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Abstract

Background: The plasma membranes of striated muscle cells are particularly susceptible to rupture as they endure
significant mechanical stress and strain during muscle contraction, and studies have shown that defects in membrane
repair can contribute to the progression of muscular dystrophy. The synaptotagmin-related protein, dysferlin, has been
implicated in mediating rapid membrane repair through its ability to direct intracellular vesicles to sites of membrane
injury. However, further work is required to identify the precise molecular mechanisms that govern dysferlin targeting
and membrane repair. We previously showed that the bin-amphiphysin-Rvs (BAR)-pleckstrin homology (PH) domain
containing Rho-GAP GTPase regulator associated with focal adhesion kinase-1 (GRAF1) was dynamically recruited to
the tips of fusing myoblasts wherein it promoted membrane merging by facilitating ferlin-dependent capturing of
intracellular vesicles. Because acute membrane repair responses involve similar vesicle trafficking complexes/events and
because our prior studies in GRAF1-deficient tadpoles revealed a putative role for GRAF1 in maintaining muscle
membrane integrity, we postulated that GRAF1 might also play an important role in facilitating dysferlin-dependent
plasma membrane repair.

Methods: We used an in vitro laser-injury model to test whether GRAF1 was necessary for efficient muscle membrane
repair. We also generated dystrophin/GRAF1 doubledeficient mice by breeding mdx mice with GRAFT hypomorphic
mice. Evans blue dye uptake and extensive morphometric analyses were used to assess sarcolemmal integrity and
related pathologies in cardiac and skeletal muscles isolated from these mice.

Results: Herein, we show that GRAF1 is dynamically recruited to damaged skeletal and cardiac muscle plasma
membranes and that GRAF1-depleted muscle cells have reduced membrane healing abilities. Moreover, we show
that dystrophin depletion exacerbated muscle damage in GRAF1-deficient mice and that mice with dystrophin/GRAF1
double deficiency phenocopied the severe muscle pathologies observed in dystrophin/dysferlin-double null mice.
Consistent with a model that GRAF1 facilitates dysferlin-dependent membrane patching, we found that GRAF1 associates
with and regulates plasma membrane deposition of dysferlin.

Conclusions: Overall, our work indicates that GRAF1 facilitates dysferlin-dependent membrane repair following acute
muscle injury. These findings indicate that GRAFT might play a role in the phenotypic variation and pathological
progression of cardiac and skeletal muscle degeneration in muscular dystrophy patients.
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Background

The plasma membrane (PM) functions as a physical bar-
rier which protects the intracellular environment from
the extracellular milieu, and continuous maintenance of
this barrier is essential to support the proper function
and vitality of all cells. The PM of striated muscle cells,
or sarcolemma, is particularly susceptible to rupture as
it endures significant mechanical stress and strain during
muscle contraction. As such, the muscle must possess
the ability to maintain sarcolemmal integrity and func-
tion, and previous studies have demonstrated that this is
achieved by both sarcolemmal stabilization and dynamic
sarcolemmal membrane repair.

Sarcolemmal stabilization in striated muscle is medi-
ated in large part by the dystrophin glycoprotein com-
plex (DGC) which localizes to the inner surface of the
PM. The DGC functions primarily as a strong mechan-
ical link between the intracellular cytoskeleton and the
extracellular matrix (ECM) to stabilize the sarcolemma
and transmit force laterally during muscle lengthening
and contraction [1]. Integral components of the DGC in-
clude the transmembrane protein, B-dystroglycan, and
its associated protein dystrophin, which connects the
sarcolemma to the contractile machinery [1, 2]. In
patients, a loss or reduction of dystrophin is causal for
Duchenne muscular dystrophy or the milder Becker
muscular dystrophy, respectively [3]. Studies in animal
models have revealed that dystrophin deficiency in-
creases sarcolemmal fragility in the skeletal muscles and
in the heart and results in progressive muscle weakness
and degeneration [4].

While the mechanistic details of sarcolemmal injury
repair remain incompletely understood, studies indicate
that membrane resealing involves coordinated changes in
sub-plasmalemmal actin dynamics and intracellular vesicle
transport. The current model suggests that membrane
wounding results in the production of reactive oxygen spe-
cies and an influx of Ca®* that promotes transient sub-
plasmalemmal actin polymerization, the oligomerization of
repair proteins like the annexins [5] that prevent wound
expansion, and the aggregation of intracellular vesicles
(lysosomes or secretory vesicles) to the sub-plasmalemmal
space. Following localized actin dissolution, vesicles fuse
near the PM lesion area [6, 7], and the wound is eventually
cleared from the membrane by either clathrin-independent
endocytosis or shedding of micro-particles [8].

The first protein shown to actively participate in both
skeletal and cardiac sarcolemmal injury repair was the
273-kDa membrane anchored calcium-binding protein,
dysferlin. Mutations in dysferlin are causal for limb gir-
dle muscular dystrophy 2B, Miyoshi myopathy [9, 10],
and diseases also associated with skeletal and cardiac
muscle degeneration [11-13]. Dysferlin-null mice exhibit
cardiomyopathies when aged [14] and significant
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systolic dysfunction when stressed by conditions
known to promote cardiomyocyte membrane disrup-
tion including exercise, isoproterenol (ISO) infusion,
or genetic depletion of dystrophin [11, 15]. Import-
antly, in vitro experiments demonstrated that skeletal
and cardiac muscle fibers lacking dysferlin exhibited
defects in Ca**-dependent membrane resealing follow-
ing mechanical or laser-induced membrane rupture
[16, 17]. Dysferlin is anchored to both intracellular
vesicles and PMs, and its distribution between these
compartments is tightly regulated by endocytic recyc-
ling [18]. In response to injury in normal muscle,
dysferlin is rapidly recruited to PM-repair patches
[17]. The finding that dysferlin-null muscle retained
accumulation of vesicles near membrane damage sites
indicates that dysferlin likely mediates the final step
of docking and fusion of the “endomembrane patch”
to reseal the membrane breach necessary for PM re-
pair [19]; a function consistent with that of its closely
related proteins, synaptotagmins, which are known to
facilitate fusion of neurotransmitter-containing vesicles to
the PM during exocytosis [20]. Notably, aggregation and
reduced PM association of dysferlin are observed in
several muscular dystrophies including caveolinopathies
and sarcoglycanopathies suggesting that dysferlin mis-
targeting could also play a role in the pathogenesis of
these diseases [21-24]. However, further work is re-
quired to identify the precise molecular mechanisms
that govern dysferlin targeting and vesicle recruitment
to sites of membrane damage.

