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Dysferlin deficiency blunts β-adrenergic-dependent
lusitropic function of mouse heart

Bin Wei, Hongguang Wei and J.-P. Jin

Department of Physiology, Wayne State University School of Medicine, Detroit, MI 48201, USA

Key points

� Deficiency of dysferlin causes limb-girdle muscular dystrophy 2B and Miyoshi myopathy with
cardiac involvement that leads to dilated cardiomyopathy and heart failure. The pathogenesis
and pathophysiology of dysferlin cardiomyopathy are not fully understood.

� We studied cardiac phenotypes of young dysferlin gene knockout mice to investigate the
primary pathological and pathophysiological changes.

� In comparison with wild-type controls, dysferlin-deficient cardiomyocytes showed slower Ca2+

re-sequestration, and dysferlin deficiency blunted the β-adrenergic effect on relaxation and
pumping function of ex vivo working hearts.

� Dysferlin deficiency increased phosphorylation of ventricular myosin light chain 2, suggesting
a compensatory response to the impaired cardiac lusitropic function.

� The data suggest that delayed calcium re-sequestration and post-translational modification of
myofilament proteins may provide potential targets to develop new treatments for dysferlin
cardiomyopathy.

Abstract Dysferlin is a cell membrane bound protein with a role in the repair of skeletal
and cardiac muscle cells. Deficiency of dysferlin leads to limb-girdle muscular dystrophy 2B
(LGMD2B) and Miyoshi myopathy. In cardiac muscle, dysferlin is located at the intercalated
disc and transverse tubule membranes. Loss of dysferlin causes death of cardiomyocytes, notably
in ageing hearts, leading to dilated cardiomyopathy and heart failure in LGM2B patients. To
understand the primary pathogenesis and pathophysiology of dysferlin cardiomyopathy, we
studied cardiac phenotypes of young adult dysferlin knockout mice and found early myo-
cardial hypertrophy with largely compensated baseline cardiac function. Cardiomyocytes isolated
from dysferlin-deficient mice showed normal shortening and re-lengthening velocities in the
absence of external load with normal peak systolic Ca2+ but slower Ca2+ re-sequestration than
wild-type controls. The effects of isoproterenol on relaxation velocity, left ventricular systolic
pressure and stroke volume were blunted in dysferlin-deficient mouse hearts compared with
that in wild-type hearts. Young dysferlin-deficient mouse hearts expressed normal isoforms
of myofilament proteins whereas the phosphorylation of ventricular myosin light chain 2 was
significantly increased, implying a molecular response to the impaired lusitropic function. These
early phenotypes of diastolic cardiac dysfunction and blunted lusitropic response of cardiac muscle
to β-adrenergic stimulation indicate a novel pathogenic mechanism of dysferlin cardiomyopathy.
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Introduction

Dysferlin, an �230 kDa protein, is a member of the ferlin
family and is expressed in adult mammalian cardiac and
skeletal muscles, as well as multiple non-muscle tissues
including kidney, brain and lung (Han & Campbell, 2007).
Dysferlin is associated with cell membrane through a
C-terminal transmembrane domain. Dysferlin contains
multiple C2 domains, which enables interactions with
calcium, phospholipids and partner proteins such as
annexin(Lennon et al. 2003), calpain-3, L-type calcium
channel (Ampong et al. 2005) and caveolin-3 (Matsuda
et al. 2001), to function in membrane trafficking and
fusion, as well as cell signalling(Glover & Brown, 2007).

In mammalian skeletal muscle, dysferlin is pre-
dominantly associated with plasma membrane and
enriched in the sub-sarcolemma vesicles (Bansal et al.
2003). Mutations in the dysferlin gene cause three types
of muscular dystrophies: limb girdle muscular dystrophy
type 2B (LGMD2B), Myoshi myopathy (MM) and a
distal anterior myopathy, which are collectively named
dysferlinopathy. Dysferlinopathy presents clinically as an
autosomal recessive disease of muscle weakness, often
evident in young adulthood and slowly progressing during
ageing and advancing under the stress of physical activities
(Bashir et al. 1998; Liu et al. 1998).

Studies using various dysferlin-deficient mouse models
have suggested that defective myocyte membrane repair
and attenuated muscle regeneration are the major
pathological mechanisms that cause dysferlinopathy.
Dysferlin was found to accumulate at injury sites of the
plasma membrane of muscle fibres (Bansal et al. 2003).
Dysferlin-deficient mouse muscle fibres were defective
with regard to calcium-dependent membrane repair
following laser-induced membrane injury (Bansal et al.
2003; Doherty & McNally, 2003; Bansal & Campbell,
2004).

In cardiac muscle, dysferlin is found at the sarcolemma
of cardiomyocytes and the intercalated discs (Chase et al.
2009). Some LGMD2B patients progressively develop
dilated cardiomyopathy with reduced left ventricular
ejection fraction and interstitial fibrosis (Kuru et al. 2004;
Wenzel et al. 2007). In LGMD2B patients without cardiac
symptoms, mild left ventricular hypertrophy is observed
(Wenzel et al. 2007). A recent study using two-dimensional
strain echocardiography found left ventricular hyper-
trophy and decreased peak systolic longitudinal strain in
some MM patients whose overall left ventricular systolic
function was preserved (Choi et al. 2010).

Studies of dysferlin-deficient animal models have
found that cardiac muscle contractility and overall
gene expression patterns were affected (Wenzel et al.
2007). Echocardiographic studies on dysferlin-deficient
SJL/J mice detected impaired left ventricular contractile
function (Wenzel et al. 2007). It has been demonstrated

that the loss of dysferlin led to defective repair of
the cardiomyocyte membrane and cell death following
β-adrenergic stimulation-induced increase of cardiac
workload, resulting in loss of myocardial contractility and
ventricular dilatation (Han et al. 2007). Significant inter-
stitial fibrosis was found in ageing SJL/Jmouse hearts (Han
et al. 2007), while ageing dysferlin-deficient A/J mice also
develop cardiomyopathy (Chase et al. 2009).

