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Torn apart: membrane rupture in muscular 
dystrophies and associated cardiomyopathies

Jan Lammerding and Richard T. Lee

Cardiovascular Division, Department of Medicine, Brigham and Women’s Hospital, Harvard Medical School, Boston, Massachusetts, USA.

Muscular dystrophies are often caused by mutations in cytoskeletal proteins 
that render cells more susceptible to strain-induced injury in mechanically 
active tissues such as skeletal or cardiac muscle. In this issue of the JCI, Han 
et al. report that dysferlin participates in membrane resealing in cardiomyo-
cytes and that exercise results in increased membrane damage and disturbed 
cardiac function in dysferlin-deficient mice (see the related article begin-
ning on page 1805). Thus, in addition to repetitive membrane damage, inad-
equate membrane repair may participate in the pathogenesis of muscular 
dystrophies and cardiomyopathies.

Given the large deformations of many tis-
sues such as skeletal muscle, it’s remarkable 
that cells don’t just tear apart. In fact, mem-
brane rupture occurs frequently under phys-
iological conditions in mechanically active 
tissues and can be experimentally dem-
onstrated both in vivo and in vitro (1–3).  
Membrane rupture leads to loss of cyto-
plasmic components and allows the influx 
of extracellular ions, thus disturbing the 
carefully maintained ion balance between 
the cytoplasm and the extracellular space. 
To prevent cell death from local mem-
brane damage, cells have mechanisms to 
preserve membrane integrity and to reseal 
or repair ruptured membranes. In the 
presence of high extracellular Ca2+ con-
centrations, injured nucleated cells reseal 
within 10–30 seconds (3).

Membrane-repair mechanism(s)
Membrane rupture leads to exposure of 
hydrophobic phospholipids to the aque-

ous environment, an energetically unfa-
vorable state. However, the entropic forc-
es that draw the membrane ends together 
are insufficient to reseal membrane 
lesions larger than 1 μm in nucleated 
cells under physiological conditions (3), 
as membrane tension (driven by interac-
tion of phospholipids with the underlying 
cytoskeleton) slows or completely blocks 
self sealing. Instead, cells utilize an active 
membrane-repair process based on active 
trafficking of endomembrane vesicles to 
the damage site and subsequent fusion 
with the plasma membrane by exocytosis, 
but many of the molecular details of this 
process remain unclear. It appears that 
membrane repair involves both a reduc-
tion in membrane tension — possibly 
by local depolymerization of the corti-
cal cytoskeleton — and patch formation. 
In the latter process, homotypic fusion 
of membrane vesicles creates a patch at 
the rupture site that then fuses with the 
plasma membrane in a Ca2+-dependent 
process (Figure 1). Depending on the cell 
type, the vesicular membrane compart-
ments participating in the repair may 
include cortical granules, yolk granules, 

endocytic components, lysosomes, and 
enlargosomes; the specific contribution 
of each is not always clear (3, 4).

The active membrane fusion process 
requires several membrane proteins, 
including SNARE proteins (a family of 
transmembrane proteins essential in 
most intracellular membrane fusion pro-
cesses) and synaptotagmins (transmem-
brane proteins containing two highly 
conserved Ca2+-binding domains that are 
thought to serve as Ca2+ sensors; ref. 5). 
Most recently, ferlins have been identi-
fied as a conserved protein family that 
participate in membrane repair. The fer-
lin family consists of four different genes 
that encode dysferlin, myoferlin, otofer-
lin, and Fer1L4; dysferlin-null cells show 
accumulation of membrane vesicles near 
the damaged membrane (3, 4).

Membrane disruption leads  
to muscular dystrophy
Membrane rupture is most prevalent in 
skeletal and cardiac muscle; up to 25% 
of muscle cells show signs of transient 
membrane damage under physiological 
conditions (1–3). Higher organisms have 
specialized tissue and cell architectures 
that minimize the stress placed on the 
plasma membrane by directly transmit-
ting forces from the extracellular matrix 
to the cytoskeleton through dedicated 
protein complexes, such as the dystro-
phin-glycoprotein complex, and thus 
shielding the fragile plasma membrane. 
Not surprisingly, mutations that disrupt 
these stress-bearing elements render cells 
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more susceptible to contraction-induced 
injury and can result in muscular dys-
trophy or cardiomyopathy. Recent work 
by Kevin Campbell’s group has demon-
strated that defective membrane repair 
can provide an alternative mechanism for 
muscular dystrophies (6). Dysferlin-null 
mice suffer from impaired membrane 
repair and develop progressive muscu-
lar dystrophy and cardiomyopathy, even 
though these animals have stable and 
functional dystrophin-glycoprotein com-
plexes and show no increase in membrane 
damage during eccentric contraction. In 
humans, dysferlin mutations cause limb-
girdle muscular dystrophy type 2B and 
Miyoshi myopathy (7, 8).

