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a b s t r a c t

Introduction: Pendred syndrome is an autosomal-recessive disease characterized by congenital hearing
loss and thyroid goiter. Previously, cell stress susceptibilities were shown to increase in patient-derived
cells with intracellular aggregation using an in vitro acute cochlear cell model derived from patient-
specific pluripotent stem (iPS) cells. Moreover, we showed that rapamycin can relieve cell death. How-
ever, studies regarding long-term cell survival without cell stressors that mimic the natural course of
disease or the rational minimum concentration of rapamycin that prevents cell death are missing.
Methods: In this report, we first investigated the rational minimum concentration of rapamycin using
patient-specific iPS cells derived-cochlear cells with three different conditions of acute stress. We next
confirmed the effects of rapamycin in long-term cell survival and phenotypes by using cochlear cells
derived from three different patient-derived iPS cells.
Results: We found that inner ear cells derived from Pendred syndrome patients are more vulnerable
than those from healthy individuals during long-term culturing; however, this susceptibility was
relieved via treatment with low-dose rapamycin. The slow progression of hearing loss in patients may be
explained, in part, by the vulnerability observed in patient cells during long-term culturing. We suc-
cessfully evaluated the rational minimum concentration of rapamycin for treatment of Pendred
syndrome.
Conclusion: Our results suggest that low-dose rapamycin not only decreases acute symptoms but may
prevent progression of hearing loss in Pendred syndrome patients.
© 2019, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Human-induced pluripotent stem (iPS) cell technology was first
reported in 2007 by Shinya Yamanaka's group [1]. iPS cells show
very similar properties to embryonic stem cells and can be estab-
lished from human peripheral blood cells [2]. Recent studies have
mTOR, Mammalian target of
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reported the successful generation of iPS cells from patients having
various diseases (i.e., patient-specific iPS cells), and this technology
has been broadly applied in medical sciences to model diseases in
many different organs cells [3]. Particularly, this technology has
come to be a powerful tool for modeling diseases with no appro-
priate animal model, attributable to the ease by which cells
expressing human disease can be obtained by inducing target cells
from patient-specific iPS cells in vitro. Inspection of cellular phe-
notypes in these disease models has led to the elucidation of novel
pathological mechanisms of various targeted diseases, including
neurodegenerative and orthopedic diseases [3e7].

Recently, this technology has been applied to the discovery of a
new modality of candidate therapeutics using diseased cells.
sting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Further, various drugs have been tested using this technology, and
effective compounds have been easily screened using human cells,
evenwhen the target is a rare disease. For example, Yamashita et al.
revealed that statin treatment rescues fibroblast growth factor re-
ceptor 3 skeletal dysplasia phenotypes [6], and Hino et al. reported
that rapamycin, a mammalian target of rapamycin (mTOR) inhibi-
tor, prevents aberrant chondrogenesis in fibrodysplasia ossificans
progressiva [7].

To date, we have applied this technology toward studying
Pendred syndrome [8], an autosomal-recessive disease character-
ized by congenital hearing loss, vertigo, and thyroid goiter. The
solute carrier family 26 member 4 (SLC26A4) gene encoding PEN-
DRIN, an anion exchanger [9], was identified as a causative gene of
this disease in 1997 [10]. The incidence of the disease is estimated
at 7.5e10 in 100,000. Pendred syndrome may account for as many
as 10% of the cases of hereditary hearing loss [11], making it one of
the most common forms of syndromic hearing loss.

Hearing loss in Pendred syndrome patients appears during
childhood and is progressive. Using in vitro cochlear cell models
derived from patient-specific iPS cells, we clarified the novel
pathophysiology associated with Pendred syndrome and proposed
a “degenerative cochlear disease model” [12]. In this model, cell
stress susceptibilities leading to cell death are proposed to increase
in patient-derived cells with intracellular aggregation. Moreover,
we showed that rapamycin can relieve this cell death by activating
autophagy. We concluded that this type of cell death explains the
progression of hearing loss or fluctuations in hearing levels
observed in patients with Pendred syndrome. Further, rapamycin
could be a potential therapeutic drug for treating Pendred syn-
drome. However, studies regarding long-term cell survival in the
absence of cell stressors that mimic the natural course of disease or
the rational minimum concentration of rapamycin that prevents
cell death are missing. Here, we evaluated the effective concen-
tration of rapamycin using a fast drug-screening model with a cell
stressor. In addition, we established an in vitro chronic disorder
model of Pendred syndrome. Our results suggest that low con-
centrations of rapamycin can delay the progression of cell death,
demonstrating the possibility of using low-dose rapamycin therapy
as a therapeutic for Pendred syndrome.

