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Mutations in dysferlin are responsible for a group of progres-
sive, recessively inherited muscular dystrophies known as dys-
ferlinopathies. Using recombinant proteins and affinity purifi-
cation methods combined with liquid chromatography-tandem
mass spectrometry (LC-MS/MS), we found that AMP-activated
protein kinase (AMPK)y1 was bound to a region of dysferlin
located between the third and fourth C2 domains. Using
ex vivo laser injury experiments, we demonstrated that the
AMPK complex was vital for the sarcolemmal damage repair
of skeletal muscle fibers. Injury-induced AMPK complex accu-
mulation was dependent on the presence of Ca>*, and the rate
of accumulation was regulated by dysferlin. Furthermore, it
was found that the phosphorylation of AMPKo was essential
for plasma membrane repair, and treatment with an AMPK
activator rescued the membrane-repair impairment observed
in immortalized human myotubes with reduced expression of
dysferlin and dysferlin-null mouse fibers. Finally, it was deter-
mined that treatment with the AMPK activator metformin
improved the muscle phenotype in zebrafish and mouse models
of dysferlin deficiency. These findings indicate that the AMPK
complex is essential for plasma membrane repair and is a po-
tential therapeutic target for dysferlinopathy.

INTRODUCTION

Dysferlinopathies are a group of progressive, recessively inherited
muscular dystrophies that include Miyoshi myopathy,"* limb-girdle
muscular dystrophy (LGMD) type 2B,>* and distal anterior compart-
ment myopathy.” These conditions are caused by mutations in the
gene encoding dysferlin, a transmembrane protein consisting of seven
C2 domains, three Fer domains, and two DysF domains.® In humans,
dysferlin is highly expressed in the skeletal and cardiac muscles.” The
impaired healing of membrane disruption in the muscle fibers of dys-
ferlin-deficient mice indicates that dysferlin is involved in plasma
membrane repair.”
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The pathogenic dysferlin mutations reported in patients to date have
been shown to decrease the protein levels of dysferlin in skeletal mus-
cles.” A marked reduction in the levels of dysferlin due to missense
mutations suggests that the mutated protein is recognized and
degraded by the quality control system in the cell.'” Additionally,
the expression of full-length dysferlin has been reported to rescue
these cells from the pathological characteristics of dysferlinopathy
in vitro."" These studies highlight the importance of investigating
loss-of-function mechanisms in the exploration of therapeutic strate-
gies for dysferlinopathy.

To date, numerous candidate dysferlin-binding proteins, such as
AHNAK,'>"* caveolin 3,'* vinculin,' mitsugumin 53 (MG53; also
known as TRIM72),"® and annexins,'” have been identified. It appears
that these are involved in various aspects of the dysferlin-mediated
repair pathway, including intracellular vesicle aggregation and traf-
ficking, in addition to the targeting and fusion of a hydrophobic patch
to the breached plasma membrane.

We hypothesized that membrane-bound dysferlin serves as a scaffold
protein for functional molecules and that the dysferlin-binding part-
ner is pivotal in plasma membrane repair. The present study aimed to
identify a binding partner for dysferlin, and thus provide novel in-
sights into the underlying mechanism of defected plasma membrane
repair in dysferlinopathy.
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Figure 1. AMPKy1 Interacts with Dysferlin In Vitro

(A) Schema of the human dysferlin domain structures.
Seven C2 domains, three Fer domains, and two DysF
domains are present. The transmembrane (TM) region is
located at the C terminus. The region between C2C and
C2D is designated as the Il region. In subsequent exper-
iments, the Il region was divided into two parts (lI-1 and
II-2). (B) Coomassie blue-stained blot of generation of
MBP fusion proteins for the Il region of dysferlin. Arrows
indicate bands of interests. M, molecular weight marker;
MBP, MBP control. (C) HEK293T cell lines were affinity
purified using MBP columns. Co-precipitated proteins
were separated by SDS-PAGE and silver stained. Using
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domain.'® (E) Coomassie blue-stained blot of generation
of GST-fused recombinant proteins for AMPKy1-N and
AMPKy1-C. Arrows indicate bands of interest. (F) Mouse
skeletal muscle homogenates were affinity purified using
GST columns. Co-precipitated proteins were separated
by SDS-PAGE. Dysferlin was detected in the GST-
AMPKy1-C column and weakly detected in the GST-
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AMPKy1-N column. (G) AMPKy1 interacts endogenously
with dysferlin. Cell lysates of the mouse skeletal muscle
were immunoprecipitated with anti-AMPKy1 antibody,
anti-dysferlin antibody, or control IgG and analyzed via
immunoblotting with anti-dysferlin and anti-AMPKy1

IB: Dysferlin antibodies.

PAGE, silver stained (Figure 1C), and analyzed
using liquid chromatography-tandem mass
spectrometry (LC-MS/MS). Of the 10 proteins
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RESULTS

Identification of AMPKy1 as a Dysferlin-Binding Protein

Human dysferlin is a large membrane protein with a molecular mass
of 230 kDa comprising seven C2 domains that bind to the lipid bilayer
of the sarcolemma (Figure 1A). Considering that the II region consists
of 660 aa (amino acids 481-1140), the region was divided into two
parts for experiments in the present study (Figure 1A). These regions
were then subcloned into plasmids (primers are listed in Table S1).
Maltose-binding protein (MBP)-tagged recombinant proteins con-
taining the IT region were expressed in Escherichia coli (arrows in Fig-
ure 1B). The lysates from HEK293T cells were then mixed with the
tagged proteins and immunoprecipitated with anti-MBP magnetic
beads. The co-precipitated proteins were then separated by SDS-
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(Figure 1C). The observed co-precipitation of
AMPKYy1 and PPP1CA with dysferlin suggested
that the AMPK complex might be involved in the function of dysfer-
lin and membrane repair.

To examine whether AMPKy]1 specifically binds to dysferlin in
skeletal muscles, the products of the co-precipitation assays were
subjected to anti-dysferlin immunoblotting. Glutathione S-trans-
ferase (GST)-tagged recombinant proteins containing the N- or
C-terminal region of AMPKy1 were expressed in E. coli (Figures
1D and 1E). Lysates of mouse skeletal muscle were mixed with
the tagged proteins and immunoprecipitated with anti-GST mag-
netic beads. The co-precipitated proteins were then separated by
SDS-PAGE. Dysferlin was detected in the chromatographic frac-
tion of the AMPKyl C-terminal region and weakly detected in
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the N-terminal region using a monoclonal anti-dysferlin antibody
(Figure 1F).

To examine whether AMPK is associated with endogenously ex-
pressed dysferlin, the cell lysates of the mouse skeletal muscle were
immunoprecipitated with an anti-AMPKYy1 antibody, anti-dysferlin
antibody, or control immunoglobulin G (IgG), and the precipitates
were then analyzed by immunoblotting with anti-dysferlin and
anti-AMPKYy1 antibodies. Endogenous dysferlin was detected with
the anti-dysferlin antibody, and endogenous AMPKY1 was detected
with the anti-AMPKy1 antibody in the immunoprecipitates, but
not in those with control IgG (Figure 1G; full blot in Figure S1). These
results indicate the association between dysferlin and AMPKy1 in
mouse skeletal muscle tissue.

Dysferlin Regulates the Rate of Recruitment of AMPKy1 to the
Injured Plasma Membrane Site

We investigated whether the AMPK complex is involved in mem-
brane repair, given that its binding partner, dysferlin, serves a key
role in sarcolemmal repair.® To directly evaluate the dynamic process
of membrane repair in living myofibers, the plasma membrane of my-
ofibers transduced with GFP-tagged AMPKyl was mechanically
injured using a two-photon laser in the presence of the FM4-64 fluo-
rescent dye. The site of injury (red line at —2 s in Figure 2A) was iden-
tified as the site of FM4-64 accumulation (white arrowheads in Fig-
ure 2A). Rapid (<10 s) and localized recruitment of GFP-AMPKy1
to the site of injury was observed (white arrows in Figure 2A), with
GFP-AMPKY1 surrounding the injury site (merged images in Fig-
ure 2A; Video S1). However, no localized recruitment of unconju-
gated GFP (control) was observed (Figure S2A). Quantification of
the GFP-AMPKY1 signal at the site of FM4-64 accumulation revealed
that the fluorescence intensity of GFP-AMPKy1 was significantly
higher than that of unconjugated GFP (Figure 2B).