Although the evidence from clinical and animal studies
clearly demonstrated significant heart involvement in
dysferlin deficiency, the primary changes in cardiac muscle
contractility in dysferlinopathy remain to be investigated.
To understand the pathogenesis and pathophysiology of
dysferlin cardiomyopathy, here we studied the function
of ex vivo working hearts and isolated cardiomyocytes of
young adult dysferlin gene knockout mice. The results
showed early cardiac hypertrophy and delayed Ca2+
re-sequestration, while the baseline cardiac function
was largely compensated for. Young adult dysferlin
knockout mouse hearts had a significantly blunted
lusitropic response toβ-adrenergic stimulation, exhibiting
reduced increases in left ventricular pressure development
and stroke volume. Dysferlin-deficient cardiac muscle
showed an increased phosphorylation of regulatory myo-
sin light chain, implying a molecular response to the
impaired lusitropic function. The early phenotype of
cardiac diastolic dysfunction indicates a novel pathogenic
mechanism of dysferlin cardiomyopathy.

Materials and methods

Ethical approval

Animal studies were carried out under protocols approved
by the Institutional Animal Care and Use Committee of
Wayne State University.

Dysferlin knockout mice

Dysferlin gene targeted mice of strain C57BL/6, in which
exons 53–55 are deleted, were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA; B6.129-Dysftm1Kcam/J)
(Bansal et al. 2003). Wild-type C57BL/6 mice were
purchased from Jackson Lab. as control. 12–16 weeks old
mice of both sexes were used in the study. At this age, the
dysferlin knockout mice showed only mild regeneration
activity in skeletal muscles.

SDS-PAGE and Western blotting

SDS-PAGE and Western blotting were performed as
described previously (Wei et al. 2010, 2013, 2014). Briefly,
mouse cardiac muscle were rapidly dissected post-mortem
and frozen on dry ice for storage at −80°C. Muscle
samples were homogenized in 40 volumes of SDS-gel
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sample buffer containing 50 mMTris-HCl, 2% SDS and
150 mMdithiothreitol (DTT), pH8.8, using a high speed
mechanical homogenizer (Pro Scientific Inc., Oxford, CT,
USA). The SDS-gel samples were heated at 80°C for
5 min, clarified by centrifugation in a microcentrifuge
at 17,000 g for 5 min, and loaded to 14% or 2–12%
gradient SDS-gel with an acrylamide/bis-acrylamide
ratio of 180:1 in Laemmli buffer at pH 8.8 for both
stacking and resolving gels. Protein bands resolved in
the gel were stained with Coomassie Blue R250 or
blotted on a nitrocellulose membrane using a semidry
electrical transfer device (Bio-Rad, Hercules, CA, USA).
The nitrocellulose membranes were blocked with 1%
BSA in Tris-buffered saline (TBS) and incubated with
anti-dysferlin monoclonal antibody (mAb) Ham1/7B6
(Abcam Inc., Cambridge, MA, USA), anti-cardiac
troponin T (TnT) mAb CT3 (Chong & Jin, 2009),
anti-troponin I (TnI) mAb TnI-1 (Jin et al. 2001), an
anti-ventricular myosin light chain 2 (MLC2v) rabbit mAb
(Abcam), an anti-Ser282 phosphorylated cardiac myo-
sin binding protein-C (cMyBP-C) antibody (Enzo Life-
sciences, New York, USA), an anti-calmodulin kinase
II (CaMKII) rabbit mAb (Abcam), or an anti-Thr286

phosphorylated CaMKII rabbit antiserum (Abcam),
diluted in TBS containing 0.1% BSA, at 4°C overnight. The
membranes were then washed with TBS containing 0.5%
Triton X-100 and 0.05% SDS and incubated with alkaline
phosphatase-conjugated anti-mouse IgG or anti-rabbit
IgG second antibody (Santa Cruz Biotechnology, Dallas,
TX, USA). Washed again, the membranes were developed
in 5-bromo-4-chloro-3-indolyl phosphate/nitro blue
tetrazolium substrate solution to visualize the protein
bands identified by the specific antibodies. The SDS-gels
and Western blots were scanned at 600 d.p.i. resolution
and quantified by densitometry using NIH ImageJ
software.

Glycerol SDS-PAGE of myosin heavy chain isoforms

Cardiac myosin heavy chain (MHC) isoforms in wild-type
and dysferlin knockout mouse hearts were examined
using glycerol-SDS-PAGE as described previously (Feng
et al. 2009). Briefly, SDS-gel samples were diluted
to a final concentration of 1:24,000 (mg of muscle
weight per μl). Five microlitres per lane was loaded
on the SDS-gel containing 30% glycerol, 0.4% SDS,
200 mMTris-HCl and 100 mM glycine (pH8.8), and
8% acrylamide/bis-acrylamide at a ratio of 50:1. The
glycerol-SDS-gels were run at 100 V at 4°C for 24 h with the
upper anode buffer containing 100 mM Tris base, 150 mM

glycine, 0.1% SDS and 10 mM β-mercaptoethanol and the
lower cathode buffer being a 1:2 dilution of the upper
buffer without β-mercaptoethanol. The gels were stained

with Coomassie Blue R250 to visualize the MHC isoform
bands.

Histological studies

Wild-type and dysferlin knockout mouse hearts were
retrogradely perfused with Krebs–Henseleit buffer
containing 50 mMKCl at 37°C to relax the cardiac muscle.
After blotting on a paper towel to remove excessive buffer,
the hearts were embedded in O.C.T. compound (Sakura
Finetek USA, Inc., Torrance, CA, USA) and snap frozen in
liquid-nitrogen-chilled 2-methylbutane at−159°C for 30 s
and then stored at −20°C overnight before cryosectioning.
Cryosectionsof 5 μm were cut using a Leica CM1950
Cryostat (Leica Microsystems Inc., Buffalo Grove, IL,
USA). The sections were plated on glass slides and stored
at −80°C.

The sections were fixed in a solution containing
75% acetone and 25% ethanol for 5 min and washed
with distilled water briefly to remove O.C.T. compound.
The sections were stained with 0.1% (w/v) Mayer’s
haematoxylin (Electron Microscopy Sciences, Hatfield,
PA, USA) solution containing 0.5% (w/v) ammonium
aluminum sulphate for 15 min, washed with running tap
water and dehydrated in 80% ethanol for 2 min twice.
The dehydrated sections were stained with 0.25% Eosin
Y (Sigma Aldrich, St Louis, MO, USA) in 80% ethanol
for 30 s and then washed with 80% ethanol for 2 min
twice and 100% ethanol once. The H&E-stained sections
were cleared with xylene, mounted in Permount solution
(Fisher Scientific, Pittsburgh, PA, USA), examined using
a Zeiss Axiovert 100 microscope and photographed.

