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ABSTRACT

Dysferlinopathy is a progressive muscle disorder that includes limb-girdle muscular dystrophy
type 2B and Miyoshi myopathy (MM). It is caused by mutations in the dysferlin (DYSF) gene,
whose function is to reseal the muscular membrane. Treatment with proteasome inhibitor MG-
132 has been shown to increase misfolded dysferlin in fibroblasts, allowing them to recover their
membrane resealing function. Here, we developed a screening system based on myocytes from
MM patient-derived induced pluripotent stem cells. According to the screening, nocodazole was
found to effectively increase the level of dysferlin in cells, which, in turn, enhanced membrane
resealing following injury by laser irradiation. Moreover, the increase was due to microtubule
disorganization and involved autophagy rather than the proteasome degradation pathway. These
findings suggest that increasing the amount of misfolded dysferlin using small molecules could
represent an effective future clinical treatment for dysferlinopathy. STEM CELLS TRANSLA-

TIONAL MEDICINE 2019,;8:1017-1029

SIGNIFICANCE STATEMENT

Dysferlinopathy is one of the rare intractable diseases. There are no drugs to treat this disease
yet. In this study, using myocytes differentiated from patient-derived induced pluripotent stem
cells, nocodazole was identified as a drug candidate. Microtubule disorganization and autophagy
dysfunction was revealed as the mechanism of nocodazole. This finding should be useful infor-
mation for future clinical treatment for dysferlinopathy.

INTRODUCTION

Dysferlin is a membrane protein composed
of seven B-sheet-enriched C2 domains and is
involved in Ca®*-dependent membrane repair
after wounding [1]. Mutation of the dysferlin
(DYSF) gene causes progressive muscle disorders,
such as limb-girdle muscular dystrophy type 2B
and Miyoshi myopathy (MM) [2]. Both disorders
are autosomal recessive muscular dystrophies
and are characterized by onset in young adults, a
slow course of the disease, a massive increase in
serum creatine kinase levels [3], and delayed
muscular membrane repair after injury [4, 5].
Although several mutations in the DYSF
gene have been reported, with clinical results
showing the W999C missense mutation being
associated with late onset of the disease [6],
misfolded dysferlin has been found to possess

residual membrane resealing function. Accord-
ingly, W999C missense mutated dysferlin is still
functional; however, it is structurally unstable
due to misfolding and, therefore, its reduced
levels contribute to the onset of dysferlinopathy.
As a result, it is believed that stabilization of
dysferlin through the blocking of protein degra-
dation could offer an effective treatment for
dysferlinopathy. In fact, treatment with proteasome
inhibitor MG-132 has been reported to
increase the level of wild-type, truncated, and
misfolded dysferlin in human fibroblasts. Impor-
tantly, membrane resealing could be restored
following treatment with MG-132 in fibroblasts
bearing a missense mutated DYSF [7]. This find-
ing suggested that misfolded dysferlin was
degraded by the proteasome system. Addition-
ally, MG-132 has been reported to rescue the
expression level and membrane localization of
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the SERCAI1 missense mutant in a heterologous cell model of
Chianina cattle congenital pseudomyotonia [8]. Based on those
results, we hypothesized that inhibiting the degradation of
misfolded dysferlin would lead to its intracellular accumulation
and, ultimately, an improvement in the dysferlinopathy pheno-
type. Based on that hypothesis, here, we established a system
for the screening of small molecules that could increase the
level of dysferlin in myocytes of patients with the W999C DYSF
missense mutation.

Human induced pluripotent stem (iPS) cell-based disease
models represent a useful and powerful tool for drug discov-
ery, especially for intractable and rare diseases, for which it is
difficult to obtain cell samples from patients. Drug discovery
using patient-derived iPS cells with a certain genetic back-
ground has been established only over the past decade, yet
several drug candidates against diseases such as amyotrophic
lateral sclerosis [9] and fibrodysplasia ossificans progressiva [10]
have already been reported.

Here, we established human iPS cells derived from a MM
patient and induced skeletal myocytes by the forced expression
of the skeletal muscle-specific myogenic differentiation 1
(MyoD1) [11] transcription factor [12]. To discover drugs against
dysferlinopathy, we developed a screening system capable of
identifying small molecules that increased the intracellular level
of mutated dysferlin. We screened a limited number of off-pat-
ent, Food and Drug Administration (FDA)-approved drugs whose
function were already elucidated, and we report that one of the
identified molecules, nocodazole, effectively increased the level
of misfolded dysferlin, and enhanced membrane resealing fol-
lowing injury by laser irradiation. Although nocodazole itself may
not be the best choice for treating dysferlinopathy patients in
the clinic due to its highly inhibitory effect on the cell cycle, the
chemically induced increment of misfolded dysferlin could be a
paradigm for future therapies against this disease.

