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Genetic Correction 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

ZI-HUA TANG,? JIA-RONG CHEN,? JING ZHENG,? HAO-SONG SHI,¢ JIE DING,? XIAO-DAN QIAN,
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TAO-SHENG HUANG,’ PING CHEN,® MIN-XIN GUAN, JIN-FU WANG?
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ABSTRACT

The genetic correction of induced pluripotent stem cells (iPSCs) induced from somatic cells of patients
with sensorineural hearing loss (caused by hereditary factors) is a promising method for its treatment.
The correction of gene mutations in iPSCs could restore the normal function of cells and provide a rich
source of cells for transplantation. In the present study, iPSCs were generated from a deaf patient with
compound heterozygous MYO7A mutations (c.1184G>A and c.4118C>T; P-iPSCs), the asymptomatic
father of the patient (MYO7A c.1184G>A mutation; CF-iPSCs), and a normal donor (MYO7AWT/WT;
C-iPSCs). One of MYO7A mutation sites (c.4118C>T) in the P-iPSCs was corrected using CRISPR/Cas9. The
corrected iPSCs (CP-iPSCs) retained cell pluripotency and normal karyotypes. Hair cell-like cells in-
duced from CP-iPSCs showed restored organization of stereocilia-like protrusions; moreover, the elec-
trophysiological function of these cells was similar to that of cells induced from C-iPSCs and CF-iPSCs.
These results might facilitate the development of iPSC-based gene therapy for genetic disorders.
STEM CELLS TRANSLATIONAL MEDICINE 2016;5:561-571

SIGNIFICANCE

Induced pluripotent stem cells (iPSCs) were generated from a deaf patient with compound hetero-
zygous MYO7A mutations (c.1184G>A and c.4118C>T). One of the MYO7A mutation sites
(c.4118C>T) in the iPSCs was corrected using CRISPR/Cas9. The genetic correction of MYO7A muta-
tion resulted in morphologic and functional recovery of hair cell-like cells derived from iPSCs. These
findings confirm the hypothesis that MYO7A plays animportant role in the assembly of stereociliainto
stereociliary bundles. Thus, the present study might provide further insight into the pathogenesis of
sensorineural hearing loss and facilitate the development of therapeutic strategies against mono-
genic disease through the genetic repair of patient-specific iPSCs.

INTRODUCTION

Artificial cochlear implants are effective correc-
tive measures for sensorineural hearing loss.
However, long-term strategies such as stem cell
treatment are required for successful and com-
prehensive treatment of this disease. Recent
studies have focused on inducing the differenti-
ation of several types of human stem cells into
hair cell-like cells in vitro. Recent studies have
reported the induction of human embryonic
stem cell (ESC) differentiation into inner ear hair
cell-like cells [1, 2]. However, the restricted
availability, potential immunorejection after al-
logenic cell transplantation, and rare derivation

of cell lines with the same gene mutation pattern
could restrict the treatment of hereditary hear-
ing loss. Induced pluripotent stem cells (iPSCs),
which are highly similar to ESCs, are derived
from human adult somatic tissues, such as
human skin fibroblasts [3], urinary cells [4],
and lymphocytes [5, 6]. Human iPSCs have been
generated from patients with amyotrophic lat-
eral sclerosis [7], spinal muscular atrophy [8],
cardiomyopathy [9], and diabetes [10]. These
disease-specific iPSCs can be induced to differ-
entiate into disease-relevant cells, and the ge-
netic correction of disease-specific genes in
iPSCs increases the feasibility of the disease’s
treatment using stem cells.
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MYO7A mutations in patients with hereditary deafness are
associated with profound congenital neurosensory nonsyndro-
mal deafness (DFNB2; DFNA11) and Usher syndrome type 1B
(USH1B) [11, 12]. MYO7A is an unconventional myosin expressed
only in the cytoplasm and stereocilia of inner and outer hair cells
of the cochlea [13], which contains three domains: the highly con-
served motor domain, a neck region (five IQ motifs), and a tail re-
gion containing two MyTH4-FERM domains separated by an SH3
domain. Previous studies have theorized that MYO7A might have
an important role in assembling the stereocilia into a bundle,
maintaining the rigidity of the bundle [14], and controlling the ac-
tin dynamics within the stereocilia [15], thereby maintaining a
normal functionality of the hair cells. In our previous study, deaf-
ness in a 7-year-old girl was attributed to compound heterozy-
gous MYO7A mutations (c.1184G>A and c.4118C>T), and her
asymptomatic parents expressed only one heterozygous MYO7A
mutation each. Therefore, we attempted to generate iPSCs from
the urinary cells of the patient. Next, one MYO7A mutation locus
(c.4118C>T) in the iPSCs induced from the patient was geneti-
cally corrected using the CRISPR-Cas9 system to establish a
new iPSC line. The iPSCs were induced to differentiate into hair
cell-like cells, and the effects of genetic correction of the MYO7A
mutations on the characteristics and recovery function of the hair
cell-like cells were analyzed and are discussed.

