kipl
Sox10, and Jagl, markers reminiscent of prosensory epithelial
cells in the otic vesicle (Chen and Segil, 1999; Koehler et al.,
2013; Wakaoka et al., 2013), in the cultures at days 16-18.
Indeed, we observed a significant appearance of cells positive for
these genes as compared with the control group (Figure 4A).
The percentages of cells immunopositive for Sox2, P27XP1, and
Sox10 in 3TF treatment with Dox cells were 34.3 + 2.3%
(Figure 4B), 28 £+ 1.3% (Figure 4C), and 294 + 1.5%
(Figure 4D), respectively. Furthermore, Sox10*Jagl™ cells were
also seen (Figure 4E). Control cultures not treated with Dox did
not express Sox2, P275P1 Sox10, and Jagl (Figures 4A-E). Then
these genes for prosensory-related markers were also analyzed
using QRT-PCR. The data showed that mRNA expression levels of
Sox2, P275P1, S0x10, and Jagl in cells with Dox were significantly
higher than those in cells without Dox (p < 0.001), which was
in agreement with the results of immunostaining (Figure 4F).
In addition, to make sure that the induced Sox2-expressing cells

represented epithelial cells, we performed Sox2 double staining
with an epithelial marker E-cadherin. As expected, all of the Sox2-
expressing cells were double labeled by the E-cadherin antibody
(Supplementary Figure 4B). These results together imply that
many of the OECs appear to differentiate further to become
prosensory cell-like cells.

Spontaneous Generation of Hair

Cell-Like Cells Expressing Multiple Hair
Cell Markers and Forming Cilia From
Mouse Embryonic Fibroblast-Derived

Otic Epithelial Cells

As induction continues, we rendered OECs to a differentiation
protocol in which Dox was removed after 7 days of treatment
(Figure 5A). We then examined expression of markers for
HC such as Myo7a, Calbindin2, or Brn3c to explore whether

OECs could give rise to HCLs. Indeed, some of the OECs
maintained in the culture for an additional 10 days became
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FIGURE 4 | Otic epithelial cells (OECs) induced by Six1, Eya1, and Sox2 can display prosensory cell traits. (A) Immunostaining for Sox2, P27KP, and Sox10 in
mouse embryonic fibroblast (MEF)-derived OECs with or without doxycycline (Dox). Without Dox, immunopositivity for Sox2, P27KP 1 and Sox10 was absent. In
contrast, a remarkable number of immunopositive cells were detected in MEF-derived cells with Dox. (B) Frequencies of immunopositive cells for Sox2 in
MEF-derived cells with or without Dox (n = 4). (C) Frequencies of immunopositive cells for P27KP1 in MEF-derived cells with or without Dox (n = 4). (D) Frequencies
of immunopositive cells for Sox10 in MEF-derived cells with or without Dox (n = 5). (E) Double immunostaining of the prosensory cells using anti-Jag1 (red) and
anti-Sox10 (green). (F) Quantitative real-time PCR analysis of the mRNA levels of prosensory cell genes (Sox2, P27KPT, Jag1, and Sox10) under different culture
conditions. MEF-derived cells cultured without Dox were used as controls. Data were collected from at least three separate experiments and are shown as

means + SEM. Statistical significance was tested by Student’s t-test and expressed as **p < 0.01, **p < 0.001 compared with the control (scale bar, 25 pm).
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Hair cell-like

cells

Myo7al IDAPI Phalloidin/ IDAPI |

Hair cell-like cell

FIGURE 5 | Mouse embryonic fibroblast (MEF)-derived otic epithelial cells (OECs) can give rise to hair cell-like cells (HCLs) exhibiting hair cell markers. (A) A
schematic differentiation protocol from otic epithelial cells to HCLs. (B,C) Immunostaining for Myo7a in MEF-derived HCLs with (B) or without 3TF'’s effect (C) at
earlier stages. Strong upregulation of Myo7a is detected only in cells with 3TF's effect at earlier stages. (D,E) Immunostaining for Calbindin2 in MEF-derived HCLs
with (D) or without 3TF’s effect (E) at earlier stages. Strong upregulation of Calbindin2 is detected only in cells with 3TF’s effect at earlier stages. (F) Immunostaining
analysis of Brn3c in HCLs with 3TF’s effect at earlier stages. (G) Double labeling for Myo7a (red) and Brn3c (green) in HCLs with 3TF's effect at earlier stages. (H) The
immunostaining with a kinocilium marker, TUBA4A antibody, in HCLs induced by the 3TF at earlier stages. (I) Double labeling for Myo7a (green) and TUBA4A (red) in
HCLs induced by 3TF at earlier stages. (J) Double labeling for Myo7a (green) and Phalloidin (red) in HCLs induced by 3TF at an earlier stage. (K) The surface of the
MEFs had no cilia. (L) Morphology of bundle-like structures protruding from the cell surface of an HCLs, as observed by SEM. (L’) The boxed regions at high
magnification. (M-0) Noticeable inter-cilia links existed among the tips of ciliary structures in HCLs. Scale bars, 25 um for (B=J); 3 um for (K-L’); 500 nm for (M,N);
1 wm for (O).
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immunocytochemically positive for Myo7a or Calbindin2
(Figures 5B,D), two HC markers. On average, from 10* initially
plated cells, approximately 129 4= 39 cells were Myo7a™, and
105 & 21 cells were Calbindin2® (n = 4). In sharp contrast,
no staining was observed in the cells without 3TF’s effect at
earlier stages (Figures 5C,E). Furthermore, to confirm that the
Myo7a™ cells are epithelial cells, we also carried out double
staining of Myo7a™ cells with an epithelial marker E-cadherin.
As expected, all of the Myo7a™ cells were double labeled by the
E-cadherin antibody (Supplementary Figure 4C). In addition,
we found that some cells were also positive for Brn3c (Figure 5F),
that is, an HC marker and a TF required for HC survival and
maturation (Xiang et al., 1998; Liu Q. et al., 2016). Per 10*
plated cells, about 153 £ 50 Brn3c™ cells were detected (n = 4).
Notably, under this culture condition, from 10* initially plated
cells, approximately 18 + 9 Brn3ctMyo7a™ cells (Figure 5G)
were seen (n = 3).