MATERIALS AND IMIETHODS

Ethics

All experimental protocols in the study were approved by the
Ethics Committee of the Graduate School and Faculty of Medi-
cine, Kyoto University (approval numbers #R0091 and #G259),
and Takeda Pharmaceutical Company Ltd. (GEN-00000040-008).
The study was performed in accordance with the guidelines of
the Declaration of Helsinki and conducted after obtaining writ-
ten informed consent.

Establishment of Human iPS Cells

All human iPS cell lines used in this study were generated from
fibroblasts. iPS cell lines were established using an episomal
vector system as previously described [13]. Fibroblasts used in
these experiments were from a MM patient (46-year-old Japa-
nese female), who has compound hetero mutations with
€.2997 G>T (p. W999C) as missense mutation and c.1958delG
as nonsense mutation. Control iPS cells were obtained from
the younger sister of the MM patient (36-year-old Japanese
female), who also has a c.2997 G>T (p. W999C) missense
mutation on one allele but does not have the same mutation
on the other allele. Because this genetic form of dysferlinopathy
is autosomal recessive, the younger sister does not present any
disease symptoms, and her iPS cells can be used as a control
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cell line. All iPS cell lines were cultured on mouse feeder cells in
Primate Embryonic Stem (ES) Cell Medium (RCHEMDOO01;
ReproCELL, Yokohama, Japan) containing 10 ng/ml of recombi-
nant human basic fibroblast growth factor (Oriental Yeast,
Tokyo, Japan).

Cell Culture

Screening and mechanistic studies were performed on myocytes
differentiated from the iPS cells generated as mentioned above.
iPS cells were cultured and maintained as a feeder-free culture
on iMatrix-511 (892012; Nippi, Tokyo, Japan) in StemFit medium
(AKO2N; Ajinomoto, Tokyo, Japan) as previously described [14].
Differentiation of MM iPS cells into myocytes was performed
by the forced expression of MyoD1 under the control of doxy-
cycline (D5897; Wako, Osaka, Japan) as previously described
[12, 15]. Briefly, on day 0, cells were plated on Matrigel-coated
CellCarrier-96 or CellCarrier-384 Ultra microplates (6057300;
PerkinElmer, Waltham, MA) with Rock inhibitor (251-00514;
Wako); the next day, medium was switched to Primate ES Cell
Medium. On day 2, doxycycline was added to the same medium,
and the latter was switched to Minimum Essential Medium
Eagle, Alpha Modification (a-MEM) (21444-05; Nakalai Tesque,
Kyoto, Japan) containing 5% knockout serum replacement
(10828028; Thermo Fisher Scientific, Waltham, MA) on day 3.
The medium was changed every other day until day 8.

Screening Assay by Immunofluorescent Staining

Drug screening was performed on myocytes on a CellCarrier-
384 Ultra microplate. Small molecules in dimethyl sulfoxide
(DMSO) were added at a concentration of 3 pM on day 7 and,
24 hours later, cells were fixed with 2% (wt/vol) paraformalde-
hyde (163-20145; Wako) in phosphate-buffered saline (PBS,
045-29795; Wako) for 30 minutes. Cells were then blocked
with 5% normal goat serum (16210064; Thermo Fisher Scien-
tific) with 0.4% (vol/vol) Triton X-100 in PBS for 1 hour before
immunostaining. The following primary antibodies were used:
anti-dysferlin (1:800, ab124684; Abcam, Cambridge, U.K.) and
anti-myosin heavy chain (MHC; 1:800, MAB4470; R&D Sys-
tems, Minneapolis, MN). Secondary antibodies included Alexa
Fluor 647 goat anti-mouse (1:000, A21236) for MHC and Alexa
Fluor 488 goat anti-rabbit (1:1,000, A11034, both Thermo
Fisher Scientific) for dysferlin. Nuclei were stained by Hoechst
33342 solution (1:2,000, 346-07951; Wako). Stained cells were
imaged using the Opera Phenix High Content Screening System
(PerkinElmer) and the effect of small molecules was evaluated
by the relative staining intensity of dysferlin to 0.1% DMSO
control in each plate, as calculated by Harmony High Content
Imaging and Analysis Software (PerkinElmer). All 622 small
molecules tested in this study were from an external repositioning
library of Takeda Pharmaceutical Company Ltd.