MATERIALS AND METHODS

Cells and Culture

The Zhejiang Health Bureau and Institutional Ethics Committee of
the First People Hospital of Wenling approved the urine sample
collection. iPSCs were generated from the urinary cells of the deaf
patient with compound heterozygous MYO7A ¢.1184G>A and
¢.4118C>T mutations (P-iPSCs), the patient’s asymptomatic fa-
ther with a MYO7A ¢.1184G>A mutation (CF-iPSCs), and a
healthy donor with normal MYO7AW™WT (C-iPSCs). All donors
provided informed consent before sample collection. The Zhejiang
University Institutional Stem Cell Research Oversight Commit-
tee approved the laboratory research on the derivation and
use of human iPSC lines in accordance with local regulations.
All procedures involving animals were conducted in compliance
with guidelines established by the Zhejiang University Institu-
tional Animal Care and Use Committee. Details and culture pro-
cedures, including hair cell differentiation [1], are provided in
the supplemental online data.

CRISPR-Cas9-Mediated Gene Correction of MYO7A
Mutation (c. 4118C>T) in P-iPSCs

An enhanced green fluorescent protein (maxGFP)-expressing
pX330 vector was generated by linking the Notl digested maxGFP
amplicons and pX330 vector using the T4 DNA ligase. The target
sequence for the MYO7A gene was synthesized using the CRISPR
Design Tool (available at http://tools.genome-engineering.org/);
a single maxGFP-Cas9-sgRNA expressing vector was finally gener-
ated by phosphorylating, annealing, and inserting two oligos into
the GFP-expressing pX330 vector, using the Bbsl restriction en-
zyme site. The maxGFP-Cas9-sgRNA vector was functionally vali-
dated in 293T cells. A P-iPSC cell suspension was transfected with
the hCas9 expression vector and single strand oligodeoxynucleo-
tide and transferred to human ESC medium. The cell mass derived
from each single cell was cultured to derive genetically corrected
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clones. These clones were confirmed by sequencing and restric-
tion enzyme analysis. The cas9 cleavage efficiency was assessed
by Sanger sequencing. Potential off-target sites were selected
using the CRISPR Design Tool (available at http://tools.genome-
engineering.org/), and the amplicons were sequenced and ana-
lyzed using nucleotide basic local alignment search tool (National
Center for Biotechnology Information). Further details of the
methods (primers, restriction enzyme analysis, vector genera-
tion) used are provided in the supplemental online data.

RNA Isolation and Gene Expression Analysis

Total RNA was isolated and reverse transcribed to cDNA, which
was used as the template for PCR. The primer sequences are pro-
vided in the supplemental online data.

Immunocytochemistry

Cells cultured on cover slips were fixed, permeabilized, and pro-
cessed for immunocytochemistry with antibodies, as detailed in
the supplemental online data. Images were obtained using a Zeiss
confocal microscope. For conventional quantification, several
hundred cells from three to five independent experiments were
scored from random fields. Cells at the threshold of fluorescence
intensity were counted as positive. The threshold was set accord-
ing to the fluorescent intensity distribution histogram of cells in
the control (no primary antibody) wells. The cells were counted
as positive, green, or red, if the fluorescent intensity was greater
than the 99th intensity percentile point in channel 2 (green) or 3
(red), respectively.

Western Blot Analysis

Total protein was extracted from 3-week differentiated hair cell-
like cells using RIPA lysis buffer and processed for Western blot
analysis. The details of this procedure are provided in the
supplemental online data.

Scanning Electron Microscopy

Cells growing on cover slips were fixed sequentially with 2.5% glu-
taraldehyde and osmic acid, dehydrated with a sequential dilu-
tion of ethanol, treated with isoamyl acetate, and observed on
a metal conductive column after plating (the samples) with gold.
The scanning electron microscopy samples were prepared as de-
tailed in the supplemental online data.

Electrophysiology

The membrane currents of cells cultured for 3 to 4 weeks under
hair cell differentiation conditions were measured using the
whole-cell patch-clamp technique with the aid of an amplifier
(EPC 10; HEKA Electronik). Voltage protocol application and data
acquisition were performed using Pulse software, version 6.0
(HEKA Electronik). Details of the measurement procedure are pro-
vided in the supplemental online data.

Statistical Analysis

All data are presented as the mean = SD of the independent ex-
periments. The mean values were statistically compared using an
unpaired Student’s two-tailed t test for two data sets; p values
<.05 were considered statistically significant.

STEM CELLS TRANSLATIONAL MEDICINE
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RESULTS

Generation and Characterization of iPSCs Induced From
Human Urinary Cells

Information collected from the family of the deaf patient via
genetic analyses is shown in supplemental online Figure 1.
Her parents were asymptomatic with normal hearing
(supplemental online Fig. 1A, 1C). In contrast, the auditory
threshold of the patient was much higher in the low fre-
guency sound wave section and increased rapidly in the high fre-
quency section (supplemental online Fig. 1D). The patient finally
lost her hearing in the higher frequency section. The MYO7A gene
of the patient contained heterozygous double mutations
(c.1184G>A and c.4118C>T; acquired from each parent), and
the father and mother were each heterozygous for the MYO7A
c.1184G>A and MYO7A c.4118C>T mutation, respectively
(supplemental online Fig. 1B).

Three iPSC lines (P-iPSCs, CF-iPSCs, and C-iPSCs) were gener-
ated from the urinary cells (supplemental online Fig. 2A) of the
patient, her asymptomatic father, and a healthy donor (female,
age 26 years), respectively, by retroviral infection of four
reprogramming factors: Oct4, Sox2, c-Myc, and KIf4. All iPSCs
exhibited the morphological characteristics of human ESCs
(Fig. 1A). They stained positively for alkaline phosphatase
(supplemental online Fig. 2B), expressed the pluripotent markers
NANOG, OCT4, Tra-1-60, Tra-1-81, and SSEA-4 (Fig. 1C), and main-
tained a stable karyotype (supplemental online Fig. 2C). Reverse
transcription polymerase chain reaction (PCR) analysis revealed
that all three iPSC lines expressed endogenous pluripotent genes
(OCT4, NANOG, and SOX2; supplemental online Fig. 2D). The sub-
cutaneous injection of these iPSCs into immunodeficient severe
combined immunodeficiency mice resulted in the formation of
teratomas containing advanced tissue derivatives of all three
germ layers (Fig. 1B). The results of sequencing of the MYO7A
gene from the P-iPSCs and CF-iPSCs were in accordance with
the previous identification of their blood genetics (supplemental
online Fig. 2E).

