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Abstract

Background TMCT is one of the most common deafness genes causing DFNA36. Patient-derived human induced
pluripotent stem cells (iPSCs) provide an opportunity to modelling diseases. TMCT p.M418K mutation in human

is orthologous to Beethoven mice. Here, we investigated the differentiation, morphology and electrophysiological
properties of hair cell-like cells (HC-like cells) derived from DFNA36 patient.

Methods Inner ear HC-like cells were induced from iPSCs derived from DFNA36 (TMCT p.M418K) patient (M),
normal control (M*/*) and genetic corrected iPSCs (M), Immunofluorescence, scanning electron microscopy

and whole-cell patch-clamp were used to study the mechanism and influence of TMC1 p.M418K mutation.

Results In this study we successfully generated HC-like cells from iPSCs with three different genotypes. HC-like cells
from M*/~ showed defected morphology of microvilli and physiological properties compared to M*™*. HC-like cells
from M*/“ showed recovery in morphology of microvilliand physiological properties.

Conclusions Our results indicate that TMCT p.M418K mutation didn't influence inner ear hair cell differentiation
but the morphology of microvilli and electrophysiological properties and gene correction induced recovery. CRISPR/
Cas9 gene therapy is feasible in human patient with TMCT p.M418K mutation.
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Introduction

According to the World Report on Hearing 2021 of the
WHO, more than 1.5 billion people (nearly 20% of the
global population) live with hearing loss; 430 million
of them have disabling hearing loss. It is expected that
by 2050, there could be over 700 million people with
disabling hearing loss. Nearly 50-60% of deaf cases are
caused by genetic etiology [1]. Sense of hearing relies on
the conversion of mechanical stimuli induced by sound
into neural signals which is conducted by inner ear hair
cells. This process depends on the deflection of stereo-
cilia bundles of hair cells opening the mechanoelectri-
cal transduction (MET) channels [2]. Stereocilia are
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arranged in three rows with an increasing stepped pat-
tern interconnected by several protein filaments, includ-
ing the tip link that transfers mechanical stimuli to the
MET channels. Several protein molecules have been
identified as components of MET in hair cells, includ-
ing cadherin 23 (CDH23), protocadherin 15 (PCDH15),
transmembrane inner ear (TMIE), calcium and integrin-
binding family member 2 (CIB2), lipoma HMGIC fusion
partner-like 5 (LHFPL5) and transmembrane channel-
like 1/2 (TMC1/2) [3]. In the past decade, TMC1/2 has
emerged as pore-forming subunit of the MET [4, 5].
TMC1 gene encodes TMCI1 protein which is located
on the surface of stereocilia. Mutations of TMCI result
in both dominant (DFNA36) and recessive (DFNB7/11)
non-syndromic hearing loss (NSHL) [6]. Following GJB2,
SLC26A4, MYOI15A, OTOF and CDH23, TMCI is the
sixth most common genes causing deafness [7].

In 2002, DFNA36 was identified in a large North
American family characterized with dominant, non-
syndromic, bilateral, symmetric, sensorineural hearing
loss that begins at 5-10 years old and rapidly progresses
to profound deafness within 10-15 years [6]. The locus
was mapped to human chromosome 9ql1-q21 in a
region overlapping the DFNB7/11 locus and this new
dominant and recessive deafness-caused gene was named
TMCI [6]. In the same year, Beethoven mouse with Tmcl
p-M412K mutation was identified by ENU mutagenesis
program, which showed progressive hearing loss and
hair-cell degeneration similar to DENA36 [8]. Our group
found a large DFNA36 Chinses family with 222 mem-
bers showing post-lingual, progressive and symmetric
sensorineural hearing loss with TMCI p.M418K muta-
tion [9] which is orthologous to Tmcl p.M412K muta-
tion found in the Beethoven mouse model decade earlier
[8]. The onset age ranged from 5 to 28 years old and high
frequencies of hearing were initially affected with mild
or moderated levels at the onset age and progressed to
profound by the fifth or sixth decade [9]. In 2018, our
group reported the second family with variant of TMC1
p-M418K and the onset age of hearing loss were 8 and
20 years old [10].

Characteristics of late onset age and progressive
hearing loss of DFNA36 make it a star model for gene
therapy and several studies have achieve promising
results. Gao and colleagues [11] injected Cas9-guide
RNA-lipid complexes targeting the TmcIP™ allele into
the cochlea of neonatal Beethoven mice. Remarkable
alleviation of hearing loss and higher hair cell survival
rates were observed in treated Beethoven mice. Gyorgy
[12] screened 14 Cas9/gRNA combinations for specific
and efficient disruption of Tmcl mutant allele. A PAM
variant of SaCas9-KKH that selectively and efficiently
disrupted the mutant allele but not wildtype Tmcl/
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TMCI1 allele was identified in Beethoven mice and in
a DFNA36 human cell line. Beethoven mice injected
with adeno-associated virus (AAV2/Anc80)-mediated
SaCas9-KKH delivery displayed lower hearing thresh-
old, higher hair cell survival rate and preservation of
normal hair bundle morphology [12]. Using dual deliv-
ery of SpCas9 and gRNA in separate AAV9-PHP.B vec-
tors, Jason Wu [13] selectively disrupt Tmcl allele and
preserves hearing in Beethoven mice up to 24 weeks.
Besides the gene therapy targeting the mutant allele,
selectively disrupting RNA of Tmcl was another strat-
egy. Using CRISPR/RfxCas13d editing system, which
can specifically and precisely cleave single-strand
RNAs, Zheng and colleagues reduced the TmcP™h tran-
script by 90.8% and improved hearing performance
in both ABR and DPOAE threshold [14]. However,
whether gene therapy for TMCI mutation-caused deaf-
ness is available for human beings remains unknown.
Patients-derived induced pluripotent stem cells
(iPSCs) offer a promising opportunity to understand-
ing the pathogenic mechanisms and therapy methods
in human. Gene therapy for iPSCs from patients with
MYO7A, MYO15A and TRMU mutation have suc-
cessfully rescued morphology and electrophysiological
function of differentiated hair cells [15-17].