Immunofluorescence microscopy

To localize dysferlin in cardiac muscle sections and
in isolated cardiomyocytes, we performed double-
immunolabelling of dysferlin and desmin (a Z-disc and
intercalated disc protein). Cardiac muscle sections and
cardiomyocytes were fixed with 50% acetone and 50%
methanol for 5 min, blocked with 3% BSA in PBS
containing 0.05% Tween-20 (PBS-T) and stained with
rabbit anti-dysferlin mAb Romeo (Abcam) and mouse
anti-desmin mAb D1033 (Sigma) at 4°C overnight,
followed by PBS-T washes and incubation with fluorescein
isothiocyanate- or tetramethylrhodamine-conjugated
second antibody. Fluorescence images were taken using
a Leica spinning disc confocal microscope.

Isolation of adult mouse cardiomyocytes

As described previously (Wei & Jin, 2014), mice were
heparinized by I.P. injection of 100 units of heparin.
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Thirty minutes later, the mice were anaesthetized by I.P.
injection of sodium pentobarbital (100 mg kg−1 body
weight). Hearts were quickly dissected and cannulated
through the aorta for retrograde Langendorff perfusion
with a modified Krebs–Henseleit buffer (120 mMNaCl,
5.4 mMKCl, 1.2 mM MgSO4, 1.2 mM NaH2PO4,
5.6 mM glucose, 20 mM NaHCO3, oxygenated with
95% O2 and 5% CO2, 37°C) at constant flow of
3 ml min−1 for 30 min. The perfusion was switched
to a circulating digestion solution containing 12.5 μM

CaCl2 0.25 mg ml−1LiberaseBlendzyme I (Roche) and
0.014% trypsin (Invitrogen, Carlsbad, CA, USA) at 37°C
for 15–20 min until the hearts turned pale and flaccid. The
ventricles were dissected and disaggregated with gentle
pipetting using a wide pore transfer pipette in a 10 cm Petri
dish containing enzyme stopping buffer (Krebs–Henseleit
buffer containing 2.5% BSA and 12.5 μM CaCl2) and the
cell suspension was filtered through a 100 μm nylon mesh
to remove tissue debris. The isolated cardiomyocytes were
settled by gravity in a 15 ml conical tube for 15 min and
re-suspended in 12 ml fresh stopping buffer. Extracellular
calcium was added gradually to reach 1 mM from a
100 mM stock in four steps at 20 min intervals. The cardio-
myocytes were then photographed using a Zeiss Axiovert
100 microscope to measure resting cell length, cell width
and sarcomere length using NIH ImageJ software.

Measurements of cardiomyocyte contractility
and intracellular calcium transient

As described previously (Wei & Jin, 2014), cardiomyocytes
were loaded into a perfusion chamber mounted on the
stage of a Nikon Eclipse ST100 inverted microscope via
a heating adaptor and perfused with oxygenated buffer
containing 132 mMNaCl, 4.8 mMKCl, 1.2 mM MgCl2,
10 mM HEPES, 15 mM glucose, 2 mM sodium pyruvate
and 1.8 mM CaCl2, pH7.4, at 37°C with constant flow of
1 ml min−1. Rod-shaped cardiomyocytes with clear edges
and sarcomeric striations were chosen for contractility
studies under 2 Hz field pacing with 10 V pulses of 4 ms
duration using a Myopacer stimulator (IonOptix, Milton,
MA, USA) in the absence or presence of 3, 10 or 30 nM

isoproterenol. Cell shortening and re-lengthening were
recorded using a CCD camera (IonOptix) at a sampling
frequency of 240 Hz and analysed using the SoftEdge
program (IonOptix).

Isolated cardiomyocytes were loaded with Fura-2AM
(Invitrogen) in the presence of 1.25 mM CaCl2 at 37°C
in the dark for 10 min and washed with Joklik medium
containing 1.25 mM CaCl2 and 500μM probenecid at room
temperature for 30 min. Cells were then transferred to
the perfusion chamber and contractions were stimulated
as above. The transient of cytosolic-free calcium was

measured by 510 nm excitation of Fura fluorescence and
recording of the ratio of 360/380 nm emission using a
photomultiplier tube (PMT-300, IonOptix).

Ex vivo mouse working heart preparation and
functional measurements

As described previously (Feng et al. 2008; Wei et al. 2010),
wild-type and dysferlin-deficient mice were heparinized
and anaesthetized, and the heart was rapidly iso-
lated as above and cannulated using a modified 18G
needle 6 mm long to start retrograde Langendorff
perfusion within 3 min after opening the thoracic
cavity. The pulmonary vein and pulmonary artery
were cannulated using a 16G needle and a bevelled
PE-50 tubing, respectively. A 1.2 French pressure–volume
catheter (model FTS-1212B-3518, Transonic Sciences Inc.,
London, ON, Canada) with 3.5 mm electrode spacing was
calibrated in Krebs–Henseleit buffer at 37°C and inserted
through the apex into the left ventricle of the mouse heart
via a path made using a 30G needle. The aortic cannula
was connected to an MLT844 pressure transducer (Capto,
Horten, Norway). A 0.5 ml air bubble was introduced
in the aortic outflow track to mimic the in vivo aortic
compliance.

After establishing the cannulations, the heart was
switched to working mode with antegrade perfusion and
allowed to stabilize for 10 min under 8 Hz (480 beats
per minute) supraventricular pacing using an isolated
stimulator (A365, World Precision Instruments, Sarasota,
FL, USA) via a pair of platinum electrodes. Aortic pressure
and left ventricular pressure and volume data were
recorded at a sampling rate of 1000 Hz using a Powerlab
16-channel digital data acquiring system and analysed
using Chart 5 software (ADInstruments, Colorado
Springs, CO, USA). Aortic output and pulmonary effluent
from coronary flow were recorded by direct drop counting
using a pair of polarized copper electrodes connected
to the data acquisition system. Baseline heart function
was recorded at 10 mmHg preload and 55 mmHg
afterload. Stroke volume was measured as the sum of
aortic and coronary flows and normalized to heart
weight. Left ventricular maximum and minimum pre-
ssures and changes (±dP/dt), and pressure–volume loop
were calculated using Chart 5 software.