RNA Isolation and Quantitative Polymerase Chain
Reaction

Total RNA was isolated and reverse-transcribed using the
TagMan Gene Expression Cells-to-CT Kit (4399002; Thermo
Fisher Scientific) according to the manufacturer’s instructions.
Quantitative polymerase chain reaction (PCR) for dysferlin was
performed using TagMan Fast Advanced Master Mix (4444557,
Thermo Fisher Scientific). Assays were performed in multiple
samples with the QuantiStudio7 Flex system (Thermo Fisher
Scientific). Relative gene expression was calculated by the
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comparative Ct method using 36B4 as an endogenous control.
PCR primers and TagMan probe for human dysferlin (5'-
AGACGGATTACACCTTCCCACTTGCTGA-3') were purchased from
Thermo Fisher Scientific (Hs01002513_m1). Human 36B4 forward
(5'-AAACGAGTCCTGGCCTTGTCT-3') and reverse primers (5'-
GCAGATGGATCAGCCAAGAAG-3') were purchased from Sigma—
Aldrich, St. Louis, MO.

Western Blotting

After collection in ice-cold PBS, cells were lysed in RIPA buffer
containing 1 mM DTT, and protease and phosphatase inhibi-
tors (89900; Thermo Fisher Scientific). The soluble fraction was
subjected to SDS-PAGE (456-1086; Bio-Rad, Hercules, CA) and
protein transfer was performed using a Trans-Blot Turbo Trans-
fer System (1704156; Bio-Rad) or Blocking One (03953-95;
Nakarai, Kyoto, Japan). The following primary antibodies were
used: anti-dysferlin (1:1,000, ab124684), anti-glyceraldehyde
3-phosphate dehydrogenase (GAPDH; 14C10; 1:1,000-3,000,
2118; Cell Signaling Technology, Danvers, MA), anti-p62
(1:1,000, 66184-1-JG; Proteintech, Rosemont, IL), and anti-LC3
(1:1,000, M186-3; MBL, Nagoya, Japan). Secondary antibodies
included donkey Horse Radish Peroxidase (HRP)-linked anti-rabbit
IgG (NA934-1ML) and sheep HRP-linked anti-mouse IgG
(NA931-1ML), both from GE Healthcare, Little Chalfont,
U.K. Antibodies were diluted in Canget Signal solution (NKB-101;
TOYOBO, Osaka, Japan) and blotting was performed using the
iBind Western System (Thermo Fisher Scientific) at room temper-
ature. Immunoblot detection was performed using ChemiDoc
Touch Imaging System (Bio-Rad) and band area was quantified
by Image Lab (Bio-Rad).

Membrane Resealing Assay

The membrane resealing assay was performed on day 8 using
differentiated myocytes as previously described [12]. Briefly,
membrane damage was induced in the presence of FM 1-43
dye (T35356; Thermo Fisher Scientific) with a confocal laser-
scanning microscope (LSM880; Zeiss, Oberkochen, Germany).
Images were captured every 5 seconds for 165 seconds or
3 seconds for 99 seconds after irradiation. For every image
taken, the fluorescence intensity at the site of damage was
measured with Zeiss LSM 880 imaging software.

Chemicals

Nocodazole was synthesized by Takeda Pharmaceutical Com-
pany Limited. Colchicine (039-03851) and Paclitaxel (163-28163)
were purchased from Fujifilm Wako Chemicals, Japan.

Statistical Analysis

Statistical analysis was performed in GraphPad Prism (GraphPad
Software, San Diego, CA) by applying t test, Dunnett’s, and
Tukey’s multiple comparison tests after analysis of variance.
William’s multiple comparison test was performed in EXSUS
software (CAC Croit, Tokyo, Japan). n refers to the number of
independent experiments or cultures of iPS cell-derived myocytes.
Data are reported as sample mean + SD. Significance levels of sta-
tistical tests are indicated as *, p <.025; **, p <.005; or ***,
p <.0005 for William’s test, and *, p <.05; **, p<.01; or ***
p < .001 for other tests.

www.StemCellsTM.com

RESULTS

Dysferlin Expression in MM and Control Myocytes

First, we assessed the expression of dysferlin in control myocytes
differentiated from iPS cells. To effectively induce myocytes from
human iPS cells, the latter were transfected with MyoD1 using a
tetracycline inducible piggyBac system [12]. Control iPS cells
were established from the sister of the MM patient, who did not
present any diseased muscle phenotype. Control iPS cells (clone:
Control#17) were differentiated in a 96-multiwell plate as out-
lined in Figure 1A. Cell samples were fixed by paraformaldehyde
onday 5, 6,7,8,9, and 10 for immunostaining. Fixed cells were
probed with antibodies against dysferlin and the muscle-specific
marker MHC. As shown in Figure 1B, expression of dysferlin and
MHC increased gradually during the culture period. The intensity
of dysferlin staining was highest on day 8 (Fig. 1C), and
decreased on day10, whereas no difference in MHC expression
could be observed between day 7 and day 9. To assess differenti-
ation efficiency, the percentage of MHC-positive myocytes
among all cells (identified as Hoechst-positive) was calculated.
Accordingly, myocyte differentiation was highest on day 8 and
day 98 (Fig. 1D).