Previously, we have generated iPSCs from a patient
carrying TMCI p.M418K mutation (M*/7) [18] and a
gene-corrected iPSC line (M6 using CRISPR/Cas9
[19], as well as a normal control iPSCs (M*/*) from
the patient’s normal son, who has no TMCI mutation
and hearing loss. Here, we generated Hair Cell-like
(HC-like) cells from iPSCs derived from genotypes of
M*+, M+~ and M*/€ to investigate whether the TMCI
p-M418K mutation may influence hair cell differentia-
tion and gene correction could rescue the morphology
and electrophysiological properties.

Methods

iPSCs culture

The iPSCs were generated from the family which has
been reported by our team [9]. Urinary cells of the
hearing loss patient with heterozygotic TMC1 p.M418K
(M*/7) and asymptomatic son with normal M*/* were
collected and induced to iPSCs [18]. TMCI mutation
(p.M418K) was corrected with CRISPR/Cas9-mediated
gene correction [19] (M*/©). iPSCs were cultured in
Nuwacell hiPSC/hESCs medium (no. RP01020, Nuwa-
cell) on matrigel (no. 354277, Corning) coated plates.
At 80-90% confluency or 4-5 days, the cells were pas-
saged with a split ratio of 1:5-1:20 using 0.5 mM EDTA
(no. RP01007, Nuwacell).
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Hair cell differentiation

Differentiation protocol was referred to Ronaghi [20]. For
embryoid body (EB) formation, the iPSCs were dissoci-
ated with 0.5 mM EDTA for 7-8 min at 37°C and trans-
ferred to ultralow attachment surface six-well plates (no.
3471, Corning) in #1 medium: the hiPSC medium sup-
plemented with 100 ng/mL recombinant human Dick-
opf-related protein (DKK-1; no. 5439, R&D Systems),
specific inhibitor of smad3 (SIS3) at 3 uM (no. 566405,
Sigma) and recombinant human insulin-like growth fac-
tors (IGF1; no. ab270062, Abcam) at 10 ng/mL (day 0).
On day 15, EBs were transferred into poly-L-ornithine
(no. P4957, Sigma) and matrigel (no. 354277, Corning)-
coated plates and cultured for 3 days in #2 medium: the
advanced DMEM/F12 supplemented with 20% knockout
serum replacement (KSR; no. 10828028, Gibco), N2 (no.
17502048, Gibco), B27 (no. 17504044, Gibco), human
bFGF at 25 ng/mL (no. 3718, R&D Systems), human
FGF19 at 25 ng/mL (no. 969-FG, R&D Systems), human
Noggin at 30 ng/mL (no. 6057, R&D Systems), human
R-spondin 1 at 50 ng/mL (no. 4645-RS, R&D Systems),
heperan sulfate at 50 ng/mL (no. 4777, Sigma) and ampi-
cillin at 50 pg/mL (no. A5354, Sigma). On day 18, the
medium was replaced with #3 medium: the advanced
DMEM/F12 supplemented with 15% KSR, N2, and B27,
human bFGF at 25 ng/mL, human FGF19 at 25 ng/mL,
human BMP4 at 20 ng/mL (no. 314-BP, R&D Systems),
heparan sulfate at 50 ng/mL, and ampicillin at 50 mg/mL.
On day 21, the medium was replaced with #4 medium:
the advanced DMEM/F12 supplemented with 15% KSR,
N2, and B27, and ampicillin (50 mg/mL). The concentra-
tion of KSR was reduced to 10% on day 27 and to 5% on
day 33. All the reagents were listed in Table 1.

Immunofluorescence

Cells were collected and transferred and attached to con-
focal dishes. Cells were fixed with 4% PFA for 30 min at
room temperature. Samples were permeabilized and
blocked in PBS containing 0.3% Triton X-100 (Sigma) and
fetal bovine serum (Sigma) for 1 h at room temperature.
Cells were incubated with primary antibodies for 1 h at
room temperature. After washing with PBS for 3 times,
specimens were incubated with secondary antibodies for
1 h at room temperature. Images were acquired by Carl
Zeiss LSM980. Antibodies were listed in Table 1.

FM1-43 staining

FM1-43 was reconstituted in ice-cold HBSS to work-
ing staining solution of 5 pug/mL. Culture medium was
aspirated and cells were rinsed in staining solution
on ice for 1 min. The sample was imaged in staining

Page 3 of 13

solution immediately using Zeiss LSM980 with the same
condition.

Scanning electron microscopy (SEM)

HC-like cells were fixed with 2.5% glutaraldehyde at
4 °C for 2 h. Cells were washed with PB for 3 times and
then fixed with 1% osmium tetroxide for 30 min. After
washed with PB 3 times, cells were incubated in 2% tan-
nic acid for 30 min. Cells were washed 3 times again
and then dehydrated with a gradient concentration of
ethanol (50%, 70%, 90% and 100%). The specimens were
then immersed in isoamyl acetate, dried with a criti-
cal point dryer, coated with Aurum (Hitachi E102) and
then imaged at 3 kV with a scanning electron microscope
(Hitachi SU8600 FESEM).

Electrophysiology

The membrane currents of iPSC-derived HC-like cells
were measured using the whole-cell patch-clamp tech-
nique with an amplifier (EPC10; HEKA). Data was
recorded by Patchmaster software and analyzed by
Igor software. For I and Iy, extracellular solution con-
tained 137 mM NaCl, 4 mM KCl, 1.8 mM CaCl,, 1 mM
MgCl,, 10 mM Glucose, 10 mM HEPES (pH 7.4), and
the intracellular (pipette) solution contained 30 mM
KCl, 110 mM K-Glucobate, 2 mM MgCl,, 1 mM EGTA,
10 mM HEPES, 4 mM Mg-ATP, 0.3 mM Na-GTP (pH
7.2). For I.,, extracellular solution contained 140 mM
TEA-Cl, 4 mM KCl, 1 mM MgCl,, 10 mM HEPES,
10 mM CacCl,, 5 mM Glucose (pH 7.4), and the intracel-
lular (pipette) solution contained 110 mM CsCl, 1 mM
CaCl,, 5 mM HEPES, 10 mM EGTA, 4 mM Na2-ATP,
45 mM Mg-ATP (pH 7.2). Iy, current was recorded
in voltage-clamp mode with a start holding potential
of—70 mV and incremental steps of 10 from — 70 to
—140 mV, and Iy current was recorded with incremental
steps of 10 mV up from — 70 to 20 mV, and I, current
was recorded with incremental steps of 10 mV from — 70
to 70 mV. AP current was recorded with current-clamp
mode with a start holding current of 0 pA and incremen-
tal steps of 10 pA from — 50 pA to 240 pA.