A previous study reported that dysferlin-GFP is recruited to myofib-
ers within 5 s of injury.”* As AMPKy1 and dysferlin share a similar
pattern of rapid accumulation at injury sites, we investigated whether
dysferlin has an active role in the accumulation of AMPKy1. To
examine the biological function of the association between dysferlin
and AMPKY1 in sarcolemmal repair, membrane-repair assays were
performed using mouse skeletal muscle co-transfected with Venus-
tagged dysferlin and DsRed-tagged AMPKY1. Dysferlin was recruited
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to the membrane region within 5 s following injury, and the accumu-
lation of AMPKy1 was partially co-localized with dysferlin at the
membrane region (Figure 2C; Figures S3 and S4). The results of
the co-immunoprecipitation assays indicated that dysferlin and
AMPKYy1 form a protein complex when co-expressed in mouse skel-
etal muscle (Figure 2D). To determine whether dysferlin regulates the
injury-induced accumulation of AMPKYy1, this accumulation was
examined in the absence of dysferlin. Membrane-repair assays
involving the use of GFP-AMPKY1 in the presence of FM4-64 fluo-
rescent dye revealed that GFP-AMPKy1 accumulated more slowly
(>30 s) in the injured myofibers of dysferlin-deficient BLA/J mice”’
than in C57BL/6] control mice (Figure 2E; Video S2). Quantification
of the GFP-AMPKY1 signal at the site of injury, which was also the
site of FM4-64 accumulation, revealed a significant decrease in the
fluorescence intensity of BLA/J myofibers until 30 s after injury (Fig-
ure 2F), which indicates that the rate of accumulation of AMPKY1 is
regulated by dysferlin.

AMPK Complex Is Recruited to the Injury Site

The role of the AMPK catalytic o subunit in membrane repair was
examined. Using experiments similar to those conducted on regulato-
ry subunit AMPKy1, we investigated the catalytic subunits AMPKal
and AMPKa2, which were frequently observed to accumulate at the
injury site of damaged myofibers (Figures S5A, S6, and S7A). Rapid
(<10 s) and localized recruitment of GFP-AMPKal to the site of
injury was observed (white arrows in Figure S5A), with GFP-
AMPKal surrounding the injury site, similar to AMPKy1 (merged
images in Figure S5A; Video S3). Quantification of the GFP-AMPKa1
signal at the site of injury, identified as the site of FM4-64 accumula-
tion, revealed that the fluorescence intensity of GFP-AMPKal
was significantly higher than that of unconjugated GFP (control)
(Figure S5B).

The morphology of accumulated GFP-AMPKua.1 is affected by slight
differences in parameters, such as laser strength, laser angle, and cell
thickness. The forms of the accumulation were mainly a C-shape, cir-
cle, and line (Figure S6). It was observed that plasma membrane
wounding was occasionally followed by rapid formation of a localized
bleb in the muscle fiber of wild-type (WT) mice. A previous study re-
ported that the occurrence of membrane blebbing in response to hy-
potonic shock required the presence of dysferlin in human- and
mouse-cultured myotubes.”* Another group reported that membrane

Figure 2. AMPKy1 Is Recruited to the Injured Plasma Membrane and Its Rate Is Regulated by Dysferlin

(A Isolated FDB myofibers from C57BL/6J mice expressing the fluorescently tagged GFP-AMPKy1 protein were injured (injury site, red line/arrow at —2 s) using a pulsed laser in
the presence of the FM4-64 fluorescent dye. The white arrows indicate the location of the damaged membrane. The injury site is indicated by FM4-64 accumulation (white
arrowheads). Scale bars, 10 um. (B) Quantification of the GFP-AMPKy1 signal at the membrane injury, shown by the site of FM4-64 accumulation. The fluorescence intensity of
GFP-AMPKy1 was significantly higher than that of the unconjugated GFP (control). GFP-AMPKy1, n = 7 myofibers (four C57BL/6J mice); control (unconjugated GFP), n = 4
myofibers (two C57BL/6J mice). (C) Dysferlin-Venus (DYSF-Venus) was simultaneously expressed with DsRed-tagged AMPKy1 in mouse skeletal muscle (FDB of C57BL/6J
mice). Isolated FDB myofibers from C57BL/6J were injured (injury site, red line) using a pulsed laser. Scale bars, 10 um. (D) FDBs of C57BL/6J were co-expressed with DYSF-
Venus and DsRed-AMPKy1. The lysates were immunoprecipitated with anti-RFP magnetic beads. Co-precipitated proteins were detected using anti-GFP or anti-RFP anti-
bodies. (E) Isolated FDB muscle fibers from BLA/J mice expressing fluorescently tagged GFP-AMPKy1 protein were injured using a pulsed laser. Scale bars, 10 um. (F)
Quantification of the GFP-AMPKy 1 signal at the injury site, indicated by FM4-64 accumulation, revealed a slower increase in the fluorescence intensity in the BLA/J myofibers than
that in the C57BL/6J myofibers. The data of fluorescence intensity of the GFP-AMPKy 1 in the C57BL/6J myofibers in (B) was reused. C57BL/6J, seven myofibers (four mice);
BLA/, eight myofibers (four mice). Statistically significant differences (“p < 0.05) were determined using the Wilcoxon test. Data are expressed as mean + SE.
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blebbing occurred in response to laser injury in HeLa cells.”’ In the
present study, the bleb rapidly became positive for DsRed-AMPKYy1
(Figure S4) and negative for unconjugated GFP (control) (Figure S2B).
These findings indicate that the AMPK complex accumulates at the
site of laser injury.

AMPKY1 and AMPKa1 Are Required for Effective Membrane
Repair in C2C12 Cells

A previous study of laser-induced damage demonstrated a role of dys-
ferlin in the sarcolemmal repair of C2C12 cells.”* To evaluate the role
of AMPKy1 in the membrane-repair process, the ability of the muscle
to recover following laser-induced damage was measured by
analyzing the entry of the FM1-43 fluorescent dye into AMPKYy1-
knockdown C2C12 cells (Figures 3A-3D; for small interfering RNA
[siRNA] targets, refer to Table S2). Using immunoblotting, the
knockdown of AMPKy1 was confirmed (Figures 3A and 3B). WT
cells effectively repaired plasma membrane damage (damaged sites
are indicated by white arrows in Figure 3C), as the entry of FM1-43
fluorescent dye observed following laser damage was minimal (upper
panels in Figure 3C). In contrast, there was significant FM1-43 fluo-
rescent dye entry into the AMPKyl-knockdown C2CI12 cells
following laser-induced damage (lower panels in Figure 3C),
revealing a defective membrane-repair function. The quantification
of FM1-43 revealed significantly increased fluorescence in the
AMPKY1 siRNA-administered C2C12 cells (Figure 3D).

To evaluate the role of the AMPK catalytic o subunit in membrane
repair, FM1-43 fluorescent dye was used to assess membrane repair
in cells with siRNA-induced knockdown of AMPKal and
AMPKoe2, which was confirmed via immunoblotting (Figures 3E
and 3F; Figures S7B and S7C). There was significant FM1-43 fluo-
rescent dye entry into AMPKal-knockdown C2C12 muscle cells
following laser-induced damage (Figures 3G and 3H; Videos S4
and S5), revealing defective membrane repair in these cells. In
contrast, FMI1-43 intensity was not profoundly affected in
AMPKoa2-knockdown cells (Figure S7D). These results indicate
that both AMPKyl and AMPKal are important for membrane
repair in C2C12 cells.

Injury-Induced Accumulation of AMPKy1 Is Dependent on Ca?*
Ca®" is essential for wound repair®® and is likely to be involved in early
signaling following membrane damage. As it was established that the

cell surface accumulation of dysferlin is triggered by Ca®*,® the pre-
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sent study examined whether the injury-induced increase in Ca** also
leads to the accumulation of AMPKy1. Rapid and localized recruit-
ment of GFP-AMPKY1 to the site of injury was observed in the pres-
ence of Ca®* (Figure 2A; Video S1) but not in its absence (Figure 4A;
Video S6). Quantification of the GFP-AMPKY1 signal revealed a
lack of fluorescence owing to Ca®" depletion (Figure 4B). Under
Ca®"-depleted conditions, no significant difference was observed in
the fluorescence intensity between the GFP-AMPKYy1 signal and
the unconjugated GFP signal (control) at the site of injury (Figure 4C).
These findings indicate that the accumulation of AMPKy1 is depen-
dent on the presence of Ca®".

Phosphorylation of AMPKa Is Necessary for Plasma Membrane
Repair

To reproduce the membrane wound conditions, we administered ion-
omycin treatment to mimic Ca>* overflow. The ionomycin-induced
Ca®" flux increased the phosphorylation of AMPKa. in normal human
skeletal muscle myotubes (Figures 5A and 5B). As the administration
of compound C (Cc) significantly suppressed the phosphorylation of
AMPKa induced by ionomycin treatment (Figures 5A and 5B), Cc
was used to examine the effect of the inhibited phosphorylation of
AMPKa by Ca®* overflow. Following laser-induced damage, signifi-
cant FM1-43 fluorescent dye entry into human myotubes was
observed following the administration of 10 uM Cc, indicating defec-
tive membrane repair (Figure 5C). The quantification of FM1-43 re-
vealed significantly increased fluorescence in the Cc-administered hu-
man myotubes (Figure 5D). As with the human myotubes, the
administration of Cc significantly suppressed the basal activity of
AMPKa phosphorylation in the C57BL/6] myofibers (Figures 5E
and 5F). Following laser-induced damage, significant FM1-43 fluores-
cent dye entry into the mouse skeletal muscle was observed following
the administration of 10 uM Cc, indicating defective membrane
repair (Figures 5G and 5H). These results led us to test the hypothesis
that a phosphorylation of AMPKua is necessary for plasma membrane
repair.