Next, dysferlin expression in myocytes of the MM patient
(clone: MM#7) was evaluated using the same method. As
shown in Figure 2A, immunostaining of dysferlin in MM cells
was very faint, in contrast with MHC, which was clearly visible.
Quantification of the staining revealed a slight increase in
dysferlin on day 6 (Fig. 2B), which was more or less constant
until day 8, after which it dropped. In contrast, MHC expression
did not change during the course of the culture period. Again,
differentiation efficiency was highest on day 8 (Fig. 2C). For the
subsequent drug screening, we introduced the “dysferlin inten-
sity” parameter, defined as the staining intensity of
“dysferlin/MHC.” Accordingly, dysferlin intensity of MM myocytes
(mean 0.25, MM#7) was three times lower than that of control
myocytes (mean 0.93, Control#17). Based on the above results, it
was determined that the effect of drug screening should be eval-
uated on day 8.

Construction of a Screening System Using Myocytes

A 384-multiwell assay for the efficient drug screening of
potential hit molecules was developed. For its validation, MM
(MM#7) and control (Control#17) iPS cells were plated and dif-
ferentiation efficiency on day 8 was measured by MHC immu-
nostaining in each well (Fig. 3A, 3C). Efficiency of MM iPS
cells’ differentiation into myocytes was nearly the same in
each well (Fig. 3A) and occurred in around 80% of cells
(Fig. 3B), with coefficient of variation (cv) of 5.2% (MM#7,
320 wells). Differentiation efficiency in the 128 wells con-
taining control myocytes was around 90% (data not shown)
and cv was 4.2%. Representative images of 32 wells are shown
in Figure 3C. These results confirmed the establishment of a
very stable screening system for drug discovery using MM
myocytes or, potentially, any type of myocytes differentiated
from human iPS cells.

Screening of a Small Molecule Library

Based on the dysferlin expression results, a phenotypic drug
screening was performed on day 8. Briefly, 622 commercially
available and functionally known small molecules from a Takeda

© 2019 The Authors. STEM CELLS TRANSLATIONAL MEDICINE published by
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Figure 1. Protein expression in myocytes derived from control induced pluripotent stem (iPS) cells. (A): Schematic representation of the

muscle differentiation protocol. Control iPS cells (Control#17) were used to establish the screening system. iPS cells were plated on a
96-well plate on day 0 and cultured for 10 days. To determine protein expression patterns, cells were fixed on days 5, 6, 7, 8, 9, and 10. (B):
Immunostaining of dysferlin and myosin heavy chain (MHC). Nuclei were stained by Hoechst 33342. Scale bar: 500 pm. (C): Staining inten-
sity of dysferlin and MHC from panel B (n = 7). (D): Differentiation efficiency of myocytes with respect to total cells. The numbers of MHC-

positive cells and Hoechst-positive cells were counted, and the percentage of the former relative to the latter was calculated (n = 7).

external repositioning library were added to the medium (3 pM)
of MM myocytes in the 384-well plate on day 7. Cells were cul-
tured until the next day (day 8) and fixed exactly 24 hours after
small molecule addition (Fig. 3D). Cells were probed with anti-
dysferlin and anti-MHC antibodies. Dysferlin intensity as defined
before was used to evaluate the small molecules’ impact, and
the final readout was calculated as the fold increase in MM
myocytes over 0.1% DMSO controls. For the selection of primary

© 2019 The Authors. STEM CELLS TRANSLATIONAL MEDICINE published by
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hit compounds, the hit value was set as fold increase >median
+ 3 SD relative to the DMSO control.