Real-time PCR

Total RNAs were obtained from cells using RNAeasy
Animal RNA Isolation Kit with Spin Column (Beyotime,
no. R0026) and reverse-transcribed into ¢cDNA using
iScript” c¢cDNA Synthesis Kit (Bio-Rad, no. 1708891).
RT-qPCR was performed on the Bio-Rad CFX96. These
data were analysed using BioRadCFXManager and rela-
tive gene expressions were calculated using the 2~ DA
method using ACTB as a housekeeping gene. Primers for
RT-qPCR were listed in Additional file 1: Table S1.
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Table 1 Reagents details

Reagent Source Identifier
Chemicals, peptides, and recombinant proteins

hiPSC/hESCs medium Nuwacell Cat#RP01020
Matrigel Corning Cat#354277
0.5 mM EDTA Nuwacell Cat#RP01007
Recombinant human Dickopf-related protein R&D Systems Cat#5439
Specific inhibitor of smad3 Sigma Cat#566405
Recombinant human insulin-like growth factors Abcam Cat#ab270062
Poly-L-ornithine Sigma Cat#P4957
Knockout serum replacement Gibco Cat#10828028
N2 supplement Gibco Cat#17502048
B27 Gibco Cat#17504044
Human bFGF R&D systems Cat#3718
Human FGF19 R&D systems Cat#969-FG
Human Noggin R&D systems Cat#6057
Human R-spondin 1 R&D systems Cat#4645-RS
Heperan sulfate Sigma Cat#4777
Ampicillin Sigma Cat#A5354
Advanced DMEM/F12 medium Gibco Cat#12634010
Human BMP4 R&D systems Cat#314-BP
FM1-43 Invitrogen Cat#35355
Antibodies

EYA1 Invitrogen Cat#PA5-65034
TFAP2A Abcam Cat#ab52222
PAX2 Abcam Cat#ab79389
PAX8 Proteintech Cat#60145-4-Ig
MYO7A Abcam Cat#155984
ATOH1 Proteintech Cat#21215-1-AP
POUA4F3 Proteintech Cat#21509-1-AP
Tubulin Abcam Cat#ab195884
F-actin Abcam Cat#ab130935
T™C1 Abcam Cat#ab199949
Goat anti-Rabbit IgG, Alexa Fluor™ 555 Invitrogen Cat#A-21428
Goat anti-Mouse IgG, Alexa Fluor™ 488 Invitrogen Cat# A-11001
Statistical analysis Results

Statistical analysis was performed using Graphpad Prism
(Version 8.0.2). The mean values were statistically com-
pared using an two-way ANOVA for electrophysiological
analysis. One-way ANOVA was used to compare. One-way
ANOVA was performed for analysis of lengths, diameters
and densities of microvilli. Turkey multiple comparison test
was applied to compare the difference in groups. P values of
less than 0.05 were considered to be statistically significant.

Differentiation of iPSCs into otic progenitors and inner ear
hair cell-like cells

We generated three iPSC lines from patient II:1 and
his son IIL:1: TMCI p.M418K (M*/7), normal control
(M*'*) and gene corrected iPSCs (M*/“) (Fig. 1A and
E). The genotypes were confirmed by Sanger sequence
(Fig. 1B). All three iPSCs were induced into non-neural
ectoderm (NNE) on day 15 with activation of IGF1 and
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Fig. 1 Generation of iPSCs from patient with TMCT p.M418K mutation. A: Portion of one Chinese pedigree family reported previously, patient (M*/7)
and wild-type (M*/*) were indicated. Affected subjects are denoted in black. Proband is indicated by an arrow. Symbols with red frame indicate
members whose cells were reprogrammed to iPSCs. B: Sanger sequencing of TMCT p.M418K mutation from Il:1 and WT from IIl:1. C. Schematic
diagram of TMC1 protein structure which contains 6 transmembrane helixes. The p.M418K mutation locates in the second extracellular domain.

D: Schematic of TMCT locus on the 9921 chromosomal region and structure of TMCT gene which has 24 exons. The M418K mutation is in exon 16.
E: Schematic illustrating the generation and differentiation of iPSCs from patient, WT control and CRISPR/Cas9 corrected cell lines. M*, patients

with TMCT p.M418K; M*/*, normal control from the Family with no TMC1 p.M418K mutation; M*/, iPSC from patients with TMC7 p.M418K corrected
by CRISPR/Cas9
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inhibition of TGF-P3 and WNT pathways. The differentia-
tion of NNE was defined by immunostaining with anti-
bodies specific for EYA1 and Tfap2a (Fig. 2B). On day
30, by inhibition of BMP and activation of WNT and
FGF for 3 days, followed by activation of BMP and FGF
for another 3 days, the otic progenitors were identified
with specific antibodies for PAX2 and PAXS8 in all three
groups cells (Fig. 2C). On day 42, after culturing with N2,
B27 and knockout serum replacement for 24 days, cells
derived from M*/*, M*'~ and M€ all showed ATOH]1,
MYO7A and POU4F3 expression (Fig. 2D). The bright-
field images of iPSCs, embryoids and HC-like cells were
presented in Additional file 1: Fig. S1 and the mor-
phology of HC-like cells is significantly different from
their iPSC lines. Real-time PCR confirm the MYO7A,
POU4F3 ATOH1 and ESPN expression compared to
iPSCs (Fig. 2E). Meanwhile, TMC1 protein were detected
in HC-like cells membrane and co-expressed with
F-actin, which indicated that TMCI1 protein is located in
microvilli (Fig. 2F). We performed sanger sequencing on
HC-like cells derived from three iPSC lines and they all
carried the same genetic background with iPSCs (Addi-
tional file 1: Fig. S2). There was no difference in cell pro-
liferation among the three HC-like cell lines (Additional
file 1: Fig. S3). Therefore, these results demonstrated that
all iPSCs derived from patient, normal control, and gene-
corrected iPSCs could differentiate into otic progenitors
and HC-like cells.