We previously showed that GRAF1 (guanosine tripho-
sphatase (GTPase) regulator associated with FAK-1) is a
Rho-specific GTPase activating protein that is expressed
predominantly in striated muscle and that this protein
mediates sarcolemmal recruitment of the fusogenic
ferlin family members, myoferlin, and ferlin-1-like 5
(FerlL5) to promote mammalian myoblast fusion and
muscle growth [25-27]. Interestingly, depletion of GRAF1
from developing tadpoles led to a highly penetrable
dystrophic phenotype and grossly impaired mobility,
and ultrastructural analysis of the swimming muscles
(i.e., somites) from these animals revealed numerous
membrane tears [26]. Since tadpole somite muscle for-
mation does not involve cell—cell fusion, these data in-
dicated that GRAF1-depleted muscle fibers were either
unable to withstand the mechanical strain or to repair
strain-induced lesions that occurred during regular
muscle usage. Herein, we show that GRAF1 is an essen-
tial component of the acute membrane repair response
in both the skeletal and cardiac muscle. Overall, our
mechanistic studies indicate that GRAF1 facilitates
myoferlin/Fer1L5 dependent membrane fusion during
muscle formation and dysferlin-dependent membrane
repair following acute muscle injury.
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Methods

Animals

Grafl gene trap mice were generated and obtained from
the Texas A&M Institute for Genomic Medicine (College
Station, TX) and were described previously [27]. Mdx/
C57/B10 mice were obtained from the Jackson Laboratory
(Bar Harbor, ME). Experimental mice were generated by
breeding the female mdx mice with the male Grafl gene
trap (GRAF19YS%) mice through two generations. The gen-
etic background of all the experimental mice is a mixture
of C57/B10 and C57BL/6]. F2 pups were genotyped for the
Grafl allele and the mdx allele as described previously
[27, 28]. Echocardiographic analysis was performed in age-
and littermate-matched female offspring. All other analyses
were performed in age- and littermate-matched male off-
spring. The animals were treated in accordance with the
approved protocol of the University of North Carolina
(Chapel Hill, NC) Institutional Animal Care and Use Com-
mittee, which is in compliance with the standards outlined
in the guide for the Care and Use of Laboratory Animals.

Echocardiography

Left ventricular function was assessed by 2D echocardi-
ography in conscious 7-month-old female mice using
the Visualsonic Ultrasound System (Vevo 660) with a
30-MHz high-frequency transducer as described previ-
ously [29]. Echocardiographic measurements from three
consecutive cycles were averaged using Visual Sonics
software.

Grip force measurements
Muscle forelimb grip strength was analyzed using an
automated strain gauge as described previously [30].

In vivo muscle injury models

To induce cardiac injury, Grafl™"™' (wild-type) and
Graf1SYS* (GRAF1-depleted) mice were subject to intra-
cardiac injections of 50 puL of 5 uM cardiotoxin (CTX)
(Naja nigricollis, Calbiochem). After 24 h, the mice were
subject to intraperitoneal injection of phosphate-buffered
saline (PBS) containing 5 % Evans blue dye (EBD), and the
hearts were harvested 24 h later. Alternatively, the mice
were injected with EBD and subsequent injections of ISO
(5 mg/kg) at 0, 16 and 23 h time points, and the hearts
were harvested 1 h following the final injection. For both
injury models, the blood was collected at time of tissue
harvest and serum isolated to assess troponin T levels
according to the manufacturer’s instructions (Life Diag-
nostics). To induce skeletal muscle injury, 50 pL of 20 uM
CTX was injected into the quadriceps of 12-month-old
male mice and the muscle was harvested 7 days later.
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Primary cell isolation, cell culture, and siRNA treatment
Primary and C2C12 mouse skeletal myoblasts were isolated
and cultured as described previously [27]. Primary adult rat
cardiomyocytes were isolated by the Langendorff method
as described previously [31]. GRAF1 was depleted from
cultured myocytes using short interfering RNA (siRNA)
duplex oligoribonucleotides obtained from Invitrogen with
the following sequences: grafla sense 5'-GCAGCUGUU
GGCCUAUAAU(AT)(dT)-3" and anti-sense 5 -AUUAUA
GGCCAACAGCUGC-3’, and graflb sense 5'-AAGUGG
ACCUGGUUCGGCAACAUUU-3" and anti-sense 5-AA
AUGUUGCCGAACCAGGUCCACUU-3". The myocytes
were transfected with 50 nM of Grafl siRNA (25 nM of
both grafla and graflb) or a GFP-specific siRNA as a
non-target control using DharmaFECT reagent 1 ac-
cording to the manufacturer’s instructions (Thermo
Scientific). After 24 h, media was exchanged and cells
were fixed.

In vitro injury repair assays

For laser repair assay, Graf1™¥"™* and Graf1©%S* primary
skeletal myoblasts were differentiated for 72 h before
addition of FM 1-43 (Invitrogen), a membrane-
impermeable dye, for 5 min prior to laser injury.
Healthy, intact myotubes were targeted with a 10-s laser
pulse, mode-locked on a 1 pm (I) x 0.5 pm (w) x 1 pm
(d) region of the PM. Time-lapse images were acquired
prior to and for up to 5 min following injury. The fluor-
escent intensity within (and remote to) the damaged site
was quantified using Zeiss LSM 710 imaging software.
Furthermore, to investigate GRAF1 redistribution to the
disrupted PMs, the differentiated C2C12 myoblasts were
mechanically injured with a scalpel blade or a micro-
injection needle (Eppendorf) 2 min prior to fixation and
immunohistochemical analysis. For saponin repair assay,
siRNA-treated primary cardiomyocytes were treated
with FM 1-43 and permeabilized with 0.01 % saponin,
or left untreated as a control, for 1 min prior to fixation.