AMPK Activators Rescue the Membrane-Repair Defect in
Immortalized Myotubes of Patients with Dysferlinopathy and
Dysferlin-Deficient Mouse Skeletal Muscle Fibers

The effect of AMPK activators was examined using human immortal-
ized myotubes derived from patients with dysferlinopathy.”” We used
“line 107,” which carries compound heterozygous mutations located
before the II region that partially expresses dysferlin (Table S3). The

Figure 3. AMPKy1 and a1 Are Required for Effective Membrane Repair in C2C12 Cells

(A) Western blot analysis of AMPKy1 expression in C2C12 cells expressing AMPKy 1 or empty siRNA vector. (B) Quantification of AMPKy1 expression normalized to GAPDH.
(C) Following laser injury of myoblasts in the presence of FM1-43 dye, cell membrane repair was monitored by the dye entry. Increased fluorescence was observed in
AMPKy1 knockdown C2C12 cells. The arrows indicate the injury site. Scale bars, 10 um. (D) Plot showing repair kinetics of the cell membrane (FM1-43 intensity). AMPKy 1
siRNA, n =21 cells (10 experiments); control siRNA, n = 26 cells (6 experiments). Statistically significant differences (“p < 0.05) were determined using the Wilcoxon test. Data
are expressed as mean + SE. (E) Western blot analysis of AMPKa.1 expression in C2C12 cells expressing siRNA AMPKa.1 or empty siRNA vector. (F) Quantification of
AMPKa 1 expression normalized to GAPDH. (G) Following laser injury of myoblasts in the presence of an FM dye, cell membrane repair was monitored by following the entry of
the dye. Results show an increase in FM1-43 dye fluorescence. Cellular dye fluorescence was normalized to levels before the injury. The arrows indicate the location of the
damaged membrane. Scale bars, 10 um. (H) Plot showing cellmembrane-repair kinetics (FM1-43 intensity). AMPKa1 siRNA, n = 44 cells (15 experiments); control siRNA, n =
23 cells (5 experiments). Statistically significant differences (*p < 0.05) were determined using the Wilcoxon test. Data are expressed as mean + SE.

1138 Molecular Therapy Vol. 28 No 4 April 2020



www.moleculartherapy.org

A Time -2s 10's

C57BL/6J, Ca?* depleted

GFP-AMPKy1
intensity (F/FO0)

-20 0 20 40 60 80 100
Time after injury (s)

) _

N
o
(7]

1 min 2 min

s AMPKy1 (- Ca?*):n=5
L === Control (- Ca?* ):n=4
T 15 -

2

‘@

g 1

8 ¢ T T T

k= I e T T e
a T e e
L

O o5

-20 0 20 40 60 80 100

Time after injury (s)

Figure 4. Injury-Triggered Accumulation of AMPKy1 Is Dependent on the Presence of Cca?*

(A) Isolated FDB muscle fibers from C57BL/6J mice expressing fluorescently tagged GFP-AMPKy1 protein were injured (injured site, red line/arrow at —2 s) using a pulsed
laser in the presence of FM4-64 fluorescent dye in a medium supplemented with 5 mM EGTA. The white arrows show the location of the damaged membrane. The injury site
is indicated by FM4-64 accumulation (white arrowheads). Scale bars, 10 pm. (B) Quantification of the GFP-AMPKy1 signal revealed an absence of increased fluorescence
when Ca?* was depleted. The data of fluorescence intensity of the GFP-AMPKy1 in the C57BL/6J myofibers with Ca®* abundance (+ Ca®*) in Figure 2B were reused. + Ca**
(Ca?* abundance), n = 7 myofibers from four C57BL/6J mice; — Ca®* (Ca®* depletion), n = 5 myofibers from three C57BL/6J mice. (C) Without Ca®*, no significant differences
in fluorescence intensity were found between the GFP-AMPKYy1 signal and the unconjugated GFP signal (control) at the site of injury. The data of fluorescence intensity of the
GFP-AMPKy1 in the C57BL/6J myofibers with Ca?* depletion (— Ca2*) in (B) were reused. GFP-AMPKy1, n = 5 myofibers from three C57BL/6J mice; control (unconjugated
GFP), n = 4 myofibers from two C57BL/6J mice. Statistically significant differences (“p < 0.05) were determined using the Wilcoxon test. Data are expressed as mean + SE.

results revealed a decrease in the protein level of dysferlin in line 107
(Figures S8A-S8C) and membrane-repair deficits compared with that
in the control (Figure S8D). Following serum starvation and treat-
ment with 5-aminoimidazole-4-carboxamide ribonucleotide (AI-

CAR), an activator of AMPK, elevated levels of phosphorylated
AMPK was observed in line 107 (Figures 6A and 6B). Surprisingly,
treatment with AICAR significantly reduced the entry of the FM1-
43 fluorescent dye into the myotubes of a patient with dysferlinopathy
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following laser-induced damage (Figures 6C and 6D; Videos S7 and
S8). To determine whether treatment with an AMPK activator other
than AICAR could rescue the membrane-repair defect, line 107 was
treated with metformin, a drug used for the treatment of type 2 dia-
betes. As with AICAR, metformin increased the level of phosphory-
lated AMPK (Figures 6A and 6B) and rescued the membrane-repair
defect (Figure 6E). AICAR also accelerated the membrane-repair pro-
cess in immortalized human myotubes from normal subjects
(AB1079) expressing normal levels of dysferlin (Figures SOA-S9C).
However, in another patient with dysferlinopathy (“line 379”) with
complete dysferlin deficiency (Figures SI0A-S10C), AICAR did not
have an effect on membrane repair (Figures S10D-S10F). Finally,
to evaluate the effect of AMPK activators using dysferlin-deficient
mouse muscles, myofibers of BLA/J mice were used. The phosphory-
lation of AMPKa was compared between BLA/] mice myofibers
treated with AICAR and those separately treated with phosphate-
buffered saline (PBS) (+), and it was confirmed that the levels of phos-
phorylated AMPKa, were elevated in the BLA/] mice myofibers
treated with AICAR (Figures 6F and 6G). It was evident that AICAR
treatment significantly reduced the entry of FM1-43 fluorescent dye
into the myofibers of BLA/] mice following laser-induced damage
(Figures 6H and 6I).

Zebrafish Model of Dysferlin Deficiency

The results of our in vitro studies indicated that AMPK activators
increased membrane damage repair in the presence of dysferlin,
even when the expression of dysferlin was low. To confirm the effect
of an AMPK activator in vivo, the dysferlin-deficient zebrafish model
was used.

The predicted amino acid sequence of zebrafish dysferlin has a simi-
larity of approximately 68% to mammalian dysferlin. The N-terminal
region of the predicted amino acid sequence is similar to those of hu-
man dysferlin variant 8 (GenBank: NM_003494) and mouse dysferlin
variant 2 (GenBank: NM_001077694).” To generate zebrafish
models of myopathies associated with dysferlin deficiency, a morpho-
lino oligonucleotide (MO) was designed to disrupt the splicing
pattern of dysferlin mRNA at the intron 3/exon 4 junction during
development (Figure 7A). The injected embryos were examined
4 days post-fertilization (dpf). RT-PCR and sequence analyses
confirmed that MO injection resulted in the complete deletion of dys-
ferlin exon 4 (106 bp) (Figure 7B).

MO injection (1.5 ng) led to the loss of muscle birefringence (Fig-
ure 7C). To improve visualization of the structure and organization
of morphant muscle fibers, the MO- and control MO (CMO)-injected
embryos were analyzed using birefringence assays at 4 dpf (Fig-
ure 7C). The patterns of birefringence in the dysferlin morphant em-
bryos were markedly abnormal compared with those in the WT and
CMO embryos (Figures 7C and 7D). Of the MO-injected embryos,
approximately 30.0% exhibited reduced birefringence, 36.7% ap-
peared normal, and 33.3% had died (Figure 7D). The injection of
increased doses of MO (3 or 6 ng) resulted in a dose-dependent in-
crease in the percentage of dead fish. However, this percentage was
unchanged among fish injected with 1, 3, or 6 ng of CMO (Figure S11).
These findings indicate that the toxicity of these MOs was low.