Although these cells displayed many molecular characteristics
specific of HCs, it was unclear if these cells had grown ciliary
bundle-like structures. To address this issue, we performed
immunostaining using an antibody against acetylated-a-Tubulin
(TUBA4A), which was reported to label the kinocilium (Koehler
et al,, 2013, 2017), and indeed observed TUBA4A™ cilia in
HCs (about 110 + 27 in per 10* plated cells, n = 4;
Figure 5H). Moreover, these TUBA4A™ cells were also Myo7a™
cells (Figure 5I). Per 10* plated cells, approximately 13 + 8
TUBA4AT Myo7a™ cells were detected (n = 3). Consistent
with the above-described findings, we performed Phalloidin
staining, which is often used to label the stereocilia of HCs
(Koehler et al., 2017; McLean et al., 2017). We found that
the induced HCLs showed expected Phalloidin staining with
a concentration at the tip of the cell, which were also double
labeled by Myo7a antibody (n = 3) (Figure 5J). In addition,
we observed a small subset of Myo7a™ cells that formed a
rudimentary apical bundle (Oshima et al., 2010; Chen W. et al,,
2012; Costa et al,, 2015), expressing Espin (Supplementary
Figure 5). Furthermore, to provide additional evidence for the
formation of the HC unique bundle structures, we examined the
surface of the cells at 24 days of culture by scanning electron
microscopy (SEM). In agreement with the immunostaining data,
SEM revealed that elongated membrane protrusions reminiscent
of ciliary bundles were present on the surface of some HCLs
compared with control MEFs that did not display any of those
structures (Figures 5K-L’). In addition, these putative bundles
exhibited diverse arrangements. Importantly, the tips of ciliary
bundle-like structures were also linked together (Figures 5M-0),
an important feature related to stereocilary bundles (Costa
et al, 2015). These results indicated differentiation of MEF-
derived OECs to give rise to HCLs that display ciliary bundle-
like structures.

As an attempt, we performed induction experiments by
culturing the cells under three-dimensional (3D) conditions with
a hope that a better HC morphology can be developed (McLean
et al., 2017). As shown in Supplementary Figure 6, Myo7a
immunostaining revealed that typical pear-shaped HCs were
seen, which displayed a big cell body with a large nucleus at the
bottom of the cell.

The Hair Cell-Like Cells Generated in the
Induction Cultures Acquire

Mechanotransduction Channels

To  explore  whether HCLs  expressed  functional
mechanotransduction channels, we added FM1-43 dye into
the culture (Hu and Corwin, 2007). We found that FM1-43
rapidly entered into the Myo7a™ cells, indicating that these
HCLs behaved like functional HCs (Figure 6A). Moreover,
we studied whether the FM1-43" cells respond to mechanical
stimulation. We recorded membrane properties of the FM1-43%
cells by examining their voltage-dependent currents (Figure 6B).
Nineteen FM1-43" cells at day 24 were successfully recorded.
Ten of these cells were positive for outward and inward Kt
currents (IK and IK1) in the presence of KCl in the internal
solution (Figures 6C-a—c), and three of these cells expressed
inward Ca?T current (Ic;) in the presence of CsCl in the
internal solution (Figures 6C-d,e). The analysis of IK, IKI1,
and Ica suggests that the cells differentiated from OECs are
the hair-cell-like cells (Chen W. et al., 2012). We also detected
the electrophysiological profile of MEFs. Outward potassium
current could be evoked while no IK1 current was elicited
(Figures 6D-a-c).Voltage-gated sodium channel currents were
detected with stimulation (Figures 6D-d,e), which could be
blocked by 1 M tetrodotoxin (TTX) perfusion. Therefore, the
capability to take up FM1-43, the morphology of hair bundles,
and the electrophysiological properties of HCLs suggested that
MEF-derived OECs have differentiated into functional HCs.

The Transcriptional Profiling of Hair
Cell-Like Cells Exhibits a Selective Hair

Cell Signature

To determine whether the transcriptional profiling of HCLs
exhibits a selective HC signature, we carried out RNA-seq
analysis of the HCLs at the end of induction compared with
MEFs. The MEF-derived HCLs were incubated with FM1-43
dye (5 wM; Biotium) at room temperature for 10 s and rinsed
with the culture medium. Then we obtained the FM1-43%
populations of HCLs with green fluorescence for transcriptional
profiling by fluorescence-activated cell sorting (FACS) prior
to RNA-seq experiments. We particularly focused on some
genes known to be functionally relevant to inner ear HC
development/function (Costa et al., 2015; Scheffer et al., 2015).
Among the 32,007 detected genes in our samples, 15,433 genes
showed differential expression. Out of 15,433 genes, 8,562 were
upregulated (PAD] < 0.05). Among the 8,562 genes, more than
60 genes known to participate in the formation of HC were
significantly upregulated. We then examined the positions of
these genes within the ranked list. We found that more than
half of them (34 HC-related genes) were positioned among the
top 1,500 genes of this ranking (Supplementary Figure 7A and
Supplementary Table 2). Moreover, 27 upregulated genes were in
the top 1,000, and 14 were in the top 100. Transcripts from well-
known HC-related genes such as Loxhd1, Barhll, Ush2a, Atohl,
Myo15, Ushlc, and Gfil were in the top 100 genes most enriched
in HCLs (Figure 6E). Importantly, as shown in Supplementary
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FIGURE 6 | Ciliary structures and electrophysiological properties of hair cell-like cells (HCLs). (A) FM1-43* cells co-expressing Myo7a. (B) White light image of a
recording electrode on an FM1-437 cell. (C) Electrophysiological properties of FM1-43* cells. (a) The outward potassium channel currents were elicited by 10
voltage steps from the holding potential of =70 mV from mouse embryonic fibroblast (MEF)-derived HCLs (n = 10, Peak /i1: 439.89 + 98.52 pA at 110 mV). (b) The
inward potassium channel currents were recorded from the holding potential of =70 mV by applying voltage in 10-mV decrements from MEF-derived HCLs (n = 10,
Peak I 1: —452.74 £ 78.28 pA at =150 mV). The inward and outward potassium channel currents resembled those recorded in pre-hearing mouse cochlear, with
HCLs differentiated from human fetal auditory stem cells. (¢) The average current-voltage (I-V) curve for outward and inward potassium current. (d) Example of
Ca?* current elicited from MEF-derived HCLs (n = 3, Peak Ica: —104.45 + 17.18 pA at =10 mV). The hyperpolarized activation range of /¢, indicated the presence
of an L-type Ca?* channel containing the Cav1.3 subunit, as previously reported in mammalian cochlear HCs. (e) The average current-voltage (I-V) curve of Ca®+.
(D) Electrophysiological properties of MEFs. (a) The outward potassium channel currents were elicited from MEFs (n = 8, Peak lx1: 714.97 & 138.28 pA at 80 mV).
(b) No obvious inward currents were recorded by applying voltage in 10-mV decrements (n = 8). (c) The average current-voltage (I-V) curve for outward and inward
potassium current. (d) Small sodium current was elicited from MEFs in voltage injection in 10-mV increments (n = 3, Peak Iy,: —43.32 = 15.24 pA at 0 mV). (e) The

average current-voltage (I-V) curve of sodium current. (E) Heat maps depicting the relative fold changes for the expression of HC-related genes between HCLs and
MEFs for the top 100 genes (scale bars, 25 pm).

