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Mutations in the gene DYSF, which codes for the
protein dysferlin, underlie Miyoshi myopathy and
limb-girdle muscular dystrophy 2B in humans and
produce a slowly progressing skeletal muscle degen-
erative disease in mice. Dysferlin is a Ca**-sensing,
regulatory protein that is involved in membrane re-
pair after injury. To assess the function of dysferlin in
healthy and dystrophic skeletal muscle, we generated
skeletal muscle-specific transgenic mice with three-
fold overexpression of this protein. These mice were
phenotypically indistinguishable from wild-type, and
more importantly, the transgene completely rescued
the muscular dystrophy (MD) disease in Dysf-null A/J
mice. The dysferlin transgene rescued all histopathol-
ogy and macrophage infiltration in skeletal muscle of
Dysf~’~ A/J mice, as well as promoted the rapid re-
covery of muscle function after forced lengthening
contractions. These results indicate that MD in A4/
mice is autonomous to skeletal muscle and not initi-
ated by any other cell type. However, overexpression
of dysferlin did not improve dystrophic symptoms or
membrane instability in the dystrophin-glycoprotein
complex-lacking Scgd (8-sarcoglycan) null mouse,
indicating that dysferlin functionality is not a limiting
factor underlying membrane repair in other models
of MD. In summary, the restoration of dysferlin in skel-
etal muscle fibers is sufficient to rescue the MD in Dysf-
deficient mice, although its mild overexpression does

not appear to functionally enhance membrane repair in
other models of MD. (4m J Pathol 2009, 175:1817-1823;
DOI: 10.2353/ajpath.2009.090107)

The muscular dystrophies (MD) are a diverse group of
genetic muscle wasting disorders that typically result in
premature death due to cardiac or respiratory failure.’
Most characterized mutations in humans that cause MD
result from alterations in structural proteins that connect
the underlying contractile proteins to the basal lamina,
providing rigidity to the skeletal muscle cell membrane, or in
proteins that directly stabilize or repair the cell mem-
brane.”? For example, loss of dystrophin in Duchenne’s
MD or mutations in other components of the dystrophin-
glycoprotein complex (DGC) leads to a fundamental al-
teration in the physical properties of the sarcolemma,
permitting contraction-induced microtears and the un-
regulated exchange of ions such as Ca®*, leading to
necrosis and degeneration of myofibers.”? The DGC is a
multisubunit complex organized at the sarcolemma that
links the underlying contractile proteins to the extracellu-
lar matrix, providing the sarcolemma with cytoskeletal
support and protecting it from damage incurred during
the contractile cycle. The DGC contains structural pro-
teins such as dystrophin, dystroglycans, sarcoglycans,
dystrobrevin, sarcospan, and syntrophins, as well as a
number of signaling proteins.™? That membrane instabil-
ity and aberrant repair capacity underlie myofiber degen-
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eration in MD was further suggested by the observation
that mutations in the putative membrane repair protein
dysferlin cause limb girdle muscular dystrophy 2B and
Miyoshi myopathy.® Limb girdle muscular dystrophy 2B/
Miyoshi myopathy typically presents in early adulthood or
the late teen years, and muscle biopsies from these
patients show a striking inflammatory response.®

Dysferlin is a 230 kDa, Ca®" sensitive protein that
participates in membrane resealing events following in-
jury, but does not directly interact with components of the
DGC. Mice lacking dysferlin (Dysf) exhibit progressive
disease in skeletal muscle and cardiac tissue despite
having a functional DGC, which is characterized by myo-
fiber necrosis, cycles of degeneration and regeneration,
inflammation, and adipocyte replacement.*® Lack of dys-
ferlin also results in the accumulation of vesicles and
structural membrane defects as analyzed by electron
microscopy, suggesting a role in normal membrane turn-
over and recycling.*®