Differentiation of iPSCs Into Otic Progenitors and Inner
Ear Hair Cell-Like Cells

iPSCs were subjected to otic differentiation (supplemental
online data). After 12 days of differentiation, all three iPSCs were
induced into two cell types with different morphologies: otic ep-
ithelial progenitors (OEPs) and otic neural progenitors (ONP)
(Fig. 2A). OEPs are inclined to differentiate into hair cell-like cells
under “hair cell” culture conditions [1]. The differentiation of
otic progenitors was defined by immunostaining with anti-
bodies specific for PAX2 [16], PAX8 [17], and SOX2 [18] (Fig.
2B, 2C). The results revealed that cells derived from C-iPSCs,
P-iPSCs, and CF-iPSCs contained 58.6% * 9.1% (n = 5), 50.2% *
11.8% (n = 5), and 47.6% * 11.1% (n = 5) PAX2-PAXS8
double-positive cells, respectively (Fig. 2D) and 73.3% =
10.8% (n = 5), 60.3% * 10.3% (n = 5), and 67.5% * 7.6% (n = 5)
cells coexpressing PAX8 and SOX2, respectively (Fig. 2E). Reverse
transcription-PCR also demonstrated the abundant expression of
several genes specifically expressed during early otic develop-
ment (supplemental online Fig. 3B, 3C), such as SOX2, GATA3,
PAX2, PAX8, DLX5, SIX1, and EYA1 [17, 19-23]. The absence of
the hair cell marker ATOH1 [24, 25] indicated that hair cell differ-
entiation had not been initiated (supplemental online Fig. 3B, 3C).

www.StemCellsTM.com

These results revealed that all three iPSCs could potentially differ-
entiate into otic progenitors.

OEPs separated from otic progenitors were induced to differ-
entiate into hair cell-like cells on mitotically inactivated chicken
utricle stromal cells. Cells derived from C-iPSCs, P-iPSCs, and
CF-iPSCs all showed simultaneous ATOH1-POU4F3 (Fig. 3A) and
POU4F3-MYOT7A (Fig. 3B) expression. Very small percentages of
cells derived from C-iPSCs (10.5% * 4.7% [n = 5]), P-iPSCs
(9.4% * 2.6% [n = 5]), and CF-iPSCs (7.7% = 2.9% [n = 5]) were
double immunolabeled with POU4F3 and Espin (Fig. 3C;
supplemental online Fig. 3A). Gene expression analysis revealed
that cells induced from iPSCs expressed the hair cell markers
MYO7A, ATOH1, POU4F3, CHRNA9, and ESPN [26-29]
(supplemental online Fig. 3D, 3E). Therefore, these results
showed that all iPSC-derived OEPs could differentiate into hair
cell-like cells.

A major morphological characteristic of inner ear hair cells is
the stereocilia-like protrusion structure. F-actin and MYO7A
double-labeled stereocilia-like protrusions from hair cell-like cells
derived from three iPSCs were observed by immunofluorescence
(Fig. 4A); these protrusions were confirmed by scanning electron
microscopy (Fig. 4B). However, the stereocilia-like protrusions
from the three iPSCs showed some differences. The stereocilia-
like protrusions of hair cell-like cells differentiated from C- and
CF-iPSCs appeared to be hard and straight, with some stuck to-
gether. The stereocilia-like protrusions of the hair cell-like cells
differentiated from P-iPSCs were curving, disheveled, and scat-
tered and exhibited no bonding with each other. MYO7A expres-
sion was examined in cells differentiated from C-, CF-, and P-iPSCs.
Immunoblotting with an antibody specific for both normal and
mutant MYO7A revealed that hair cell-like cells derived from
P-iPSCs expressed an extra protein with a molecular weight rang-
ing from 140 to 250 kDa compared with hair cell-like cells derived
from C- and CF-iPSCs (Fig. 4C).

The functional activity of mechanotransduction (MET) chan-
nels in hair cell-like cells was determined by incubating the cells
differentiated from C-, CF-, and P-iPSCs with FM1-43FX. Hair cell-
like cells derived from the three iPSCs showed rapid uptake of the
FM1-43 dye (Fig. 5A). However, the hair cell-like cells differenti-
ated from P-iPSCs taking up the FM1-43 dye were much fewer
than those differentiated from C-iPSCs and CF-iPSCs. In addition,
the hair cell-like cells stained with FM1-43 showed electrophys-
iological recordings of a voltage-dependent outward K* current,
an inward rectifier K* current (lc;), and an inward Ca®* current
(Ica) (Fig. 5B—5D), which revealed the specific electrophysiological
activities of the hair cells. However, the /y;, and Ic, recorded in
hair cell-like cells derived from P-iPSCs were significantly higher
than that in hair cell-like cells derived from the C- and CF-iPSCs
(Fig. 5F, 5G).