Abnormal microvilli morphology of inner ear HC-like cells

In order to investigating the morphology of stereo-
cilia-like protrusions in iPSC-derived HC-like -cells,
we proceeded SEM technique to analyze the cilialium.
Immunofluorescence revealed that all three iPSCs-
derived HC-like cells that expressed POU4F3 showed
positive Tubulin and F-actin (Fig. 3A), which indicated
that microvilli presented in all three cell lines. SEM
revealed abnormal morphology of p.M418K-derived HC-
like cell (Fig. 3B). Figure 3Ba showed microvilli of multi-
layer and hair cells derived from M*/~ presented sparser
and shorter. However, microvilli of hair cells derived
from M** and M/ showed denser and longer. Micro-
villi of single hair cell were imaged for further statistical

(See figure on next page.)
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analysis and the typical microvilli were indicated by pseu-
docolor (Fig. 3Bb). We used Image ] to assess the effects
of p.M418K mutation on the morphological properties
of HC-like cells on the length, diameters and density of
hair-like microvilli structure. The average lengths (n=20)
of microvilli in M*'*, M™'~ and M*/€ HC-like cells were
1.164, 0.634 and 0.934 um (Fig. 3C), the average diame-
ters (n=20) in those cells were 0.102, 0.100 and 0.097 pm
(Fig. 3D), the average densities (n=10, microvilli per
um?) in those cells were 5.298, 3.200 and 4.487 (Fig. 3E),
respectively. These results indicated that TMC1 p.M418K
mutation affected microvilli of inner ear HC-like cells in
length and densities.

Defects of p.M418K-derived HC-like cells

in electrophysiology

HC-like cells were then stained with FM1-43 to assess
the function of ion channels. M*/~-derived HC-like cells
lacked the ability of uptaking of FM1-43, compared to
its M™* control. M*/-derived HC-like cells showed
partially recovery of the ion channel function of uptak-
ing FM1-43 (Fig. 4A). To assess the electrophysiological
properties of HC-like cells, voltage-dependent outward
K" (Iy), inward K* (Iy;) and inward Ca®* (I,) were meas-
ured using whole-cell patch-clamp technique, which rep-
resented specific electrophysiological properties of inner
ear hair cells. Figure 4B—D show the representative Iy, Iy,
and I¢, currents waveforms recorded from M*'¥, M*/~
and M*/C-derived HC-like cells. Compared to M*/T,
M*~ showed significant lower currents in outward Iy
currents, inward Iy, currents and completely vanish of
Ic, currents (Fig. 4B—D). While, those currents in gene-
corrected M*/-derived HC-like cells were comparable
with those in the M*/* HC-like cells (Fig. 4B—D). Further,
currents density was calculated as current intensity (pA)
divided by C-slow (pF). The current- voltage curves were
assessed based on the recordings. In the I current densi-
ties (pA/pF) in three HC-like cells of different genotypes,
significant variations displayed at depolarizing steps
ranging from 0 to 20 mV (Fig. 4E). At hyperpolarizing
steps from -100 to -140mv, the average I, current densi-
ties (pA/pF) also showed significant difference in HC-like
cells from iPSCs of three genotypes (Fig. 4F). As for the

Fig. 2 Differentiation into otic progenitor cells and hair-like cells. A: Schematic diagram illustrating differentiation protocol for iPSC-derived hair-like
cells. B: iPSCs from different genotype were induced toward NNE on day 15. Cells were stained with NNE markers EYAT and Tfap2a. Scale bar: 25 um.
C: Otic progenitors were induced from different genotype iPSCs on day 30 and were stained with specific markers Pax2 (red) and Pax8 (green). Scale
bar: 25 um. D: iPSC-derived HC-like cells from different genotype on day 42 were identified with markers MYO7A, ATOH1 and POU4F3. Scale bar:
25 um. E: Relative mRNA expression levels of hair cell markers MYO7A, POU4F3, ATOH1 and ESPN were analyzed using SYBR green real-time PCR
and were normalized to ATCB mRNA expression. G: TMC1 protein was expressed on membrane of HC-like cells and co-expressed with F-actin. Scale

bar: 25 um
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Fig. 3 Abnormal morphology of inner ear HC-like cells. A: iPSC-derived hair-like cells on day 42 showed hair bundle-like protrusions observed

by Tubulin and F-actin using laser scanning confocal microscopy. Scale bar: 25 um. B: SEM of HC-like cells derived from iPSCs on day 45. Microvilli
structure could be observed. Ba showed microvilli of multi-layer hair-like cells. Bb showed microvilli of single-layer hair-like cells and typical microvilli
indicated by pseudocolor. C-E: The length (C) (n=20), diameter (D) (n=20) and density (E) (n=10) were measured by ImageJ software. **P <0.005;

***%p <0.0001. ns: no significance

I, current densities (pA/pF), significant variation was
observed at depolarizing and hyperpolarizing steps from
— 20 to 50 mV (Fig. 4G). These results demonstrated that
TMC1 p.M418K mutant defects in electrophysiological
properties of HC-like cells derived from iPSCs.

Effects of gene correction on morphology and function
recovery of HC-like cells

CRISPR/Cas9 was used to correct the TMCI p.M418K
mutation in the iPSC line and the pluripotency was

(See figure on next page.)

identified[19]. M*/© iPSCs would differentiate into NNE
(Fig. 2B), otic progenitors (Fig. 2C) and HC-like cells
(Fig. 2D). The HC-like cell derived from M*/C iPSCs have
microvilli (Fig. 3A-B). The length and density of micro-
villi in HC-like cells partially recovered compared to that
derived from M*/~ iPSCs (Fig. 3B—E). As for the electro-
physiological properties, HC-like cells derived from M*/¢
show partially recovery of FM1-43 uptake (Fig. 4A), I,
I and I, (Fig. 4B—Q). Gene editing didn't interfere the

Fig. 4 Electrophysiological activity of HC-like cells induced from iPSCs using whole-cell patch-clamp technique. A: FM1-43 dye in HC-like cells
induced from iPSC of M*"*, M*/~ and M*/“ on differentiation day 42. Scale bar=25 um. B-D: Representative currents diagram of I, (B), l; (C)

and I, (D) on day 43-45. E-G: Further statistical analysis based on the recordings. Current density was calculated as current intensity (pA) divided
by C-slow (pF) (n=10). Data are displayed with mean +SEM. ns for no significant, *P < 0.05 by one-way ANOVA followed unpaired Student’s t test; ns:

no significance
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differentiation of HC-like cells and partially restored the
electrophysiological properties.