Disease in dystrophic skeletal muscle is dramatically
influenced by the inflammatory response, achieved
mainly by infiltration of cytotoxic T-lymphocytes and mac-
rophages.”® It has been suggested that Dysf-null inflam-
matory cells may initiate the disease process in the mus-
cles of Dysf-null mice and humans, as these immune cells
appear to be hyperactive and abnormal.®~'" For exam-
ple, macrophages and dendritic-T cell activation markers
are elevated in the SJL mouse model for Dysf deficiency
and in human limb girdle muscular dystrophy 2B.° Thus,
itis unclear whether disease due to dysferlin deficiency is
primarily due to an autonomous effect in immune cells or
skeletal muscle fibers. To address this issue, we gener-
ated transgenic mice that express dysferlin specifically in
skeletal muscle and used them to evaluate the necessity
of dysferlin within myofibers to initiate muscle disease in
Dysf null A/J mice. Moreover, we assessed the ability of
increased dysferlin expression to alleviate pathology in a
MD model that lacks a component of the DGC, Scgd
(8-sarcoglycan).

Materials and Methods

Animals

A/J mice, a strain with a homozygous retrotransposon
insertion in the Dysf gene described previously,'® were
purchased from Jackson Laboratories (Bar Harbor, ME).
To generate dysferlin transgenic mice (Dysf-TG) we
fused human dysferlin cDNA (88% identical to mouse) to
the human «-skeletal actin promoter with an upstream
troponin | slow fiber-type enhancer (generously provided
by Edna C. Hardeman, University of Sydney). Dysferlin
transgenic mice (C57BL/6 background) were bred with
A/J and Scgd null mice and both male and female litter-
mates were used for all analyses. Crossing AZJ mice with
Dysf-TG mice generated heterozygous F1 mice that were
subsequently intercrossed (F2) to generate homozygous
Dysf-null mice, Dysf-null mice with the transgene, and
Dysf wild-type controls with and without the transgene
(A/J-C57BL/6 background). Genotyping for the Dysf

mutant allele was performed exactly as described pre-
viously.'? All animal experiments were approved by the
Institutional Animal Care and Use Committee.

Western Blotting and Immunohistochemistry

Expression of the dysferlin transgene was detected in
immunoblots of extracts of muscle proteins prepared by
homogenization in cell lysis buffer (20 mmol/L Tris [pH
7.4], 137 mmol/L NaCl, 25 mmol/L B-glycerophosphate, 2
mmol/L sodium pyrophosphate, 2 mmol/L EDTA, 1
mmol/L sodium orthovanadate, 1% Triton X-100, 10%
glycerol, 1 mmol/L phenylmethanesulphonylfluoride, 5
pg/ml leupeptin, 5 ug/ml aprotinin, and 2 mmol/L benz-
amide). Extracts were centrifuged at 13,000 X g for 10
minutes and 20 pg of protein were separated on a
SDS-5% polyacrylamide gel, for subsequent Western
blotting by chemiluminescence (GE Health Care Life Sci-
ences). A dysferlin polyclonal antibody from Orbigen
(San Diego, CA) was used at 1:500. Immunohistochem-
istry was performed on 5 um cryosections using the
same dysferlin antibody at 1:50 dilution. Immunostaining
for macrophage content with Mac-3 antibody (1:100, BD
Pharmingen, San Jose, CA) and TO-PRO-3 iodine nuclei
blue-labeling (Molecular Probes, Carlsbad, CA) was per-
formed on 5 um paraffin sections. A secondary antibody
conjugated to fluorescein isothiocyanate was used to
visualize Mac-3 (green).

Muscle Weights and Histological Analyses

Muscle weights were normalized to tibia length. Muscles
were paraffin-embedded and sections (5 um) were cut at
the center of the muscle and stained with either H&E or
Masson’s trichrome. H&E-stained sections were ana-
lyzed using Imaged software for the number of centrally
placed nuclei. At least 400 fibers were counted for each
muscle from every animal. Fibrosis was quantitated
using MetaMorph analysis of blue staining in Masson'’s
trichrome sections.