Immunohistochemistry and immunocytochemistry

The harvested mouse hearts and diaphragm muscles were
immediately fixed in 4 % paraformaldehyde and processed
for paraffin embedding using standard techniques.
Unfixed frozen canine cranial tibialis muscles, a generous
gift from Dr. Joe Kornegay, were fixed and processed as
above. Alternatively, the mouse tibialis anterior muscles
were immediately embedded in Tissue-Tek O.C.T. com-
pound (Sakura) and snap-frozen in 2-methylbutane cooled
over dry ice. For immunohistochemistry, the tissues were
cross-sectioned at 8 pm, post-fixed in 4 % paraformalde-
hyde (frozen sections), treated for antigen retrieval using
10 mmol/L citrate buffer (pH 6.0), and stained using
standard techniques. For immunostaining of the cultured
myocytes, the cells were fixed in 4 % paraformaldehyde
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and permeabilized using PBS containing 0.1 % Triton
X-100 and 0.1 % sodium citrate (for cardiac myocytes)
or PBS containing 0.4 % Triton A-100 (for skeletal
myocytes). The tissues/cells were incubated with pri-
mary antibodies at 1:200 dilutions at 4 °C overnight.
Commercial antibodies were purchased from Sigma
(laminin, monoclonal y-tubulin), Abcam (a-actinin),
Lifespan Biosciences (annexin Al), Leica Microsystems
(dysferlin), and Developmental Studies Hybridoma
Back, University of lowa (eMHC, troponin T). Deriv-
ation of the GRAFI1 rabbit and hamster antibodies were
described previously [27]. The tissues were then incubated
with Alexa Fluor secondary antibodies (Invitrogen), Alexa
Fluor phalloidin (Invitrogen), Alexa Fluor wheat germ ag-
glutinin (Invitrogen), and DAPI at 1:500 in PBS for 1 h,
washed, and mounted. Fluorescent images were acquired
using a Zeiss LSM 710 confocal laser-scanning micro-
scope. Image] software was used to quantify the myofiber
cross-sectional area and the in vivo fusion index as previ-
ously described [27].

Histological analysis

The tissue sections processed as above were subjected to
hematoxylin and eosin (H&E) staining using standard
techniques, Masson trichrome (MTC) staining (Sigma) or
Picrosirius red staining (Polysciences) according to the
manufacturer’s instructions, and visualized using bright
field microscopy. To assess cardiac fibrosis, the cross-
sections of MTC-stained hearts were scored as follows:
1=0-50 % of vessels exhibited peri-vascular fibrosis
with minimal/no interstitial fibrosis, 2 = 50—80 % of ves-
sels exhibited peri-vascular fibrosis with minimal/no
interstitial fibrosis, 3 =50-80 % of vessels exhibited
peri-vascular fibrosis with intermediate interstitial fi-
brosis and presence of scar, and 4 = 80—100 % of vessels
exhibited vascular fibrosis with significant interstitial fibro-
sis and scar. To quantify diaphragm thickness, cross-
sectional widths along the length of a tissue section were
measured and averages calculated using Image] software.
To quantify diaphragm myofiber number, the diaphragm
cross-sections were immunostained to demark myofiber
boundaries and imaged using confocal microscopy. The
total myofiber number from three representative images
that spanned 650 um in length and the total cross-sectional
width of the diaphragm were quantified using Image], and
these values were used to derive the total number of myofi-
bers per diaphragm. To visualize diaphragm fibrosis, Sirius
red-stained tissues were first imaged under linear polarized
light using identical gain. ImageJ] was then used to quantify
the integrated density of the red and green signal from each
image. Collagen composition is described as the average ra-
tio of red to green signal density per area of tissue. Images
were acquired using an Olympus BX61 microscope.
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Co-immunoprecipitation

For immunoprecipitation studies, isolated mouse quadri-
ceps muscle was sonicated in modified radioimmune
precipitation assay (RIPA) buffer (50 mM HEPES pH
7.2, 0.15 M NaCl, 2 mM EDTA, 0.1 % Nonidet P-40,
0.05 % sodium deoxycholate, 0.5 % Triton X-100 plus
1 mM sodium orthovanadate and 1x concentrations of
both Halt Protease Inhibitor Cocktail (Thermo Scien-
tific) and Halt Phosphatase Inhibitor Cocktail (Thermo
Scientific) and cleared by centrifugation. One thousand
microgram of cleared lysate was incubated with 10 pg of
either an anti-GRAF1 antibody (polyclonal) overnight at
4 °C. The solution was then mixed with 75 pL of a 50 %
slurry of Protein A Sepharose beads (Sigma) in tris-
buffered saline (TBS) and rotated at 4 °C for 2 h. the beads
were then quickly tapped down in a refrigerated centrifuge
and rinsed three times with ice-cold RIPA + inhibitors and
once with TBS before the beads were boiled in 50 pL of
sample buffer. Eluates and a 2 % lysate input were resolved
by SDS-PAGE, transferred to nitrocellulose membranes,
and immunoblotted with an anti-dysferlin antibody and
an anti-GRAF1 antibody (monoclonal) at 1:1000 dilutions
using standard techniques.