Responses to stepwise alterations of preload between
5 and 20 mmHg were tested at 55 mmHg after-
load. Responses to stepwise increases of afterload up to
90 mmHg were tested at 10 mmHg preload. Heart function
was allowed to stabilize for 3 min before sampling data at
each preload and afterload. Isoproterenol (10 nM; Sigma
Aldrich) was given via antegrade perfusion to examine the
effects on cardiac function.
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Pro-Q Diamond phosphoprotein staining

Protein extracts from cardiac muscle were resolved on
SDS-PAGE as above for staining of phosphoprotein bands
with Pro-Q Diamond reagent (Invitrogen) according to
the manufacturer’s protocol. The gel was fixed in 50%
methanol and 10% acetic acid overnight, washed with
deionized water three times, 10 min each, and incubated
in Pro-Q Diamond staining solution with shaking in
the dark for 1 h. The gel was de-stained in the dark
with 20% acetonitrile, 50 mM sodium acetate at pH
4.0 three times, 30 min each. After further washes with
deionized water three times, 5 min each, the gel was
imaged using a Typhoon 9410 fluorescence scanner (GE
Healthcare) with excitation at 532 nm, recording the
emission at 560 nm, and analysed using NIH ImageJ
software. The gel was then re-stained with Coomassie
Blue R-250 and scanned to quantify the input of
proteins.

Measurement of MLC2v phosphorylation

Urea-glycerol-PAGE was used to examine the
phosphorylation of cardiac MLC2v as previously
described (Huang et al. 2004). Briefly, proteins in the
cardiac muscle lysates were precipitated using 10%
trichloroacetic acid (Sigma) containing 10 mM DTT
on ice for 30 min. The precipitates were collected by
centrifugation at 14,000 g at 4°C for 10 min, followed
by washing with 10% trichloroacetic acid, 10 mM DTT
three times and 100% ice cold acetone twice. The
protein precipitates were air-dried at room temperature
for 15 min and re-suspended in a gel sample buffer
containing 8 M urea, 10 mM DTT, 22 mM Tris-HCl, pH
8.6, 22 mM glycine, 5% (v/v) glycerol and 0.1% (w/v)
bromphenol blue. The samples were incubated at room
temperature for 45 min to dissolve the proteins and
run on a 12% gel with acrylamide/bis-acrylamide at
a ratio of 29:1 containing 40% (v/v) glycerol, 22 mM

Tris-HCl, pH 8.6, and 22 mM glycine at 200 V for 5 h. The
running buffer contained 22 mM Tris-HCl, pH 8.6, 22
mM glycine, 10 mM DTT and 0.1% thioglycolic acid. The
resulting gel was electrically transferred as above to blot
the nitrocellulose membrane. Non-phosphorylated and
phosphorylated MLC2v bands with distinct gel mobility
were quantified by densitometry scan using NIH ImageJ
software.

Data analysis

The SDS-PAGE gel and Western blot images were scanned
at 600 d.p.i. for quantitative studies. All data are expressed
as mean ± SEM. Two-way ANOVA and Student’s t test
were used to determine the statistical significance of
differences.

Results

Early and up-regulated expression of dysferlin
in mouse heart during postnatal development

Previous studies have detected dysferlin in cardiac muscle
in intracellular vesicles, sarcoplasmic membrane (Han
et al. 2007), at the transverse tubules (Ampong et al. 2005)
and intercalated discs (Chase et al. 2009), as confirmed in
the C57BL/6 mouse strain studied here with similar levels
in the free walls of left and right ventricles, the septum and
atria (Figs. 1A and 2).

We examined the expression of dysferlin in cardiac
muscle during development. The results in Fig. 1B showed
the expected switching of β- to α-MHC in day 1–7
postnatal mouse hearts. Dysferlin was expressed at a
significant level in newborn hearts with visible increases
during postnatal development. The most notable increase
was from postnatal day 3 to day 7 when the expression
of β-myosin was diminished. The level of dysferlin in
wild-type mouse cardiac muscle showed no significant
change from 2 weeks to 1.5 years of age, despite a
detectable re-expression of β-myosin in the 1.5-year-old
heart reflecting ageing-related adaptation (Compagno
et al. 2001). The plateaued expression of dysferlin in
normal young mouse cardiac muscle validated the use
of �3-month-old dysferlin knockout and control mice to
study cardiomyopathy resulting from dysferlin deficiency.

Dysferlin-deficient mouse hearts had detectable
hypertrophy at 3 months of age

Some LGMD2B patients without overt cardiac symptoms
had mild left ventricular hypertrophy (Wenzel et al. 2007).
Normalized to body weight, dysferlin-deficient mice also
exhibited mild cardiac hypertrophy at 3 months of age
in comparison with wild-type control, indicating an early
adaptation (Fig. 3B). Body weight and tibial length of
dysferlin knockout mice were normal as compared with
wild-type mice, indicating that dysferlin deficiency did not
hinder overall development and growth.

Histological studies showed that dysferlin-deficient
mouse hearts had normal morphology at 3 months of
age (Fig. 3C), without detectable change in chamber size
and wall thickness (Fig. 3D) or fibrosis (Fig. 3E).

Cardiomyocytes isolated from young adult
dysferlin-deficient mice showed no significant change
in morphology and sarcomere length

Cardiomyocytes isolated from �3-month-old dysferlin
knockout and wild-type mice showed similar
morphology (Fig. 4A). Dysferlin-deficient cardio-
myocytes showed similar length (133.26±5.04 μm)
and width (27.15±1.89 μm) to that of wild-type
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cells (126.26±3.29 and 24.53±1.47 μm, respectively;
Fig. 4B). The slack sarcomere length of dysferlin-deficient
cardiomyocytes (1.82±0.003 μm) was not different from
wild-type control (1.81±0.009 μm) (Fig. 4B). The absence
of significant remodelling in cellular structure indicates a
compensated state of the young adult dysferlin-deficient
mouse hearts studied.

Dysferlin-deficient mouse hearts express normal
isoforms of myofilament proteins

Western blots showed that dysferlin-deficient mouse
hearts had normal compositions of the thin filament
proteins cardiac TnT and cardiac TnI at �3 months
of age (Fig. 5A). Glycerol-SDS-PAGE revealed that
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dysferlin-deficient mouse hearts contained exclusively
α-MHC (Fig. 5B), indicating preserved normal iso-
forms of thick filament proteins. These findings further
demonstrate a compensated state of the young adult
dysferlin-deficient mouse hearts.