Figure 7B, qRT-PCR analysis validated the upregulation of revealed a downregulation of several typical mesenchymal genes
the 14 HC-related genes by the HCLs (Costa et al, 2015; including Snaill, Snail2, Zeb2, and Vimentin (Supplementary
Scheffer et al., 2015). Consistently, the RNA-seq experiment also ~ Figure 8A), which were also verified by qRT-PCR analysis

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 June 2021 | Volume 9 | Article 672406


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

Yang et al.

Hair Cells Regeneration From MEFs

(Supplementary Figure 8B). Thus, the transcriptional profiling
analysis of HCLs indicates a specific HC signature and further
supports the notion that the induced cells are HCLs.

Production Efficiency of Hair Cell-Like
Cells Is Enhanced by Wnt Signaling

Activation

Given that Wnt signaling activation is important for otic
development and HC differentiation in vivo and enhances the
formation of inner ear organoids in vitro, we next examined
whether the efficiency of 3TF-induced HC production could be
enhanced by addition of a Wnt signaling activator (Chai et al,,
2012). We exposed 3TF-derived OECs to 4 days of Dox treatment
in a combination with the CHIR99021(CHIR), a GSK3p inhibitor
that activates the Wnt pathway (Liu X. P. et al., 2016; Koehler
et al., 2017). Then, CHIR was kept continuously after Dox
was withdrawn (Figure 7A). Remarkably, the numbers of cells
immunopositive for Myo7a (Figures 7C,D) in 3TF + CHIR
group was significantly higher than the 3TF only group (from
10* initially plated cells, approximately 259 4 33 cells vs.
125 + 20 in 3TF group, n = 4, Figure 7H). Similar results were
obtained by immunostaining for Calbindin2 (Figures 7E,G, from
10* initially plated cells, approximately 206 & 23 vs. 99 & 18
cells, n = 4), another HC marker. No Myo7a or Calbindin2-
expressing cells were seen in the control group (without 3TF
and CHIR treatment, referred here as Con) (Figures 7B,E).
In addition, mRNA expression levels of HC genes, including
Myo7a, Atohl, Brn3c, Gfil, Myo6, Espin, and Calbindin2,
were significantly elevated by CHIR treatment in the 3TF-
induced OECs (Figure 7H), confirming that CHIR enhances HC
production efficiency.

DISCUSSION

Hair cells are located in the inner ear sensory epithelium, which
was originated from the otic placode during embryogenesis
following a temporospatial program (Kelley, 2006). By
mimicking and recapitulating the development of inner ear
HCs in vivo, we designed our experiments to use a stepwise
induction procedure to enable generation of functional HCs
from MEFs. This stepwise method includes (1) MET of MEFs
into epithelial-like cell; (2) conversion of MEF-derived epithelial-
like cells into the OECs via inducible expression of Six1, Eyal,
and Sox2; (3) differentiation of OECs into HCLs through an
intermediate prosensory epithelial cell step; and (4) improving
the production efficiency of HCLs by activating the Wnt pathway.
We demonstrated successfully that as time proceeds; with the
temporal order of induction, we observed stepwise expression
of genes specific for the above-mentioned, related cell types at
each of the steps. Therefore, the current study provides a novel
strategy to generate inner ear HCs from MEFs.

In addition to verification of expression of HC-specific genes
and proteins, the present study also confirmed formation of
ciliary bundle-like structures on the surface of the induced HCLs
via acetylated-a-Tubulin and Espin immunostaining and SEM.
More importantly, our present work also demonstrated that the

induced HCLs expressed functional mechanosensory channels as
evidenced by the rapid infiltration of FM1-43 and acquisition
of the electrophysiological features. Additional supports include
a typical HC morphology in 3D induction cultures and
realization of expression of more than 100 HC-selective genes
based on the transcriptional profile analysis. Therefore, our
stepwise strategy leads to a successful production of HCLs with
immunocytochemical, morphological, electrophysiological, and
transcriptional signature properties.

It is worth emphasizing that epithelial-to-mesenchymal
transition (EMT) and MET are dynamic processes that have been
shown to be important for embryogenesis (Chen J. et al., 2012;
Liu et al., 2013). While EMT is involved in the formation of
iPSCs from fibroblasts (Forte et al., 2017), MET is essential for
differentiation of the stem cells into epithelial cell lineages (Li
et al., 2010; Shu and Pei, 2014). The present study employed the
concept of developmental biology to convert the MEFs into inner
ear HCs, by initially switching to a different cell lineage, that is,
epithelial cells. Our work is consistent with a previous study in a
lower vertebrate system by Cowen and coworkers, reporting that
while immortalization of the avian inner ear epithelial SCs can be
achieved via an EMT process, differentiation of the immortalized
SCs needs go through a MET path (Hu and Corwin, 2007).
By addition of a TGF-p signaling inhibitor, SB431542, in the
culture for 7 days, many of the MEFs became epithelial-like
cells, based on their morphological changes and high expression
level of E-cadherin, EpCAM, and ZO-1. The findings in current
experiments are in agreement with others, reporting that MET
initiates a reprogramming of mouse fibroblasts by suppressing
TGEF-B signaling (Li et al., 2010). In this way, the MET serves as a
first step to recapitulate development process for the conversion
of MEFs into inner ear HCs, which involves a switch from one
cell lineage to another cell lineage.