Most studies of muscular dystrophies 
have focused on the cellular damage in 
skeletal muscle, but it is important to 
recognize that several types of muscular 
dystrophies affect cardiac muscle and that 
cardiac failure is responsible for a large 
number of deaths in Duchenne muscular 
dystrophy and Emery-Dreifuss muscular 
dystrophy patients (9, 10). In this issue of 
the JCI, Han et al. (11) report that dysfer-
lin-mediated membrane repair is critical to 
protection of cardiomyocytes from stress-
induced injury. Han and colleagues applied 
a sophisticated in vitro assay to directly 
demonstrate that Ca2+-dependent mem-
brane repair is impaired in dysferlin-null 
cardiomyocytes. Next, they demonstrated 

defective membrane repair in dysferlin-null 
mice in vivo in the heart following stress 
exercise and disturbed cardiac function. 
The notion that deficient membrane repair 
and increased membrane fragility are two 
independent mechanisms was supported 
in that damage was even more severe in 
animals bred by intercrossing dysferlin- 
and dystrophin-null mice. These findings 
suggest an overarching concept underlying 
the majority of mutations implicated in 
muscular dystrophies and associated car-
diomyopathy: Repetitive strain and con-
traction in mechanically active tissue cause 
progressive myocyte necrosis through 
cumulative damage in cells that cannot be 
sufficiently repaired.

Figure 1
Repetitive mechanical strain causes rupture 
in the plasma membrane under physiological 
conditions. Mutations that predispose cells 
to membrane damage or impair the normal 
repair process cause accumulation of necrotic 
cells in mechanically active tissue, resulting in 
muscular dystrophies and cardiomyopathies. 
Mutations in the nuclear envelope proteins 
lamin A/C or emerin can decrease the stabil-
ity of the nuclear lamina and result in nuclear 
envelope rupture, causing similar muscular 
dystrophies and cardiomyopathies. In this 
issue of the JCI, Han et al. (11) report that 
dysferlin is required for stress-induced mem-
brane repair in cardiomyocytes. While the pre-
cise membrane-repair mechanism remains 
unclear, it is thought that dysferlin-carrying 
repair vesicles are recruited to the rupture site 
and fuse with the plasma membrane through 
interaction with annexins, other dysferlins, 
and other unknown binding partners (27). 
LINC, linker of nucleoskeleton and cytoskel-
eton. Figure adapted with permission from the 
New England Journal of Medicine (28).
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Nuclear membrane damage can also 
cause muscular dystrophies
The concept of repetitive membrane inju-
ry may not be limited to the cytoplasmic 
membrane but may also apply to a group 
of muscular dystrophies that arise from 
mutations in nuclear envelope proteins. 
Lamins are the main components of 
the nuclear lamina, a dense protein net-
work underlying the inner nuclear mem-
brane. Mutations in lamin A/C cause a 
plethora of human diseases, including 
Emery-Dreifuss muscular dystrophy, 
limb-girdle muscular dystrophy type 1B, 
and dilated cardiomyopathy (12). The 
molecular mechanisms responsible for 
the laminopathies remain unclear, but 
increased nuclear fragility could contrib-
ute to the muscle-specific phenotypes. 
Muscle biopsies from Emery-Dreifuss 
muscular dystrophy patients and from 
lamin A/C–null mice show characteristic 
nuclear damage, including protrusions 
of chromatin from the nucleus, loss of 
nuclear membrane, and even aggregation 
of mitochondria within the nucleoplasm 
(13–17). Cells deficient in lamin A/C have 
increased nuclear fragility under repeti-
tive mechanical stress (18–21). The mus-
cular laminopathies share several other 
features with the muscular dystrophies 
caused by defective plasma membrane 
structure or repair. Lamins interact with 
integral inner nuclear membrane proteins 
and with chromatin and are part of the 
linker of nucleoskeleton and cytoskeleton 
(LINC) complex connecting the nucleus 
to the cytoskeleton (Figure 1). Similar 
to dysferlin, lamin A/C and emerin are 
ubiquitously expressed, but many of the 
related disease phenotypes are focused on 
skeletal and cardiac muscle.