2. Methods

2.1. Cell lines

Three Pendred syndrome-specific human iPS cell lines (hiPSCs)
(H723R #16, M147V #18, and T410M #12) generated from pe-
ripheral blood samples with episomal plasmids [12] were used in
this study. H723R#16 was derived from a 7-year-old woman with
a c.2168 A > G (p. His723Arg) homozygous missense mutation
within the SLC26A4 gene. M147V#18 was derived from a 34-year-
old female with c.439 A > G (p. Met147Val)/c.2168 A > G (p.
His723Arg) compound heterozygous missense mutations within
the SLC26A4 gene. T410M#12 was derived from a 4-year-old fe-
male with a c.1229 C > T (p. Thr410Met) homozygous missense
mutation within the SLC26A4 gene. Informed consent had been
obtained from all patients. All experimental procedures for hiPSC
production were approved by the ethics committee of the Keio
University School of Medicine (#20140172) and the NHO Tokyo
Medical Center (R13-097) and were in accordance with the
guidelines of the National Institutes of Health, and the Ministry of
Education, Culture, Sports, Science and Technology of Japan and
declaration of Helsinki. For control experiments, two hiPSC lines
were used, including one from a healthy 16-year-old girl (WD39)
[13] and a SLC26A4 gene-specific site-corrected line (GE #21)
derived from H723R #16.
2.2. Culture of hiPSCs

The hiPSCs were grown on mitomycin-C-treated SNL murine
fibroblast feeder cells in gelatin-coated (0.1%) tissue culture dishes.
The hiPSCs were maintained in standard hESC medium (Dulbecco's
modifiedEaglemedium [DMEM]/F12 [Sigma,D6421] containing 20%
knock-out serum replacement [KSR; Life Technologies], nonessential
amino acids [NEAA, Sigma], 0.1mM2-mercaptoethanol [Sigma], and
4 ng/mL fibroblast growth factor 2 [FGF-2, PeproTech]) at 37 �C in a
humidified atmosphere of 5% CO2. For feeder-free culture conditions,
the hiPSC/hESC lines were cultured in mTeSR1 medium (Stemcell
Technologies) onmatrigel-coated culture dishes (Corning, #354277).

2.3. Induction of cochlear outer sulcus cells (OSC)

We induced OSC-like cells expressing PENDRIN from undiffer-
entiated iPS cells using previously reported methods [12]. In brief,
after inducing otic progenitor cells, the mediumwas exchanged for
LW medium containing 4 ng/mL FGF2, 10 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), 6% fetal bovine serum
(FBS), and 100 mg/mL ampicillin in DMEM (Sigma, D5796). After 2
weeks to 1 month of culturing, OSC differentiation and selection
were initiated by exchanging the medium for DMEM (Nacalai
Tesque, 08459-64) containing 10% FBS, 0.75% NaHCO3, and 50 U/mL
penicillin/streptomycin for 7 days. Subsequently, the cells were
maintained in DMEM containing 10% FBS, 0.375% NaHCO3, and 50
U/mL penicillin/streptomycin, which yielded mature, induced
cochlear OSCs after 1 week.