Comparable contractility of cardiomyocytes isolated
from dysferlin-deficient and wild-type mice

Paced at 2 Hz, isolated dysferlin-deficient mouse cardio-
myocytes showed shortening amplitudes similar to that of
wild-type cells (Fig. 6A). Shortening and re-lengthening

Figure 3. Detectable hypertrophy of dysferlin-deficient mouse hearts at 3 months of age
A, at 3 months, body weight and tibial lengthof dysferlin knockout mice showed no difference from wild-type
controls. B, heart weight/body weight ratio of dysferlin knockout mice (4.63±0.09) was higher than that of
wild-type mice (4.16±0.04) (∗P<0.05 in Student’s t test). C, H&E-stained cross-sections showed no ventricular
dilatation of dysferlin knockout mouse heart in comparison with that of wild-type heart. D, thicknesses of left
and right ventricular wall and septum of dysferlin knockout mouse hearts showed no difference from wild-type
controls. E, H&E-stained sections showed no fibrosis in 3-month-old dysferlin knockout mouse hearts.
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velocities were similar between dysferlin-deficient and
wild-type cardiomyocytes (Fig. 6B and C). Isoproterenol
at 3–30 nM produced comparable increases in contractile
amplitude and shortening and re-lengthening velocities in
the two groups (Fig. 6). The results demonstrate that in
the absence of external load, cardiomyocyte contractility
and β-adrenergic responses were not affected by dysferlin
deficiency at the young age.

Effects of dysferlin deficiency on calcium transient
in cardiomyocytes

It has been suggested that dysferlin is enriched at the
transverse tubules of skeletal muscle cells (Klinge et al.
2010; Kerr et al. 2013). Through interaction with L-type
calcium channel and other proteins within the trans-
verse tubule membrane (Matsuda et al. 2001; Ampong

Figure 4. Cardiomyocytes isolated from dysferlin
knockout mouse hearts showed no significant change in
morphology
A,representative images of cardiomyocytes isolated from
3-month-old dysferlin knockout mice showed normal
morphology and pattern of striation. B,the length and width
of dysferlin-deficient cardiomyocytes showed a slight trend of
increases from that of wild-type control, reflecting the
hypertrophic phenotype. However, no statistical significance
was established at the young age. Resting sarcomere length
was not different in dysferlin knockout and wild-type
cardiomyocytes.

Figure 5. Dysferlin-deficient young adult mouse
hearts expressed normal isoforms of myofilament
proteins
A, SDS-PAGE gel and Western blots showed that at
�3 months old, dysferlin knockout mouse cardiac
muscle expressed normal cardiac TnT and cardiac TnI.
B, glycerol-SDS-gel showed that ventricular muscles of
�3-month-old dysferlin knockout mice expressed
exclusively α-MHC, as that in wild-type control hearts.
Neonatal wild-type mouse heart expressing both α-
and β-MHC was included as control.
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et al. 2005), dysferlin may play a role in the development
and maintenance of the transverse tubule network and
intracellular calcium homeostasis under stress conditions
(Kerr et al. 2013). Our results showed that paced at 2 Hz,
resting cytosolic calcium in the dysferlin-deficient cardio-
myocytes was lower than the wild-type control level in
the presence of 3 and 10 nM isoproterenol, although

statistical significance was not established (Fig. 7A). The
peak calcium level was not different between the two
groups (Fig. 7B).

The calcium transient in dysferlin-deficient and
wild-type cardiomyocytes showed no significant
difference in the time to reach peak cytosolic calcium (TP,
Fig. 7C) and the time for 25% re-sequestration (Fig. 7D).

Figure 6. Contractility of cardiomyocytes isolated from young adult dysferlin-deficient and wild-type
mice
In the absence of external load, dysferlin knockout cardiomyocytes exhibited shortening amplitude (A), shortening
(B) and re-lengthening (C) velocities similar to wild-type controls at baseline and under isoproterenol stimulation.
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Figure 7. Altered cytosolic calcium transient in dysferlin-deficient cardiomyocytes
A, when stimulated with 3 or 10 nM isoproterenol, the level of resting cytosolic calcium in dysferlin knockout
cardiomyocytes during paced contractions showed a trend of lower levels as compared with that in wild-type cells,
although statistical significance was not established. B–D, the peak cytosolic calcium (B), time to peak calcium
(TP) (C) and time to 25% calcium re-sequestration (TR25) (D) were not different between dysferlin knockout and
wild-type cardiomyocytes. E, the time to 75% calcium re-sequestration (TR75) was significantly longer in dysferlin
knockout cardiomyocytes than that in wild-type cells at baseline and under 3 or 10 nM isoproterenol treatment
(∗P<0.05 in Student’s t test). Isoproterenol at 30 nM diminished the difference.
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Table 1. Baseline cardiac function and β-adrenergic response of ex vivo working mouse hearts

Wild-type (n = 7) Dysf-KO (n=6)

dP/dt (mmHg s–1) Baseline 3862.44 ± 127.56 3750.34 ± 131.66
10 nM ISO 7222.41 ± 192.09# 7064.61 ± 120.33#

–dP/dt (mmHg s–1) Baseline −2754.35 ± 130.03 −2826.79 ± 67.28
10 nMISO −4955.45 ± 188.07# −4000.33 ± 140.37#∗

LVPmax (mmHg) Baseline 75.15 ± 2.41 73.54 ± 2.01
10 nMISO 98.55 ± 3.44# 88.84 ± 0.99#∗

LVPmin (mmHg) Baseline 5.02 ± 0.58 3.96 ± 0.78
10 nMISO 2.67 ± 0.87# 2.26 ± 0.571#

Stroke volume (μl mg–1) Baseline 0.14 ± 0.01 0.12 ± 0.01&

10 nMISO 0.20 ± 0.01# 0.14 ± 0.01#∗

Functions of ex vivo working mouse hearts were measured at 10 mmHg preload, 55 mmHg afterload and 8 Hz pacing. At baseline,
dysferlin knockout (Dysf-KO) mouse hearts showed a trend of lower stroke volume than wild-type controls (&P = 0.074 in two-tailed
Student’s t test). Isoproterenol at 10 nM increased the function of both groups (#P<0.05 compared with baseline in Student’s t test), in
which dysferlin knockout hearts responded with lower increases than that of wild-type hearts (∗P<0.05 compared with wild-typegroup
in Student’s t test).

However, the time for 75% calcium re-sequestration
was significantly longer in dysferlin-deficient cardio-
myocytes than in wild-type cells (Fig. 7E). β-Adrenergic
stimulation accelerated calcium re-sequestration in
both groups, as shown by the shortened TR75, of which
30 nM isoproterenol produced a complete correction in
dysferlin-deficient cardiomyocytes. The results indicate
that dysferlin deficiency causes an impairment of calcium
homeostasis, especially calcium re-sequestration, in
young adult cardiomyocytes.