Our results reinforce the notion that SES are core TFs of
the genetic network participating in HC fate determination and
differentiation. Sox2 is a TF that is required for specification
of prosensory cells (Dabdoub et al, 2008). For instance,
mutant mice that lack Sox2 in the inner ear show a loss
of HCs, confirming the requirement for Sox2 in prosensory
development (Kiernan et al., 2005). The transcription coactivator
phosphatase Eyal and its cofactor homeodomain protein Six1
are also necessary for HC development. Several studies have
indicated inactivation of Eyal or Sixl leads to an early arrest
of otic development in mice (Xu et al, 1999; Ozaki et al,
2004). Moreover, Eyal/Six1 are co-expressed with Sox2 in the
inner ear sensory progenitors. Both Atoh-dependent and Atoh-
independent pathways are coordinately activated by Eyal/SixI,
which in turn induce the expression of Brn3c so as to achieve
differentiation of HCs (Ahmed et al., 2012). It is worth noting that
even though Sox2 is necessary for the formation of prosensory
domain, it also functions as an inhibitor by suppressing the
effects of Atohl on induction of HC differentiation (Ahmed
et al, 2012). To overcome this issue, we utilized a Tet-on
gene expression system that enables Dox-inducible expression
of SES. In this way, we were able to achieve induction of
inner ear HCs that express multiple HC markers and acquire
cilia and functions. Although overexpression of GFI1, Pou4f3,
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FIGURE 7 | Production efficiency of hair cell-like cells (HCLs) is enhanced by Wnt signaling activation. (A) A schematic drawing of the induction procedure from
epithelial-like cells (ELCs), including the sequential treatment with doxycycline (Dox) and CHIR. (B-D) Immunostaining analysis shows that Myo7a expression is higher
in mouse embryonic fibroblast (MEF)-derived HCLs with 3TF + CHIR sequential treatment (D) than with 3TF treatment (C). MEF-derived cells cultured without Dox
were used as control (B). (E=G) Immunostaining analysis shows that Calbindin2 expression is higher in MEF-derived HCLs with 3TF + CHIR sequential treatment (G)
than with 3TF treatment (F). MEF-derived cells cultured without Dox were used as control (E). (H) Quantitative real-time PCR analysis of HC-specific gene expression
under different induction conditions. Data are shown as mean + SEM (n = 3). ns, not significant, *o < 0.5, **p < 0.01, **p < 0.001 (scale bars, 25 um).

and ATOHI1 together has been previously shown to induce
conversion of human fibroblasts toward the HC lineage, that
approach only allowed generation of cells expressing HC markers
but failed to show their functions (Duran Alonso et al., 2018).
In our experiments, following the reprogramming of MEFs
to epithelial-like cells, transient overexpression of these three
TFs in MEF-derived epithelial-like cells with Dox treatment
at days 7-14 induced a lineage conversion of epithelial-like
cells to OECs (Figure 3). As induction continues, OECs
spontaneously differentiate into HCLs expressing multiple HC
markers. Furthermore, these induced HCLs grow cilia and

stereociliary bundle-like structures and acquired functional
mechanosensory channels. Therefore, our Tet-on tunable gene
expression system appears to be important for the maturation
and acquisition of the functions of induced HCs.

It is also interesting to point out that activation of Wnt
signaling pathway in the present experiments enhanced the
HC induction rate, which is consistent with previous studies
reporting the involvement of Wnt signaling in the otic progenitor
cell (OPC) proliferation and differentiation (Chai et al., 2012).
With the use of a Wnt pathway activator, CHIR99021, at the
late stage when the OPCs are produced, the HC production rate
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is significantly enhanced. These results imply that activation of
the Wnt signaling may be considered in future cell replacement
therapy for hearing loss.

In conclusion, our study presents a new approach to produce
functional inner ear HCs from somatic cells by using a
novel stepwise protocol, providing a new working system for
illumination of the developmental mechanisms of the HCs in the
inner ears. More importantly, this approach might offer a cell
replacement therapy for hearing loss in the future. To apply this
strategy for the aim of HC regenerative in clinic, it is warranted
to determine if human fibroblasts and other somatic cells can be
successfully transdifferentiated into functional HCs.

MATERIALS AND METHODS

Fibroblast Isolation and Cell Culture

Mouse embryonic fibroblasts were isolated from C57/BL6 mouse
embryos at E13.5. All experiments that we performed were
approved by the Ethics Committee at Shanghai Renji Hospital
and followed standard established guidelines by Ministry of
Health of China. Great attention was paid to remove the head,
arms, legs, spinal cord, and internal organs of the embryos.
The remaining tissue was dissociated manually in 0.25% trypsin
(Sigma), kept at 37°C to obtain a single-cell suspension, and
then plated in T75 flasks. MEFs were expanded to two passages
or three passages (named as P2 or P3) in DMEM in which
we supplemented with 10% FBS, as well as 1% penicillin (Life
Technologies) at 37°C. The P2 or P3 MEFs were characterized
by immunofluorescence to verify if they were pure without
contamination of any HCs, SCs, or OECs using Vimentin,
E-cadherin, Myo7a, Brn3c, P27, Sox10, Pax2, Pax8, Sox2, and
Jagl. MEFs at P2 or P3 were used to perform the subsequent
transdifferentiation experiments.

Three-Dimensional Culture

Two days following transduction with 3TF, the cultured cells were
incubated in TrypLE (Gibco) for 5 min at 37°C and collected
in 15-ml tubes. After centrifugation for 5 min at 1,000 rpm,
the dissociated cells were suspended in DMEM/F12 and strained
using a 25-pm cell strainer to produce a single-cell suspension.
The cells were then centrifuged again for 5 min at 1,000 rpm and
re-suspended in 80:20 Matrigel (growth factor reduced, Corning):
DMEM/F12. Then, we placed the Matrigel droplets (30-40 pl)
containing the suspended cells in the center of each well of a
48-well plate, one droplet per well. To facilitate Matrigel rapid
polymerization, the plate was incubated at 37°C for 15-20 min,
after which the droplets were bathed in medium. Media were
replaced every other day.

Signaling Molecules and Recombinant
Proteins

The following small compounds and recombinant proteins
used in the study were as follows: human FGF2 (5-25 ng/ml;
PeproTech), TGF-f inhibitor SB431542 (10 wM; Sigma), and
GSK3pB inhibitor CHIR99021 (3 wM; Sellect).