AMPK Activators Improve Muscle Phenotype in a Zebrafish
Model of Dysferlin Deficiency

Mixed populations of the above-mentioned morphants, which
include normal, reduced birefringence, and dead fish, were used to
confirm the effects of AMPK activators. We evaluated the percentage
of reduced birefringence as a readout. It was found that AICAR treat-
ment at 0.1, 1.0, and 10 mM increased the phosphorylation of AMPK,
although this was not statistically significant between the AICAR-
treated and untreated morphants (Figure 7E). Without AICAR
treatment, 31.1% of the morphants exhibited abnormal birefringence
(Figure 7F). Reduced birefringence was observed in 22.2%, 17.8%, and
17.8% of the fish administered with 0.1, 1.0, and 10 mM AICAR,
respectively (Figure 7F). It was also confirmed that metformin
treatment (1 and 10 mM) increased the phosphorylation of
AMPK, although this was not statistically significant between the
metformin-treated and untreated morphants (Figure 7G). Without
metformin treatment, 33.3% of the morphants exhibited abnormal
birefringence (Figure 7H). Metformin treatment reduced the percent-
age of affected fish exhibiting abnormal birefringence. Furthermore,
reduced birefringence was observed in 25.0% and 20.8% of the fish
administered with 1 and 10 mM metformin, respectively (Figure 7H).
It was suggested that several AMPK activators improved the muscle
phenotype in a zebrafish model of dysferlin deficiency.

AMPK Activator Improves the Muscle Phenotype in a Mouse
Model of Dysferlin Deficiency

The effects of AMPK activators were investigated in well-studied
mouse models of dysferlinopathy in BLA/J and SJL/J mice (Figure 8;

Figure 5. AMPKa Phosphorylation Is Important for Efficient Plasma Membrane Repair

(A) Western blot analysis of phospho-AMPKae. in ionomycin-treated (0, 60, and 120 s after treatment) normal human skeletal muscle myotubes (AB1079) with or without
compound C (Cc, a selective AMPK inhibitor). (B) Quantification of phospho-AMPKa expression normalized to total-AMPKa. Phospho-AMPKa increased after ionomycin
administration. The basal activity of AMPKa. phosphorylation was suppressed by Cc administration. Statistically significant differences (“p < 0.05) were determined using the
Wilcoxon test. Data are expressed as mean + SE. (C) Cc administration increased the influx of FM1-43 after laser injury of human myotubes. The arrows indicate the location
of the damaged membrane. Scale bars, 10 um. (D) Plot showing cell membrane-repair kinetics monitored by FM1-43 intensity. Cc O uM, n = 10 cells (10 experiments); Cc
10 uM, n =12 cells (12 experiments). Statistically significant differences (*p < 0.05) were determined using the Wilcoxon test. Data are expressed as mean + SE. (E) Western
blot analysis of phospho-AMPKa. in C57BL/6J mice myofibers with or without Cc administration. (F) Quantification of phospho-AMPKa expression normalized to total-
AMPKoa.. Phospho-AMPKa was suppressed by Cc administration. Data are expressed as mean + SE. (G) Cc administration increased the influx of the FM1-43 fluorescent dye
after laser-induced injury of C57BL/6J mice myofibers. The arrows indicate the location of the damaged membrane. Scale bars, 10 um. (H) Plot showing cell membrane-
repair kinetics monitored by FM1-43 intensity. Cc O uM, n = 18 myofibers (six experiments, two C57BL/6J mice); Cc 10 uM, n = 17 myofibers (four experiments, two C57BL/
6J mice). Statistically significant differences (*p < 0.05) were determined using the Wilcoxon test. Data are expressed as mean + SE.
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Figures S12-S14). A dysferlin defect was identified in BLA/J mice us-
ing immunoblotting (Figure S13). A previous study reported mouse
plasma metformin concentrations of 0.45 and 1.7 pg/mL when
administered in drinking water at concentrations of 1 and 5 mg/
mL, respectively.”® These plasma concentrations are similar to those
in patients with diabetes treated with metformin (0.5-2.0 pg/mL).
During 2 months, the activation of AMPK was compared between
BLA/] mice
(Figure S12A). We addressed whether metformin treatment would
be sufficient to modulate AMPK pathways in mice skeletal muscle.
Acetyl-coenzyme A (CoA) carboxylase (ACC), a key enzyme in fatty
acid synthesis, is the protein to be phosphorylated and inactivated by
AMPK. Phosphorylation of ACC was usually indicated as the activity
of the AMPK pathway.’' Ribosomal protein S6 (S6) participates in the
regulation of cell size, cell proliferation, and glucose homeostasis.
Phosphorylation of S6 was decreased by AMPK activation.’”
Although the phosphorylation of AMPKa was variable across indi-
vidual animals, long-term activation of AMPK and its downstream
targets was observed following the oral administration of metformin
(Figure S13). No reductions in animal body weight or grip strength
were found during the experimental period (Figures S12B and
S12C). The level of serum creatine kinase (CK) tended to decrease
in the metformin-administered mice, although this was not statisti-
cally significant (Figure S12D). Muscle fiber histograms revealed a
decrease in the severity of muscle atrophy and an increase in the num-
ber of normal muscle fibers (Figures S12E and S12F). The number of
internal nuclei tended to decrease in the metformin-treated group
(Figure S12G). In addition, to assess sarcolemmal membrane integ-
rity, histological sections with fluorescent-labeled antibodies against
mouse IgG were stained.”® Quantification of the percentage of IgG-
positive fibers tended to be lower in the metformin-treated mice,

treated with metformin and those untreated

although this was not statistically significant (Figure S12H). There-
fore, serum CK and histopathological analyses revealed that metfor-
min treatment partially reduced myofiber damage in the BLA/J
mouse model.

The second dysferlinopathy model in SJL/J mice was used following
the observation of improved membrane repair in the partially defi-
cient dysferlinopathy line (line 107) (Figure 6) but not in the
completely deficient dysferlinopathy line (line 379) (Figure S10).
The activation of AMPK was compared between SJL/] mice treated
with metformin and those untreated for 8 months (Figure 8A). The
long-term activation of AMPK and its downstream targets was
observed following the oral (Figures S14A and S14B) and intraperito-
neal (Figures S14C and S14D) administration of metformin. As with
the results in the BLA/] mice, the levels of phosphorylated AMPKo
were also variable. No reduction in the body weight was recorded dur-
ing the experimental period (Figure 8B), whereas grip strength
increased marginally in the metformin-treated mice (Figure 8C). It
was also observed that the serum CK levels were significantly
decreased in the metformin-treated mice (Figure 8D). Fibrosis was
measured as the concentration of collagen (hydroxyproline) in
gastrocnemius muscle tissues. Although no statistically significant
difference in fibrosis was observed between the metformin-treated
and control mice, the collagen concentrations tended to be lower in
the metformin-treated mice (Figure 8E). Hematoxylin and eosin
(H&E) images of muscle cross-sections are shown in Figure 8F.
Decreased numbers of internal nuclei were also observed in the met-
formin-treated group (Figure 8G). Muscle fiber histograms revealed a
significant decrease in the severity of muscle atrophy and an increase
in the number of normal muscle fibers in the metformin-treated
mice (Figures 8H and 8I). IgG staining images of the muscles in

Figure 6. AMPK Activators Rescue Membrane-Repair Defects in Inmortalized Myotubes from a Patient with Dysferlinopathy and Dysferlin-Deficient Mouse
Skeletal Muscle Fibers