Dysferlin deficiency impairs lusitropic function of ex
vivo working hearts

Heart function was affected in patients with LGMD2B
(Wenzel et al. 2007; Choi et al. 2010) and
dysferlin-deficient mice (Wenzel et al. 2007). Using ex
vivo working hearts in the absence of systemic influence,
our present study compared the ventricular contra-
ctile and relaxation velocities, systolic peak pressure
and end diastolic pressure, and stroke volume between
dysferlin-deficient and wild-type mouse hearts under
various levels of preload, afterload and β-adrenergic
stimulation.

The results are summarized in Table 1. At base-
line, young adult dysferlin-deficient and wild-type
mouse hearts showed similar left ventricular contractile
and relaxation velocities, left ventricular systolic peak
pressure (LVPmax) and end diastolic pressure (LVPmin).
Dysferlin-deficient mouse hearts had a trend of lower
baseline stroke volume than that of wild-type hearts,
although statistical significance was not reached (P=0.074
in two-tailed Student’s t test). These findings indicate a
partially compensated baseline function at young age in
dysferlin-deficient mice.

Isoproterenol at 10 nM produced positive effects on both
dysferlin-deficient and wild-type mouse hearts (Table 1).
However, relaxation velocity, LVPmax and stroke volume
of dysferlin-deficient hearts showed blunted β-adrenergic
responses whereas the contractile velocity response was
normal (Table 1, Fig. 8).

The impaired function of dysferlin-deficient mouse
hearts is independent of changes in afterload and
preload

The ex vivo working heart approach readily allows
adjustments of preload and afterload while measuring
multiple functional responses in real time (Feng et al. 2008;
Wei et al. 2010). The results confirmed the decreased stroke
volume of dysferlin-deficient hearts, which remained
lower than wild-type controls at afterload ranging between
55 and 90 mmHg (Fig. 9, measured at 10 mmHg preload).
Similarly, the stroke volume of dysferlin-deficient hearts
remained lower than that of wild-type hearts when preload
was altered between 5 and 20 mmHg (Fig. 10, measured
at 55 mmHg preload). Nonetheless, the Frank–Starling
response to the increases in preload was preserved in
dysferlin-deficient hearts (Fig. 10).

Increased phosphorylation of ventricular myosin light
chain 2 in young adult dysferlin-deficient mouse
hearts

Pro-Q Diamond staining showed that in isoproterenol-
treated working hearts and rapidly isolated hearts of
dysferlin-deficient mice, the phosphorylation of thin
filament proteins cardiac TnT and cardiac TnI was
not different from that in wild-type control hearts
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(Fig. 11). Pro-Q staining of SDS-gel showed that
dysferlin-deficientex vivo working hearts treated with
10 nM isoproterenol had a trend of higher level of
phosphorylation of MyBP-C than wild-type control
(Fig. 11A), but this was not seen in hearts rapidly
isolated from anaesthetized mice (Fig. 11B). MyBP-C
phosphorylation is protein kinase A (PKA)-dependent

Figure 8. Decreased lusitropic response of dysferlin-deficient
mouse hearts to β-adrenergic stimulation
Ex vivo working heart studies demonstrated that in contrast to that
of wild-type hearts, dysferlin-deficient mouse hearts had blunted
responses to 10 nM isoproterenol. A, lower increase in relaxation
velocity (41.57±4.18% vs. 70.81±7.50%) with no difference in
contractile velocity; B, lower increase in left ventricular peak systolic
pressure (LVPmax, 21.14±2.76% vs. 28.08±1.45%) with no
difference in left ventricular end diastolic pressure (LVPmin); and
C, lower increase in stroke volume (17.03±10.29%vs.
43.03%±3.37%). ∗P<0.05 in Student’s t test.

(Kuster et al. 2012). However, phosphorylation of cardiac
TnI was unchanged in dysferlin-deficient mouse hearts
(Fig. 11), precluding an overall increase in β-adrenergic
tone.

Anti-phospho-Ser282blot detected a similar increase
in the phosphorylation of MyBP-C (Fig. 11). Previous
studies showed that MyBP-C phosphorylation at Ser282

was also catalysed by CaMKII (Gautel et al. 1995).
However, the protein level and Thr286 phosphorylation of
CaMKII were not altered in the cardiac muscle of young
dysferlin-deficient mice (Fig. 12).

In contrast, Pro-Q Diamond staining showed
that dysferlin-deficientyoung adult mouse hearts had
significant increases in the phosphorylation of MLC2v
(Fig. 11A and B), which was confirmed using
urea-glycerol-PAGE (Fig. 11C).

Discussion

Dysferlin is found at the sarcoplasmic membrane of
skeletal and cardiac muscles (Chase et al. 2009; Roche
et al. 2011). In addition to skeletal muscle phenotypes
(Liu et al. 1998; Illarioshkin et al. 2000), impaired
cardiac function and myocardial hypertrophy were seen
in LGMD2B patients. The lesions of dysferlin knockout
mouse hearts, such as interstitial fibrosis and ventricular
dilatation, became obvious in old age due to insufficient
membrane repair (Han et al. 2007). To understand
the primary pathology and pathophysiology of cardiac
dysferlinopathy, our present study examined the hearts
of young adult dysferlin knockout mice and provided the
following mechanistic insights.

Myocardial hypertrophy with compensated cardiac
function

An earlier study reported concentric ventricular hyper-
trophy in human patients with LGMD2B at middle age
(Wenzel et al. 2007). Ventricular dilatation and inter-
stitial fibrosis were found in ageing dysferlin knockout
mice (Han et al. 2007). Our present study showed
emerging cardiac hypertrophy in dysferlin knockout
mice at �3 months of age. This result indicates that
dysferlin deficiency causes early myocardial remodelling
before overt degeneration of cardiac muscle. Therefore,
the pathogenesis of cardiac dysferlinopathy may involve
primary changes in cardiomyocyte function in addition
to accumulated muscle membrane injury like that seen
in skeletal muscle dysferlinopathy. While cardiac hyper-
trophy was found at the organ level in 3-month-old
dysferlin-deficient mice (Fig. 3), isolated cardiomyocytes
only showed a slight trend of increase in size (Fig. 4),
consistent with an early stage of hypertrophy.
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Delayed re-sequestration of cytosolic calcium
in cardiomyocytes

In cardiac muscle, dysferlin has been shown to inter-
act with the L-type calcium channel and other proteins
within the transverse tubule membrane region (Ampong
et al. 2005). Dysferlin is also involved in the development
and maintenance of the transverse tubule network and
regulating intracellular calcium homeostasis in skeletal
muscle cells, especially under stress conditions (Kerr
et al. 2013). In cardiomyocytes isolated from young
adult dysferlin-deficient mice, we found that the cyto-
solic calcium re-sequestration, but not release, was
significantly delayed (Fig. 7). This suggests that dysferlin
is involved in calcium homeostasis in cardiomyocytes
and the delayed cytosolic calcium re-sequestration may
be an underlying mechanism for cardiomyopathies
seen in LGMD2B patients. Note that some LGMD2B
patients showed abnormal ECG, including delay of
intraventricular conduction and abnormal repolarization
(Wenzel et al. 2007). Together with our result, this evidence

suggests that dysferlin deficiency may lead to calcium
homeostasis-related electrophysiological abnormalities in
dysferlin cardiomyopathy.