Electroporation, fiber preparation, and laser damage assay
Flexor digitorum brevis fibers were transfected with an
N-terminally tagged mCherryGRAF1 complementary
DNA (cDNA) using methodology similar to the in vivo
electroporation methods previously described [32]. Briefly,
the footpads of wild-type (WT)'?° mice were injected with
10 pl of hyaluronidase (8 units). Two hours post injection,
mCherryGRAF1 cDNA (2 pg/pl) was injected into the
footpad and the muscle was stimulated. The muscle was
allowed to recover for 7 days, and then fibers were iso-
lated. The flexor digitorum brevis muscle was dissected
and placed in DMEM containing BSA plus collagenase
type 2 solution. Dissociated fibers were imaged on Matek
confocal microscopy plates (P35G-1.5-14-C; Matek).
Utilizing LAS AF Leica Imaging Software, membrane
lesions were induced using FRAP Bleach point in the
fluorescence recovery after photobleaching (FRAP) wizard
protocol. The 405-nm laser was set at 80 % power for 3 s,
and images were acquired on a Leica SP5 2 photon micro-
scope. A single image was acquired before damage, upon
laser damage, and every 2 s after damage, and then one
image every 10 s.

Statistical analyses

Student ¢ test was applied for comparison of means. Ana-
lysis of variance (ANOVA) was applied for comparison
between groups. Data are represented as mean + standard
error of mean (sem), and p values <0.05 were considered
statistically significant.
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Results and discussion

GRAF1 is dynamically recruited to damaged PMs

We previously showed that GRAF1 was dynamically re-
cruited to the tips of fusing myoblasts wherein it promoted
membrane merging by facilitating ferlin-dependent captur-
ing of intracellular vesicles [27]. Because acute membrane
repair responses involve similar vesicle trafficking com-
plexes/events and because our prior studies in GRAFI-
deficient tadpoles revealed a putative role for GRAF1 in
maintaining muscle membrane integrity [26], we postulated
that GRAF1 might also play an important role in facilitating
PM repair. To test this hypothesis, we first sought to deter-
mine if GRAF1 was recruited to sites of sarcolemmal injury.
In support of a role for GRAF1 in mediating acute injury
repair, we found that mechanical rupture of C2C12 myo-
tubes resulted in the rapid (within 2 min) recruitment of
endogenous GRAF1 from peri-nuclear compartments to
the site of membrane lesions where it co-localized with the
membrane repair protein, annexin Al (Fig. la, b). Co-
staining with phalloidin indicated that the sites of sarcolem-
mal injury were nearly completely devoid of actin-based
structures, consistent with our previous finding that when
targeted to the membrane, GRAF1 promoted marked
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clearing of cortical F-actin [26]. In mature skeletal and car-
diac muscle fibers, endogenous GRAF1 was predominantly
cytoplasmic and was distributed along Z-bands (Fig. 1c, d).
To determine if damage also promoted GRAF1 sarcolem-
mal recruitment in mature muscle fibers, we electroporated
mCherryGRAF1 into native adult skeletal myofibers and
induced damage by laser wounding using previously estab-
lished methods [33]. Live cell imaging revealed that GRAF1
rapidly translocated from Z-bands to the sarcolemmal
injury site in these cells (Fig. 1c). For cardiomyocytes which
are too small for laser injury, we utilized saponin treatment
to induce injury [34]. Similarly, we found that saponin
treatment induced translocation of endogenous GRAF1
from Z-bands to distinct PM sites on adult cardiomyocytes
(Fig. 1d). Collectively, these findings are reminiscent of
studies in which sarcolemmal injury induced the rapid
accumulation of dysferlin that other proteins implicated in
repair including the following: annexins Al, A2, and A6
[33, 35], caveolin-3 [21], AHNAK [36], and mitsugumin 53
(MG53) [22]. As each of these proteins has been implicated
in mediating myoblast membrane repair [5, 22, 33, 37-41],
we reasoned that GRAF1 might be an additional essential
component of this membrane repair “kit”.

a d
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, F-actin

GRAF1 red
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100 180

Fig. 1 GRAF1 accumulates at PM injury sites. a A 72-h differentiated C2C12 myoblast cut with a scalpel blade was fixed 2 min post-injury and stained for
GRAF1 (red). Note accumulation of GRAF1 at the site of injury. F-actin and nuclei were counterstained with phalloidin (green) and DAPI (blue), respectively.
b GRAF1 (red) co-localizes with the membrane fusion/repair protein, annexin A1 (green) at site of microinjection needle-mediated PM puncture in cultured
myoblasts. Cells were fixed and stained 2 min after injury. ¢ mCherry-GRAF1 labeled myofibers were laser damaged, and GRAF1 localization was monitored
over time. Note that visible accumulation of GRAF1 at the site of injury (denoted by asterisk) by 100 s post-injury. d Immunohistochemical analysis of
GRAF1 expression (red) in control and saponin-treated cultured adult rat ventricular cardiomyocytes. Note that the translocation of GRAF1 to the PM of
saponin-treated cells (white arrows). Nuclei are counterstained with DAPI (blue)




Lenhart et al. Skeletal Muscle (2015) 5:27

Page 6 of 15

a Graf1"'Wt

pre-injury

2
=
=
< £
2 E
2~
@
E
£
E
L]
phase FM 1-43 phase FM 1-43
b 5 10 cg & j
= 100 - g *x
= =
E_ o Graft®® F_ o %
38 32 'ﬁ—‘
§ ET0 284 Wi GFP
én au 4 gt 30 Wi GRAF
2 5 aR
WHWt -
3 w ; Graf{ % 20 '
; 30 - - 10
w 20 E 0
01 2 3 465 Control Saponin
Time (min.)