Exercise and Evan’s Blue Dye Uptake

Evan’s blue dye (EBD, 10 mg/ml) was injected i.p. (0.1
mi/10g body weight) and the mice were sacrificed ap-
proximately 18 hours later. Quadriceps were embedded
in optimal cutting temperature compound (Tissue-Tek)
and snap-frozen in liquid nitrogen. Sectioning, staining,
and viewing were done exactly as described previously.'®
Wheat-germ agglutinin conjugated to fluorescein iso-
thiocyanate (Sigma) was used to visualize membranes
(green). To stress the sarcolemma and enhance leaki-
ness, animals were exercised by free access to running
wheels for 6 days. On the sixth day, mice were injected
with EBD as described above, allowed to run overnight,
then sacrificed 18 hours postinjection. Serum was also
sampled at this time for levels of creatine kinase (CK). All
groups of mice underwent similar levels of exercise, as-
sessed by counting the number of revolutions during the
night before harvest.



Injury and Assessment of Contractile Function

We studied the loss and recovery of contractile function
after inducing an injury to the ankle dorsiflexors by large
strain lengthening contractions performed in situ as de-
scribed previously. ™

Statistical Analysis

Results are presented as means + SEM. For all exami-
nations a one-way analysis of variance was used with a
Student-Newman-Kuels post hoc test. We considered
values significant when P < 0.05.

Results

Generation and Characterization of Dysf-TG
Mice

Human dysferlin was expressed under the control of the
human skeletal a-actin promoter.'® One usable line was
generated from transgene injections, which showed 3- to
3.5-fold overexpression in the quadriceps and triceps
muscles (Figure 1, A and B). Increased dysferlin expres-
sion was not detected in nonskeletal muscle tissues such
as kidney, liver, brain, lungs, spleen, and heart (data not
shown). Dysferlin has been shown to reside at the plasma
membrane in skeletal muscle, as well as some associa-
tion with cytoplasmic vesicles.*'® Immunohistochemistry
for dysferlin in sections of quadriceps muscle showed the
protein to be predominantly localized at and near the
sarcolemma of Dysf-TG mice, similar to wild-type (Figure
1C). Routine H&E staining of the quadriceps of Dysf-TG
mice at 11 months of age showed no histopathology
associated with mild dysferlin overexpression (Figure
1D). In addition, no tissue pathology was observed in the
diaphragm, gastrocnemius, tibialis anterior (TA), triceps,
or soleus at ages ranging from 6 weeks to 11 months
(data not shown). Dysf-TG mice also showed identical
muscle weights to nontransgenic controls, indicating that
the transgene did not induce skeletal muscle hypertrophy
or atrophy (data not shown). Thus, mild overexpression of
dysferlin in skeletal muscle was achieved with no detect-
able histological untoward effects.

Dysf-TG Mice Rescue Muscle Disease in
Dysferlin Lacking A/J Mice

It has been hypothesized that hyperactivation of inflam-
matory/immune cells may underlie skeletal muscle dis-
ease in Dysf deficient MD.*'° To directly test this hypoth-
esis we crossed the skeletal muscle-specific Dysf-TG
mouse (C57BIl/6 background) with A/J mice, a mouse
strain that develops MD due to a mutation in the Dysf
gene, which results in the absence of expression of the
dysferlin protein.’® To assess skeletal muscle disease in
these mice, we quantified a number of common dystro-
phic parameters, such as central nucleation, fibrosis,
distribution of myofiber cross-sectional areas, macro-
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Figure 1. Characterization of dysferlin transgenic mice. A: Western blot
analysis from triceps and quadriceps for dysferlin protein in wild-type (W)
and dysferlin (Dysf) transgenic (TG) mice. a-Actinin was used as a loading
control. B: Quantitation of protein levels from the Western blots shown in
(A). *P < 0.05 versus wild-type. C: Immunohistochemistry for dysferlin
showing increased membrane staining in Dysf-TG mice, as compared with
wild-type. Scale bars = 100 wm. D: H&E-stained quadriceps muscle sections
from the indicated mice at 11 months of age, revealing no baseline disease in
Dysf-TG mice. Scale bars = 50 um.