In cardiomyocytes, calcium re-sequestration is largely
governed by the phospholamban-regulated function of the
SERCA (sarcoendoplasmic reticulum (SR) calcium trans-
port ATPase)pump, of which defects could prolong the
late phase (TR75) of calcium re-sequestration. However,
Western blotting and densitometry analysis showed
that the protein level, phosphorylation and subcellular
distribution of phospholamban in dysferlin knockout
cardiomyocytes were not different from that in wild-type
cells (Fig. 13). The observation that the delayed calcium
re-sequestration in dysferlin-deficient cardiomyocytes was
not due to a defect in SERCA pump activity or capacity
is supported by the lack of elevation of resting cytosolic
calcium and the correction of TR75 by high dose of iso-
proterenol (Fig. 7). Further studies are required to identify
the mechanism for the altered calcium homeostasis in
dysferlin-deficient cardiomyocytes.

Figure 9. Decreased function of dysferlin-deficient mouse hearts was independent of afterload
Ex vivo working heart studies showed that when afterload was altered between 55 and 90 mmHg, contractile
(A) and relaxation (B) velocities and maximum left ventricular pressure (LVPmax) (C) increased, whereas the stroke
volume showed a trend of decrease (D). Similar responses to the change in afterload were seen for dysferlin
knockout and wild-type mouse hearts. The stroke volume of dysferlin knockout mouse hearts was lower than
wild-type controls at all afterload levels studied (D, ∗P<0.05 in two-way ANOVA).
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Changes in calcium homeostasis in cardiomyocytes may
affect the calcium–calmodulin signalling pathway to lead
to cardiac hypertrophy and heart failure (Maier & Bers,
2002; Zhang & Brown, 2004). CaMKII plays a significant
role in this signalling pathway and phosphorylation at
Thr286 is a regulatory site (Anderson et al. 2011). However,
SDS-PAGE and Western blot results in Fig. 12 showed
no changes in the protein level and phosphorylation
of CaMKII at Thr286 in the cardiac muscle of young
dysferlin knockout mice, consistent with a compensated
state.

Decreased lusitropic response to β-adrenergic
stimulation

Clinical studies have reported impaired cardiac function
in patients with LGMD2B and MM (Wenzel et al. 2007;
Choi et al. 2010). Our ex vivo working heart data showed
that baseline cardiac contractile and relaxation functions
were both preserved in the dysferlin-deficient mouse heart.
However, β-adrenergic stimulation produced significantly
lower increases in relaxation velocity, left ventricular
pressure development and stroke volume (Table 1 and
Fig. 8). The impaired lusitropic function indicates a
phenotype of diastolic heart failure in dysferlin-deficient
mice.

Figure 10. Decreased function of dysferlin-deficient mouse
hearts was independent of preload with preserved
Frank-Starling response
Ex vivo working heart study showed that when preload was altered
between 5 and 20 mmHg, the stroke volume of dysferlin knockout
mouse hearts was lower than that of wild-type hearts at all preload
levels examined (∗P<0.05 in Student’s t-test and #P<0.05 in
two-way ANOVA). However, dysferlin knockout and wild-type
groups exhibited parallel Frank–Starling responses to increases in
preload (&P<0.05 when stroke volumes were compared with that at
preload of 5 mmHg in two-way ANOVA).

The decreased lusitropy of dysferlin knockout cardiac
muscle with delayed calcium re-sequestration and blunted
β-adrenergic response implies an impaired β-adrenergic
signalling. As the phosphorylation of cardiac TnI and
myosin binding protein C, two known PKA substrates
under β-adrenergic signalling, was not decreased in
dysferlin knockout hearts (Fig. 11), upstream mechanisms
such as internalization of betareceptors is less likely to
be the determinant. The level of phospholamban was
also unchanged in dysferlin knockout hearts (Fig. 13).
Therefore, further studies are needed to explore the
molecular mechanism for the impaired lusitropy and
blunted β-adrenergic response of the dysferlin-deficient
heart.

Although the decreased lusitropic function would
contribute to decreased cardiac performance by negatively
impacting on the Frank–Starling response, the impaired
functions of dysferlin-deficient mouse hearts were
independent of changes in afterload and preload (Figs. 9
and 10), and the Frank–Starling response was preserved
although at a lower level (Fig. 10). By contrast, the
blunted lusitropic response to β-adrenergic stimulation
was not seen in isolated cardiomyocytes examined in the
absence of external load (Fig. 6). The correlation of cardiac
muscle lusitropic dysfunction in dysferlin deficiency with
mechanical loads may underlie the primary pathology
and early pathophysiology of cardiac dysferlinopathy as
a case of diastolic cardiac dysfunction and merits further
investigation.

Differentially increased phosphorylation of MLC2v
and MyBP-C

Young adult dysferlin-deficient mouse hearts had normal
isoform composition of MHC, cardiac TnT and cardiac
TnI, consistent with the compensated state of cardiac
function. A primary mechanism regulating cardiac muscle
contractility is the phosphorylation of various thin and
thick filament proteins, including cardiac TnI (Solaro et al.
1976; Moir & Perry, 1980; Garvey et al. 1988; Zhang et al.
1995), MyBP-C (Garvey et al. 1988; Gautel et al. 1995;
Weisberg & Winegrad, 1996; Kunst et al. 2000) and MLC2v
(Frearson & Perry, 1975; Holroyde et al. 1979; Resink
et al. 1981). Our study of young adult dysferlin-deficient
mouse hearts did not detect significant changes in the
phosphorylation of cardiac TnIand cardiac TnT, but
MyBP-C showed a trend of higher phosphorylation in
10 nM isoproterenol-treated ex vivodysferlin knockout
mouseworking hearts (Fig. 11).