Schematic results of the screening are shown in
Figure 3E. Accordingly, 14 out of 622 compounds were selected
during the first screening. Following several rounds of validation,
four compounds were selected according to dose-responsiveness
by immunostaining. Finally, based on the reproducibility of
Western blotting results (data not shown) and the exclusion of

STEM CELLS TRANSLATIONAL MEDICINE
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Figure 2. Protein expression in myocytes differentiated from Miyoshi myopathy (MM) patient-derived induced pluripotent stem (iPS)

cells (MM#7). (A): Immunostaining of dysferlin and myosin heavy chain (MHC) on days 5, 6, 7, 8, 9, and 10. Nuclei were stained by
Hoechst. Scale bar: 500 pm. (B): Staining intensity of dysferlin and MHC from panel A (n = 7). (C): Differentiation efficiency of myocytes
with respect to total cells. The numbers of MHC-positive cells and Hoechst-positive cells were counted, and the percentage of the former
relative to the latter was calculated (n = 7). (D): Dysferlin intensity in control (mean: 0.93) and MM (mean: 0.25) myocytes on day 8. Sta-

tistical analysis was performed using t test. n = 7; ***, p <.001.

small molecules with auto fluorescence, nocodazole was selected
as the primary candidate (Fig. 3F, 3G). Nocodazole binds revers-
ibly to tubulin [16] and alters tubulin-associated GTP hydrolysis
as well as microtubule dynamics in cells [17]. Two additional hit
molecules that induced dysferlin protein more potently than

www.StemCellsTM.com

nocodazole during the first screening are shown in Figure 3F. They
were identified as parbendazole and pyrvinium pamoate, two
antiparasitic agents against pinworms. On the one hand, the
effect of parbendazole could not be reproduced by the second
screening. On the other hand, the effect of pyrvinium pamoate

© 2019 The Authors. STEM CELLS TRANSLATIONAL MEDICINE published by
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in 32 wells of the 384-well plate on day 8. Scale bar: 200 pm. (D): Schematic representation of the protocol for myocyte differentiation
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8 days. Small molecules were added on day 7. Cells were fixed on day 8, 24 hours after small molecule addition. (E): Schematic represen-
tation of the screening steps. Nocodazole was identified as the most effective molecule from the 622 compounds tested. (F): Result of
the primary screen assay. Dot plot representation of the effects of 622 small molecules on dysferlin immunostaining relative to the
dimethyl sulfoxide control; 3 pM and 0.3 pM of compounds (n = 1 each) were also evaluated (data not shown). (G): Structural formula of
nocodazole.
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Figure 4. Effect of nocodazole and MG-132 on Miyoshi myopathy (MM) myocytes (MM#7). (A): Immunostaining of myosin heavy chain and
dysferlin, as well as Hoechst staining in MM myocytes (MM#7) on day 8 after a 24-hours treatment with 0.3, 1, 3, and 10 pM nocodazole.
Control myocytes (Control#17) were also treated with dimethyl sulfoxide (DMSO). n = 32 for control samples, and n = 4 for MM samples.
Scale bar: 100 pm. (B): Dysferlin intensity calculated from data in panel (A). Statistical analysis was performed by William’s multiple test using
EXSUS software. ***, p <.0005. (C): Dysferlin intensity calculated from the staining of MG-132-treated MM myocytes (data not shown) on
day 8. n = 32 for control samples and n = 4 for MM samples. Statistical analysis was performed by William’s multiple test using EXSUS soft-
ware. No significance was observed between any samples. (D): Western blotting of dysferlin and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) on day 8. MM myocytes were treated for 24 hours with DMSO, nocodazole, and MG-132. Nontreated Control#17 cells were added as
a control. Each band area was calculated and normalized to GAPDH. (E): gPCR analysis of dysferlin expression. MM myocytes were treated with
DMSO or nocodazole and mRNA was isolated on day 8. Control#17 sample was added as a control. n = 12 for DMSO control samples and
n = 4 for other samples. Statistical analysis was performed by William’s multiple test using EXSUS software. *, p <.025 and ***, p < .0005.

could be reproduced, but the molecule has poor solubility in
water and is hardly absorbed by the digestive tract. From the
perspective of therapeutic drug development, we judged these
two small molecules were not suitable for our study. Thus, we
excluded these two small molecules from further experiments.