phage infiltration, functional recovery from injury, and
total serum CK levels (Figure 2). At 8 months of age,
histological analysis from H&E-stained sections showed
abundant pathology in the quadriceps of Dysf ~~ mice,
moderate pathology in the TA, and low but detectable
pathology in the soleus (Figure 2, A, C, and D), as evi-
denced by central nucleation and fibrosis. By compari-
son, no central nucleation or fibrosis was detected in the
quadriceps, TA, or soleus of Dysf ~~ Dysf-TG mice at 8
months of age (Figure 2, A, C, and D), similar to C57Bl/6
wild-type muscle (data not shown). Careful analysis of
cross-sectional areas also showed a significant increase
in the percentage of small myofibers in the quadriceps of
Dysf~'~ mice compared with controls and the “rescued”
values in Dysf/~ Dysf-TG mice (P < 0.05, data not
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Figure 2. Dysf-TG mice rescue pathology in Dysf ™~ A/J mice. A: H&E-stained sections from quadriceps in Dysf "~ and Dysf /= Dysf-TG mice at 8 months of
age. Scale bars = 50 um. B: Levels of creatine kinase (CK) in the indicated cohorts of mice at 8 months of age. *P < 0.05 versus wild-type (Wt). C: Central
nucleation, shown as a percentage of total fibers, from the quadriceps, TA, and soleus in Dys/ ™"~ and Dysf /" Dysf-TG mice. *P < 0.05 versus Dysf’~. Dz
Percentage of fibrosis in the indicated muscles from Dysf "~ and Dysf ~~ Dysf-TG mice. *P < 0.05 versus Dysf /. E: Immunostaining for Mac-3 antibody (green)
and TO-PRO-3 nuclei staining (blue) from the quadriceps of the indicated groups of mice at 11 months of age. Scale bars = 100 wm. F: Dorsiflexor muscles were
injured by 15 lengthening contractions at day 0, showing a loss of torque in all four groups shown (graphed as % of maximum before injury). Three days later
Dysf ™'~ A/] mice remained compromised in function, yet the Dysf-TG fully rescued function in the null background. *P < 0.05 versus Dysf " backcross or
Dysf ™"~ A/}, **P < 0.05 versus day 0; ***P < 0.05 versus day 0 Dysf/ "~ backcross.

shown). Since higher levels of smaller fibers are associ-
ated with disease due to ongoing regeneration, it further
suggested that the Dysf-TG mitigated disease in Dysf~/~
mice. Indeed, plasma levels of muscle-specific CK were
dramatically elevated in Dysf =~ mice and completely
normalized to wild-type levels in Dysf ~~ Dysf-TG mice at
8 months of age (Figure 2B). We repeated these analyses
at 11 months of age, also including another proximal
muscle (triceps), which once again showed a near com-
plete rescue of skeletal muscle histopathology and CK
serum levels in Dysf ~/~ mice that contained the Dysf-TG
compared with Dysf '~ alone (see supplemental Figure
S1, http://ajp.amjpathol.org). Moreover, the prominent in-
filtration of macrophages (green staining) prominently
observed in Dysf /= skeletal muscle was prevented by
the skeletal muscle-specific Dysf-TG (Figure 2E).
Finally, we also examined functional recovery from
injury to the ankle dorsiflexor muscles following 15 suc-
cessive lengthening contractions, a protocol that shows
no recovery in A/J mice lacking dysferlin after 3 days, but
full recovery in wild-type mice in the closely related strain
A/WySnd (Figure 2F). Replacement of dysferlin in the A/J

background with the transgene gave full recovery of mus-
cle function after 3 days (Figure 2F). The backcross
between the A/J mice and the Dysf-TG (C57BI/6) pro-
duced a hybrid background that showed partial recovery
at 3 days, although recovery was still significantly de-
pressed as compared with wild-type A/WySnJ back-
ground controls (Figure 2F). These results strongly sug-
gest that loss of dysferlin in muscle itself is the primary
cause of MD in Dysf-deficient A/J mice, and that other
Dysf-deficient cells present in these crossed mice, such
as macrophages and T-cells, do not initiate MD.