RNA Preparation, PCR, and Real-Time
Quantitative RT-PCR

Total RNAs were prepared from the cells using Zymo Research’s
Quick-RNA MicroPrep Kit. cDNA was synthesized by reverse
transcription with Takara’s the PrimeScript RT reagent Kit and
oligo (dT) primers based on the manual. Real-time quantitative
polymerase chain reaction (qRT-PCR) was performed using
Toyobo’s SYBR Green method at Applied Biosystems’ Prism 7900
HT apparatus. Relative expression of mRNA was calculated by
normalization of them to GAPDH mRNA. All the primer pairs
were listed in Supplementary Table 1.

Immunofluorescence Assay

We used 4% paraformaldehyde to fix cultured cells for 15 min and
rinsed three times in phosphate-buffered saline (PBS) for 10 min
each. They were infiltrated with 0.3% Triton X-100 for 10 min at
room temperature and rinsed three times in PBS. To block non-
specific bindings, the preparations were incubated with 10%
normal donkey serum and 0.1% Tween 20 in PBS for 1 h.
One percent normal donkey serum and 0.1% Tween 2 were
added to the primary antibody solution for overnight at 4°C.
The primary antibodies used included the following: rabbit anti-
Vimentin (1:200, BD Biosciences), mouse anti-E-cadherin (1:200,
BD Biosciences), mouse anti-ZO-1 (1:50, Santa Cruz), rabbit anti-
Pax2 (1:400, Thermo Scientific), rat anti-Pax8 (1:400, Abcam),
goat anti-Jagl (1:100, Santa Cruz), mouse anti-Sox10 (1:100,
eBiosciences), rabbit anti-Sox2 (1:200, Abcam), mouse anti-
P27XP1 (1:100, Abcam), mouse anti-Brn3c (1:100, Abcam), rabbit
anti-Myo7a (1:200, Proteus), mouse anti-acetylated-a-Tubulin
(1:100, Sigma), mouse anti-Espin (1:50, Santa Cruz), rabbit
anti-Calbindin2 (1:200, ProteinTech). After being washed three
times with PBS for 10 min each, Alexa Fluor 488 (1:200, Life
Technologies) or 594 (1:400, Life Technologies) conjugated, anti-
rabbit, anti-goat, or anti-mouse secondary antibodies (Molecular
Probes, Invitrogen) were used to detect primary antibodies.
Nuclei were counterstained with 4’,6-diamidino-2-phenylindole
(DAPIL 1:500, Sigma-Aldrich). After incubation for 1 h at room
temperature and being washed three times with PBS, their
fluorescence images were captured using inverted fluorescence
microscopy or confocal laser scanning microscopy.

Scanning Electron Microscopy

Undifferentiated MEFs and cells differentiated for 24 days were
fixed in 2.5% glutaraldehyde that was made in 0.1 M of phosphate
buffer (Sigma) overnight at 4°C. After three washes in PBS
for 10 min each time and in 1% osmium tetroxide (Sigma)
for 60 min each, the preparations were then dehydrated with
a graded ethanol series and eventually processed with isoamyl
acetate (Aladdin, Shanghai, China) for 20-30 min for critical
point drying. Finally, they were examined using a scanning
electron microscope (HitachiS-3000N, Japan), operated under a
high vacuum at 5-10 kV at a working distance of 7-10 mm.

FM1-43 Uptake Assay
To test whether the MEF-derived HCLs acquired functional
mechanotransduction channels, the cultures were incubated with

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

June 2021 | Volume 9 | Article 672406


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

Yang et al.

Hair Cells Regeneration From MEFs

FM1-43 dye (5 pM; Biotium) at room temperature for 10 s and
rinsed with the culture medium. The preparations were then
fixed in 4% paraformaldehyde, counterstained with DAPI, and
finally examined under a fluorescence microscope. Moreover,
immunofluorescence for Myo7a was processed after FM1-43
dye staining to verify the identity of HCs. Fields were chosen
randomly (n = 15).

Electrophysiological Recordings

Whole-cell patch-clamp technique was used to record
the membrane currents of cells differentiated for 24 days
with an amplifier (EPC 10; HEKA Electronik). PatchMaster
software (HEKA) at a Dell computer was used to filter the
data at 1-3 kHz and to sample at 3-10 kHz. A vertical pipette
puller (PC-10; Narishige) was used to pull patch pipettes from
borosilicate capillary glass. The resistance of the electrode
was 4-7 MQ. For Iyj, I, and Iy, acquirement, the patch
electrodes were filled with 131 mM of KCl, 3 mM of MgCl,,
1 mM of EGTA-KOH, 5 mM of Na,ATP, 5 mM of HEPES,
and 10 mM of sodium phosphocreatine (pH 7.3). For Ic,
recording, pipette was filled with recording solution (pH
7.3) containing 3 mM of MgCl,, 131 mM of CsCl, 1 mM
of EGTA-KOH, 5 mM of Na;ATP, 1 uM of TTX, 5 mM of
HEPES, and 10 mM of sodium phosphocreatine. Recording
solution contained (in mM) 135 NaCl, 5.8 KCIl, 1.3 CaCl,,
0.9 MgCl, 0.7 NaH,;POy, 5.6 D-glucose, 10 HEPES, and 2
sodium pyruvate. We performed all recordings with the pH
adjusted to 7.3-7.5 at room temperature (20-25°C). Cells
used for electrophysiology assay were kept in DMEM/F12
containing FM1-43 for 10 s. The cells labeled with FM1-43
showed green fluorescence in the cytoplasm, which were
then used for electrophysiological recordings. The cells were
bathed in the external solution and visualized at an inverted
phase-contrast microscope (TE-2000U; Nikon). Data were
stored on a DELL computer for off-line analysis using Clamp
fit and Origin software (Origin Lab). We considered the peak
current as the maximum current when it appeared during
the step depolarization. Membrane currents were elicited by
applying voltage in 10-mV increments or decrements to the
holding potential of —70 mV.