Effects of CRISPR-Cas9-Mediated Gene Correction on
Morphology and Function Recovery of Hair Cell-Like
Cells Induced From P-iPSCs

We tried to correct the MYO7A ¢.4118C>T mutation in the
P-iPSC line using the CRISPR/Cas9 system and to examine the ef-
fects of genetic correction on the morphology and function
recovery of induced hair cell-like cells. Three guide-RNA se-
guences adjacent to the targeting site were cloned into the
maxGFP-expressing pX330 (supplemental online Fig. 4A;
supplemental online Table 1). gRNA1 was selected for all

©AlphaMed Press 2016
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B Ectoderm Mesoderm _Endoderm

CF-iPSC  C-iPSC

P-iPSC

CP-iPSC

OCT4 NANOG SSEA-4 TRA-1-60 TRA-1-81

Figure1l. Morphological and pluripotency characteristics of P-iPSCs, CF-iPSCs, C-iPSCs, and CP-iPSCs. (A): Morphology of iPSCs derived from the
normal donor (C-iPSCs), patient (P-iPSCs), asymptomatic father (CF-iPSCs), and genetically corrected iPSCs (CP-iPSCs). Scale bars =200 um. (B):
Hematoxylin and eosin staining of teratomas derived from iPSCs, showing a pigmented epithelium (ectoderm), gastrointestinal epithelium
(endoderm), and hyaline cartilage (mesoderm). Scale bars = 100 wm. (C): Immunostaining of C-iPSCs, P-iPSCs, CF-iPSCs, and CP-iPSCs with antibodies
specific for the pluripotency markers: OCT4, NANOG, SSEA-4, TRA-1-60, and TRA1-81. Nuclei were stained with 4',6-diamidino-2-phenylindole (blue).
Scale bars =200 um. Abbreviations: C-iPSCs, control induced pluripotent stem cells; CF-iPSCs, induced pluripotent stem cells from the asymptomatic
father of the patient (MYO7A c.1184G>A mutation); CP-iPSCs, genetically corrected induced pluripotent stem cells; iPSCs, induced plurip-
otent stem cells; P-iPSCs, induced pluripotent stem cells derived from deaf patient with compound heterozygous MYO7A mutations
(c.1184G>A and c.4118C>T).

C-iPSC

CF-iPSC

P-iPSC

CP-iPSC

subsequent experiments because of its relatively higher disorder representative sequencing results are shown in supplemental
peak rate and because its cutting site was only 8-base pair (bp) online Figure 4B. The restriction endonuclease BstAP| was used
from the site to be corrected. P-iPSCs were then transfected with to verify the gene correction (supplemental online Fig. 4D). The
maxGFP-pX330 and the HDR template (150-bp single strand oli- wild-type sequence was cleaved by BstAPI; however, the mutant
godeoxynucleotide) by electrotransfection (transfection effi- sequence could not be cleaved by this enzyme. Therefore, the
ciency, 11%; detected by fluorescence-activated cell sorting; 584-bp PCR amplicon containing the targeting site in the
supplemental online Fig. 5). After the GFP-expressing cells sorted C- and CP-iPSCs could be thoroughly cleaved into two fragments
by fluorescence-activated cell sorting were expanded, 45 clones (197 and 387 bp). However, only the normal chromosome-
were picked, processed by genomic PCR, and sequenced to ver- derived amplicons could be cut off from the P-iPSCs; therefore,
ify the gene correction. Finally, three clones (designated as the enzyme-digested product contained three fragments (197
CP-iPSCs1, CP-iPSCs2, and CP-iPSCs3) were repaired; the bp, 387 bp, and 584 bp). The amplicons of the three CP-iPSC lines
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Figure 2. Differentiation into otic progenitor cells. (A): Morphology of
otic epithelial progenitor and otic neural progenitor colonies derived from
C-iPSCs, CF-iPSCs, P-iPSCs, and CP-iPSCs. Scale bars = 200 um. (B): Coex-
pression of otic markers PAX2 and PAX8 in otic progenitors derived from
C-iPSCs, CF-iPSCs, P-iPSCs, and CP-iPSCs. Scale bars = 20 um. (C): Coex-
pression of otic markers PAX8 and SOX2 in otic progenitors derived from
C-iPSCs, CF-iPSCs, P-iPSCs, and CP-iPSCs. Scale bars =20 um. (D): Percent-
age of PAX8/PAX2 double-positive cells in the total cell population. Error
bars represent the SD (n = 5). (E): Coexpression of otic markers PAX8 and
SOX2 in otic progenitors derived from C-iPSCs, CF-iPSCs, P-iPSCs, and CP-
iPSCs. Error bars represent the SD (n = 5). Abbreviations: C-iPSCs, control
induced pluripotent stem cells; CF-iPSCs, induced pluripotent stem cells
from the asymptomatic father of the patient (MYO7A c.1184G>A muta-
tion); CP-iPSCs, genetically corrected induced pluripotent stem cells;
iPSCs, induced pluripotent stem cells; ns, not significant; OEP, otic epithe-
lial progenitor; ONP, otic neural progenitors; P-iPSCs, induced pluripotent
stem cells from the deaf patient with compound heterozygous MYO7A
mutations (c.1184G>A and ¢.4118C>T).
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Figure 3. Differentiation of otic epithelial progenitors into hair cell-
like cells. (A): Coexpression of otic markers POU4F3 and ATOH1 in hair
cell-like cells induced from C-iPSCs, CF-iPSCs, P-iPSCs, and CP-iPSCs.
Scale bars = 20 um. (B): Coexpression of otic markers POU4F3 and
MYO7A in hair cell-like cells induced from C-iPSCs, CF-iPSCs, P-iPSCs,
and CP-iPSCs. Scale bars = 20 um. (C): Coexpression of otic markers
POU4F3 and Espin in hair cell-like cells induced from C-iPSCs, CF-
iPSCs, P-iPSCs, and CP-iPSCs. Scale bars = 10 um. Abbreviations:
C-iPSCs, control induced pluripotent stem cells; CF-iPSCs, induced
pluripotent stem cells from the asymptomatic father of the patient
(MYO7A ¢.1184G>A mutation); CP-iPSCs, genetically corrected in-
duced pluripotent stem cells; DAPI, 4',6-diamidino-2-phenylindole;
iPSCs, induced pluripotent stem cells; P-iPSCs, induced pluripotent
stem cells from deaf patient with compound heterozygous MYO7A
mutations (c.1184G>A and ¢.4118C>T).