Discussion

Hereditary hearing loss is a common disabled disease
which accounts for over 50%-60% of childhood hearing
loss [1]. With the widespread newborn hearing screen
combined with genetic testing, increasing genetic hear-
ing loss has been identified in the early stages after birth
[21-23]. Hearing aids (HAs) and cochlear implants
(CIs) are main hearing rehabilitation methods for hear-
ing loss patients. While HAs and Cls are effective, they
do not actually restore ‘biologically normal” hearing level.
Thus, novel biological therapies like stem cell therapy and
gene therapy have emerged as promising therapeutics to
restore or prevent hearing loss [24]. CRISPR/Cas9 sys-
tem has been a widely applied gene-edit tool because of
its clear targeting, short RNA sequences and simultane-
ous operation of multiple genetic loci [25]. Even though
gene therapy for various system like brain, spinal cord,
liver, eyes and muscle have achieved notable progression
in clinical trials [26], none clinical trials of gene therapy
in inner ear is initiated.

In the field of gene therapy in inner ear, gene replace-
ment [27, 28], gene suppression using antisense oli-
gonucleotides [29, 30] or RNA interference [31, 32],
and CRISPR/Cas9 based gene editing [11, 33—-35] have
achieved encouraging progress in animal models, but
there is a long way before they are applied in clinic.
Several non-gene-edit methods have been applied for
Tmcl-associated hearing loss. RNAi-mediated gene
silencing carried by AAV vectors can alleviate hearing
loss, improve hair cell survival and prevent stereocilia
bundle degeneration in dominant Beethoven mice [32,
36]. Therapeutic method combining RNAi and gene
replacement also achieved robust hair cell and hear-
ing level preservation in Beethoven mice [37]. As for
the recessive Tmcl mutant mice, gene replacement was
applied to partially recovers hearing level and balance
outcomes [13, 27]. However, RNAi and gene replacement
may require repeated injection to maintain a long-term
effect [38]. The majority of Beethoven mice injected with
single injection of RNAi maintained hearing acuity for
26 weeks [32]. Thus, gene edit that can correct gene-type
permanently may resolve this obstacle. CRISPR/Cas9-
based gene therapy had rescued hearing and hair cell
survival in Beethoven mice [11-14] and recessive mice
with Tmcl p.Y182C mutation [13, 33]. Our group found
a large family with TMCI p.M418K mutation which is
orthologous to Tmcl p.M412K mutation in Beethoven
mouse [9] in 2014 and identified a novel likely pathogenic
variant ¢.797 T>C and the second family of p.M418K
in 2018 [10]. The Beethoven mice which is orthologous
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to TMCI p.M418K in human also shows progressive
hearing loss, hair cell decreasing and hair bundle dis-
organization [6, 11, 12]. The progressive hearing loss of
patients with TMCI p.M418K gives us a time window for
gene therapy after birth. We have generated iPSCs from
patient with TMC1 p.M418K mutation, and then per-
formed gene correction [18, 19].

In the present study, based on three iPSC lines (M*/,
M™/~ and M*/€) derived from a progressive deaf patient
with TMCI p.M418K mutant and his normal son, we
generated HC-like cells of three genotypes (Figs. 1E and
2A). All three iPSCs have been identified with pluripo-
tency, which indicated that the TMCI p.M418K muta-
tions did not influence the induction and pluripotency
of iPSCs[18, 19]. Cells derived from all three iPSC lines
presented the same characteristics when induced into
NNE, otic progenitors and HC-like cells, which proof
that TMC1 is not required for the differentiation of otic
cell lines (Fig. 2). These results are consistent with pre-
vious researches on TMCI1 p.M418K mutation patients
and Beethoven mice. TMC1 p.M418K mutation patients
have normal hearing level at birth but show post-lin-
gual, bilateral, symmetric sensorineural hearing loss[9].
Patients-derived iPSCs offer a promising opportunity for
researching diseases of pathogenic mechanism and treat-
ment, such as hereditary deafness. In 2006, by introduc-
ing four factors, Oct3/4, Sox2, c-Myc and Klf4, Shinya
Yamanaka produce iPSC from mouse embryonic or adult
fibroblasts[39]. In the next year, iPSC was generated from
adult human fibroblasts[40]. Because of its pluripotency,
non-immunogenic and ethical issues-free associated with
human embryonic stem cells, iPSCs have been widely
applied in various diseases for pathogenic mechanism
and therapeutics. iPSCs offer advantages for disease
modelling and therapy methods. FDA Modernization
Act 2.0’s emphasised on alternative non-animal testing
methods, thus iPSCs-based modelling and drug develop-
ment for diseases serve as an animal-free preclinical test
model[41]. iPSC-based researches have achieved massive
inspiring fruition in various diseases like amyotrophic
lateral sclerosis[42], Huntington’s disease[43], blood dis-
eases[44] and spinal muscular atrophy[45]. Using patient
iPSCs-derived cortical spheroids, the mechanism of
PSEN1 L435F mutation affecting neurodevelopment by
increasing Notch signalling in familial Alzheimer’s dis-
ease was revealed[46]. Injection of islets derived from
human iPSCs effectively restored endogenous insulin
secretion and improved glycemic control in non-human
primates[47]. In the field of inner ear, methods of inner
ear hair-like cell induction have been established by
several protocols[48] and may become important plat-
forms to tackle hereditary sensorineural hearing loss in
combination with targeted genome editing[49]. Studies
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of iPSCs from MYO15A and MYO7A mutation patients
demonstrate the feasibility of generating inner ear hair
cells from human iPSCs and the functional rescue of gene
mutation-caused hearing loss by using genetic correc-
tion[15, 17].

HC-like cells were identified with F-actin and Tubulin
labelling microvilli from all three groups (Fig. 3A), indi-
cating the TMC1 p.M418K mutation and gene correction
have no influence on the appearance of microvilli. Nev-
ertheless, the morphology of microvilli of HC-like cells
derived from M*/~ differed from those of the M*/* and
M*/€ (Fig. 3B-E). HC-like cells carried TMC1 p.M418K
mutation presented normal cell proliferation compared
with its WT control (Figure S3). This may be attributed
to the difference between cells cultured in vitro and those
in vivo. The abnormal morphology of microvilli may
be attributed to the dominant TMCI p.M418K muta-
tion. Beethoven mice and human patients with TMCI
p-M418K mutation show a phenotype with progressive
hearing loss[8, 9]. The loss of hair cells and severe disor-
ganization of hair bundles were major pathogenic char-
acteristics of Beethoven mice[8]. Our results proof the
defects of hair bundle-like microvilli in human patient-
derived HC-like cells with TMC1 p.M418K mutation.
Studies on other pathogenic genes also demonstrated
defected microvilli or stereocilia-like protrusions derived
from iPSC. The morphology of the stereocilia-like
protrusions of HC-like cells derived from compound
heterozygous MYO7A mutations (c.1184G>A and
c.4118C>T) displayed significant differences from those
of cells from normal control[15]. Compound heterozy-
gous MYO15A (c.4642G > A and ¢.8374G > A) and double
mutation of TRMU (c.28G > T) and mitochondrial DNA
mutation (12S rRNA, m.1555A > Q) also demonstrated
defected morphology of stereocilia-like protrusions com-
pared to normal control[16, 17]. However, all of them
showed the recovery of the morphology of protrusions by
gene correction.