Dysferlin Transgenesis Does Not Improve MD in
Scgd ™~ Mice

Many forms of MD are caused by mutations in proteins
that reside within the DGC, resulting in sarcolemma in-
stability and rupture with contraction. We hypothesized
that increasing the repair capacity of the sarcolemmal
might mitigate disease in forms of MD associated with
defects in the DGC. Overexpression of dysferlin ap-
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Figure 3. Scgd ™/~ mice do not show improvement with dysferlin transgenesis. A: Muscle weight to tibia length ratios of gastrocnemius and quadriceps at 6
months of age. *P < 0.05 versus wild-type (Wt). B: Representative H&E-stained quadriceps histological sections from 6-month-old Scgd "~ and Scgd "~ Dysf-TG.
Scale bars = 100 um. C: Serum CK levels in 6-month-old mice. *P < 0.05 versus wild-type. D: Percentage of fibers containing central nuclei in the gastrocnemius,
quadriceps, and TA from Scgd /" and Scgd~/~ Dysf-TG mice. E: Percent fibrosis in the same groups of mice as in D. F: Levels of CK in plasma after exercise
in the indicated groups of mice based on the legend shown in A. *P < 0.05 versus wild-type. Numbers below the graphs represent the number of animals studied.
G: Uptake of Evan’s blue dye (red) in quadriceps of Scgd ™~ and Scgd ~/~ Dysf-TG at rest and after exercise. Green corresponds to membrane/ECM staining with

wheat germ agglutinin-fluorescein isothiocyanate. Scale bars = 100 wm.

peared to be a logical approach given its putative func-
tion in membrane repair and its ability to rescue disease
in A/J mice. Hence, we crossed Dysf-TG mice with mice
lacking Scgd to assess the potential protective effect of
dysferlin in DGC-dependent MD. In contrast to our pre-
diction, dysferlin transgenesis did not alleviate any dys-
trophic features in Scgd ~/~ mice. For example, at 6
months of age, the pseudohypertrophy (a process largely
attributed to the excessive inflammation, regeneration,
and connective tissue replacement) remained un-
changed in Scgd ~~ and Scgd /™~ Dysf-TG quadriceps
(Figure 3A). Histological analysis of pathology also
showed no differences in any muscle at 6 weeks or 6
months of age (Figure 3B, and data not shown). Plasma
CK levels, measured at 6 months of age, were also sim-
ilarly increased in Scgd ~~ mice and in Scgd /" mice
expressing the dysferlin transgene (Figure 3C). Finally,
the percentage of fibers containing central nuclei and the
fibrotic index did not differ in the gastrocnemius, quadri-
ceps, and TA from the two experimental groups (Figure 3,
D and E). Wild-type and Dysf-TG showed essentially no
central nucleation or fibrosis in any skeletal muscle ex-
amined (data not shown).

To examine whether increased expression of dysfer-
lin might only be protective in the Scgd /~ mouse
when membrane damage was enhanced by exercise,
we exposed mice to voluntary wheel running for 7
days, followed by analysis of plasma CK and EBD
uptake in skeletal muscle fibers. All animals underwent
a similar level of exercise as quantified by total wheel
revolutions (data not shown). Plasma CK levels were
not statistically different between Scgd ™~ and Scgd ™/~
Dysf-TG mice after exercise, although both groups
were elevated compared with wild-type and Dysf-TG
mice (Figure 3F). Quadriceps muscles from Scgd ™/~
mice exhibited a moderate level of EBD uptake at
baseline and an elevated amount of uptake after exer-
cise (15% =+ 5.2 EBD positive fibers at baseline and
28.1% = 1.3 after exercise), but no improvement was
detected in Scgd 7~ Dysf-TG mice (15.2% EBD posi-
tive fibers =3.1 at baseline and 30.6% = 2.4 after
exercise) at baseline or after exercise (Figure 3G).
These results indicate that 3- to 3.5-fold overexpres-
sion of dysferlin does not enhance membrane repair or
reduce dystrophic disease in a DGC-lacking model of
MD (see discussion).