Interestingly, the disease mechanisms 
of the nuclear envelope muscular dystro-
phies might not just mirror the patho-
physiology in muscular dystrophies 
caused by plasma membrane damage. 
The cytoskeletal network and nuclear and 
plasma membrane proteins form a con-
tinuous physical connection that begins 
at the extracellular matrix and extends all 
the way to the nuclear interior, and dis-
ruption of any of these components could 
affect the other structures. Furthermore, 
in mice carrying a dominant-negative 
δ-sarcoglycan mutation that results in 
dilated cardiomyopathy, δ-sarcoglycan is 
mislocalized in cardiomyocytes, moving 
from the plasma membrane to the nucle-
us. This mislocalization is accompanied 

by partial nuclear sequestration of β- and 
γ-sarcoglycans and mislocalization of 
lamin A/C and emerin from the nuclear 
envelope into the nucleoplasm (22).

Treatment perspectives for muscular 
dystrophies
There are currently no effective treat-
ment options for patients suffering from 
muscular dystrophies. Recently, plasma 
membrane sealants such as poloxamer 
188 have been shown to efficiently reduce 
cellular damage in muscular dystrophy 
and to improve cardiac function in dys-
trophin-deficient mice (23). However, 
poloxamer 188 failed to prevent exercise-
induced membrane damage in skeletal 
muscle fibers of mdx mice, a mouse model 
of Duchenne muscular dystrophy lacking 
dystrophin (24). Furthermore, the most 
effective concentrations of membrane 
sealant are not well tolerated by healthy 
human volunteers even for short durations 
(25) while muscular dystrophy patients 
would require lifelong treatment, as mem-
brane sealants are only effective when pres-
ent during membrane rupture. The discov-
ery of alternative, better-tolerated sealants 
or drugs that can drive the membrane-
repair process would represent significant 
advances. These therapies could benefit 
patients with a wide variety of muscular 
dystrophies, regardless of whether they are 
caused by increased membrane fragility, 
deficient repair, or both.

Perspectives for future research
The molecular mechanisms of the mem-
brane-repair process are only now emerg-
ing, and it remains unclear what other 
molecules are necessary and critical for 
efficient membrane repair. Myoferlin in 
particular could be important for muscu-
lar dystrophies, as it is highly expressed 
in skeletal and cardiac muscle and is 
upregulated in skeletal muscle in dystro-
phin-deficient mice (26). Interestingly, 
myoferlin — in contrast to dysferlin — is 
also present in the nucleus of skeletal and 
cardiac muscle fibers, so it could also par-
ticipate in nuclear envelope repair. In the 
plasma membrane, additional membrane 
must be added to the surface at or near the 
disruption site through fusion with cyto-
plasmic vesicles. In the nucleus, the endo-
plasmic reticulum is continuous with the 
outer nuclear membrane and provides a 
large membrane reservoir, but interaction 
between the inner nuclear membrane and 
the lamina could also require additional 

membrane-repair mechanisms and patch 
formation similar to the processes seen at 
the plasma membrane.

The study by Han et al. (6) highlights 
the concept that membrane injury, a nor-
mal process in mechanically active tissues 
such as muscle, must be met with adequate 
membrane repair. In the highly mechani-
cally active milieu of skeletal and cardiac 
muscle, cumulative membrane damage 
may provide slow but progressive loss of 
cells with fibrotic replacement. Under-
standing the balance of membrane injury 
and repair may provide insight into the 
highly variable stages of penetrance in 
different muscle diseases as well as viable 
therapeutic strategies.

Acknowledgments
This work was supported by grants 
from the NIH (HL073809, HL081404, 
HL082792), the American Heart Asso-
ciation (0635359N), and the Progeria 
Research Foundation.

Address correspondence to: Richard T. Lee, 
Brigham and Women’s Hospital, 65 Lands-
downe Street, Partners Research Facility, 
Cambridge, Massachusetts 02139, USA. 
Phone: (617) 768-8282; Fax: (617) 768-8270;  
E-mail: rlee@partners.org.

	 1.	Clarke, M.S., Khakee, R., and McNeil, P.L. 1993. 
Loss of cytoplasmic basic fibroblast growth fac-
tor from physiologically wounded myofibers 
of normal and dystrophic muscle. J. Cell Sci. 
106:121–133.

	 2.	McNeil, P.L., and Khakee, R. 1992. Disruptions of 
muscle fiber plasma membranes. Role in exercise-
induced damage. Am. J. Pathol. 140:1097–1109.

	 3.	McNeil, P.L., and Steinhardt, R.A. 2003. Plasma mem-
brane disruption: repair, prevention, adaptation.  
Annu. Rev. Cell Dev. Biol. 19:697–731.