(A) Line 107 with dysferlin mutations and the healthy control line KM 155 were used to examine the effects of serum starvation and AICAR or metformin treatment. AICAR
treatment, 1 h at 1 mM; metformin treatment, 8 h at 2 mM. A representative western blot image of dysferlin, phospho-AMPK, AMPKa, and GAPDH in KM 155 and line 107 is
shown. (B) Quantification of the average phospho-AMPK expression normalized to AMPKa. from three independent experiments using KM 155, line 107, line 107 treated with
AICAR, and line 107 treated with metformin. (C) Representative images of decreased FM1-43 fluorescent dye entry into AICAR-treated dysferlinopathy myotubes (line 107)
following laser-induced damage. Scale bars, 10 um. (D) AICAR treatment significantly reduced FM1-43 fluorescent dye entry into the dysferlinopathy myotubes (line 107)
following laser-induced damage; line 107 + AICAR, n = 21 myotubes (six experiments); line 107, n = 21 myotubes (six experiments). Statistically significant differences (“p <
0.05) were determined using the Wilcoxon test. Data are expressed as mean + SE. (E) Metformin treatment significantly reduced FM1-43 fluorescent dye entry into the
dysferlinopathy line 107 myotubes following laser-induced damage; line 107 + metformin, n = 21 myotubes (six experiments); line 107, n = 24 myotubes (five experiments).
Statistically significant differences (“p < 0.05) were determined using the Wilcoxon test. Data are expressed as mean + SE. (F) FDBs of BLA/J mice were used to examine the
effects of AICAR treatment. A previous study reported that the levels of phosphorylated AMPKa in mouse skeletal muscle at 20-40 min post-AICAR (250 mg/kg) injection
were significantly higher than those at other time periods.”® To leverage that work, AICAR (250 mg/kg) was injected into BLA/J mice intraperitoneally, and FDBs were isolated
20 min after injection. To achieve AMPK activation, the FDBs were cultured for 20 min in the presence of AICAR (2 mM) after isolation (labeled with AICAR). In the control
group, the FDBs were cultured for 40 min in a PBS (+) buffer following isolation (labeled with PBS (+)). A representative western blot image of dysferlin, phospho-AMPK,
AMPKa, and GAPDH in PBS (+) and AICAR is shown. (G) Quantification of phospho-AMPK expression was normalized to AMPKa.. PBS (+) (control), n = 5 mice per cohort;
AICAR (AMPK activation), n = 5 mice per cohort. Data are expressed as mean + SE. (H) To achieve AMPK activation, the FDBs were cultured in the presence of AICAR (2 mM)
after isolation. Membrane-repair assays were performed between 20 and 40 min after the intraperitoneal injection of AICAR (labeled with AMPK activation). In the control
group, the FDBs were cultured for 40 min in a PBS (+) buffer following isolation. Membrane-repair assays were performed between 60 and 80 min after AICAR
was administered (labeled with control). Representative images of decreased FM1-43 fluorescent dye entry into AICAR-treated BLA/J mouse FDB myofibers (AMPK
activation) compared with PBS (+)-treated BLA/J mouse FDB myofibers (Control) following laser-induced damage are shown. Scale bars, 10 um. () AMPK activation
significantly reduced FM1-43 fluorescent dye entry into BLA/J mouse FDB myofibers following laser-induced damage. Control, n = 35 myofibers (10 experiments, five mice);
AMPK activation, n = 33 myofibers (9 experiments, five mice). Statistically significant differences (*p < 0.05) were determined using the Wilcoxon test. Data are expressed as
mean + SE.
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cross-sections are shown in Figure 8]. Quantification of the percent-
age of IgG-positive fibers was significantly lower in the metformin-
treated mice (Figure 8K). These data indicate that the administration
of metformin reduced muscle damage in the dysferlinopathy model.

DISCUSSION

We hypothesized that the binding partners of dysferlin serve as func-
tional molecules during the membrane-repair process. The present
study focused on the mechanisms underlying the interaction of dysfer-
lin with several specific partners. As two Fer and DysF functional do-
mains are situated between the third and fourth C2 domains, the bind-
ing protein at this site (IT region) was examined via a biochemical
approach (Figure 1A). Using recombinant proteins and affinity
purification methods combined with LC-MS/MS, AMPKy1 was shown
to bind to dysferlin at the IT region. AMPK is a critical regulator of skel-
etal muscle metabolism, transcription, and phenotype.” The potential
for clinical synergism between the pharmacological and physiological
stimulation of AMPK to ameliorate dystrophic pathology is particu-
larly intriguing.”>*® The AMPK complex is allosterically activated by
increasing the concentrations of AMP and ADP, and via Thr172 resi-
due phosphorylation on the o subunit.”” The phosphorylated Thr172
residue can be dephosphorylated by three AMPK phosphatases:
PPP1, PPP2A, and PPP2C.”" As AMPKy1 and PPP1CA were identi-
fied in dysferlin co-precipitates (Figure 1C), we examined whether
the AMPK complex is involved in dysferlin function and membrane
repair. The results revealed for the first time that the AMPK complex
is involved in the membrane-repair process.

AMPK consists of a heterotrimeric protein complex containing a cat-
alytic a. subunit and two regulatory subunits (B and ) in the stoichi-
ometry of 1o:1B:1y.”* The seven AMPK subunit isoforms give rise to
12 heterotrimeric combinations that appear to be expressed in a tis-
sue-specific manner. In skeletal muscle preparations from humans
and mice, all subunit isoforms have been detected, but only a subset
of possible heterotrimeric complexes appears to exist.”®* In human
skeletal muscle (vastus lateralis), three different complexes have
been described (22B2v1, 22B2y3, and a1 Bly1),”® whereas in mouse

skeletal muscle, five complexes have been identified (a2B2v1,
o2f2y3, a2flyl, alf2yl, and alPlyl).” In addition, certain
AMPK subunits are expressed in a fiber-dependent manner,*’ which
may explain the relative distribution of complexes between different
muscles.”’ Among these AMPK subunit isoforms, we found that
the AMPK complex (comprising y1 and a1) is required for effective
membrane repair in C2C12 cells (Figure 3).

Despite the numerous downstream targets of the AMPK com-
plex, 142
to be elucidated. The targeted disruption of the mouse AMPKy1 gene
causes regenerative hemolytic anemia by increasing the sequestration
of abnormal erythrocytes.”” AMPKy1-deficient erythrocytes are
highly resistant to osmotic hemolysis and are poorly deformable in
response to increasing shear stress, consistent with greater membrane
rigidity.”” These observations suggest that the AMPK complex is also
involved in the maintenance of plasma membrane integrity in non-
muscle cells. Our ex vivo laser injury experiments revealed the impor-
tance of the AMPK complex for membrane repair of sarcolemmal
damage in skeletal muscle fibers. We now know that AMPK complex
accumulation in response to injury is dependent on the presence of
Ca®", and the rate of this accumulation is regulated by dysferlin. Dys-
ferlin is considered to interact with MG53, annexins, and other pro-
teins during vesicle accumulation at the site of injury following mem-
brane disruption.“””’44 Annexins (Al, A2, A5, and A6) form a repair
cap at the membrane lesion,”> whereas the AMPK complex is re-
cruited either to the site of injury (Figures S6B, S6C, and S7A) or to
surrounding the site of injury (Figure 2A; Figures S5A and S6A),
similar to MG53.%° Elucidating the involvement of the AMPK com-
plex with these proteins during muscle membrane repair is required.

its direct involvement in plasma membrane repair remains

The novel schema we propose suggests that the membrane-repair
process is associated with dysferlin and the AMPK complex. Mem-
brane disruption causes Ca** flooding into the muscle fiber and cre-
ates a high Ca>* zone around the disruption site. The ability of the fer-
lin C2 domains to bind phospholipids in a Ca®*-sensitive manner has
been suggested.® High Ca®" levels result in the binding of the

Figure 7. AICAR and Metformin Treatment Improve the Muscle Phenotype in a Zebrafish Model of Dysferlin Deficiency

(A) Morpholino oligonucleotides (MOs) targeting zebrafish dysferlin. (B) A single RT-PCR product of 301 bp was seen in 4-dpf embryos injected with 1.5 ng of control MO; two
differently sized RT-PCR products of 301 and 195 bp were seen in 4-dpf embryos injected with 1.5 ng of dysferlin. (C) Panels represent the results of the birefringence assay
(BR). The abnormal structure of the muscles is more clearly seen in dysferlin MO-injected fish (MO, lower panel) than in controls (CMO, upper panel) under BR. Scale bar,
200 um. (D) Histogram of the percentage of normal, affected (reduced BR), and dead fish upon MO injection. After injecting 1.5 ng of MO, approximately 30.0% of the
embryos exhibited reduced birefringence. The white, black, and gray bars show the percentage of normal, reduced BR, and dead fish, respectively. WT, uninjected fish;
CMO, CMO-injected fish; MO, MO-injected fish. (E) Representative western blot image of phospho-AMPK, AMPKe, and B-actin in MO-injected fish treated with AICAR for
4 days at0, 0.1, 1.0, or 10 mM. Quantification of phospho-AMPK expression was normalized to AMPKa. in the lower panels. (F) AICAR treatment reduced the percentage of
BR-reduced fish. Results for metformin concentrations of 0, 0.1, 1.0, and 10 mM are the average of three independent experiments. Of the untreated MO morphants, 31.1%
were BR reduced. AICAR treatment at concentrations of 0.1, 1.0, and 10 mM reduced the percentage of BR-reduced fish to 22.2%, 17.8%, and 17.8%, respectively.
Statistically significant differences were determined using ANOVA followed by Tukey’s multiple comparisons test. Statistical significance was set at *p < 0.05. (G) Repre-
sentative western blot image of phospho-AMPK, AMPKa, and B-actin in MO-injected fish treated with metformin for 4 days at 0, 1, and 10 mM. Quantification of phospho-
AMPK expression was normalized to AMPKe. in the lower panels. Results for metformin concentrations of O, 1, and 10 mM are the average of three independent experiments
and were normalized to those without metformin treatment. (H) Metformin treatment reduced the percentage of BR-reduced fish. Results for metformin concentrations of O,
1, and 10 mM are the average of three independent experiments. Of the untreated MO morphants, 33.3% were BR-reduced fish. Metformin treatment at concentrations of 1
and 10 mM reduced the percentage of BR-reduced fish to 25.0% and 20.8%, respectively. Statistically significant differences were determined using ANOVA followed by
Tukey’s multiple comparisons test. Statistical significance was set at *p < 0.05.
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dysferlin C2 domain to sarcolemmal phospholipids, thereby presum-
ably causing structural changes in the II region of dysferlin. Ca** flux
also results in the phosphorylation of AMPKa. (Figures 5A and 5B).
Our results suggest that a conformational change in the II region trig-
gers the interaction between dysferlin and the AMPK complex,
because the co-localization of dysferlin and the AMPK complex pri-
marily occurred with membrane damage (Figure 2C; Figures S3 and
S4). It should be appreciated that one limitation of this method is its
reliance on the overexpression of fluorescently-tagged proteins. Visu-
alizing the conformational change of dysferlin by a Ca®* flux via a
nano-dynamics visualization technique, such as high-speed atomic
force microscopy,””*** may assist in proving this hypothesis.