As for the electrophysiological activity, M*/~-derived
HC-like cells also presented deficiencies in uptak-
ing FM1-43 dye and partial recovery was observed in
M*/C_derived HC-like cells (Fig. 4A). We demonstrated
the impact of TMC1 p.M418K mutation on HC-like
cells with voltage-dependent outward K* currents (Iy),
inward K currents (Iy;) and inward Ca** currents (I¢,).
M*/~-derived HC-like cells exhibited significant defects
in electrophysiological properties, including decreas-
ing current densities of Iy Ii; and completely depletion
of I, (Fig. 4E). Gene-corrected HC-like cells exhibited
complete recovery of Iy Ii; and I¢,. These results demon-
strated that TMC1 p.M418K mutation impaired the ion
channels of HC-like cells of patient-iPSCs, especially in
I, This is consistent with previous studies which proof
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TMCI is a cation channels and has a prior permeabil-
ity to calcium ions [4, 5, 50]. Hair cells of mouse with
mutant Tmcl had reduced calcium permeability and
reduced single-channel currents, which demonstrated
TMC1 is components of hair cell transduction channels
and contribute to permeation properties [50]. In HC-
like cells derived from iPSCs with mitochondrial DNA
mutation (12S rRNA, m.1555A >G) and TRMU muta-
tion (c.28G >T), current densities of I and Iy, were sig-
nificant impaired rather than that of I, [16], indicating
the differences in electrophysiological properties due to
different genes. Furthermore, studies proofed that TMC1
is a pore-forming component of mechanosensitive ion
channels in auditory hair cells [4, 5]. Our results provide
evidences that TMCI plays the same role in transduction
channel of hair cells in human with iPSC-derived HC-like
cells and gene correction could be applicable in patients
with TMCI mutations.

However, limitation exists in this study. Similar to pre-
vious researches applied by other groups [15-17, 51],
gene editing was performed on iPSCs instead of differen-
tiated mature HC-like cells. Gene therapy should be per-
formed before lesion occurs, but defects of microvilli and
electrophysiological function appeared initially in vitro
instead of progressive damage in vivo. For this reason,
it’s hard to choose the right time to perform gene therapy
on HC-like cells. Inner ear organoid derived from iPSCs
which is more similar to primary inner ear may conquer
this obstacle [51-53].

Conclusions

TMC1 p.M418K mutation influence the microvilli and
ion transduction channels in inner ear HC-like cells
induced from iPSCs. Gene correction by CRISPR/Cas9
induced the recovery of the morphology and electrophys-
iology properties of HC-like cells derived from TMCI
p-M418K iPSCs, which proofed that gene correction was
a promising therapy in human. HC-like cells derived from
iPSC with TMC1 p.M418K provide a model of hereditary
progressive hearing loss in cellular level, which would
play an essential role in pathogenesis and therapeutics in
an animal-free way.

Abbreviations

CDH23 Cadherin 23

ciB2 Calcium and integrin-binding family member 2
Cls Cochlear implants

HAs Hearing aids

iPSCs Induced pluripotent stem cells

LHFPL5 Lipoma HMGIC fusion partner-like 5

MET Mechanoelectrical transduction



Luo et al. Stem Cell Research & Therapy (2024) 15:4

PCDH15  Protocadherin 15
TMIE Transmembrane inner ear
T™MC1 Transmembrane channel-like 1

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513287-023-03617-9.

Additional file 1. Table S1. Primers. Figure S1. The brightfield images
of iPSCs, embryoid and HC-like cells. The morphology of HC-like cells is
significantly different from their iPSC lines. Scale bar: 200 um. Figure S2.
Sanger sequencing of HC-like cells. Sanger sequencing of HC-like cells
derived from three cell lines showed same gene background with iPSCs.
Figure S3. Cell proliferation curve. The A450 on 0, 24, 48 and 72 hours of
HC-like cells derived from three iPSC lines.

Acknowledgements
Not Applicable

Author contributions

YL: provision of study material or patients, collection and/or assembly of
data, data analysis and interpretation, manuscript writing. KWW: provision
of study material or patients. XLZ: data analysis and interpretation. QJW and
HYW: conception and design, financial support, administrative support and
final approval of manuscript. All authors read, edited, and approved the final
manuscript.

Funding

This work was supported by the grants of the National Natural Science
Foundation of China (Nos. 82222016, 81830028, 82271189). The funding body
played no role in the design of the study and collection, analysis, and inter-
pretation of data and in writing the manuscript. The authors have no other
funding, financial relationships, or conflicts of interest to disclose.

Availability of data and materials
All data generated or analysed during this study are included in this published
article [and its supplementary information files].

Declarations

Ethics approval and consent to participate

Cells used were obtained after informed consent, with approval by the Ethics
Committee of the PLA General Hospital, China (No. S2017-024-01): Etiol-

ogy and Pathological Mechanisms of Hearing Disorder. Date of the ethical
approval: March 23, 2017. Start and completion date: from March 2017 to April
2027.

Consent for publication
Not applicable.

Competing interest
The authors declare that there is no conflict of interest regarding the publica-
tion of this paper.

Received: 3 August 2023 Accepted: 18 December 2023
Published online: 02 January 2024

References

1. Morton CC, Nance WE. Newborn hearing screening-a silent revolution. N
EnglJ Med. 2006;354:2151-64.

2. Assad JA, Shepherd GM, Corey DP. Tip-link integrity and mechanical
transduction in vertebrate hair cells. Neuron. 1991;7:985-94.

3. Zheng W, Holt JR. The mechanosensory transduction machinery in inner
ear hair cells. Annu Rev Biophys. 2021;50:31-51.

19.