Nocodazole Increases Dysferlin in Skeletal Myocytes

In our experiments, nocodazole was found to increase
dysferlin intensity in MM myocytes. To clarify the result,
dose-responsiveness to nocodazole was checked in detail by
immunostaining (Fig. 4A), and the corresponding dysferlin

© 2019 The Authors. STEM CELLS TRANSLATIONAL MEDICINE published by
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Figure 5. Membrane resealing assay usmg Miyoshi myopathy (MM) myocytes treated with nocodazole. (A): Graph of FM 1-43 intensity

in MM myocytes (MM#1 [n = 4], MM#3 [n

9]) and control myocytes (Control#10 [n = 6], Control#17 [n = 5]) after laser irradiation. Sta-

tistical analysis was performed by Tukey’s test for multiple comparison using GraphPad prism software. The intensity of FM 1-43 on both
of MM myocytes were significantly high compared with both of control myocytes. ***, p <.001. (B, C): Photographs taken at 0, 50,
100, and 150 seconds during resealing. Images were captured every 5 seconds for 165 seconds in control myocytes (Control#10; B) and

missense myocytes (MM#3; C). Scale bar: 5 pm. White arrows indicate injury site.

intensity was calculated (Fig. 4B). Thus, dysferlin was seen to
increase in a dose-responsive way upon addition of 1, 3, and
10 pM nocodazole (Fig. 4B) and was confirmed also in other
clones (MM#1 and MM#3, shown in Supporting Information
Figs. S1A, S1B, S2A, S2B, respectively). It should be noted that
nocodazole treatment resulted also in a morphological change
to myocytes, possibly due to its inhibitory effect on microtu-
bules [16].

To assess the effect of proteasome inhibitor treatment
on the accumulation of misfolded dysferlin as reported pre-
viously [7], myocytes were treated with MG-132 (Fig. 4C,
Supporting Information Figs. S1C, S2C). Contrary to
nocodazole addition, MG-132 treatment did not result in
any clear increment of dysferlin intensity based on either
immunostaining (Fig. 4C, Supporting Information Figs. S1C,
S2C) or blotting (Fig. 4D). These results suggest that the
proteasome system may not be the dominant pathway
for the degradation of misfolded dysferlin in human iPSC-

© 2019 The Authors. STEM CELLS TRANSLATIONAL MEDICINE published by
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derived myocytes. Considering that MM iPS cells used in
this experiment have both a ¢.2997 G>T (W999C) missense
and a c.1958delG nonsense mutation, and control iPS cells
have the same W999C mutation in one allele, expression of
dysferlin in MM cells was expected to be half of that in con-
trol cells if the missense mutation had no bearing on pro-
tein degradation due to structural instability. However,
judging from the result of Figure 4D, the overall level of
dysferlin in MM myocytes was 13-fold lower than that of
control cells. This result suggested that the remaining
misfolded dysferlin produced by MM myocytes was
removed by post-translational machinery. Furthermore, the
effect of MG-132 on dysferlin was not clear from our experi-
ments (Fig. 4D; MM#7). In addition, dysferlin mRNA was
increased in a dose-dependent manner following treatment
with nocodazole (Fig. 4E). Taken together, these data indi-
cated that nocodazole increased both protein and mRNA
expression of dysferlin.
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nocodazole (n = 11) after laser irradiation. Statistical analysis was performed by Dunnett’s test for multiple comparison using the GraphPad
prism software. ***, p < .001. (B-D): Photographs taken at 0, 30, 60, and 90 seconds during resealing. Images were captured every 3 seconds
for 99 seconds in cells treated with DMSO (B), nocodazole (C), or MG-132 (D). Scale bar: 5 pm. White arrows indicate injury site.

Membrane Resealing Function Is Lower in Cells Bearing
the Missense Mutation Than in Control Cells

To determine whether the decreased expression of dysferlin
observed in MM patient-derived myocytes led to a phenotypic
defect such as dysfunction of membrane resealing, which is
the basis of the pathological condition, we first compared the
resealing disability of MM skeletal myocytes (MM#1, MM#3)
to that of control myocytes (Control#17, Control#10; Fig. 5A).
Myocytes were irradiated by laser light from a confocal micro-
scope on day 8. The extent of cell membrane disruption was
evaluated by the intensity of FM 1-43 staining within cells. As
shown in Figure 5A-5C, MM myocytes displayed uptake of FM
1-43 dye in all cytoplasmic lesions, indicating defective mem-
brane repair following laser-induced injury. In contrast, control

www.StemCellsTM.com

myocytes displayed only focal uptake of FM 1-43 at the damaged
area (see also Supporting Information Videos S1, S2 for MM#1
and MM#3, and S3-4 for Control#10 and Control#17). These find-
ings confirmed the expected pathological condition caused by
mutated and misfolded dysferlin in MM myocytes.