CP-iPSC

containing the other mutation site (c.1184G>A) were also se-
quenced (supplemental online Fig. 4C). The double peaks (G
and A) of the mutation site indicated the existence of this hetero-
zygous mutation; this showed that CP-iPSCs were derived from
gene targeting, rather than from C-iPSCs. The possible off-
targeting efficiency of Cas9 was monitored by analyzing the
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Figure 4. Hair bundle-like structures and Western blotting for MYO7A protein in cells induced from iPSCs. (A): Hair bundle-like protrusions in
cells induced from C-iPSCs, CF-iPSCs, P-iPSCs, and CP-iPSCs, as observed by laser scanning confocal microscopy. F-actin-filled membrane pro-
trusions were detected by staining with fluorescein isothiocyanate-conjugated phalloidin (green). The actin-bundling protein MYO7A was de-
tected by staining with Alexa-conjugated secondary antibodies (red). Scale bars = 10 wm. (B): Scanning electron microscopy views of the surface
of hair cell-like cells induced from C-iPSCs, CF-iPSCs, P-iPSCs, and CP-iPSCs after 3 weeks of culture on mitotically inactivated chicken utricle
stromal cells. For the stereocilia-like protrusions derived from C-iPSCs and CP-iPSCs, scale bars = 2 um (left) and 500 nm (right); for the stereo-
cilia-like protrusions derived from CF-iPSCs, scale bar = 1 um; for the stereocilia-like protrusions derived from P-iPSCs, scale bars =2 um (left) and
1 um (right). (C, D): Western blotting for MYO7A protein in hair cell-like cells induced from C-iPSCs, CF-iPSCs, P-iPSCs, and CP-iPSCs. Total protein
was extracted from hair cell-like cells induced from C-iPSCs, CF-iPSCs, P-iPSCs, CP-iPSCs, and mitotically inactivated chicken utricle stromal cells.
B-Actin was used as the internal reference. Protein truncation had disappeared in hair cell-like cells induced from CP-iPSCs. Abbreviations:
C-iPSC, control induced pluripotent stem cells; CF-iPSC, induced pluripotent stem cells from the asymptomatic father of the patient (MYO7A
¢.1184G>A mutation); CP-iPSC, genetically corrected induced pluripotent stem cells; P-iPSC, induced pluripotent stem cells from deaf patient
with compound heterozygous MYO7A mutations (c.1184G>A and ¢.4118C>T).

top seven and three potential off-targeting sites outside and
within the exon, respectively. No change was detected in the
obtained sequences using primers (supplemental online
Table 2) coding for the relevant sites compared with the se-
quences extracted from the National Center for Biotechnology
Information. Therefore, off-targeting was not detected at these
sites in the CP-iPSCs. The cas9 cleavage or HDR-mediated target
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modification efficiency was assessed by isolating the genomic
DNA of P-iPSCs 3 days after nuclease transfection and analyzing
these by Sanger sequencing of the amplicons. We observed the
presence of 8.3% insertions and 29.2% deletions (supplemental
online Fig. 6).