We observed that membrane repair was improved in a partially defi-
cient dysferlinopathy line (line 107) by the phosphorylation of
AMPKa. (Figures 6A-6E) but not in a completely deficient dysferlin-
opathy line (line 379, Figure S10). This suggested that the dysferlin-
AMPK complex is actively involved in membrane repair. Conversely,
it was observed that GFP-AMPKy1 was recruited to the wound even
in the complete absence of dysferlin in mice, although at a slower rate
in this context (Figures 2E and 2F). Additionally, AICAR treatment
significantly reduced the entry of the FM1-43 fluorescent dye into
the myofibers of BLA/J mice following laser-induced damage (Figures
6H and 61). These findings demonstrate that the dysferlin-indepen-
dent pathway for the regulation of AMPK phosphorylation is also
involved in membrane repair in dysferlinopathy.

Interestingly, animal models with AMPK depletion, specifically in
skeletal muscle fibers, exhibit a myopathic phenotype.*”" In the
muscles of young and old mice, a low-calorie diet activates AMPK
and markedly increases muscle regeneration.” The results of several
studies in which dystrophin-deficient mdx mice were treated with
AMPK activation compounds, such as AICAR, resveratrol, and met-
formin, suggest that targeting AMPK in the skeletal muscle may
ameliorate the pathology observed in patients with Duchenne
muscular dystrophy (DMD).”* > We examined three types of in vivo
dysferlin-deficient models. In the case of MO-administered zebrafish,
a small amount of dysferlin transcript persisted (Figure 7B). SJL/]
mice had approximately 15% residual dysferlin (Figure S14A),
whereas BLA/J mice had no dysferlin (Figure S13A). We found that
the activation of AMPK improved membrane repair in dysferlin-defi-

cient mouse muscle fibers (BLA/J mice, Figures 6F-6I), and treatment
with metformin partially reduced muscle damage in BLA/J mice (Fig-
ure S12). Additionally, activation of the dysferlin-AMPK complex
markedly improved membrane repair (line 107; Figures 6A-6E)
and the muscle phenotype in zebrafish (Figure 7) and SJL/] mice
(Figure 8), exhibiting with residual expression of dysferlin. Therefore,
utilization of the protein-protein interaction of AMPK with dysferlin
for developing a therapeutic strategy in patients with dysferlinopathy
is important. Nonsense suppression drugs, such as ataluren,”” which
increases the expression of dysferlin in patients with dysferlinopathy,
may be useful in establishing an effective combination therapy. Pre-
vious studies have reported that promoting sarcolemmal repair via
a glucocorticoid steroid regimen improved muscle function in several
muscular dystrophy mouse models, such as DMD, LGMD 2B, and
LGMD 2C (caused by mutations in the gene encoding sarcogly-
can).”>” The novel concept of the dysferlin-AMPK complex involved
in the plasma membrane-repair process may contribute to drug
development for several types of muscular dystrophy.

A limitation of this study lies in the in vivo experiments, specifically in
zebrafish and mice. Because AMPKa phosphorylation was variable
across individual animals, there was no significant increase in the
AMPKa phosphorylation. The variations between individual samples
can be explained by the previous observation that AMPK in fish can
be activated by metformin®® and exercise®” and that AMPK in mouse
skeletal muscle can be activated by metformin®>°" and exercise.’>**
In this study, metformin in drinking water was administered to dys-
ferlin-deficient mice from a drug-repositioning perspective. AMPK
plays a role in energy homeostasis in not only skeletal muscles but
also a number of tissues, such as liver, pancreas, and brain.”’ It is
necessary to consider a drug delivery system or genomic drug discov-
ery (development of medicines using information about human
genome) for muscle-specific AMPKo phosphorylation.

Overall, these results indicate a functional association between dysfer-
lin and the AMPK-linked signaling pathways. Furthermore, this
study sheds light on a new dimension of dysferlin as a membrane scaf-
fold protein for several functional proteins. Further identification of
the numerous molecules that form complexes with dysferlin is impor-
tant for understanding the whole landscape of plasma membrane
repair and developing novel therapeutic targets.

Figure 8. Eight Months of Metformin Treatment Ameliorated the Aberrant Phenotype of Dysferlin Mutant SJL/J Mice

(A) Protocol: 5 mg/mL metformin in drinking water was administered to SJL mice aged 1-8 months (n = 10 each). (B) Body weight during the experimental period. Vehicle, n =
8 mice per cohort; metformin, n = 10 mice per cohort. (C) Grip strength during the experimental period. Vehicle, n = 8 mice per cohort; metformin, n = 10 mice per cohort.
Statistically significant differences (“p < 0.05) were determined using the Wilcoxon test. (D) Metformin regimens comparably reduced serum CK at 8 months. Vehicle, n = 8
mice per cohort; metformin, n = 10 mice per cohort. (E) Quantification of the collagen content (collagen/protein ratios) in gastrocnemius muscle tissue. Metformin regimens
tended to decrease collagen content as compared with vehicle treatment. Vehicle, n = 8 mice per cohort; metformin, n = 10 mice per cohort. (F) Representative H&E staining
images of gastrocnemius muscle. Scale bars, 50 um. (G) Metformin treatment decreased the number of internal nuclei in the gastrocnemius muscle sections. Vehicle, 1,960
fibers from n = 8 mice; metformin, 2,408 fibers from n = 10 mice per cohort. (H) Histogram of cross-sectional analysis (CSA) of the gastrocnemius muscle. The CSA was
examined by comparing the individual histograms. Vehicle, 41,405 fibers from n = 8 mice; metformin, 48,388 fibers from n = 10 mice. Statistically significant differences (*p <
0.05) were determined using the Wilcoxon test. (I) Metformin treatment increased CSA in the gastrocnemius muscle sections. Vehicle, n = 8 mice per cohort; metformin, n =
10 mice per cohort. (J) Representative IgG staining images of gastrocnemius muscle. Scale bars, 50 um. (K) Metformin treatment decreased the percentage of IgG-positive
fibers in the gastrocnemius muscle sections. Vehicle, 2,571 fibers from n = 8 mice; metformin, 2,722 fibers from n = 10 mice. Statistically significant differences (*p < 0.05)
were determined using the Wilcoxon test.
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MATERIALS AND METHODS

All protocols were approved by the Ethics Committees of the Tohoku
University School of Medicine (nos. 2014-208 and 2018-196 for ge-
netics; nos. 2014-216, 2015-170, and 2018-247 for animals).

Cell Culture

Mouse C2C12 myoblasts (American Type Culture Collection, Mana-
ssas, VA, USA) were routinely cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM) with high glucose (FUJIFILM Wako Pure
Chemical, Osaka, Japan) supplemented with 10% fetal bovine serum
(FBS; GE Healthcare, Chicago, IL, USA) at 37°C and 5% CO.,.
HEK293T cells (American Type Culture Collection, Manassas, VA,
USA) were cultured in RPMI 1640 (FUJIFILM Wako Pure Chemical,
Osaka, Japan) containing 10% FBS. The immortalized myoblast lines
used in this study are presented in Table S3. The immortalized dysfer-
lin-deficient myoblast lines (line 107 and line 379) and control human
myoblast lines (KM 155 and AB 1079) were cultured in growth me-
dium comprising a 1:4 ratio (by volume) of Medium 199 (Thermo
Fisher Scientific, Waltham, MA, USA) and DMEM supplemented
with 20% FBS, 2.5 ng/mL hepatocyte growth factor (HGF) (Thermo
Fisher Scientific, Waltham, MA, USA), 0.1 uM dexamethasone
(Sigma-Aldrich, St. Louis, MO, USA), and 50 pg/mL gentamycin
(Thermo Fisher Scientific, Waltham, MA, USA), as described in
earlier reports.”’ Differentiation into myotubes was initiated at
approximately 70%-80% confluence in DMEM with 2% horse serum
(Thermo Fisher Scientific, Waltham, MA, USA).