2.4. Cellular stress susceptibility assay: acute stress model

Induced OSCs from each cell line were incubated in DMEM
containing 10% FBS, 0.375% NaHCO3, and 50 U/mL penicillin/
streptomycin with or without a proteasome inhibitor, epoxomicin
(Peptide Institute), which was broadly used as a cell stressor
[12,14,15]. For the high-stress/long-term model, we used 0.5 mM
epoxomicin, and cells were fixed after incubating for 24 h. For the
high-stress/short-term model, we used 0.5 mM epoxomicin, and
cells were fixed after incubating for 20 h. For the moderate-stress/
long-term model, we used 0.3 mM epoxomicin, and cells were
fixed after incubating for 24 h. Prior to 24 h of treatment with
epoxomicin, induced OSCs were incubated in DMEM containing
10% FBS, 0.375% NaHCO3, and 50 U/mL penicillin/streptomycin
containing various concentrations of rapamycin for 48 h. The cells
were fixed and then subjected to immunocytochemical analyses
using anti-PENDRIN and anti-cleaved caspase-3 antibodies.
PENDRIN-positive cells or PENDRIN- and cleaved caspase-3 dou-
ble-positive cells were counted using a confocal laser scanning
microscope (LSM700; Carl Zeiss) as previously reported [12].
Viable cells were defined as PENDRIN-positive and cleaved cas-
pase-3-negative, and cell viability was defined as the number of
viable cells divided by the number of viable cells in the untreated
(control) sample.

2.5. Cellular stress susceptibility assay: chronic stress model

OSC-like cells derived from iPS cells were maintained in
DMEM containing 10% FBS, 0.375% NaHCO3, and 50 U/mL peni-
cillin/streptomycin. The medium was changed every 2 or 3 days.
We did not passage the cells during this assay. We compared
long-term cell survival ratios and assessed the effects of low-
dose rapamycin (0.002 mM). Cells were fixed after culturing for
14e42 days and then subjected to immunocytochemical analyses
using anti-PENDRIN and anti-cleaved caspase-3 antibodies.
PENDRIN-positive cells or PENDRIN- and cleaved caspase-3-
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double-positive cells were counted using a confocal laser scan-
ning microscope (LSM700; Carl Zeiss) as previously reported
[12]. Viable cells were defined as PENDRIN-positive and cleaved
caspase-3-negative, and cell viability was defined as the number
of viable cells divided by the number of viable cells in the
Day ¼ 0 sample.
2.6. Intracellular aggregation counting

The induced OSCs were fixed and subjected to immunocyto-
chemical analysis with anti-PENDRIN antibody. Intracellular PEN-
DRIN aggregations (>2 mm) were counted using a confocal laser
scanningmicroscope (LSM700; Carl Zeiss). We counted the number
of the cells dividing three groups according to the number of the
aggregations per one cell; 0 or 1 aggregation, 2e5 aggregations, and
6 or more aggregations.
2.7. Immunocytochemical analysis

For immunocytochemical analyses, the cells were fixed with 4%
paraformaldehyde. After boiling in 0.1 mM citrate buffer (pH 6.0)
for 1 h and blocking in blocking buffer (phosphate-buffered saline
[PBS] containing 10% normal donkey serum) for 1 h at room tem-
perature, the cells were incubated with primary antibodies at 4 �C
overnight. After three washes with PBS, the cells were incubated
with Alexa 488- or Alexa 555-conjugated secondary antibodies
(Life Technologies) for 1 h at room temperature. The nuclei were
stained with 10 mg/mL Hoechst 33258 (Sigma). After washing with
PBS, the cells were examined using a confocal laser scanning mi-
croscope (LSM700; Carl Zeiss).
Fig. 1. Schema of acute stress models. In this study, we established three acute stress mod
proteasome with or without rapamycin. Cell viability was estimated after 20e24 h. PDS, Pe
2.8. Antibodies for immunostaining

The following primary antibodies were used for these analyses:
anti-PENDRIN (goat, 1:100, Santa Cruz, SC23779) and anti-cleaved
caspase 3 (rabbit, 1:300, Cell Signaling, D175).
2.9. Quantification and statistical analysis

Treatment effects on the cells were analyzed using a two-tailed
paired student's t-test. Tukey's test was used to compare three or
more groups. Treatment effects on the cell aggregations were
analyzed using a two-tailed non-paired student's t-test. Data are
presented in the text and figures as the means ± S.E.M. All P-values
less than 0.05 were considered significantly different.
3. Results