20.

21.

22.

23.

24,

25.

26.

Page 12 of 13

JiaY, ZhaoY, Kusakizako T, Wang Y, Pan C, Zhang Y, et al. TMC1 and TMC2
proteins are pore-forming subunits of mechanosensitive ion channels.
Neuron. 2020;105:310-321.e3.

Pan BF, Akyuz N, Liu XP, Asai Y, Nist-Lund C, Kurima K, et al. TMCT1 forms
the pore of mechanosensory transduction channels in vertebrate inner
ear hair cells. Neuron. 2018;99:736.

Kurima K, Peters LM, Yang Y, Riazuddin S, Ahmed ZM, Naz S, et al. Domi-
nant and recessive deafness caused by mutations of a novel gene, TMC1,
required for cochlear hair-cell function. Nat Genet. 2002;30:277-84.
Hilgert N, Smith RJH, Van Camp G. Forty-six genes causing nonsyndromic
hearing impairment: which ones should be analyzed in DNA diagnostics?
Mutat Res. 2009;681:189-96.

Vreugde S, Erven A, Kros CJ, Marcotti W, Fuchs H, Kurima K, et al. Bee-
thoven, a mouse model for dominant, progressive hearing loss DFNA36.
Nat Genet. 2002;30:257-8.

ZhaoY,Wang D, Zong L, Zhao F, Guan L, Zhang P, et al. A novel DFNA36
mutation in TMC1 orthologous to the Beethoven (Bth) mouse associated
with autosomal dominant hearing loss in a Chinese family. PLoS ONE.
2014;9:97064-e97064.

. Wang H,Wu K, Guan J, Yang J, Xie L, Xiong F, et al. Identification of four

TMC1 variations in different Chinese families with hereditary hearing loss.
Mol Genet Genomic Med. 2018.

. Gao X, TaoY, Lamas V, Huang M, Yeh WH, Pan B, et al. Treatment of autoso-

mal dominant hearing loss by in vivo delivery of genome editing agents.
Nature. 2018;553:217-21.

. Gyorgy B, Nist-Lund C, Pan B, Asai Y, Karavitaki KD, Kleinstiver BP, et al.

Allele-specific gene editing prevents deafness in a model of dominant
progressive hearing loss. Nat Med. 2019;25:1123-30.

. Wu J, Solanes P, Nist-Lund C, Spataro S, Shubina-Oleinik O, Marcovich |,

et al. Single and dual vector gene therapy with AAV9-PHP. B Rescues Hear
Tmc1 Mutant Mice Mol Ther. 2021;29:973-88.

. Zheng Z, Li G, Cui C, Wang F, Wang X, Xu Z, et al. Preventing autosomal-

dominant hearing loss in Bth mice with CRISPR/CasRx-based RNA editing.
Signal Transduct Target Ther. 2022;7:79.

. Tang ZH, Chen JR, Zheng J, Shi HS, Ding J, Qian XD, et al. Genetic correc-

tion of induced pluripotent stem cells from a deaf patient with MYO7A
mutation results in morphologic and functional recovery of the derived
hair cell-like cells. Stem Cells Transl Med. 2016;5:561-71.

. Chen C, Guan MX. Genetic correction of TRMU allele restored the mito-

chondrial dysfunction-induced deficiencies in iPSCs-derived hair cells of
hearing-impaired patients. Human molecular genetics. 2022.

. Chen J-R, Tang Z-H, Zheng J, Shi H-S, Ding J, Qian X-D, et al. Effects of

genetic correction on the differentiation of hair cell-like cells from iPSCs
with MYO15A mutation. Cell Death Differ. 2016;23:1347-57.

. Wang H. Generation of a human induced pluripotent stem cell line

(CPGHi001-A) from a hearing loss patient with the TMCT p.M418K muta-
tion. Stem Cell Res. 2020;4.

Wang H, Luo Y, Li J, Guan J, Yang S, Wang Q. Generation of a gene cor-
rected human isogenic iPSC line (CPGHiO01-A-1) from a hearing loss
patient with the TMC1 p.M418K mutation using CRISPR/Cas9. Stem Cell
Res. 2022;60:102736.

Ronaghi M, Nasr M, Ealy M, Durruthy-Durruthy R, Waldhaus J, Diaz GH,

et al. Inner ear hair cell-like cells from human embryonic stem cells. Stem
Cells Dev. 2014;23:1275-84.

Wang Q, Xiang J, Sun J, Yang Y, Guan J, Wang D, et al. Nationwide popula-
tion genetic screening improves outcomes of newborn screening for
hearing loss in China. Genet Med. 2019;21:2231-8.

Zhang J,Wang P, Han B, Ding Y, Pan L, Zou J, et al. Newborn hearing
concurrent genetic screening for hearing impairment-a clinical practice
in 58,397 neonates in Tianjin. China Int J Pediatr Otorhinolaryngol.
2013;77:1929-35.

Wang Q-J, Zhao Y-L, Rao S-Q, Guo Y-F, He Y, Lan L, et al. Newborn hearing
concurrent gene screening can improve care for hearing loss: a study on
14,913 Chinese newborns. Int J Pediatr Otorhinolaryngol. 2011;75:535-42.
Géléoc GSG, Holt JR. Sound strategies for hearing restoration. Science.
2014;344:1241062.

Wang JY, Doudna JA. CRISPR technology: a decade of genome editing is
only the beginning. Science. 2023;379:eadd8643.

Wang D, Tai PWL, Gao G. Adeno-associated virus vector as a platform for
gene therapy delivery. Nat Rev Drug Discov. 2019;18:358-78.


https://doi.org/10.1186/s13287-023-03617-9
https://doi.org/10.1186/s13287-023-03617-9

Luo et al. Stem Cell Research & Therapy (2024) 15:4

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Nist-Lund CA, Pan B, Patterson A, Asai Y, Chen T, Zhou W, et al. Improved
TMC1 gene therapy restores hearing and balance in mice with genetic
inner ear disorders. Nat Commun. 2019;10:236.

Akil O, Seal RP, Burke K, Wang C, Alemi A, During M, et al. Restoration of
hearing in the VGLUT3 knockout mouse using virally mediated gene
therapy. Neuron. 2012;75:283-93.