One CP-iPSC line was randomly selected for subsequent
analyses. This line retained the pluripotency of iPSCs, as shown
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Figure 5. Physiological activity of hair cell-like cells induced from four iPSCs. (A): Double labeling of FM1-43FX (green) and MYO7A (red) in
hair cell-like cellsinduced from C-iPSCs, CF-iPSCs, P-iPSCs, and CP-iPSCs. Scale bars =20 um. (B—E): Electrophysiological properties of hair cell-
like cells induced from C-, CF-, P-, and CP-iPSCs. (Ba, Bb, Ca, Cb, Da, Db, Ea, Eb): Outward and inward K" currents recorded from the induced
hair cell-like cells. Currents were elicited by 10 voltage steps from the holding potential ([a] subpanels, —84 mV; [b] subpanels, —64 mV). The
outward K* current was recorded from 9 of 12, 10 of 13, 7 of 11, and 7 of 10 hair cell-like cells induced from C-, CF-, P-, and CP-iPSCs, re-
spectively. (Bc, Cc, Dc, Ec): Average current-voltage (I-V) curve for outward and inward K* current measured at the steady-state level
(160 ms). Ix at 6 mV: 76.67 = 20.6 pA (n = 8, C-iPSC); 109 = 25 pA (n = 6, CF-iPSC); 65 = 30 pA (n = 7, P-iPSC); 143 = 33 pA (n = 7, CP-iPSC).
Igrat —124 mV: —84.0 £ 23.9pA (n=8, C-iPSC); —63 = 20 pA(n=6, CF-iPSC); —196.3 £ 39 pA(n=7, P-iPSC); and —86 = 24.6 pA(n=7,
CP-iPSC). The inward and outward /i and /k; closely resembled those recorded in pre-hearing mouse cochlear hair cells [57], hair cell-like cells
differentiated from human fetal auditory stem cells [58], and human embryonic stem cells [1]. (Bd, Cd, Dd, Ed): Example of inward Ca®* current
(Ica) produced by hair cell-like cells. I, was observed in 8 of 12, 6 of 10, 6 of 11, and 6 of 10 hair cell-like cells induced from C-, CF-, P-, and CP-iPSCs,
respectively. (Be, Ce, De, Ee): Average I-V curve for Ic,. Peak Ic,: —184.7 * 17.7 pA (n =8, C-iPSC); —136 = 33.3 pA (n =6, CF-iPSC); —366.7 = 65.1 pA
(n =6, P-iPSC); and —170.2 =+ 35.8 pA (n = 6, CP-iPSC). The hyperpolarized activation range of I, indicated the presence of an L-type Ca®* channel
containing the CaV1.3 subunit [59], as previously seen in mammalian cochlear inner hair cells [60]. (F): /x; measured at —124 mV as a function of cell
differentiation. (G): /c, measured at —4 mV as a function of cell differentiation. Values plotted as the mean = SD. Abbreviations: C-iPSCs, control
induced pluripotent stem cells; CF-iPSCs, induced pluripotent stem cells from the asymptomatic father of the patient (MYO7A c.1184G>A

(Figure legend continues on next page.)
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by the expression of the OCT4, SOX2, SSEA-4, TRA-1-60, and
TRA-1-81 markers (Fig. 1C), maintained normal karyotypes
(supplemental online Fig. 2C), and formed teratomas containing
three germ layers in vivo (Fig. 1B). These results demonstrated
that CP-iPSCs maintained their pluripotency. Furthermore, we
confirmed that genetic correction by CRISPR restored the
MYO7A gene products by inducing CP-iPSC differentiation into
hair cell-like cells. CP-iPSCs were first induced to differentiate
into otic progenitors. Immunostaining illustrated that differen-
tiated cells were double labeled with PAX2-PAX8 (Fig. 2B) and
PAX8-SOX2 (Fig. 2C). Immunofluorescence conducted after in-
duction of hair cell differentiation showed that cells derived
from CP-iPSCs simultaneously expressed ATOH1 and POU4F3
(Fig. 3A), POU4F3 and MYO7A (Fig. 3B), and POU4F3 and Espin
(Fig. 3C), the same as hair cells derived from C-iPSCs. Moreover,
the total protein was extracted from hair cell-like cells derived
from CP-iPSCs and immunoblotted for MYO7A. The results
revealed the absence of the mutant (truncated) protein band
(Fig. 4D); this demonstrated the successful correction of the
MYO7A gene. We then identified F-actin and MYO7A double-
labeled stereocilia-like protrusions in hair cell-like cells derived
from CP-iPSCs (Fig. 4A). Scanning electron microscopy examination
showed the recovery of the morphology of stereocilia-like protru-
sions (Fig. 4B), which was hard and straight. Several stereocilia
appeared to stick together, similar to hair cell-like cells derived from
normal iPSCs. In addition, hair cell-like cells derived from CP-iPSCs
showed complete recovery of the uptake of FM1-43 (Fig. 5A). More-
over, electrophysiological detection also showed an outward
K* current, inward rectifier K* current, and an inward Ca®* current
specific for hair cells (Fig. 5E). The /¢4 and I, recorded in hair cell-
like cells derived from CP-iPSCs reached the same level as that in
hair cell-like cells derived from C- and CF-iPSCs (Fig. 5F, 5G). These
results indicated that the correction of mutations in the MYO7A
gene in P-iPSCs led to the recovery of morphology and function of
induced inner ear hair cell-like cells.

DIScuUsSION

The combination of iPSC technology with genome editing technol-
ogy could offer a promising opportunity for treatment and cures for
human inherited diseases, such as hereditary deafness. In the pre-
sent study, we established three iPSC lines (P-iPSCs, CF-iPSCs, and
C-iPSCs) from a hereditary deaf patient with compound heterozy-
gous mutations in MYO7A (c.1184G>A and c.4118C>T), her father
(expressing a MYO7A heterozygous mutation; c.1184G>A), and a
normal donor. The ¢.4118C>T mutation site, which facilitated
the identification of successful site correction by restriction diges-
tion with the endonuclease BstAPI, was chosen for subsequent ge-
netic correction. Therefore, iPSCs from the father (and not the
mother) of the patient were used as the control for iPSCs derived
from patients with a genetically corrected ¢.4118C>T mutation.
All three iPSCs showed iPSC-like pluripotency, which indicated
that the MYO7A mutations did not influence the induction and plu-
ripotency of iPSCs. Cells derived from all three iPSCs presented the
same characteristics when induced to differentiate into otic progen-
itors. This could be attributed to the restricted expression of the