RNA Sequencing Analysis

RNA from MEFs and HCLs induced for 24 days was extracted
using the TRIzol reagent (Invitrogen). The RNA-seq work was
performed by Novogene (Beijing, China). Sequencing libraries
were produced using NEBNext® UltraTM RNA Library Prep Kit
for Illumina® (NEB, United States) following the manufacturer’s
manual, and index codes were added to assign sequences to
each sample. Briefly, mRNA was purified by poly-T oligo-
attached magnetic beads. The clustering of the index-coded
samples was performed on a cBot Cluster Generation System
using TruSeq PE Cluster Kit v3-cBot-HS (Illumina) according to
the manufacturer’s instructions. As for data analysis, differential
expression analysis of two groups was conducted using the
DESeq2 R package (??). The resulting p-values were adjusted
using the Benjamini and Hochberg approach to control the false
discovery rate. Genes with an adjusted p-value < 0.05 found

by DESeq2 were regarded as differentially expressed. For each
group, three biological replicates were used for the analysis. The
data presented in the study are deposited in the (SRA) repository,
accession number (PRINA713364).

Statistical Analysis

All experiments were performed independently with at least three
biological replicates. Statistical analysis was performed using the
GraphPad Prism software (version 5.0). Data were presented as
mean = SEM, and statistical significance was performed using
Student’s t-test and expressed as p < 0.05 (*), p < 0.01 (**),
and p < 0.001 (***). The fraction of immunopositive cells
among total cells was determined in a double-blinded fashion by
observations of approximately 300 cells in each of 10 randomly
selected microscopic fields per experiment.

DATA AVAILABILITY STATEMENT

The data presented in the study are deposited in the (SRA)
repository, accession number (PRJNA713364).

ETHICS STATEMENT

The animal study was reviewed and approved by Shanghai
Renji Hospital and followed standard established guidelines by
Ministry of Health of China.

AUTHOR CONTRIBUTIONS

W-QG conceived the concept. QY, HS, and YQ performed
the experimental work. QY, HS, YQ, HX, H-BS, and W-QG
contributed to the experimental design and data analysis. YQ,
WL, LW, YW, Z]J, and S-KY supervised the study. QY, H-BS,
and W-QG wrote the manuscript. All authors interpreted the
data, discussed the results and approved the final version of
the manuscript.

FUNDING

This study was supported by funds from Ministry of Science and
Technology of the People’s Republic of China (2017YFA0102900
to W-QG), National Natural Science Foundation of China
(31571399 to HX, and 81872406 and 81630073 to W-QG),
Science and Technology Commission of Shanghai Municipality
(20JC147600 to W-QG), 111 project (B21024 to W-QG), and KC
Wong Foundation (to W-QG).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.
672406/full#supplementary-material

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

June 2021 | Volume 9 | Article 672406


https://www.frontiersin.org/articles/10.3389/fcell.2021.672406/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.672406/full#supplementary-material
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Yang et al.

Hair Cells Regeneration From MEFs

REFERENCES

Ahmed, M., Wong, E. Y., Sun, ], Xu, J., Wang, F., and Xu, P. X. (2012). Eyal-
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

Ambasudhan, R., Talantova, M., Coleman, R., Yuan, X, Zhu, S, Lipton, S. A., et al.
(2011). Direct reprogramming of adult human fibroblasts to functional neurons
under defined conditions. Cell Stem Cell 9, 113-118. doi: 10.1016/j.stem.2011.
07.002

Buganim, Y., Itskovich, E., Hu, Y. C., Cheng, A. W., Ganz, K., Sarkar, S., et al.
(2012). Direct reprogramming of fibroblasts into embryonic Sertoli-like cells
by defined factors. Cell Stem Cell 11, 373-386. doi: 10.1016/j.stem.2012.07.019

Burns, J. C., and Stone, J. S. (2017). Development and regeneration of vestibular
hair cells in mammals. Sernin. Cell Dev. Biol. 65, 96-105. doi: 10.1016/j.semcdb.
2016.11.001

Burns, J. C., Cox, B. C., Thiede, B. R., Zuo, J., and Corwin, J. T. (2012). In vivo
proliferative regeneration of balance hair cells in newborn mice. J. Neurosci. 32,
6570-6577. doi: 10.1523/JNEUROSCI.6274-11.2012

Carey, J., and Amin, N. (2006). Evolutionary changes in the cochlea and labyrinth:
solving the problem of sound transmission to the balance organs of the inner
ear. Anat. Rec. A Discov. Mol. Cell Evol. Biol. 288, 482-489. doi: 10.1002/ar.a.
20306

Chai, R., Kuo, B, Wang, T., Liaw, E. ], 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. 09, 8167-8172. doi: 10.1073/pnas.
1202774109

Chen, J., Han, Q., and Pei, D. (2012). EMT and MET as paradigms for cell fate
switching. J. Mol. Cell Biol. 4, 66-69. doi: 10.1093/jmcb/mjr045

Chen, P., and Segil, N. (1999). p27(Kip1) links cell proliferation to morphogenesis
in the developing organ of Corti. Development 126, 1581-1590.

Chen, W., Jongkamonwiwat, N., Abbas, L., Eshtan, S. J., Johnson, S. L., Kuhn,
S., et al. (2012). Restoration of auditory evoked responses by human ES-cell-
derived otic progenitors. Nature 490, 278-282. doi: 10.1038/nature11415

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

Dabdoub, A., Puligilla, C., Jones, J. M, Fritzsch, B., Cheah, K. S., Pevny, L. H., et al.
(2008). Sox2 signaling in prosensory domain specification and subsequent hair
cell differentiation in the developing cochlea. Proc. Natl. Acad. Sci. U.S.A. 105,
18396-18401. doi: 10.1073/pnas.0808175105

Dror, A. A, and Avraham, K. B. (2009). Hearing loss: mechanisms revealed by
genetics and cell biology. Annu. Rev. Genet. 43, 411-437. doi: 10.1146/annurev-
genet-102108-134135

Duran Alonso, M. B., Lopez Hernandez, I, de la Fuente, M. A., Garcia-Sancho,
J., Giraldez, F., and Schimmang, T. (2018). Transcription factor induced
conversion of human fibroblasts towards the hair cell lineage. PLoS One
13:€0200210. doi: 10.1371/journal.pone.0200210

Forte, E., Chimenti, I., Rosa, P., Angelini, F., Pagano, F., Calogero, A., et al. (2017).
EMT/MET at the crossroad of stemness, regeneration and oncogenesis: the
Ying-Yang equilibrium recapitulated in cell spheroids. Cancers (Basel) 9:98.
doi: 10.3390/cancers9080098

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

Géléoc, G. S., and Holt, J. R. (2014). Sound strategies for hearing restoration.
Science 344:1241062. doi: 10.1126/science.1241062