Fig. 2 GRAF1 regulates skeletal and cardiac muscle membrane repair. a Graf1"'"*** and Graf1¥“" primary myotubes were treated with FM 1-43
membrane dye (red) for 5 min and imaged prior to confocal-directed laser injury (1 uM x 0.5 uM within red square; top panels) and for 3 min
post-injury. Note the pronounced FM 1-43 accumulation in Graf1°V“t cells. b Quantification of dynamic FM 1-43 dye accumulation following
injury (n=23-28 cells per genotype; N =5). Data are represented as mean + sem ¢ Quantification of FM 1-43 dye-positive cardiomyocytes
treated with or without saponin following transfection with control (GFP) or Graf1-specific siRNAs. Note the significant increase in dye accumulation in
GRAF1-depleted cells. Western blot inset demonstrates efficient Graf1 knockdown. y-tubulin is shown as the loading control
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GRAF1-depleted muscle cells have reduced membrane
healing abilities

We next used an in vitro laser injury model to test
whether GRAF1 was necessary for efficient muscle
membrane repair. Primary myoblasts isolated from a previ-
ously described GRAF1-deficient mouse line (GRAF1878")
and a littermate control line (GRAF1"Y™Y) were subjected
to differentiation media for 48 h, and laser injury was per-
formed on bi-nucleated myotubes that had been pre-
incubated with membrane-impermeable FM 1-43 dye
(Fig. 2a). Time-lapse images revealed efficient PM resealing
following laser injury of GRAF1"** myotubes as demon-
strated by a transient increase in FM 1-43 fluorescence
within the wounded region (Fig. 2a, b). In stark contrast,
when subjected to an identical laser burst, myocytes iso-
lated from GRAFE”®" mice exhibited a pronounced and
widespread increase in FM 1-43 fluorescence, indicative of

failed initial attempts at membrane resealing [42].
Pronounced resealing defects were also observed in
GRAF1-depleted cardiomyocytes both prior to and fol-
lowing saponin treatment as assessed by dye accumula-
tion (Fig. 2c). Collectively, these studies support the
postulate that GRAF1 plays a critical role in resealing
membranes damaged by mechanical stress.

GRAF1 depletion compromises sarcolemmal integrity

in vivo

As noted above, we recently developed GRAF1 hypo-
morphic mice using an available GRAF1 gene trap ES
line (Texas Genome Institute of Medicine) and Western
blot analysis confirmed that the gene trap led to a near
complete depletion of GRAF1 in the heart and various
skeletal muscles [27]. Unlike in GRAF1-depleted tadpoles
[26], there was no indication of premature lethality in
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GRAFI1-depleted mice and we showed that this may be
due, at least in part, to functional compensation by the
closely related family member GRAF2 [27]. Nonetheless,
some hallmarks of muscular dystrophy were apparent
in GRAF18/8" skeletal muscles including centro-
nucleated atrophic fibers and myofiber branching [27],
and our recent studies show that 6-month-old
GRAF18"#" hearts exhibited significantly higher levels
of fibrosis, indicative of cardiac muscle degeneration
(see Fig. 5). Moreover, ultrastructural analysis revealed
that GRAF1-depleted muscle exhibited elongated T-
tubules and vacuole-T-tubule fusion (Additional file 1:
Figure S1). These defects are hallmarks of dysferlino-
pathies [43, 44] and could contribute to dystrophic
pathological progression in this model because T-
tubules serve as a membrane source for rapid sarco-
lemmal repair [45, 46]. Thus, GRAF1 depletion
phenocopies dysferlin deficiency as (1) depletion of ei-
ther protein in cultured skeletal and cardiac cells
leads to delayed myoblast membrane resealing [17]
and (2) depletion of either gene in mice leads to a
modest cardiac and skeletal muscle dystrophy [11, 14,
15, 17, 47].

To further explore the role for GRAF1 in dysferlin-
dependent maintenance of cardiac membrane integrity,
we challenged young 2-3-month-old GRAF18Y8" mice
with agents including CTX or the contractile agonist
ISO that have been previously shown to induce marked
sarcolemmal injury in dysferlin-null mice [11, 47]. In
brief, the GRAF18"8" mice were subjected to cardiotoxin
injection (50 pl of 5 uM) into the left ventricular wall or
to 3x5 mg/kg intraperitoneal (i.p.) injections of ISO
over a 24-h period. EBD was injected i.p. immediately
following injury, and sarcolemmal damage was evaluated
in these models by assessing its cellular accumulation.
As previously reported, EBD binds avidly to serum al-
bumin and as such dye can only enter cells that have
compromised PMs. As shown in Fig. 3a, EBD uptake
was not apparent in non-treated GRAF1™' or
GRAF18"8" hearts and CTX injection into control
hearts led to modest EBD accumulation that was re-
stricted to the sub-epicardial zone (red, EBD; green,
cardiac troponin T). In stark contrast, large clusters of
EBD-positive cardiomyocytes were apparent in the
myocardial wall adjacent to the CTX injection site in
the GRAFEY8" hearts. Likewise, ISO treatment of the
GRAF18"¢" mice led to significantly increased accumula-
tion of myocardial EBD in comparison to similarly treated
GRAF1""™ mice (Fig. 3a, b). Concomitantly, serum
troponin levels were significantly higher in ISO-treated
GRAFE8" mice relative to similarly treated GRAF1"Y** lit-
termate controls (Fig. 3¢). Collectively, these data indicate
that like dysferlin, GRAF1 plays a critical role in maintain-
ing cardiomyocyte PM integrity and in facilitating intrinsic
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Fig. 3 GRAF1 is required for optimal cardiomyocyte membrane
repair in vivo. a Representative images of Evans blue dye (EBD; red)
uptake in the hearts from Graf1"*""** and Graf1°Y“* adult mice prior
to (top panels) and 24 h after subjection to intra-cardiac injection of
cardiotoxin (CTX) (middle panels) or i.p. injection of isoproterenol (ISO)
(bottom panels). Cardiomyocytes and nuclei are counterstained with
troponin T antibody (green) and DAPI (blue), respectively. b Graphical
representation of the area of EBD uptake in the left ventricle (LV)
cross-section of injured hearts. ¢ Quantification of serum troponin
levels in injured mice. Note the significant increases in markers of
cardiomyocyte damage in GRAF9”9" mice. (N'=6-7 mice per genotype).
Data are represented as mean + sem. Scale bars =20 ym

cardiomyocyte membrane repair processes that can occur
during common pathological insults.