1822  Millay et al
AJP November 2009, Vol. 175, No. 5

Discussion

Many human mutations that cause MD can be linked in
one manner or another to an alteration in the stability of
the sarcolemma. Loss of dystrophin or other components
of the DGC enhance susceptibility to membrane mi-
crotears, leading to the release of muscle-specific factors
and increasing the permeation of dyes and large molec-
ular weight markers. This instability of the sarcolemma
likely promotes myofiber degeneration through increased
Ca®* influx and reactive oxygen species generation,
leading to necrosis. We initially hypothesized that mild
overexpression of dysferlin would enhance repair of
these microtears and improve dystrophic characteristics,
given the proposed centrality of dysferlin in resolving
membrane disruptions. However, mild overexpression of
dysferlin in muscle did not positively or negatively alter
disease progression or membrane stability in Scgd ™~
mice. In contrast, it did rescue the dystrophic phenotype
of Dysf null muscles, showing that the MD caused by the
absence of dysferlin is due to its function in skeletal
muscle, and not in other tissues or cell types, such as
inflammatory cells (see below). This later result also indi-
cates that the human dysferlin protein expressed from the
transgene was fully functional in the mouse, which was
anticipated given the high degree of sequence conser-
vation between mouse and human dysferlin.

Although the results of our studies in Scgd ™/~ mice
were negative, they do provide some insight into the
function of dysferlin in MD disease, and membrane repair
in general. It remains possible that the membrane repair
complex, which may also contain SNARE proteins and
synaptotagmins, is a stoichiometrically defined unit and
as such, overexpression of any single component does
not generate more total repair complexes. Thus, while
loss of dysferlin cripples the repair complex and leads to
MD, enhanced expression has no effect.

Another possibility is that dysferlin is not directly in-
volved in membrane repair, but that it indirectly supports
membrane health by permitting homeostatic membrane
recycling through vesicular shuttling and turnover of
damaged membrane proteins. This hypothesis is consis-
tent with ultrastructural analysis of muscle fibers from
Dysf-deficient tissue, in which the surface of the cell
membrane is irregular, and there is a large accumulation
of membrane vesicles under the sarcolemma.*€ In this
model, lack of normal membrane turnover might compro-
mise the function of select structural proteins, ion chan-
nels, or signaling complexes that become damaged,
leading to disease as they accumulate. Dysferlin inter-
acts with a number of other proteins that could affect the
health of the membrane such as annexins, AHNAK, and
MG53, which have also been implicated in membrane
trafficking and resealing.'”~2° Dysferlin also interacts with
affixin, a focal adhesion protein, the L-type calcium channel,
caveolin 3, and calpain 3, the later two of which themselves
can cause a limb-girdle MD when deficient.2'22

Our results clearly show that replacement of dysferlin
by transgenesis only in skeletal muscle of A/J mice com-
pletely rescued muscle pathology and fully restored func-
tional recovery from injury caused by large strain length-

ening contractions. Despite clear abnormalities reported
in Dysf-null inflammatory cells, our results suggest that
such defects are secondary and not capable of initiating
disease in A/J mice. Thus, although Dysf-deficient inflam-
matory cells and T-cells can exacerbate disease once
initiated, it is the loss of dysferlin from skeletal muscle that
is the primary cause of disease, demonstrating a myo-
cyte autonomous mechanism.
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