3.1. Acute stress model

First, we investigated the minimum effective concentration of
rapamycin using three acute stress models with an existing fast
drug screening assay using a disease specific iPS line, H723R#16,
including a high-stress/long-term model (0.5 mM epoxomicin,
24 h), a high-stress/short-term model (0.5 mM epoxomicin, 20 h),
and a moderate-stress/long-term model (0.3 mM epoxomicin, 24 h)
(Fig. 1). Previously, we reported that 0.2 mM rapamycin relieved cell
stressor-mediated cell death by activating autophagy in a high-
stress/long-term model [12]. In this study, we demonstrate that
rapamycin effectively decreased cell stress-mediated cell death in a
high-stress/long-termmodel at concentrations as low as 0.01 mM in
cells derived from H723R#16 line (Fig. 2 a-f). Next, we used a high-
els using epoxomicin as a cell stressor. We compared cell viabilities after inhibiting the
ndred Syndrome; RAP, rapamycin.



Fig. 2. Cytoprotective effects of rapamycin (RAP) in an acute high-stress model. In the high-stress/long-term model, RAP showed cytoprotective effects at concentrations as low
as 0.01 mM (N ¼ 4) (aef). In the high-stress/short-term model, RAP showed cytoprotective effects at concentrations as low as 0.002 mM (N ¼ 4) (gel). The nuclei were counterstained
with Hoechst (blue). Scale bar: 200 mm in (a-d, g-j). Data are represented as mean ± SEM. *: P < 0.05, **: P < 0.01.
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stress/short-term model to analyze the effective lower concentra-
tion of rapamycin. In this model, rapamycin showed cytoprotective
effects at 0.002 mM (Fig. 2 g-l). Finally, rapamycin showed cyto-
protective effects at a concentration of 0.001 mM in a moderate-
stress/long-term models (Fig. 3 a-f). This cytoprotective effect was
also observed in other two disease specific iPS cell lines, T410M#12
and M147V #18 (Fig. 3 g and h).

3.2. Chronic stress model

Next, we developed a chronic stress model in the absence of a
cell stressor by culturing cells long term (Fig. 4). To verify this
model, we compared cell viabilities after 14 days of culture. Results
showed that OSC-like cells derived from Pendred syndrome-
specific iPS cells were less viable than control iPS WD39 cells
(Fig. 5). This decrease in cell viability was not observed in cells
derived from the site-specific gene-corrected GE21 line (Fig. 5e),
which was previously established from the H723R #16 and in
which the mutated SLC26A4 gene was corrected via gene editing.
This decrease in cell viability in the diseased cells after long-term
culturing was significantly attenuated by adding 0.002 mM rapa-
mycin (Fig. 5e). This effect was confirmed after observing for a
minimum of 42 days (Fig. 6). The survival of PENDRIN-positive cells
derived from patient-specific iPS cells significantly decreased after
culturing long-term; however, cell survival improved after treat-
ment with low-dose rapamycin.



Fig. 3. Cytoprotective effects of rapamycin (RAP) in an acute, moderate-stress model. In the moderate-stress/long-term model, RAP showed cytoprotective effects at con-
centrations as low as 0.001 mM (aef) in H723R #16 line (N ¼ 4). Administration of 0.001 mM RAP relieved cell death in outer sulcus cell (OSC)-like cells derived from other Pendred
syndrome-specific pluripotent stem (iPS) cell lines (M147V #18, T410M #12). The nuclei were counterstained with Hoechst (blue). Scale bar: 200 mm in (aed). Data are represented
as mean ± SEM. **: P < 0.01.
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Finally, we compared the numbers of intracellular aggregations
after culturing long-termwith or without low-dose rapamycin. We
did not observe significant differences between the groups (Fig. 7).

4. Discussion

Primary cultures of animal cochlea or cell lines derived from
inner ear tissue have been used for screening drugs in vitro. Espe-
cially, HEI-OC1 cell line [16] has been widely used for this purpose
[17e20]. In vitro drug screenings using these cells are useful for
finding potential new drugs or oto-protective compounds to treat
hearing loss. The effective concentration of compounds can also be
determined by adding drugs at different concentrations. There are
advantages associated with screening for drugs using such cell line-
based in vitro methods compared to in vivo animal experiments.
Particularly, in vitromethods do not require sacrificing animals and
thus can be used to test multiple compounds at various concen-
trations. However, the cell lines used in this type of experiment are
generally immortalized; thus, it is sometimes difficult to interpret
data, especially when the immortalized cell lines are used for cell
survival assays. Further, forced expression or knock down of tar-
geting genes using targeting vectors is needed when using these
cells as a disease model, and the procedure can interfere with
interpreting the results.