Increased Dysferlin Following Nocodazole Treatment
Effectively Improves Membrane Resealing

Finally, we investigated whether an increase in dysferlin following
nocodazole treatment could ameliorate membrane resealing in
MM myocytes. As shown in Figure 6A, MM#3 myocytes bearing
the missense mutation were treated on day 7 with 3 puM
nocodazole, 0.1 pM MG-132, or 0.1% DMSO, and resealing func-
tion was evaluated on day 8 following laser irradiation and FM

© 2019 The Authors. STEM CELLS TRANSLATIONAL MEDICINE published by
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1-43 uptake. Compared with the DMSO control, uptake of FM
1-43 was significantly lower in myocytes treated with nocodazole
(Fig. 6A—6C; see also Supporting Information Videos S5, S6 for
MM#3, Supporting Information Videos S8, S9 and Supporting
Information Fig. S3 for MM#1). Thus, nocodazole effectively
improved membrane resealing in MM myocytes bearing the DYSF
missense mutation and characterized by high dysferlin levels. In
contrast, the effect of MG-132 could not be confirmed in this
experiment (Fig. 6A, 6D; see also Supporting Information Video
S7 for MM#3 and S10 for MM#1).

Mechanistic Analysis of Dysferlin Upregulation by
Nocodazole

To better understand the mechanism by which nocodazole
upregulated dysferlin in cells bearing the missense mutation,
we assessed the impact of adding small molecules with the
same effect, for example, colchicine [18], or opposite effect,
for example, paclitaxel [19], as nocodazole. Immunostaining
for dysferlin was performed in control (Control#10) myocytes
treated with 0.1% DMSO and missense (MM#3) myocytes
treated with 0.1% DMSO, nocodazole (3 uM), colchicine (10 pM),
and paclitaxel (10 nM; Fig. 7A, 7B). At 24 hours after small mole-
cules addition, dysferlin was observed to be upregulated by
nocodazole and colchicine, but not by paclitaxel or 0.1% DMSO.
Both nocodazole and colchicine cause microtubule disorganiza-
tion, whereas paclitaxel causes microtubule organization. This
finding suggests that upregulation of dysferlin was the result of
microtubule disorganization by nocodazole or colchicine. Con-
sidering that one of the roles of microtubules is to transport
proteins through the cytoplasm [20], inhibition of such trans-
port route may induce cytoplasmic accumulation of misfolded
dysferlin and prevent protein degradation by the microtubule-
dependent autophagy system. We hypothesized that disrup-
tion of autophagy system following nocodazole treatment
would cause an increase of dysferlin in cells bearing the mis-
sense mutation. To confirm this hypothesis, we assessed the
expression of dysferlin, autophagy markers (p62 and LC3), and
GAPDH in missense (MM#3) myocytes following treatment
with nocodazole (3 pM), colchicine (10 pM), paclitaxel (10 nM),
and 0.1% DMSO (Fig. 7C, 7D). An increase in dysferlin, p62,
and LC3 Il/I was observed in myocytes treated with both
nocodazole and colchicine, but not in those treated with either
paclitaxel or 0.1% DMSO (see also Supporting Information Fig. S4
for MM#1). Accumulation of p62 was caused by microtubule dis-
organization, indicating blockage of the degradation pathway. In
addition, accumulation of LC3 Il following nocodazole or colchi-
cine treatment suggested disruption of autophagy.

In summary, these results indicate that the mechanism of
dysferlin upregulation following nocodazole treatment is cau-
sed by disruption of autophagy and is a consequence of micro-
tubule disorganization, as indicated in Figure 7E.

DiscussioN

In the present study, we established an immunostaining-based
384-multiwell drug screening system for dysferlinopathy using
skeletal myocytes differentiated from a MM patient bearing
the W999C DYSF missense mutation and control iPS cells. Cv
of differentiation efficiency for all clones on day 8 was below
10%, indicating that the established screening system was suit-
able for all types of clones used in these experiments. Using
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this system, 622 small molecules were screened and nocodazole
was identified as the most effective candidate for increasing
dysferlin levels in myocytes bearing the MM W999C missense
mutation and restoring membrane resealing function. This
result indicates that pathways responsible for increasing the
level of misfolded dysferlin could be targeted during clinical
treatment of dysferlinopathy patients with the W999C missense
mutation. The effect could be attained by blocking protein deg-
radation, upregulating protein expression, and enhancing pro-
tein or mRNA stabilization.

As expected, an increased level of dysferlin in the cell
effectively improved membrane resealing following injury. It
was previously reported that misfolded dysferlin was degraded
by the 26S proteasome system [7] and/or autophagy system
[21]. Based on those findings, we believe that the increment
in dysferlin observed in our experiments was the result of
blocking protein degradation by those systems following
nocodazole treatment. However, in our screening assay, addi-
tion of the proteasome inhibitor MG-132 alone was insuffi-
cient to cause an increment of dysferlin (Fig. 4C). Accordingly,
the proteasome system might not constitute the main path-
way responsible for the degradation of misfolded dysferlin in
iPS cell-derived myocytes.