Dystrophin deficiency exacerbates cardiac and skeletal
muscle pathologies in GRAF1-depleted mice

Studies from the Campbell lab have revealed that DGC-
mediated membrane stability and dysferlin-mediated
membrane repair are both necessary for the homeostatic
maintenance of striated muscle membrane integrity.
Indeed, they showed that combined deficiency of dysfer-
lin and dystrophin led to more severe muscle pathology
resulting from increased susceptibility to muscle
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membrane rupture and to defective membrane repair
[11, 48]. Therefore, we postulated that if GRAF1 was indeed
an essential mediator of dysferlin-dependent membrane re-
pair, then co-depletion of dystrophin would unmask this
function and exacerbate cardiac and skeletal defects in
GRAF187¢" mice. To test this hypothesis, dystrophin/
GRAF1 double-deficient offspring were generated using
the breeding scheme depicted in Fig. 4 (refer to figure
legend for description of mouse nomenclature). As shown
in Fig. 5a, both GRAF1- and dystrophin-deficient (mdx)
mice present with modest cardiac pathology at 6-7 months
of age as assessed by the presence of interstitial “myocyte
replacement” fibrosis (i.e., collagen deposition as visualized
by Sirius red staining under polarized light) when com-
pared to GRAF1""™ (WT) controls. However, consistent
with the postulate that GRAF1 deficiency would ren-
der myocytes more sensitive to membrane instability,
the hearts from GRAF1/dystrophin double-deficient
(GRAF18Y85X™4Y) mice exhibited severe pathology,
including widespread fibrosis, focal necrosis and in-
flammation, and hypertrophic cardiomyocyte growth
(Fig. 5a—d). Accordingly, we found that double deple-
tion of dystrophin and GRAF1 led to reduced cardiac
performance as assessed by conscious echocardiog-
raphy. We used female mice for the functional studies,
because significant differences in body weights were ob-
served in the male but not female mice (see below for fur-
ther discussion and Additional file 1: Figure S2). As shown
in Fig. 5e—g, despite no significant difference in body size,
the hearts from the compound GRAF18/8,X™/mdx mjce
exhibited a significant increase in left ventricle (LV) mass
and LV chamber diameter accompanied by decreased
ejection fraction and fractional shortening, indicative of
cardiac dysfunction. Together, these findings support
the possibility that compound dystrophin/GRAF1 defi-
ciency (like compound dystrophin/dysferlin deficiency)
leads to progressive myocyte necrosis due to cumula-
tive damage coupled with insufficient membrane repair
responses.
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To more directly test the postulate that GRAF1 regu-
lates a dysferlin-associated membrane repair function
in vivo, we further explored skeletal muscle sarcolemmal
integrity in GRAF1-deficient mdx mice. It is well docu-
mented that mdx mice undergo a period of acute skel-
etal myofiber necrosis and degeneration/regeneration
that begins around 3-4 weeks of age. To assess mem-
brane integrity at this stage of development, we injected
3-week-old pups with EBD and quantified dye uptake
24 h later. Due to limited offspring of double-deficient
mice, we evaluated muscles from the mdx mice that
were Wt or heterozygous at the GRAF1 locus. While
punctate areas of EBD-positive fibers (indicative of focal
necrosis) were detected in the mdx tibialis anterior
muscle, widespread EBD accumulation was observed in
the muscles isolated from mdx mice with partial GRAF1
depletion (GRAF18/*:,X™%Y mice Fig. 6a, c). The find-
ing that GRAF188" muscles did not exhibit detectible
levels of EBD-positive muscle fibers at this time point
indicates that depletion of GRAF1 does not destabilize
DGCs at the sarcolemma. Skeletal muscle membrane
disruptions not only permit EBD uptake but also initiate
a regenerative response which can be assessed by embry-
onic myosin heavy chain (eMHC) expression in nascent
fibers. Consistent with our EBD uptake assay, a signifi-
cant increase in the number of eMHC-positive fibers
was found in GRAF1E""X™Y muscles relative to the
other genotypes tested (Fig. 6b, d). Collectively, these
data indicate that the degeneration/regeneration pheno-
type observed in neonatal mdx mice was exacerbated by
partial depletion of GRAF1.

We next analyzed the consequence of GRAF1 and dys-
trophin deficiency in young adult mice. As mentioned
above, total body weights of 6-month-old male mice in-
creased significantly in GRAF18V85X™%Y mice relative
to age-matched and littermate control mice and this
effect was primarily due to increased muscle mass
(Additional file 1: Figure S2). These data are reminis-
cent of findings in DMD patients who frequently
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Fig. 5 GRAF1 depletion exacerbates cardiac fibrosis and reduces cardiac output in mdx mice. a Ventricle cross-sections from 6-month-old male mice with
indicated genotypes stained with Sirius red and visualized using bright field microscopy (upper panels) or under polarized light (bottom panels). Note the
fibrotic patches in double-depleted hearts (arrowheads). Scale bars=1.0 mm. b Ventricle sections stained with Masson’s trichrome (MTC) reveals fibrosis
as well as peri-vascular (asterisk) and interstitial inflammation (red arrowheads) in GRAF1/dystrophin-deficient hearts. Scale bars =50 pm. ¢ Percentage of
mice with cardiac fibrosis at 6 months of age. Cross-sections of MTC-stained hearts were quantitated as follows: 1: 0-50 % peri-vascular fibrosis;
minimal interstitial fibrosis; no scarring. 2: 50-80 % peri-vascular fibrosis; minimal interstitial fibrosis; no scarring. 3: 50-80 % peri-vascular fibrosis;
intermediate interstitial fibrosis; some scarring. 4: 80-100 % peri-vascular fibrosis; significant interstitial fibrosis; significant scarring. d Average
cardiomyocyte cross-sectional area (CSA) from hearts of 6-month-old mice. e-g Conscious echocardiographic analysis of left ventricular internal
diameter (LVID) LV mass, ejection fraction (EF), and fractional shortening (FS), respectively, in 7-month-old female mice. (*p < 0.005, **p < 0.01, #p < 0.05;
N =4-5 mice per genotype). Data are represented as mean =+ sem. Body weights for female mice were as follows and were not significantly different
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exhibit a transient increase in body weight and
muscle mass at young ages [9, 10, 49, 50]. Histo-
logical analysis of the tibialis anterior muscles re-
vealed that the increase in mass observed in the