	 4.	McNeil, P.L., and Kirchhausen, T. 2005. An emer-
gency response team for membrane repair. Nat. Rev. 
Mol. Cell Biol. 6:499–505.

	 5.	Giraudo, C.G., Eng, W.S., Melia, T.J., and Roth-
man, J.E. 2006. A clamping mechanism involved 
in SNARE-dependent exocytosis.  Science. 
313:676–680.

	 6.	Bansal, D., et al. 2003. Defective membrane repair 
in dysferlin-deficient muscular dystrophy. Nature. 
423:168–172.

	 7.	Bashir, R., et al. 1998. A gene related to Caenorhab-
ditis elegans spermatogenesis factor fer-1 is mutat-
ed in limb-girdle muscular dystrophy type 2B. Nat. 
Genet. 20:37–42.

	 8.	Liu, J., et al. 1998. Dysferlin, a novel skeletal muscle 
gene, is mutated in Miyoshi myopathy and limb 
girdle muscular dystrophy. Nat. Genet. 20:31–36.

	 9.	Wessely, R., Seidl, S., and Schomig, A. 2005. Cardiac 
involvement in Emery-Dreifuss muscular dystrophy.  
Clin. Genet. 67:220–223.

	 10.	Finsterer, J., and Stollberger, C. 2003. The heart in 
human dystrophinopathies. Cardiology. 99:1–19.

	 11.	Han, R., et al. 2007. Dysferlin-mediated membrane 
repair protects the heart from stress-induced left 
ventricular injury. J. Clin. Invest. 117:1805–1813. 
doi:10.1172/JCI30848.



commentaries

1752	 The Journal of Clinical Investigation      http://www.jci.org      Volume 117      Number 7      July 2007

	 12.	Broers, J.L., Hutchison, C.J., and Ramaekers, F.C. 
2004. Laminopathies. J. Pathol. 204:478–488.

	 13.	Fidzianska, A., and Hausmanowa-Petrusewicz, I. 
2003. Architectural abnormalities in muscle nuclei. 
Ultrastructural differences between X-linked and 
autosomal dominant forms of EDMD. J. Neurol. 
Sci. 210:47–51.

	 14.	Fidzianska, A., Toniolo, D., and Hausmanowa-
Petrusewicz, I. 1998. Ultrastructural abnormality 
of sarcolemmal nuclei in Emery-Dreifuss muscular 
dystrophy (EDMD). J. Neurol. Sci. 159:88–93.

	 15.	Ostlund, C., and Worman, H.J. 2003. Nuclear enve-
lope proteins and neuromuscular diseases. Muscle 
Nerve. 27:393–406.

	 16.	Sullivan, T., et al. 1999. Loss of A-type lamin expres-
sion compromises nuclear envelope integrity lead-
ing to muscular dystrophy. J. Cell Biol. 147:913–920.

	 17.	Sylvius, N., et al. 2005. In vivo and in vitro examina-
tion of the functional significances of novel lamin 
gene mutations in heart failure patients. J. Med. 
Genet. 42:639–647.

	 18.	Broers, J.L., et al. 2004. Decreased mechanical 
stiffness in LMNA–/– cells is caused by defective 
nucleo-cytoskeletal integrity: implications for the 
development of laminopathies. Hum. Mol. Genet. 
13:2567–2580.

	 19.	Lammerding, J., et al. 2006. Lamins A and C but 
not lamin B1 regulate nuclear mechanics. J. Biol. 
Chem. 281:25768–25780.

	 20.	Lammerding, J., et al. 2005. Abnormal nuclear 
shape and impaired mechanotransduction in 
emerin-deficient cells. J. Cell Biol. 170:781–791.

	 21.	Lammerding, J., et al. 2004. Lamin A/C defi-
ciency causes defective nuclear mechanics and 
mechanotransduction. J. Clin. Invest. 113:370–378. 
doi:10.1172/JCI200419670.

	 22.	Heydemann, A., Demonbreun, A., Hadhazy, M., 
Earley, J.U., and McNally, E.M. 2007. Nuclear 
sequestration of delta-sarcoglycan disrupts the 
nuclear localization of lamin A/C and emerin in 
cardiomyocytes. Hum. Mol. Genet. 16:355–363.

	 23.	Yasuda, S., et al. 2005. Dystrophic heart failure 

blocked by membrane sealant poloxamer. Nature. 
436:1025–1029.

	 24.	Quinlan, J.G., et al. 2006. Poloxamer 188 failed to 
prevent exercise-induced membrane breakdown 
in mdx skeletal muscle fibers. Neuromuscul. Disord. 
16:855–864.