Our data indicate that the main pathway for the degrada-
tion of dysferlin in iPS-derived myocytes is provided by the
autophagy system rather than the proteasome. As shown in
Figure 7E (upper panel), during autophagy, misfolded proteins
form small aggregates, which become ubiquitinated during
the first step of degradation. Then, aggregated misfolded pro-
teins are tagged by p62, to form large aggregations named
“aggresomes” to be transported along microtubules. Aggre-
gated proteins are stored in autophagosomes, and following
fusion with lysosomes, are degraded by autolysosomes [22].
Intracellular deposition of misfolded protein aggregates within
ubiquitin-rich cytoplasmic inclusions has been linked to the
pathogenesis of many diseases [23]. Recently, the degradation
of aggresomes was reported to be induced by the autophagy
system [24], and disruption of microtubules by nocodazole
was described to block the formation of aggresomes [23].
Based on our results, misfolded dysferlin might persist in the
cells following nocodazole treatment due to inhibition of
aggresome formation. As a result, misfolded dysferlin could
not be detected in large aggregates, and its increased levels in
the cytoplasm might contribute to improved membrane res-
ealing. Additionally, as suggested by the increment in dysferlin
mRNA (Fig. 4E), the observed effect of nocodazole treatment
might be caused by a change in transcriptional regulation fol-
lowing blocking of the cell cycle [25]. Elucidation of the exact
sequence of events and mechanism of action will require fur-
ther investigation.

We found nocodazole as one of the candidates for treat-
ment of dysferlinopathy; however, there are also some limita-
tions to the present study. For example, even though the
membrane resealing assay is an effective method to assess the
function of dysferlin in vitro, future in vivo assays should be
performed to confirm present findings. Furthermore, over-
expression of myoferlin in mice not expressing dysferlin could
rescue the laser wounding phenotype in vitro, but not any of
the dystrophic features [26]. These results indicate that the
role of dysferlin in skeletal muscle in vivo might not be ade-
quately assayed in vitro. In addition, a cohort study revealed
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that exercise during adolescence was associated with earlier
onset of dysferlinopathy [27]. Macrophage infiltration was
also observed in muscle tissue from the early phase, and
myofiber damage was seen to accumulate over time in both
dysferlinopathy patients and dysferlin-deficient mice [28].
Hence, to assess the effect of candidate drugs on these pheno-
types, investigation of the enhanced resealing ability of candi-
date molecules in vitro should be accompanied by preclinical
examinations using W999C knockin mice.

In the present study, we identified nocodazole as one of
the small molecules responsible for increasing the intracellular
level of dysferlin. Nocodazole has been often used as an anti-
cancer drug due to its negative effect on microtubule forma-
tion and cell cycle arrest. In terms of clinical treatment of
dysferlinopathy, nocodazole itself would likely be toxic to cells
and inhibit the differentiation of satellite cells to mature
myotubes. Such toxicity would have severe adverse effects in
young dysferlinopathy patients. Other therapeutic agents with
lower toxicity to the cells of dysferlinopathy patients should
be developed in the future.

Although nocodazole itself is difficult to use for clinical pur-
poses, a detailed analysis of the pathways involved in dysferlin
degradation identified in this study, provides new insights on
possible targets for drugs against dysferlinopathy. Ideally, such
drugs would be highly effective at increasing misfolded
dysferlin, while having low toxicity toward target cells. Further-
more, the screening system we pioneered in this study could
represent a powerful tool for the future identification of new
small molecule candidates for dysferlinopathy using large scale
small molecule library. Indeed, in Japan, the W999C missense
mutation is estimated to be present in over 25% of all
dysferinopathy patients. Moreover, other intractable diseases
caused by the specific type of missense mutated protein could
also be the target of these new protein stabilizing drugs.

CONCLUSION

In this study, we performed phenotypic drug screening of a
limited number of drugs, including off-patent, FDA-approved,
and functionally known drugs, using skeletal myocytes differ-
entiated from iPS cells derived from a dysferlinopathy patient.
Nocodazole was identified as the most effective candidate for

increasing dysferlin protein levels in myocytes bearing the MM
W999C missense mutation and restoring membrane resealing
function. The effect of nocodazole was the disruption of the
autophagy system following microtubule disorganization.
Nocodazole itself would be too toxic for long-term administra-
tion for this disease; however, further research regarding the
target of nocodazole responsible for upregulation of dysferlin
would lead to new treatments in the future.
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