MYO7A gene in mature hair cells [30]; moreover, MYO7A is not re-
quired for the differentiation and function of otic progenitors.
Although the differentiation and function of otic progenitors
derived from the three iPSCs showed no significant difference,
the morphology of the stereocilia-like protrusions of hair cell-like
cells induced from P-iPSCs differed from those of the protrusions
in cells induced from CF-iPSCs and C-iPSCs. This was attributed to
the double mutationsin MYO7A. At the tip of stereocilia of the inner
ear hair cells, MYO7A forms a ternary complex with harmonin b and
cadherin 23 through its tail domain [31, 32]. This ternary complex
forms the basis of the tip link and is bound to the F-actin bundles of
the stereocilia through the motor domain of MYO7A [33]. There-
fore, MYO7A plays a major role in the assembly of stereocilia into
a bundled array and in maintaining rigidity during dynamic move-
ments of the bundle [34]. Self et al. [14] reported that stereocilia
formed normal rows of bundles with graded heights, which became
progressively more disorganized in Myo7a%%® and Myo7a® mu-
tant mice. The MYO7A"®* mutation led to the disorganization
of stereociliary bundles [35]. A ¢.1184G>A mutation of MYO7A
found in a consanguineous Iranian family was thought to alter
the charge of the motor domain, thereby altering the local pH
and structure and/or function of its motor domain [36]. The other
€.41184C>T mutation of MYO7A directly creates a premature stop
codon and thereby the removal of the last 842 residues of the pro-
tein, resulting in the non-integrity of the tail domain [37]. The
MYO7A proteins expressed in the inner ear hair cell of this patient
presented either the mutant motor domain or the truncated tail do-
main, which prevented anchoring of the tip link onto the stereocilia
filled with F-actin bundles [38]. Therefore, the stereocilia on the hair
cells of the patient with compound heterozygous mutations in
MYO7A are not arrayed normally; in fact, the tip links between
the stereocilia might not even exist. The tip of the hair stereocilia
is the site at which MET occurs; moreover, tip-link filaments are be-
lieved to gate the MET channels [39-41]. The MET channels in the
inner ear hair cells of deaf patients cannot be opened and closed
normally, which might prevent the physical stimulus arising from
sounds from transforming into currents, neurotransmitter release,
and the formation of hearing sense, thereby causing deafness. In
the present study, Western blot analysis revealed that the trun-
cated MYO7A protein in cells induced from P-iPSCs was a result
of the heterozygous nonsense ¢.4118C>T mutation in the ferm1
domain of one MYO7A locus. Therefore, it was inferred that neither
of the MYO7A proteins translated from the allelic genes of the pa-
tient were normal and that the compound heterozygous mutations
(localized in the motor domain of one MYO7A protein and in the
ferm1 domain of another MYO7A protein, respectively) led to its
dysfunction in shaping stereociliary bundles. The stereocilia-like
protrusions in hair cell-like cells induced from CF-iPSCs was similar
to that observed in cells induced from C-iPSCs, which indicated that
only the MYO7A protein expressed from a normal heterozygous
MYO7A locus was enough to maintain the normal morphology of
the stereocilia-like protrusions. In addition, the rate of FM1-43-
labeled P-iPSC-derived hair cell-like cells was much lower than that
of hair cell-like cells derived from C- and CF-iPSCs. Some studies
have shown that FM1-43 rapidly and specifically labels hair cells
in the inner ear by entering the open mechanotransduction

(Figure legend continued from previous page.)

mutation); CP-iPSCs, genetically corrected induced pluripotent stem cells; DAPI, 4’,6-diamidino-2-phenylindole; Ic,, inward Ca®* current; /iy, in-
ward rectifier K* current; iPSC, induced pluripotent stem cell; ns, not significant; P-iPSCs, induced pluripotent stem cells from deaf patient with com-

pound heterozygous MYO7A mutations (c.1184G>A and c.4118C>T).

©AlphaMed Press 2016

STEM CELLS TRANSLATIONAL MEDICINE


http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2015-0252/-/DC1

Tang, Chen, Zheng et al.

569

channels [42]. Hair cells with MYO7A mutations that facilitate trans-
duction but have all mechanotransduction channels closed at rest
are not labeled with FM1-43 unless the bundles are stimulated by
large excitatory stimuli [43]. Kros et al. [44] reported that MYO7A
was required for normal gating of transducer channels. Mechanoe-
lectrical transduction in the hair bundle induces an influx of K" and
Ca®" ions that depolarize hair cells [45]. MYO7A mutations might
induce a decrease in mechanoelectrical transduction, thereby
resulting in the absence of transducer current at rest, slow activa-
tion kinetics of the channel in hair cell-like cells derived from
P-iPSCs, and a change in the concentration of K and Ca**. Therefore,
we concluded that the MYO7A compound heterozygous mutations
led to mechanotransduction channel dysfunction and, conse-
quently, to abnormal electrophysiological activity of hair cell-like
cells derived from P-iPSCs.