Hans, S., Liu, D., and Westerfield, M. (2004). Pax8 and Pax2a function
synergistically in otic specification, downstream of the Foxil and DIx3b
transcription factors. Development 131, 5091-5102. doi: 10.1242/dev.01346

Hu, Z., and Corwin, J. T. (2007). Inner ear hair cells produced in vitro by a
mesenchymal-to-epithelial transition. Proc. Natl. Acad. Sci. U.S.A. 104, 16675-
16680. doi: 10.1073/pnas.0704576104

Huang, P., He, Z, Ji, S., Sun, H.,, Xiang, D, Liu, C,, et al. (2011). Induction
of functional hepatocyte-like cells from mouse fibroblasts by defined factors.
Nature 475, 386-389. doi: 10.1038/nature10116

Ieda, M., Fu, J. D., Delgado-Olguin, P., Vedantham, V., Hayashi, Y., Bruneau,
B. G, et al. (2010). Direct reprogramming of fibroblasts into functional

cardio-myocytes by defined factors. Cell 142, 375-386. doi: 10.1016/j.cell.2010.
07.002

Kelley, M. W. (2006). Regulation of cell fate in the sensory epithelia of the inner
ear. Nat. Rev. Neurosci. 7, 837-849. doi: 10.1038/nrn1987

Kiernan, A. E,, Pelling, A. L., Leung, K. K., Tang, A. S., Bell, D. M, Tease, C., et al.
(2005). Sox2 is required for sensory organ development in the mammalian inner
ear. Nature 434, 1031-1035. doi: 10.1038/nature03487

Knoepfler, P. S. (2009). Deconstructing stem cell tumorigenicity: a roadmap to safe
regenerative medicine. Stem Cells 27, 1050-1056. doi: 10.1002/stem.37

Koehler, K. R., Mikosz, A. M., Molosh, A. L., Patel, D., and Hashino, E. (2013).
Generation of inner ear sensory epithelia from pluripotent stem cells in 3D
culture. Nature 500, 217-221. doi: 10.1038/nature12298

Koehler, K. R, Nie, J., Longworth-Mills, E., Liu, X. P., Lee, J., Holt, ]. 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

Lanza, R. (2007). Stem cell breakthrough: don’t forget ethics. Science 318, 1917—
1920. doi: 10.1126/science.318.5858.1865a

Li, H,, Roblin, G., Liu, H., and Heller, S. (2003). Generation of hair cells by
stepwise differentiation of embryonic stem cells. Proc. Natl. Acad. Sci. U.S.A.
100, 13495-13500. doi: 10.1073/pnas.2334503100

Li, R, Liang, J., Ni, S., Zhou, T., Qing, X., Li, H., et al. (2010). A mesenchymal-to-
epithelial transition initiates and is required for the nuclear reprogramming of
mouse fibroblasts. Cell Stem Cell 7, 51-63. doi: 10.1016/j.stem.2010.04.014

Liu, Q., Shen, Y., Chen, J., Ding, J., Tang, Z., Zhang, C,, et al. (2016). Induction of
functional hair-cell-like cells from mouse cochlear multipotent cells. Stem Cells
Int. 2016:8197279. doi: 10.1155/2016/8197279

Liu, X. P., Koehler, K. R., Mikosz, A. M., Hashino, E., and Holt, J. R. (2016).
Functional development of mechanosensitive hair cells in stem cell-derived
organoids parallels native vestibular hair cells. Nat. Commun. 7:11508. doi:
10.1038/ncomms11508

Liu, X,, Sun, H., Qi, J., Wang, L., He, S., Liu, J., et al. (2013). Sequential introduction
of reprogramming factors reveals a time-sensitive requirement for individual
factors and a sequential EMT-MET mechanism for optimal reprogramming.
Nat. Cell Biol. 15, 829-838. doi: 10.1038/ncb2765

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

McLean, W. ], Yin, X,, Lu, L., Lenz, D. R., McLean, D., Langer, R,, et al. (2017).
Clonal expansion of Lgr5-positive cells from mammalian cochlea and high-
purity generation of sensory hair cells. Cell Rep. 18, 1917-1929. doi: 10.1016/
j-celrep.2017.01.066

Oshima, K., Shin, K. Diensthuber, M., Peng, A. W., Ricci, A. ], and
Heller, S. (2010). Mechanosensitive hair cell-like cells from embryonic and
induced pluripotent stem cells. Cell 141, 704-716. doi: 10.1016/j.cell.2010.
03.035

Ouji, Y., Sakagami, M., Omori, H., Higashiyama, S., Kawai, N., Kitahara, T., et al.
(2017). Efficient induction of inner ear hair cell-like cells from mouse ES cells
using combination of Math1 transfection and conditioned medium from ST2
stromal cells. Stern Cell Res. 23, 50-56. doi: 10.1016/j.scr.2017.06.013

Ozaki, H., Nakamura, K., Funahashi, J., Ikeda, K., Yamada, G., Tokano, H., et al.
(2004). Six1 controls patterning of the mouse otic vesicle. Development 131,
551-562. doi: 10.1242/dev.00943

Schacht, J. (1986). Molecular mechanisms of drug-induced hearing loss. Hear. Res.
22,297-304. doi: 10.1016/0378-5955(86)90105-x

Scheffer, D. I, Shen, J., Corey, D. P., and Chen, Z. Y. (2015). Gene expression
by mouse inner ear hair cells during development. J. Neurosci. 35, 6366-6380.
doi: 10.1523/J]NEUROSCI.5126-14.2015

Schimmang, T. (2013). Transcription factors that control inner ear development
and their potential for transdifferentiation and reprogramming. Hear. Res. 297,
84-90. doi: 10.1016/j.heares.2012.11.001

Sekiya, S., and Suzuki, A. (2011). Direct conversion of mouse fibroblasts to
hepatocyte-like cells by defined factors. Nature 475, 390-393. doi: 10.1038/
naturel0263

Shu, X., and Pei, D. (2014). The function and regulation of mesenchymal-to-
epithelial transition in somatic cell reprogramming. Curr. Opin. Genet. Dev. 28,
32-37. doi: 10.1016/j.gde.2014.08.005

Smith, M. E., Groves, A. K., and Coffin, A. B. (2016). Editorial: sensory hair cell
death and regeneration. Front. Cell. Neurosci. 10:208. doi: 10.3389/fncel.2016.
00208