Plasmid Construction

A human cDNA library was purchased from Takara Bio (Kusatsu,
Japan). Amplified fragments of deletion mutants of dysferlin with addi-
tional Sall or Xhol sites at the 5" end and Nof sites at the 3’ end were
cloned into MBP-tag and pEGFP-N1 vectors (Takara Bio, Kusatsu,
Japan). The primers used in this study are presented in Table S1.

RNA Interference

RNA oligonucleotides were transfected into C2C12 myoblasts using
Lipofectamine RNAIMAX transfection reagent (Thermo Fisher Sci-
entific, Waltham, MA, USA), in accordance with the manufacturer’s
instructions. Briefly, siRNA and Lipofectamine reagent were sepa-
rately diluted in Opti-MEM (Thermo Fisher Scientific, Waltham,
MA, USA). The diluted Lipofectamine reagent was added to the
siRNA mixture and allowed to form a complex with the siRNA for
10 min. The lipid/siRNA complexes were then added to the differen-
tiation medium, and myoblasts were incubated for 24 h in the me-
dium containing the transfection mixture. The final concentration
of siRNA was set at 10 nM. The siRNA oligonucleotides used in
this study are listed in Table S2.

Pull-Down Assay and Nano-LC-MS/MS

MBP-tagged DYSF-I, -1I-1, and -II-2 were constructed in a pMAL vec-
tor (New England Biolabs, Ipswich, MA, USA) via PCR amplification
and expressed in E. coli. Each cell lysate was incubated with amylose
resin (50-mL volume; New England Biolabs, Ipswich, MA, USA) for
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1 h at 4°C and washed twice with washing buffer A (50 mM Tris-
HCI [pH 7.5], 0.3 M NaCl, and 0.1% Nonidet P-40 [NP-40]), twice
with washing buffer B (50 mM Tris-HCl [pH 7.5] and 1.0 M NaCl),
and once with PBS. HEK293 cell pellets (4 g) were extracted in 5 mL
of extraction buffer (50 mM HEPES [N-2-hydroxyethylpiperazine-N'-
2-ethanesulfonic acid] [pH 7.5], 0.3 M NaCl, and 0.2% NP-40) by son-
ication, and the extracts were clarified by centrifugation at 12,000 rpm
for 30 min at4°C. A 50-mL volume of MBP-tagged DYSF-II, -1I-1, and
-II-2 amylose beads was incubated with 1.5 mL of HEK293T cell lysate
for 4 h at 4°C. Following centrifugation for 2 min at 1,200 rpm, the beads
were washed three times with washing buffer C (50 mM HEPES [pH
7.5],0.15 M NaCl, and 0.2% NP-40) and eluted with 0.6 mL of elution
buffer (50 mM HEPES [pH 7.5] and 1.2 M NaCl). The eluates were then
concentrated down to 50 mL and desalinated by centrifugal filter devices
(Amicon Ultra; Merck Millipore, Burlington, MA, USA), and 2x SDS
sample buffer was added. The samples were resolved on a 4%-15%
SDS-PAGE gel and stained using a Wako silver stain kit (FUJIFILM
Wako Pure Chemical, Osaka, Japan). Gel slippage was decreased by
100 mM DTT and alkylated with 100 mM iodoacetamide. Following
washing, the gels were incubated with trypsin overnight at 30°C. The
recovered peptides were desalted in ZipTip C18 (Merck Millipore, Bur-
lington, MA, USA). The samples were analyzed using nano-LC-MS/MS
systems (DiNa HPLC [high-pressure liquid chromatography] system,
Techno Alpha, Tokyo, Japan; QSTAR XL hybrid LC-MS/MS system,
Thermo Fisher Scientific, Waltham, MA, USA). Mass data acquisitions
were piloted using Mascot software.

Co-immunoprecipitation Assay

C57BL/6] mouse skeletal muscle samples (40 mg) were ground into
powder with a mortar and pestle under the constant addition of liquid
nitrogen. The powder was suspended in a 15X volume of ice-cold
lysis/equilibration buffer (Takara Bio, Kusatsu, Japan) and centri-
fuged at 17,000 x g for 20 min. The supernatants were incubated
with an appropriate antibody and protein A-Sepharose 4 Fast Flow
(GE Healthcare, Chicago, IL, USA) for 1 h at 4°C with end-over-
end rotation. The beads were washed with PBS three times and
elution was performed in elution buffer (0.1 M glycine [pH 2.5])
with neutralization buffer (1 M Tris [pH 8.5]).

Immunoblotting

Equal quantities of protein (20-ug samples) were boiled, subjected to
SDS-PAGE, and electrophoresed at 200 V for 1 h. The gels were trans-
ferred onto a polyvinylidene difluoride membrane (Merck Millipore,
Burlington, MA, USA). The membranes were then blocked with 5%
bovine serum albumin (BSA)/PBS and incubated with primary anti-
bodies overnight at 4°C. The membranes were incubated with an
anti-mouse (#7076; Cell Signaling Technology, Danvers, MA, USA)
or anti-rabbit IgG horseradish peroxidase (HRP)-linked antibody
(#7074; Cell Signaling Technology, Danvers, MA, USA) for 1 h. Immu-
nodetection was performed using the ECL (enhanced chemilumines-
cence) Prime western blot analysis system (GE Healthcare, Chicago,
IL, USA), and images were captured with an Omega Lum G (Gel Com-
pany, San Francisco, CA, USA), in accordance with the manufacturers’
instructions.
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Immunofluorescence

Frozen muscle sections were cut to a thickness of 10 pm, air-dried,
and fixed in 4% paraformaldehyde. Following incubation with PBS
containing 5% BSA, the sections were probed with primary anti-
bodies. Following several washes with PBS, the sections were incu-
bated with appropriate secondary antibodies for 1 h. The sections
were mounted with a coverslip containing a drop of mounting me-
dium (Vector Laboratories, Burlingame, CA, USA).

Antibodies

Antibodies against the following proteins were obtained from Cell
Signaling Technology (Danvers, MA, USA): ACC (1:1,000 for
immunoblotting, #3662), phosphorylated (phospho-)ACC (Ser79)
(1:1,000 for immunoblotting, #3661), AMPKa. (1:1,000 for immuno-
blotting, #2532S), AMPKa2 (1:1,000 for immunoblotting, #27578),
phospho-AMPK (Ser172) (1:1,000 for immunoblotting, #2531S),
GAPDH (1:1,000 for immunoblotting, #2118), S6 (1:1,000 for
immunoblotting, #2217), phospho-S6 (1:1,000 for immunoblotting,
#4858), B-actin (1:1,000 for immunoblotting, #4967), and normal
rabbit IgG (5 pg/sample for immunoprecipitation, #2729); from Ab-
cam (Cambridge, UK): AMPKyl (1:1,000 for immunoblotting,
5 pg/sample, for ab32508), AMPKal
(1:1,000 for immunoblotting, 1:1,000 for immunofluorescence,
ab3759), dysferlin (5 pg/sample for immunoprecipitation,
ab214078), GFP (1:1,000 for immunoblotting, ab290), red fluores-
cent protein (RFP) (1:1,000 for immunoblotting, ab62341); from Le-
ica Biosystems (Nussloch, Germany): dysferlin (1:250 for immuno-
blotting, NCL-Hamlet); from Sigma (St. Louis, MO): dysferlin
(1:250 for immunofluorescense, HPA017071); and from Medical
and Biological Laboratories (Nagoya, Japan): RFP (5 pg/sample
for immunoprecipitation, M208-3).

immunoprecipitation,

lonomycin and Cc treatment

In Vitro

The cells were cultured overnight in the presence or absence of serum
and were treated with or without 1 uM ionomycin (FUJIFILM Wako
Pure Chemical, Osaka, Japan). The cells were cultured overnight in
the presence or absence of serum and were treated with or without
the AMPK inhibitor Cc (Abcam, Cambridge, UK; 5 and 10 uM) for
1-4 h.

In Vivo

A total of 10 pL of Cc or saline was injected into the flexor digitorum
brevis (FDB) of anesthetized, 3-month-old male C57BL/6] mice. Skel-
etal muscle myofibers were isolated 1 h after injection. The Cc-admin-
istered myofibers were cultured for 30 min in the presence of Cc
(10 pM). The saline-administered myofibers were cultured for
30 min in the presence PBS (+).

AICAR and Metformin Treatment

In Vitro

The cells were cultured overnight in the presence or absence of serum
and were left untreated or treated with the AMPK activator AICAR
(Sigma, St. Louis, MO, USA; 1 mM, 1-9 h) and metformin (Sigma,

St. Louis, MO, USA; 2 mM, 8-12 h) 7-10 days after the initiation
of differentiation.