Lentz JJ, Jodelka FM, Hinrich AJ, McCaffrey KE, Farris HE, Spalitta MJ, et al.
Rescue of hearing and vestibular function by antisense oligonucleotides
in a mouse model of human deafness. Nat Med. 2013;19:345-50.
Ponnath A, Depreux FF, Jodelka FM, Rigo F, Farris HE, Hastings ML, et al.
Rescue of outer hair cells with antisense oligonucleotides in usher mice is
dependent on age of treatment. J Assoc Res Otolaryngol. 2018;19:1-16.
Maeda 'Y, Fukushima K, Nishizaki K, Smith RJH. In vitro and in vivo
suppression of GJB2 expression by RNA interference. Hum Mol Genet.
2005;14:1641-50.

Shibata SB, Ranum PT, Moteki H, Pan B, Goodwin AT, Goodman SS, et al.
RNA interference prevents autosomal-dominant hearing loss. Am J Hum
Genet. 2016;98:1101-13.

Yeh WH, Shubina-Oleinik O, Levy JM, Pan B, Newby GA, Wornow M,

et al. In vivo base editing restores sensory transduction and transiently
improves auditory function in a mouse model of recessive deafness. Sci-
ence Trans Med. 2020;12.

XueY, Hu X, Wang D, Li D, Li Y, Wang F, et al. Gene editing in a Myo6
semi-dominant mouse model rescues auditory function. Mol Ther.
2022;30:105-18.

Gu X, Hu X, Wang D, Xu Z, Wang F, Li D, et al. Treatment of autosomal
recessive hearing loss via in vivo CRISPR/Cas9-mediated optimized
homology-directed repair in mice. Cell Res. 2022,32:699-702.

Yoshimura H, Shibata SB, Ranum PT, Moteki H, Smith RJH. Targeted allele
suppression prevents progressive hearing loss in the mature murine
model of human TMC1 deafness. Mol Ther. 2019;27:681-90.

Iwasa Y, Klimara MJ, Yoshimura H, Walls WD, Omichi R, West CA, et al.
Mutation-agnostic RNA interference with engineered replacement
rescues Tmc1-related hearing loss. Life Sci Alliance. 2023;6: €202201592.
Blanc F, Mondain M, Bemelmans A-P, Affortit C, Puel J-L, Wang J. rAAV-
mediated cochlear gene therapy: prospects and challenges for clinical
application. J Clin Med. 2020;9:589.

Takahashi K, Yamanaka S. Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors. Cell.
2006;126:663-76.

Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et al.
Induction of pluripotent stem cells from adult human fibroblasts by
defined factors. Cell. 2007;131:861-72.

Pasteuning-Vuhman S, de Jongh R, Timmers A, Pasterkamp RJ. Towards
advanced iPSC-based drug development for neurodegenerative disease.
Trends Mol Med. 2021;27:263-79.

Badu-Mensah A, Guo X, Nimbalkar S, Cai'Y, Hickman JJ. ALS mutations

in both human skeletal muscle and motoneurons differentially affects
neuromuscular junction integrity and function. Biomaterials. 2022;289:
121752.

Park HJ, Han A, Kim JY, Choi J, Bae HS, Cho GB, et al. SUPT4H1-edited stem
cell therapy rescues neuronal dysfunction in a mouse model for Hunting-
ton's disease. NPJ Regen Med. 2022;7:8.

Miyauchi M, ItoY, Nakahara F, Hino T, Nakamura F, Iwasaki Y, et al. Efficient
production of human neutrophils from iPSCs that prevent murine lethal
infection with immune cell recruitment. Blood. 2021;138:2555-69.
Allison RL, Welby E, Khayrullina G, Burnett BG, Ebert AD. Viral mediated
knockdown of GATA6 in SMA iPSC-derived astrocytes prevents motor
neuron loss and microglial activation. Glia. 2022.

Hurley EM, Mozolewski P, Dobrowolski R, Hsieh J. Familial Alz-

heimer’s disease-associated PSENT mutations affect neurode-
velopment through increased Notch signaling. Stem Cell Rep.
2023;52213-6711(23):00197-202.

Du, Liang Z, Wang S, Sun D, Wang X, Liew SY, et al. Human pluripotent
stem-cell-derived islets ameliorate diabetes in non-human primates. Nat
Med. 2022.

Czajkowski A, Mounier A, Delacroix L, Malgrange B. Pluripotent stem cell-
derived cochlear cells: a challenge in constant progress. Cell Mol Life Sci.
2019;76:627-35.

Stojkovic M, Han D, Jeong M, Stojkovic P, Stankovic KM. Human induced
pluripotent stem cells and CRISPR/Cas-mediated targeted genome

Page 13 of 13

editing: platforms to tackle sensorineural hearing loss. Stem Cells.
2021;39:673-96.

50. Pan BF, Geleoc GS, Asai Y, Horwitz GC, Kurima K, Ishikawa K, et al. TMC1
and TMC2 are components of the mechanotransduction channel in hair
cells of the mammalian inner ear. Neuron. 2013;79:504-15.

51. Nie J, Ueda, Solivais AJ, Hashino E. CHD7 regulates otic lineage speci-
fication and hair cell differentiation in human inner ear organoids. Nat
Commun. 2022;13:7053.

52. Moore ST, Nakamura T, Nie J, Solivais AJ, Aristizadbal-Ramirez |, Ueda Y,
et al. Generating high-fidelity cochlear organoids from human pluripo-
tent stem cells. Cell Stem Cell. 2023;30:950-961.e7.

53. Koehler KR, Nie J, Longworth-Mills E, Liu XP, Lee J, Holt JR, et al. Genera-
tion of inner ear organoids containing functional hair cells from human
pluripotent stem cells. Nat Biotechnol. 2017;35:583-9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Genetic correction of induced pluripotent stem cells from a DFNA36 patient results in morphologic and functional recovery of derived hair cell-like cells
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	iPSCs culture
	Hair cell differentiation
	Immunofluorescence
	FM1-43 staining
	Scanning electron microscopy (SEM)
	Electrophysiology
	Real-time PCR
	Statistical analysis

	Results
	Differentiation of iPSCs into otic progenitors and inner ear hair cell-like cells
	Abnormal microvilli morphology of inner ear HC-like cells
	Defects of p.M418K-derived HC-like cells in electrophysiology
	Effects of gene correction on morphology and function recovery of HC-like cells

	Discussion
	Conclusions
	Anchor 24
	Acknowledgements
	References