GRAF18/8X™Y muscle was due to myofiber expan-
sion not myofiber hypertrophy (Additional file 1:
Figure $3). Indeed, the GRAF18V85X™%™Y tibialis anterior
muscles contained significantly more myofibers per unit
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area and, as demonstrated in the frequency histogram,
this was accompanied by a higher percentage of small
regenerating myofibers. Notably, at this time point the
mdx and GRAF1878;X™%Y muscles contained a com-
parably high percentage of regenerating fibers (nearly
90 % as demarcated by centrally localized nuclear foci)
indicating that the expansion of fibers in the GRAF18Y
ELX™Y muscles was most likely due to continued
rounds of degeneration/regeneration. Studies in
dysferlin-null mice have also reported that injury recov-
ery occurs by a marked increase in myogenesis [51],
though the proliferative effects in double-depleted
GRAF18785X™Y mice appear to be more profound
than previously reported in the mdx/dysferlin-depleted
mice [48]. This difference may be due, in part, to the
limited capacity for nascent GRAF18"#' myoblasts to
fuse, which when coupled with cumulative defects in

membrane repair could lead to the increased production
of small fibers. However, despite fiber size variability,
the GRAF18V8,X™%™Y tibialis anterior muscles did not
exhibit any overt pathology or functional deficit (data
not shown) at this time point.

Since the diaphragm muscle is known to be more sus-
ceptible to defects in membrane injury repair, we rea-
soned that these muscles might exhibit a more severe
dystrophic phenotype in the GRAF1/dystrophin-deficient
mice. Indeed, while we found no difference in the dia-
phragm diameter between Wt and GRAF®/#" mice, the
diaphragms of mdx mice were slightly larger—consistent
with ongoing tissue damage and repair—and further in-
creases were observed in the diaphragms isolated from
GRAF18"5X™ ™Y and GRAF18V€5X™%™Y mice (Fig. 7a
top, b; note the similar effect of GRAF1 haplo- and homo-
deficiency). Importantly, the increase in diameter in the



Lenhart et al. Skeletal Muscle (2015) 5:27 Page 11 of 15

Graf1®®  Graft""™;X"*Y Graf1®™;X"*Y Graf1®'®;X"Y

15X

60X

°
@
x
®
3
=
7

o
o
H

__160 7 | —* E 2.5 - = 1

L
L
3

€ 100 - p=0.07

(red/green ratio)
- o

©®
=
|;
Collagen composition
=)
n

(=]
4
(=]

e & & € i G G [3
o, s, %a%*% %"M s, %%Q:”’% e,
X"y X"y

Fig. 7 Histopathological analysis of diaphragm muscles in GRAF1/dystrophin-deficient mice. a Diaphragm cross-sections from 6-month-old male
mice with indicated genotypes stained with hematoxylin and eosin (H&E) (top panels) or Sirius red and imaged under polarized light to visualize
fibrosis (bottom panels). b Quantification of average diaphragm thickness from 6-month-old male mice. ¢ Graphical representations of collagen
composition of diaphragms from 6-month-old male mice (refer to methods for quantification details; *p < 5x 107% **p < 0.01; *p < 0.05; N=5
mice per genotype). Data are represented as mean + sem. Black scale bars =25 um; white scale bars =100 um

GRAF1-deficient mdx diaphragms was accompanied by a ~ GRAF1 co-associates with dysferlin and regulates its PM
profound increase in ECM deposition as assessed by Sirius  recruitment