In this report, we alternatively used OSC-like cells derived from
human iPS cells (Fig. 1). We previously reported that these cells
have the characteristic features of inner ear cells and show a
transplantation affinity for inner ear cells in vivo [12,21]. Undiffer-
entiated iPS cells have limitless proliferation ability, and we can
induce inner ear cells from these cells without immortalization.
Further, if we use disease-specific iPS cells, we can acquire disease-
specific inner ear cells without forced expression or knock down of
targeted genes. The induced human inner ear cell-based in vitro
drug assay used in this report is a candidate approach for otopro-
tective drug discovery.

Previously, we showed that cell stress susceptibilities specif-
ically increase in Pendred syndrome patient-derived OSC-like cells
and proposed that sporadic and transient or partially reversible
hearing loss that is progressive over the long-term may be attrib-
utable to increased susceptibility to cellular stress. Moreover, we



Fig. 4. Schema of chronic stress model. In this study, we established a chronic stress model independent of a cell stressor. We compared cell viability after long-term culturing
with or without rapamycin. Cell viabilities were estimated at a maximum of 42 days. PDS, Pendred Syndrome; RAP, rapamycin.
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revealed that rapamycin is a potential therapeutic drug for treating
Pendred syndrome, as it relieved this cell stress susceptibility.
However, we did not previously evaluate the minimum effective
concentration of rapamycin. For clarification, we used a two-step
approach to address this issue, including an acute stress model
and a chronic stress model.

In vitro drug screening with cell stressors or toxins is widely
used for otoprotective compounds. For example, cisplatin- or
gentamicin-induced cell damage models using HEI-OC1 cells have
been used to evaluate the effects of potential compounds [17,19,20].
These assays are usually performed over the course of 2e3 days,
and this short-term screening is suitable for easily testing multiple
compounds or various concentrations. In this report, we first used
an acute stress model and found that rapamycin has model-
dependent cytoprotective effects at 0.001 mM.

In vitro models using cell stressors are useful for investigating
the effectiveness of compounds; however, the results are obtained
under artificial or non-physiological stress conditions. Thus, we
established a chronic stress model that is not dependent on artifi-
cial cell stressors. As such, the iPS-derived cells differed from
general cell lines in that they were not immortalized.

Long-term culturing of neural cells induced from neurodegen-
erative disease-specific iPS cells has been used to model chronic
disorders in vitro bymimicking the aging process or the progression
of neurodegeneration in patients [22]. In this report, we applied
this strategy toward Pendred syndrome (Fig. 4). In the chronic
stress model, inner ear cells derived from Pendred syndrome pa-
tients were more vulnerable during long-term culturing, and this
weakness was attenuated by treatment with low-dose rapamycin.
Our results suggest that this vulnerability during long-term
culturing of patient cells may account for the slow progression of
hearing loss in patients. Further, rapamycin could attenuate the
progression of symptoms in Pendred syndrome patients.

Rapamycin has been clinically used as an immunosuppressive
drug during organ transplantations. The immunosuppressive ef-
fects of rapamycin occur at 16e24 ng/mL in the blood after renal
transplantation [23]. Rapamycin is also used as a treatment for
lymphangioleiomyomatosis (LAM) [24,25], in which it is used at
5e15 ng/mL in the blood. In this report, rapamycin showed cyto-
protective effects at a concentration of 1.828 ng/mL (0.002 mM),
which is approximately 1/5-1/10 the clinical concentration used for
these diseases. Our result suggest that low-dose rapamycin therapy
may relieve the symptoms of Pendred syndrome without the
accompanying immunosuppressive effects, although the concept
should be practically proven in clinical trials.