β-Adrenergic/PKA-dependent phosphorylation of
MyBP-C at Ser282 (Fig. 11A) is known to accelerate
the force generation of cardiac muscle (Edes et al.
1995; Tong et al. 2004; Solaro et al. 2013). MyBP-C
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phosphorylation was decreased in hypertrophic and fail-
ing hearts (Copeland et al. 2010). While the increased
phosphorylation of MyBP-C inyoungadult dysferlin-
deficient mouse hearts may be an adaptive and com-
pensatory response, the phosphorylation of cardiac
TnI, which is also β-adrenergicPKA-dependent, in
dysferlin-deficient mouse hearts was similar to that in
wild-type hearts (Fig. 11), precluding an overall increase
in β-adrenergic tone.

An interesting finding in our study was the significant
increase in the phosphorylation of MLC2v in dysferlin
knockout mouse hearts (Fig. 11). Phosphorylation of
MLC2v was increased in swimming-induced physiological
cardiac hypertrophy (Warren et al. 2012) and loss of
MLC2v phosphorylation produced early impairment of
cardiac muscle relaxation (Sheikh et al. 2012). Increased
phosphorylation of MLC2v has been shown to increase the
rate of cross-bridge cycling by increasing the rate constant

Figure 11. Increased phosphorylation of
MLC2v in young adult
dysferlin-deficient mouse hearts
A, representative Pro-Q-stained gel of total
protein extracts from isolated working
mouse hearts treated with 10 nM

isoproterenol and densitometry
quantification showed a 52.10±4.1%
higher phosphorylation of MLC2v in
dysferlin knockout hearts as compared with
wild-type controls (∗P<0.05 in Student’s t
test). Phosphorylation of cardiac TnT and
cardiac TnI was not different in the two
groups. Pro-Q diamond stain detected a
trend of increase in the phosphorylation of
MyBP-C in dysferlin knockout hearts
(40.16±12.61% higher than wild-type
control, P = 0.093 in two-tailed Student’s t
test). Western blot further showed a similar
trend of increased MyBP-C phosphorylation
at Ser282 (37.47±12.36% higher than
wild-type control, P = 0.060 in two-tailed
Student’s t test). B, representative
Pro-Q-stained gel of rapidly isolated cardiac
muscle and densitometry analysis confirmed
the increased phosphorylation of MLC2v in
dysferlin knockout mouse hearts in vivo as
compared with that in wild-type mice
(increased by 58.42±5.28% in left ventricle
and 54.16±2.72% in right ventricle). In
contrast to ex vivo working hearts treated
with 10 nM isoproterenol, dysferlin
knockout mouse hearts rapidly isolated
under anaesthesia did not show the trend of
in vivo increases in MyBP-C phosphorylation.
C, representative Western blot of
urea-glycerol-PAGE gel and densitometry
analysis confirmedthe increased
phosphorylation of MLC2v in dysferlin
knockout mouse working hearts treated
with 10 nM isoproterenol (44.43±0.18% of
total MLC2v vs. 35.19±2.20% in wild-type
control hearts). ∗P<0.05 in Student’s t-test.
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for the transition from non-force-generating cross-bridges
to a force-generating state whereas the reverse rate
constant is unaffected (Sweeney & Stull, 1990;Sweeney
et al. 1993). Therefore, the increased phosphorylation of
MLC2v in young adult dysferlin knockout mouse hearts
may enhance lusitropy in adaptation to the prolonged
decay in cytosolic Ca2+ transient as an early mechanism
of functional compensation.

MLC2v is the sole known substrate of the cardiac
isoform of myosin light chain kinase, cMLCK (High
& Stull, 1980; Kamm & Stull, 2011). Recent studies
demonstrated that in cardiac muscle, at least half of
the MLC2v protein was constitutively phosphorylated
by cMLCK (Chang et al. 2015), which plays a role
in preventing cardiac hypertrophy (Yuan et al. 2015).
Consistent with the idea that MLC2v phosphorylation is

Figure 12. Protein level and Thr286
phosphorylation of CaMKII were not
altered in the cardiac muscle of young
dysferlin-deficient mice
Representative Western blot (A) and
densitometry analysis showed that
compared with wild-type controls, total
CaMKII protein (B) and phosphorylation at
Thr286 (C) were not altered in left and right
ventricular cardiac muscles of 3-month-old
dysferlin knockout mice.

Figure 13. No change in phospholamban in young adult dysferlin-deficient mouse cardiomyocytes
Representative Western blot (A) and densitometry analysis showed that the protein level (B) and Ser16

phosphorylation (C) of phospholamban were not altered in 3-month-old dysferlin knockout mouse cardio-
myocytes. D, immunofluorescence microscopy showed similar subcellular distribution of phospholamban in
dysferlin knockout and wild-type mouse cardiomyocytes.
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necessary for normal cardiac performance (Ding et al.
2010), conditional knockout of cMLCK in mouse cardiac
muscle caused heart failure (Chang et al. 2015). Although
the 40–70% increases of MLC2v phosphorylation in the
hearts of young dysferlin-deficient mice was on top of a
significant level of constitutive phosphorylation, its role
in cardiac muscle adaptation to the impaired diastolic
function merits further investigation.

Adding new insights into the early pathology and
pathophysiology of cardiac dysferlinopathy, the impaired
calcium re-sequestration and possibly compensatory
increases in MLC2v and MyBP-C phosphorylation suggest
potentially therapeutic targets for correcting the diastolic
dysfunction of dysferlin cardiomyopathies. Our pre-
sent study has laid a foundation for follow-up studies
on the underlying mechanism that mediates dysferlin
deficiency-induced delay of calcium re-sequestration and
myofilament protein modifications.
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Translational perspective

Deficiency of dysferlin leads to limb-girdle muscular dystrophy 2B and Miyoshi myopathy with
cardiac involvement that leads to dilated cardiomyopathy and heart failure. Our study of dysferlin
gene knockout mice demonstrated early myocardial hypertrophy when baseline cardiac function was
compensated. Dysferlin-deficient cardiomyocytes exhibited significantly slower Ca2+ re-sequestration
than that in wild-type cells. The diastolic function of dysferlin knockout mouse hearts showed
blunted β-adrenergic response. Phosphorylation of ventricular myosin light chain 2 was significantly
increased, implying a molecular response to the impaired diastolic function. These early phenotypes
of impaired diastolic cardiac function indicate a pathogenic mechanism of dysferlin cardiomyopathy
and potentially novel targets for the development of therapeutic approaches.
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