red staining which revealed enhanced red birefringence  Dysferlin is anchored to both intracellular vesicles
indicative of increased deposition of type I collagen and and PMs, and its distribution between these compart-
other highly ordered collagens (Fig. 7a bottom, c) as ments is tightly regulated by endocytic recycling. In
well as an increase number of myofibers (p=0.06, response to injury in normal muscle, dysferlin is rap-
GRAF1885X™Y relative to mdx; Additional file 1: idly recruited to PM-repair patches [17] though the
Figure S4a). Interestingly, immunostaining for eMHC, underlying mechanisms remain unclear. Since GRAF1
to demarcate regenerating myofibers, revealed that depletion phenocopies dysferlin deficiency and since
while mdx mice exhibited numerous eMHC-positive fi- our previous studies revealed that GRAF1 promoted
bers at this 6-month time point, the GRAF18/*5X™%Y  cell—cell fusion by facilitating the endocytic vesicle to
and GRAF18/85X™%Y diaphragms exhibited minimal PM trafficking of the dysferlin family members, myo-
eMHC staining (Additional file 1: Figure S4b, green) ferlin and FerlL5, we reasoned that GRAF1 might
and a reduction in central nucleation (p=0.06, facilitate rapid membrane repair, at least in part, by
GRAF18VE5X™ ™Y relative to mdx; Additional file 1: regulating recycling-dependent accumulation of dys-
Figure S4c). These finding are consistent with a pro- ferlin to PM injury sites. We first explored dysferlin
gressive exhaustion of regenerative potential in these and GRAF1 localization in neonatal muscles isolated
diaphragm muscles resulting from reduced DGC-  from 9-day-old control or dystroglycan-deficient golden re-
dependent membrane stability coupled with reduced  triever muscular dystrophy (GRMD) that model Duchene’s
GRAF1-dependent repair. muscular dystrophy, since these animals (unlike the mdx
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mice) exhibit significant and widespread muscle pathology
at a young age [52] when GRAF1 is most robustly
expressed [25-27]. As shown in Fig. 8a, GRAF1 was
almost exclusively localized in a striated pattern aligned
with Z-disks in normal muscle while dysferlin was pre-
dominantly localized to the sarcolemma. In contrast,
GRAF1 exhibited remarkable plasmalemmal accumulation
and co-localization with dysferlin in GRMD muscle. We
observed a similar plasmalemmal accumulation of GRAF1
in CTX-injured mouse skeletal muscles (data not shown)
and accordingly, co-IP revealed a strong interaction
between GRAF1 and dysferlin in these fibers (Fig. 8b).
Moreover, while dysferlin was predominantly localized to
the PM of cardiac muscle in Wt mice (and GRAF1 to sar-
comeric structures), dysferlin exhibited diffuse cytoplasmic
staining in GRAF18“8" mouse hearts, indicating that
GRAF1 is important for the trafficking of dysferlin to the
PM (Fig. 8¢, d). This finding is consistent with the model
first described by us [27] and recently confirmed by others
[53] that GRAF1 forms a complex with the C-terminal
Eps15 homology domain (EHD) protein EHD1, a protein
involved in membrane vesiculation and the transport of
myoferlin and FerlL5 to the membrane [54]. Specifically,
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GRAF1 appears to be important in promoting the exit of
such critical cargo molecules from the endocytic recycling
compartment to the PM [53]. This process is likely gov-
erned by the membrane curvature inducing abilities of the
Bin—amphiphysin—Rvs (BAR) and pleckstrin homology
(PH) domains of GRAF1 which facilitate the budding
of small and motile recycling endosomes from the
static tubular endocytic compartment. Because GRAF1
also functions to accelerate actin de-polymerization,
we favor a model in which GRAF1 may associate with
vesicles through its BAR domain and that vesicle-
associated GRAF1 facilitates clearing of sub-
plasmalemmal actin to aid in ferlin-dependent vesicle
capture. The GRAF1-labeled vesicles might be specif-
ically targeted to sites of membrane injury through its
PH domain, because this domain has a high affinity
for phosphatidyl serine, and phosphatidyl serine is
known to be exposed on the inner leaflets of injured
membranes and the outer leaflets of exocytic vesicles
[37]. However, future studies will be necessary to de-
termine the extent that dysferlin mis-localization is a
direct consequence of GRAF1 depletion or is second-
ary to a general dystrophic phenotype as intracellular
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Fig. 8 GRAF1 associates with dysferlin in injured/dystrophic muscles and promotes its recruitment to the PM. a Immunohistochemical analysis of
GRAF1 expression (green) in normal and dystrophic (golden retriever muscular dystrophy; GRMD) muscle. Co-staining with dysferlin (red, left) and
a-actinin (red, right) demonstrates localization of GRAF1 in striated pattern aligned with Z-disks in normal muscle compared to localization to the
plasmalemma in GRMD muscle (note intramuscular inflammatory infiltrates indicative of muscle injury as visualized by DAPI staining). b Anti-
GRAF1 rabbit polyclonal antibody [52] immunoprecipitation (IP) from adult quadriceps muscle 7 days following CTX-induced injury. Blots were
probed with an anti-dysferlin antibody or hamster anti-GRAF1 antibody. Input contains 2 % of cellular lysate used for IP. ¢ Immunohistochemical
analysis of dysferlin (red) in Graf1"""** and Graf1°"“" adult mouse hearts indicates dysferlin mis-localization in the absence of GRAF1. Nuclei are
counterstained with DAPI (blue). d Immunohistochemical analysis of dysferlin (red) and GRAF1 (green) reveals plasmalemmal and sarcomeric
localization respectively in Wt hearts. Scale bars =20 um
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accumulation of dysferlin has also been observed in
dystrophic muscles of patients with various clinical
diagnoses [55, 56].

Conclusions

Previous studies demonstrated that dysferlin-null skeletal
myoblasts exhibited delayed membrane patching and a
more severe injury following sarcolemmal damage [17].
Our findings indicate that GRAF1 deficient skeletal and
cardiac muscle cells exhibit similar defects in acute
membrane resealing following injury. Moreover, we
show that dystrophin depletion exacerbated muscle
damage in GRAF1-deficient mice and that mice with
dystrophin/GRAF1 double deficiency phenocopied the
severe muscle pathologies observed in dystrophin/dys-
ferlin-double null mice [48]. Consistent with a model
that GRAF1 facilitates dysferlin-dependent membrane
patching, we found that GRAF1 associates with and
regulates PM deposition of dysferlin. Interestingly, it
was recently shown that null mutations in dysferlin
that render myocytes incapable of rapid vesicle-mediated
membrane repair also result in defects in vesicle-dependent
exocytosis of chemotactic factors including MCP-1 that are
necessary for efficient muscle regeneration [47]. Whether
GRAF1, like dysferlin, also mediates the release of
chemotactic molecules will be an important focus of fu-
ture studies. Importantly, variations of GRAF1 expres-
sion are common in the human population and are
associated with many diseases ranging from X-linked
alpha-thalassemia mental retardation syndrome [57] to
adenocarcinomas and myelodysplastic syndrome [58-61].
Our findings indicate that the extent to which GRAF1 var-
iations modify the onset and/or severity of muscle or heart
phenotypes in dystrophic patients warrants further study.

Additional file

Additional file 1: Figure S1. TEM of GRAF1 tibialis anterior muscle. TEM
(x2500 magnification) reveals T-tubule abnormalities in muscle from GRAF1-
deficient mice. Figure S2. Graf1-depleted mdx mice exhibit increased
muscle growth. Comparison of body mass and gross muscle size reveals
that young adult Graf1-depleted mdx mice exhibit increased muscle growth
relative to littermate controls. Figure $3. GRAF1/dystrophin- depleted tibialis
anterior muscles contain smaller but more numerous fibers. Comparison of
6-month-old muscle cross-sectional areas reveals that GRAF 1/dystrophin-
depleted tibialis anterior muscles contain smaller but more numerous fibers
than littermate controls. Figure S4. Adult GRAF1/dystrophin- depleted
diaphragms contain more numerous fibers and exhibit signs of reduced
regenerative capacity. Comparison of 6-month-old diaphragm muscle
cross-sectional areas reveals that GRAF1/dystrophin-depleted tissue
contains more numerous fibers and has less regenerative potential than
littermate controls.
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