Our results showed that the effect of low-dose rapamycinwould
be different between the patients. As shown in Fig. 6, the protective
effect is most significant on M147V #18 line, while the effect is less
significant in T410M #12. We think there are two possibilities. First,
difficulties of breakdown of the misfolding protein aggregation by
autophagy mediated by rapamycin administration would be
different between genotypes of the SLC26A4mutations. Second, the
degree of activation of autophagy mediated by rapamycinwould be
different between the patients depending on their ability of drug
metabolisms at cellular level, regardless of genotype of SLC26A4
mutations (probably due to the genetic backgrounds). More
detailed analysis targeting larger number of patients including
multiple genotypes should be awaited for clearing these
possibilities.

In our previous report, we showed that rapamycin via cyto-
protective effect on Pendred syndrome patients' cells via activation
of autophagy [12]. We also reported that the cite-specific correction



Fig. 5. Cytoprotective effects of rapamycin (RAP) in a chronic stress model. In the chronic stress model, cell viability of outer sulcus cell (OSC)-like cells derived from disease-
specific pluripotent stem (iPS) cells was significantly decreased after 14 days of culture. Administration of RAP (0.002 mM) relieved this disease-specific cell death; susceptibility to
stress was attenuated in OSC-like cells derived from site-specific gene-corrected iPS cells (N ¼ 4). The nuclei were counterstained with Hoechst (blue). Scale bar: 200 mm in (aed).
Data are represented as mean ± SEM. **: P < 0.01 WD39: control iPS line, H723R #16, T410M #12, M147V #18: disease specific iPS lines derived from Pendred syndrome patients,
GE21: SLC26A4 gene-specific site-corrected line derived from H723R #16.
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of mutation of H723R in SLC26A4 gene may decrease number of
intra-cellular aggregations. In the presenting paper, we showed
survivals of patients' cells after culturing long-term were signifi-
cantly improved with low-dose rapamycin. However, we could not
observe decreases of the intra-cellular aggregations in rapamycin
treated cells in this condition, while previously it was reported that
gene correction of SLC26A4 mutation by genome editing on Pen-
dred syndrome patients’ cells reduced intracellular aggregation



Fig. 6. Low-dose rapamycin (RAP) improved cell viability after long-term culturing of diseased cells. In the chronic stress model, RAP (0.002 mM) significantly improved cell
viability of outer sulcus cell (OSC)-like cells derived from disease-specific pluripotent stem (iPS) after 42 days of culture (N ¼ 4). The nuclei were counterstained with Hoechst (blue).
Scale bar: 200 mm in (aef). Data are represented as mean ± SEM. *: P < 0.05.
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[12]. This result indicates two possibilities. First, the cells with
obvious aggregations were more easily to die and we could not
detect the increasing of intracellular aggregations in control group.
This could explain that no significant decreasing of the ratio of cells
with intracellular aggregations was observed in the rapamycin
treated group while cell survival was improved. Secondly, protein
aggregation itself would not be cytotoxic and rapamycin might
show its effect without resolving the completely structured ag-
gregations. Now protein aggregations are known to be common
pathological features of neurodegenerative diseases, however some
recent studies suggested that highly aggregated proteins could be
dissociated from neuronal cell toxicity. These reports suggested
that protein aggregation intermediates, which were formed before
the development of insoluble inclusion body, could be more
neurotoxic. For example, Ab oligomers,a-synuclein oligomers and
prion oligomers have all been linked to its toxicity before forming
visible intracellular aggregations [26e33] and clearance of mis-
folded protein oligomers by activating autophagy is still one of the
therapeutic targets for neurodegenerative diseases [34]. This hy-
pothesis would explain rapamycin showed cytoprotective effect
with activation of autophagy without reducing cellular aggrega-
tions, while the possibilities that rapamycin acts via other pathways
still remained. A more detailed pharmacological study will need to
be carried out in near future.



Fig. 7. Low-dose rapamycin (RAP) did not reduce visible intracellular aggregations. In the chronic stress model, RAP (0.002 mM) did not significantly reduce visible intracellular
aggregations of outer sulcus cell (OSC)-like cells derived from disease-specific pluripotent stem (iPS) after 28 days or 42 days of culture (N ¼ 4). Data are represented as mean ± SEM.
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5. Conclusions

Our results suggest that low-dose rapamycin not only decreases
acute symptoms but may prevent progression of hearing loss in
Pendred syndrome patients without the accompanying immuno-
suppressive effects.
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