	 25.	Jewell, R.C., Khor, S.P., Kisor, D.F., LaCroix, K.A., 
and Wargin, W.A. 1997. Pharmacokinetics of Rheo-
thRx injection in healthy male volunteers. J. Pharm. 
Sci. 86:808–812.

	 26.	Davis, D.B., Delmonte, A.J., Ly, C.T., and McNally, 
E.M. 2000. Myoferlin, a candidate gene and poten-
tial modifier of muscular dystrophy. Hum. Mol. 
Genet. 9:217–226.

	 27.	Bansal, D., and Campbell, K.P. 2004. Dysferlin and 
the plasma membrane repair in muscular dystro-
phy. Trends Cell Biol. 14:206–213.

	 28.	Dalakas, M.C., et al. 2000. Desmin myopathy, a 
skeletal myopathy with cardiomyopathy caused 
by mutations in the desmin gene. N. Engl. J. Med. 
342:770–780.

p53, chemokines, and squamous cell carcinoma
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The genetic and epigenetic events underlying cutaneous squamous cell car-
cinoma (SCC) have been actively studied; however, no resulting preventative 
or therapeutic strategies have successfully targeted this lesion, apart from 
surgery. In this issue of the JCI, two novel regulators of SCC pathogenesis are 
introduced, gain-of-function mutations in the p53 gene, reported by Caulin 
et al., and chemokine sequestration by the D6 receptor, reported by Nibbs et 
al. (see the related articles beginning on pages 1884 and 1893, respectively). 
These studies provide new twists and insights into the development of this 
potentially lethal disease.

Nonmelanoma skin cancer (NMSC) is 
the most common type of human malig-
nancy, with over one million new cases in 
the United States annually (1–3). NMSC 
includes basal cell carcinoma and squa-
mous cell carcinoma (SCC), with SCCs 
constituting approximately 20% of all 
NMSCs. In contrast to basal cell carci-
nomas, SCCs characteristically exhibit a 
high propensity for invasion and metas-
tasis and may be lethal (1, 2). While the 
genetic and epigenetic events associated 
with SCC pathogenesis have been exten-
sively studied, no resulting therapeutic 
approaches have been generated for the 
prevention or treatment of this potential-
ly lethal disease. This, coupled with the 
escalating incidence of NMSC over the 

last few decades, has made this disease a 
major public health issue.

The p53 oncogene: implications  
for cutaneous SCC
It is widely accepted that genetic insults 
are indispensable in the formation of 
a frank tumor. In the development of 
human cutaneous SCCs, alterations in 
ras genes (10%–30% incidence) (3, 4) and 
the p53 tumor suppressor gene (40%–50% 
incidence) (5, 6) have been most heavily 
implicated. While the majority of these 
lesions are missense mutations, the func-
tional assessment of p53 missense muta-
tions is complicated in that some give rise 
to a loss-of-function or null phenotype 
classically associated with tumor sup-
pressor genes, whereas the majority of p53 
missense mutations appear to result in a 
gain-of-function phenotype. While the 
presence of both types of p53 mutations 
in SCCs denotes a selection advantage 
to these genetic lesions, whether gain-of-
function or loss-of-function mutations 

are more critical for SCC development 
is unclear. Therefore, the understanding 
of p53 phenotype status, i.e., tumor sup-
pressive versus oncogenic, as it relates to 
SCC formation and progression is of par-
amount importance for the development 
of relevant therapeutic approaches that 
target this gene.

In this issue of the JCI, Caulin and 
coworkers (7) address this problem with 
an elegant transgenic mouse skin model 
that delivers allelic doses of oncogenic 
K-ras (8) in combination with either 
p53 gain-of-function or null mutations 
under the regulatory control of an induc-
ible Cre recombinase and targeted to the 
proliferative layer of the epidermis by 
the cytokeratin K5 promoter. Using this 
approach, the authors clearly show that 
certain p53 missense mutations occur-
ring in human SCCs demonstrate gain-
of-function properties in vivo and that 
p53 gain-of-function mutations accel-
erate both the frequency and progres-
sion of SCCs genetically initiated with 
oncogenic ras. For over a decade, the 
conventional regulation of cutaneous 
SCC by p53 tumor suppressor function 
was based on the observation that reduc-
tions in p53 typically do not increase the 
frequency or incidence of tumor forma-
tion but rather increase the frequency of 
malignant conversion to SCC (9). The 
current study confirms this traditional 
role for loss-of-function p53 mutations 

Nonstandard abbreviations used: NMSC, nonmela-
noma skin cancer; SCC, squamous cell carcinoma.
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