In Vivo

A previous study reported that the levels of phosphorylated AMPKa.
in mouse skeletal muscle at 20-40 min post-AICAR (250 mg/kg) in-
jection were significantly higher than those at other time periods.*®
To leverage that work, AICAR (250 mg/kg) was injected into the
anesthetized, 18-month-old male BLA/] mice intraperitoneally,
and FDB was isolated 20 min after injection. Two goals were estab-
lished. To achieve AMPK activation, the FDBs were cultured in the
presence of AICAR (2 mM) after isolation. Membrane-repair assays
were performed between 20 and 40 min after the intraperitoneal in-
jection of AICAR. In the control group, the FDBs were cultured for
40 min in a PBS (+) buffer following isolation. Membrane-repair as-
says were performed between 60 and 80 min after AICAR was
administered.

Membrane-Repair Assay

In Vivo Transfection

A total of 20 pg of Venus-tagged human dysferlin, DsRed-tagged hu-
man AMPKyl, GFP-tagged human AMPKyl, and AMPKal/
AMPKoa2 were injected into the FDB of anesthetized, 3-month-old
male C57BL/6] or BLA/J mice. Electroporation of the plasmid DNA
was performed using an electric pulse generator (CUY21SC; Nepa
Gene, Ichikawa, Japan). Skeletal muscle myocytes (for whole-mount
viewing) or individual myofibers were isolated 14 days after the
electroporation.

Membrane-Repair Assays

Membrane-repair assays were performed as described in a previous
report.® Briefly, membrane damage was induced in the presence of
the FM1-43 or FM4-64 dye (2.5 mM; Molecular Probes) using a
two-photon confocal laser-scanning microscope with x40 magnifica-
tion and 1.2 numerical aperture (LSM710NLO; Zeiss, Oberkochen,
Germany) coupled to a 10-W Argon/Ti:sapphire laser. A circular
area (2-6 mm in diameter) in the injury site was selected along the
edge of the sarcolemma and irradiated at 1.5 + 0.2 mW, which was
measured by a photodiode sensor (PD300-3W; Ophir Optronics, Je-
rusalem, Israel). Images were captured beginning at 20 s before (t = 0)
and for 2-4 min after irradiation at 10-s intervals. For every image
captured, the fluorescence intensity at the damage site was measured
using Zeiss LSM 710NLO imaging software.

Zebrafish Experiments

Fish Culture

Zebrafish (the AB line) were cultured at 28.5°C in accordance with
standard procedures and standard criteria.”* Fertilized eggs were
collected and used for injection. For anesthesia and euthanasia,
tricaine solution was used.

MO Injections
An antisense MO targeted to disrupt the splicing of dysferlin mRNA
was designed by Gene Tools (Philomath, OR, USA). The morpholino
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sequence for dysferlin MO was 5-CAGCATGGGAATAAACT
CACCTGGT-3'. The morpholinos (1.5 ng) were injected into the
yolk of one- to two-cell-stage embryos. For the injection control,
CMO was used (standard control oligonucleotide; Gene Tools, Phil-
omath, OR, USA): 5'-CCTCTTACCTCAGTTACAATTTAT-3'. To
confirm the effect of the morpholino injections, zebrafish total
RNA was extracted from embryos at 4 dpf using an RNeasy micro
kit (QIAGEN, Hilden, Germany) and was converted to cDNA
(SuperScript IIT; Thermo Fisher Scientific, Waltham, MA, USA). To
detect misspliced products, PCR was performed with ExTaq DNA
polymerase (Takara Bio, Kusatsu, Japan) at 95°C for 30 s, 55°C for
30 s, and 72°C for 30 s for 35 cycles with the following primer
sets: dysferlin for exon 4, forward, 5-GGACCTGAAGGGTGT
TCCTT-3', reverse, 5-TGTGACTGTGTCCAGCTCCA-3'; and
B-actin, forward, 5'-CGGTTTTGCTGGAGATGATG-3', reverse,
5'-CGTGCTCAATGGGGTATTTG-3'.

Detection of Muscle Phenotype of Morphants by Birefringence
A birefringence assay was performed to detect abnormal skeletal mus-
cle structures by placing anesthetized fish on a polarizing filter and
subsequently covering them with a second polarizing filter.”” The fil-
ters were placed on an underlit dissection scope and the top-polar-
izing filter was twisted until only the light refracting through the stri-
ated muscle was visible. Because the degree of birefringence is affected
by the horizontal orientation of the fish, the fish were oscillated back
and forth to account for differences in positioning.

Long-Term Mouse Experiments

All mice were handled according to the approved animal protocols of
our institution. The gastrocnemius and tibialis anterior muscles were
dissected from female SJL (SJL/JOrllcoCrj) mice (n = 20; Charles
River Laboratories, Yokohama, Japan). Prior to this study, the mus-
cles of both strains of mice were examined to investigate the muscular
pathology and progression of myopathy.® BLA/J (B6.A-Dysf’™™/
GeneJ) mice were obtained from The Jackson Laboratory (Bar Har-
bor, ME, USA).

Metformin Administration Study

A total of 20 SJL/] mice were randomized to receive vehicle (n = 10) or
5 mg/mL metformin (n = 10), and 10 BLA/J mice were randomized to
receive vehicle (n = 5) or 5 mg/mL metformin (n = 5).

Determination of CK Levels

Blood (10 pL) was collected in Eppendorf tubes via cardiac puncture
under deep anesthesia and was allowed to clot at room temperature
prior to centrifugation and serum collection. Determination of the
level of CK was conducted according to the manufacturer’s instruc-
tions using a standard spectrophotometric method. The data were ex-
pressed as units per liter.

Functional Tests

Grip strength of the forearms was assessed using a grip strength meter
(GPM-100; MelQuest, Toyama, Japan) according to the manufac-
turer’s instructions. Three forelimb strength measurements were re-
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corded in the morning by an investigator blinded to the treatment
conditions. The average grip strength measured each day was used
for the subsequent analysis.

Tissue Preparation

The gastrocnemius and tibialis anterior muscles were collected indi-
vidually using standard dissection methods and cleaned of excess
fat, connective tissue, and tendons. Several muscles were frozen in iso-
pentane that was cooled by liquid nitrogen for histological and immu-
nohistochemical analyses, whereas the other muscles were frozen
directly in liquid nitrogen for protein extraction and stored at —80°C.

Immunoblotting
Skeletal muscle protein was extracted from the mouse hindlimb mus-
cle samples for immunoblot analysis, as described previously.®’

Total Collagen Quantification

Frozen gastrocnemius muscles (30-mg portions) were transferred
into a Sarstedt tube, and following addition of 600 pL of 6 M HCI,
they were hydrolyzed by overnight incubation at 95°C in a heat block.
Upon hydrolysis, without any pretreatment, 35 puL of it was used for
collagen quantification using a QuickZyme total collagen assay sys-
tem (QuickZyme Biosciences, Leiden, the Netherlands), and 15 pL
was used for the QuickZyme protein assay (QuickZyme Biosciences,
Leiden, the Netherlands), which has specifically been developed for
protein analysis in acid hydrolysates. The protein data were used
for normalization of the unknown quantity of tissue used for
hydrolysis.

H&E Staining

Several cryosections of 10 pm were cut in the middle of the muscle
belly to obtain the largest myofiber diameter and were then placed
on poly-L-lysine-coated slides, air-dried, and stained with H&E.
The sections were viewed and photographed using an Olympus dig-
ital camera system (Olympus, Tokyo, Japan).

Histological Analysis of Internal Nuclei

Internal nuclei were counted from approximately 200 fibers in at least
three separate regions by an investigator blinded to the treatment
conditions.

Histological Analysis of Muscle Cross-Sectional Area (CSA)

The muscle CSA was determined using Keyence software (Keyence,
Osaka, Japan) to manually trace the circumference of individual fi-
bers. CSA analysis of the muscle was calculated from approximately
5,000 fibers per mouse by an investigator blinded to the treatment
conditions.

IgG Immunohistochemistry

IgG staining was used for intracellular IgG [IgG (H+L)] to determine
muscle damage. After fixation in 4% paraformaldehyde, gastrocne-
mius muscle sections were stained with an Alexa Fluor 488 goat
anti-mouse IgG (1:500, A-11001; Thermo Fisher Scientific, Waltham,
MA, USA) solution in 2% BSA for 2 h at room temperature, washed in



www.moleculartherapy.org

PBS, and mounted with coverslips. Images for IgG staining were
taken using a Keyence BZ-X710 (Keyence, Osaka, Japan). 3-4 region
of interest images were consequently chosen for each muscle section.
All images were analyzed using Keyence software (Keyence, Osaka,
Japan) by an investigator blinded to the treatment conditions. The
IgG-positive and IgG-negative fibers were individually quantified
and then calculated as a percentage of total fibers for each group.

Statistical Analysis

The significance of differences was determined using the Wilcoxon test
(Figures 2, 3, 4, 5, 6, and 8; Figures S5, S7-S10, and S12-S14) and
ANOVA followed by Tukey’s multiple comparison test (Figure 7).
Data are expressed as mean + SE. Statistical significance was set at
p < 0.05.

SUPPLEMENTAL INFORMATION
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