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

June 2021 | Volume 9 | Article 672406


https://doi.org/10.1016/j.devcel.2011.12.006
https://doi.org/10.1016/j.devcel.2011.12.006
https://doi.org/10.1016/j.stem.2011.07.002
https://doi.org/10.1016/j.stem.2011.07.002
https://doi.org/10.1016/j.stem.2012.07.019
https://doi.org/10.1016/j.semcdb.2016.11.001
https://doi.org/10.1016/j.semcdb.2016.11.001
https://doi.org/10.1523/JNEUROSCI.6274-11.2012
https://doi.org/10.1002/ar.a.20306
https://doi.org/10.1002/ar.a.20306
https://doi.org/10.1073/pnas.1202774109
https://doi.org/10.1073/pnas.1202774109
https://doi.org/10.1093/jmcb/mjr045
https://doi.org/10.1038/nature11415
https://doi.org/10.1242/dev.119149
https://doi.org/10.1242/dev.119149
https://doi.org/10.1073/pnas.0808175105
https://doi.org/10.1146/annurev-genet-102108-134135
https://doi.org/10.1146/annurev-genet-102108-134135
https://doi.org/10.1371/journal.pone.0200210
https://doi.org/10.3390/cancers9080098
https://doi.org/10.1016/j.stemcr.2013.07.005
https://doi.org/10.1126/science.1241062
https://doi.org/10.1242/dev.01346
https://doi.org/10.1073/pnas.0704576104
https://doi.org/10.1038/nature10116
https://doi.org/10.1016/j.cell.2010.07.002
https://doi.org/10.1016/j.cell.2010.07.002
https://doi.org/10.1038/nrn1987
https://doi.org/10.1038/nature03487
https://doi.org/10.1002/stem.37
https://doi.org/10.1038/nature12298
https://doi.org/10.1038/nbt.3840
https://doi.org/10.1126/science.318.5858.1865a
https://doi.org/10.1073/pnas.2334503100
https://doi.org/10.1016/j.stem.2010.04.014
https://doi.org/10.1155/2016/8197279
https://doi.org/10.1038/ncomms11508
https://doi.org/10.1038/ncomms11508
https://doi.org/10.1038/ncb2765
https://doi.org/10.1016/j.pharmthera.2019.05.003
https://doi.org/10.1016/j.celrep.2017.01.066
https://doi.org/10.1016/j.celrep.2017.01.066
https://doi.org/10.1016/j.cell.2010.03.035
https://doi.org/10.1016/j.cell.2010.03.035
https://doi.org/10.1016/j.scr.2017.06.013
https://doi.org/10.1242/dev.00943
https://doi.org/10.1016/0378-5955(86)90105-x
https://doi.org/10.1523/JNEUROSCI.5126-14.2015
https://doi.org/10.1016/j.heares.2012.11.001
https://doi.org/10.1038/nature10263
https://doi.org/10.1038/nature10263
https://doi.org/10.1016/j.gde.2014.08.005
https://doi.org/10.3389/fncel.2016.00208
https://doi.org/10.3389/fncel.2016.00208
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Yang et al.

Hair Cells Regeneration From MEFs

Szabo, E., Rampalli, S., Risueno, R. M., Schnerch, A., Mitchell, R., Fiebig-Comyn,
A, etal. (2010). Direct conversion of human fibroblasts to multi lineage blood
progenitors. Nature 468, 521-526. doi: 10.1038/nature09591

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

Wakaoka, T., Motohashi, T., Hayashi, H., Kuze, B., Aoki, M., Mizuta, K., et al.
(2013). Tracing Sox10-expressing cells elucidates the dynamic development of
the mouse inner ear. Hear. Res. 302, 17-25. doi: 10.1016/j.heares.2013.05.003

White, P. M., Doetzlhofer, A., Lee, Y. S., Groves, A. K, and Segil, N. (2006).
Mammalian cochlear supporting cells can divide and trans-differentiate into
hair cells. Nature 441, 984-987. doi: 10.1038/nature04849

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.

Xu, P. X., Adams, J., Peters, H., Brown, M. C., Heaney, S., and Maas, R. (1999).
Eyal-deficient mice lack ears and kidneys and show abnormal apoptosis of
organ primordia. Nat. Genet. 23, 113-117. doi: 10.1038/12722

Zhai, S., Shi, L., Wang, B. E., 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

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

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 Yang, Shi, Quan, Chen, Li, Wang, Wang, Ji, Yin, Shi, Xu and Gao.
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 Cell and Developmental Biology | www.frontiersin.org

15

June 2021 | Volume 9 | Article 672406


https://doi.org/10.1038/nature09591
https://doi.org/10.1038/nature08797
https://doi.org/10.1016/j.heares.2013.05.003
https://doi.org/10.1038/nature04849
https://doi.org/10.1038/12722
https://doi.org/10.1002/neu.20190
https://doi.org/10.1038/75753
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Stepwise Induction of Inner Ear Hair Cells From Mouse Embryonic Fibroblasts via Mesenchymalto- Epithelial Transition and Formation of Otic Epithelial Cells
	Introduction
	Results
	Preparation and Characterization of Mouse Embryonic Fibroblasts
	Transforming Growth Factor Beta Inhibitor Induces Mouse Embryonic Fibroblasts to Undergo a Mesenchymal-To-Epithelial Transition
	Conversion of Mouse Embryonic Fibroblast-Derived Epithelial-Like Cells to Otic Epithelial Cells by Transduction of Sox2, Eya1, and Six1
	Spontaneous Generation of Hair Cell-Like Cells Expressing Multiple Hair Cell Markers and Forming Cilia From Mouse Embryonic Fibroblast-Derived Otic Epithelial Cells
	The Hair Cell-Like Cells Generated in the Induction Cultures Acquire Mechanotransduction Channels
	The Transcriptional Profiling of Hair Cell-Like Cells Exhibits a Selective Hair Cell Signature
	Production Efficiency of Hair Cell-Like Cells Is Enhanced by Wnt Signaling Activation

	Discussion
	Materials and Methods
	Fibroblast Isolation and Cell Culture
	Three-Dimensional Culture
	Signaling Molecules and Recombinant Proteins
	RNA Preparation, PCR, and Real-Time Quantitative RT-PCR
	Immunofluorescence Assay
	Scanning Electron Microscopy
	FM1-43 Uptake Assay
	Electrophysiological Recordings
	RNA Sequencing Analysis
	Statistical Analysis

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