In order to confirm that the phenotypic differences among hair
cell-like cells derived from three different types of iPSCs were
caused by MYO7A mutations and to restore the normal phenotype
of hair cell-like cells derived from P-iPSCs, the MYO7A mutation was
corrected using the CRISPR method. The parents of the patient
were asymptomatic and displayed only one heterozygous muta-
tion in the MYO7A gene; moreover, the cells induced from CF-
iPSCs displayed the same normal phenotype as the cells induced
from C-iPSCs. Therefore, we theorized that the correction of only
one mutation site could be enough to restore the function of hair
cells. In order to facilitate the identification of mutation site to be
corrected by Western blotting, we selected the MYO7A c.4118C>T
mutation in P-iPSCs to be genetically corrected using the CRISPR-
Cas9 technology, thereby generating a new, corrected iPSC line
(CP-iPSCs). The differentiation of CP-iPSCs into hair cell-like cells
was then induced. Western blotting for MYO7A revealed the ab-
sence of truncations in the MYO7A protein in hair cell-like cells de-
rived from CP-iPSCs; this indicated that genetic corrections of the
R1373X mutation site resulted in normal expression of the MYO7A
protein. In addition, stereocilia-like protrusions from the hair cell-
like cells derived from CP-iPSCs recovered to the same organiza-
tional form as those from hair cell-like cells derived from C- and
CF-iPSCs. In addition, FM1-43 uptake and the /g, and /¢, levels
returned to normal in hair cell-like cells derived from CP-iPSCs (sim-
ilar to that of hair cell-like cells derived from C- and CF-iPSCs), in-
dicating that the MET channel had recovered. These results
indicated that the correction of one mutation site in P-iPSCs was
enough to recover the function of inner ear hair cell-like cells in-
duced from P-iPSCs and that the phenotypic differences among
hair cell-like cells derived from C-, CF-, and P-iPSCs were a result
of MYO7A compound heterozygous mutations.

In the present study, we discovered that the stereocilia-like
protrusions in hair cell-like cells induced from human iPSCs were
atypical of the stereociliary bundles in the mammalian cochlea.
Although stereocilia-like protrusions of hair cell-like cells differ-
entiated from C-, CF- and CP-iPSCs appeared to be hard, straight,
and stuck together, the obtained cilia were not typical stereociliary
bundles, because they lacked certain structural hallmarks,
such as a stair case pattern. We inferred that this induction
method would need to be improved to promote the formation
of stereociliary bundles in hair cell-like cells. The reorientation
of stereociliary bundles occurs during normal embryonic devel-
opment and regeneration of hair cells following acoustic trauma
[46]. Differentiating stereociliary bundles establish asymmetric
linkages with the extracellular matrix of the developing tectorial
membrane in vivo. The growth of the tectorial membrane
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involves a progressive extension of the membrane across the
surface of the sensory epithelium, which might exert traction
forces through these asymmetric linkages, in turn pulling the
bundles of hair cells into uniform alignment [46]. Additionally,
Whnt signaling regulates the development of unidirectional
stereociliary bundle orientation, and the lack of Wnts might
result in nonstandard orientation of stereociliary bundles. As a
result, standard links between induced stereocilia are very rare
[47, 48]. Therefore, further studies must focus on identifying the
mechanism by which the formation of typical stereociliary bun-
dles is promoted by imitating the microenvironment of tectorial
membrane and regulating the Wnt signaling during the induction
of hair cell-like cells from human iPSCs.

The defective phenotype was a result of hereditary gene mu-
tations, inner ear hair cell dysfunction, which is unlikely to be
cured by drugs. Therefore, gene correction could be an ideal
treatment method in the future. Hanna et al. [49] reported a clas-
sicgene therapy model using iPSCs, in which mice with humanized
sickle cell anemia were rescued after transplantation with hema-
topoietic progenitors obtained in vitro from autologous iPSCs that
had undergone correction of the human sickle hemoglobin allele
by gene-specific targeting. Cells derived from iPSCs that are cor-
rected genetically for therapeutic purposes appropriately bypass
the paucity of sources. Therefore, these iPSCs can be induced re-
peatedly into the desired cell type, avoiding the anticipated im-
mune rejection associated with allogeneic cell transplantation.
In the present study, we developed hair cell-like cells with normal
stereocilia-like protrusion structure and physiological activity
from CP-iPSCs. Therefore, transplantation of these functionally
recovered cells could be a promising therapy for deafness result-
ing from gene mutation. Nevertheless, several obstacles need to
be overcome to transplant cells derived from iPSCs for hair cell
regeneration. First, new reprogramming strategies for iPSCs should
replace the use of oncogenic transcription factors (e.g., c-Myc) to
eliminate the potential risk of tumorigenicity [50]. For example,
nonintegrated vectors such as adenovirus vectors are used to avoid
transgene integration [51], and the protein and micro-RNA meth-
ods are used to directly reprogram the somatic cells [52, 53]. Sec-
ond, differentiation systems and cell sorting methods of greater
efficiency should be developed to derive a clinically relevant
number of purified otic progenitors or inner ear hair cells. Third,
a systematic off-target analysis must be performed after gene cor-
rection to ensure that the genotypes of cells used in therapy are
normal. Finally, the insertion and integration of cells into the audi-
tory epithelium of the inner earis a complicated task because of the
hostile, high potassium environment of scala media [54] in the co-
chlea, and the robust junctional complexes between cells in the au-
ditory epithelium [55]. Therefore, identifying a proper insertion
method and drugs or reagents to transiently change the internal
environment of auditory epithelium might facilitate the survival
and integration of exogenously transplanted cells [56].

CONCLUSION

iPSCs were generated from a deaf patient with compound hetero-
zygous MYO7A mutations (c.1184G>A and c.4118C>T), and one
of MYO7A mutation sites (c.4118C>T) in the iPSCs was corrected
using CRISPR/Cas9. The genetic correction of MYO7A mutation
resulted in morphologic and functional recovery of hair cell-like
cells derived from iPSCs. The current findings have confirmed
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the hypothesis: MYO7A plays an important role in the assembly of
stereociliainto stereociliary bundles. Therefore, our studies could
provide further insight into the pathogenesis of sensorineural
hearing loss and facilitate the development of therapeutic strat-
egies against monogenic disease through the genetic repair of
patient-specific iPSCs.
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