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Abstract
Mutations in LMNA, the gene that encodes A-type lamins, cause multiple diseases including
dystrophies of the skeletal muscle and fat, dilated cardiomyopathy, and progeria-like syndromes
(collectively termed laminopathies). Reduced A-type lamin function, however, is most commonly
associated with skeletal muscle dystrophy and dilated cardiomyopathy rather than lipodystrophy
or progeria. The mechanisms underlying these diseases are only beginning to be unraveled. We
report that mice deficient in Lmna, which corresponds to the human gene LMNA, have enhanced
mTORC1 (mammalian target of rapamycin complex 1) signaling specifically in tissues linked to
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pathology, namely, cardiac and skeletal muscle. Pharmacologic reversal of elevated mTORC1
signaling by rapamycin improves cardiac and skeletal muscle function and enhances survival in
mice lacking A-type lamins. At the cellular level, rapamycin decreases the number of myocytes
with abnormal desmin accumulation and decreases the amount of desmin in both muscle and
cardiac tissue of Lmna–/– mice. In addition, inhibition of mTORC1 signaling with rapamycin
improves defective autophagic-mediated degradation in Lmna–/– mice. Together, these findings
point to aberrant mTORC1 signaling as a mechanistic component of laminopathies associated with
reduced A-type lamin function and offer a potential therapeutic approach, namely, the use of
rapamycin-related mTORC1 inhibitors.

INTRODUCTION
A-type lamins are type V intermediate filament proteins that form part of the nuclear lamina,
providing structural integrity to the nucleus (1, 2) and regulating chromatin organization (3),
transcription (4, 5), and DNA replication (6). In humans, mutations in LMNA result in
several distinct diseases including autosomal dominant limb-girdle muscular dystrophy
(LGMD1B) (7), Emery-Dreifuss muscular dystrophy (EDMD2/3) (8), dilated
cardiomyopathy (DCM) and conduction-system disease (CMD1A) (9), familial partial
lipodystrophy (10), Charcot-Marie-Tooth disease (11), and Hutchinson-Gilford progeria
syndrome (HGPS) (12). Skeletal muscle dystrophy and dilated cardiomyopathy are
commonly seen in people with LMNA missense mutations that impair the function of the
protein (often in a dominant-negative fashion) (13–15). Stop codons, splice site variants, or
insertions/deletions within the human lamin A gene can also reduce the amount of lamin A/
C proteins (13–15). Lmna–/– mice also develop both DCM and skeletal muscle dystrophy,
succumbing to complications resulting from cardiac dysfunction by 6 to 8 weeks of age (16,
17). Thus, Lmna–/– mice can serve as a clinically relevant model in which to investigate the
molecular mechanisms of skeletal muscle dystrophy and DCM caused by reduced lamin A
protein concentrations.

Cardiac and skeletal muscle tissues are highly adaptable and many signaling pathways
regulate muscle remodeling. Muscle remodeling involves changes in the myofiber
cytoarchitecture, gene expression, and protein composition in response to functional
demands. One such path-way involves the mammalian target of rapamycin complex
1(mTORC1), which is a major regulator of protein synthesis. The mTORC1 complex
consists of mTOR, regulatory associated protein of mTOR (Raptor) (18, 19), and mlst8/GβL
(20). Activation of the mTORC1 signaling cascade, among other events, results in the
phosphorylation of downstream substrates such as p70 S6 kinase and 4E-BP1 [eukaryotic
translation initiation factor 4E (eIF4E)–binding protein 1] (21, 22), which in turn affect
protein synthesis. Activation of S6 kinase by phosphorylation, for instance, results in the
subsequent phosphorylation of ribosomal protein S6 (rpS6) and other components of the
translational machinery, whereas phosphorylation of 4E-BP1 decreases its binding to eIF4E,
freeing this initiation factor to promote cap-dependent translation (21). Enhanced mTOR-
mediated phosphorylation of 4E-BP1 and S6 kinase is evident during normal cardiac and
skeletal muscle remodeling as well as in the pathologic cardiac and skeletal remodeling that
occurs in disease (23–27).

Another important function of the mTORC1 signaling pathway is the regulation of
autophagy, a process in which the cell degrades damaged or excess cellular components—
from individual proteins and protein aggregates to whole organelles—through the lysosomal
machinery. When cells have sufficient nutrients, autophagy is inhibited by mTORC1; on the
other hand, lack of nutrients inhibits the mTORC1 pathway and autophagy is initiated to
reallocate nutrients from nonessential components to those that are vital to survival (28).
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Activation of mTORC1 in mammalian cells results in the phosphorylation of Unc-51–like
kinase/human autophagy-related protein 1 (ULK1/hAtg1), disrupting its interaction with
adenosine monophosphate–activated protein kinase (AMPK) and inhibiting AMPK-
mediated ULK1 activation (29). Autophagy is important for protein homeostasis in cardiac
and skeletal muscle; changes in autophagic markers in these tissues can be detected after
nonpathological stimulation such as exercise, as well as in disease-induced situations such as
dilated cardiomyopathy and muscular dystrophy (30–33).

Because of the importance of mTORC1 signaling in skeletal and cardiac tissue, we
hypothesized that dysregulation of mTORC1 signaling may contribute to the cardiac and
skeletal muscle pathology of Lmna–/– mice. Here, we examine mTORC1 signaling in
Lmna–/– mice and test the effects of pharmacological manipulation of this pathway by
rapamycin on Lmna–/– disease phenotypes.

RESULTS
To test the hypothesis that dysregulation of mTORC1 signaling may contribute to the
cardiac and skeletal muscle pathology of Lmna–/– mice, we looked at phosphorylation of
downstream signaling components of the mTORC1 pathway in these mice by Western blot
analysis. Consistent with this hypothesis, we observed significantly increased
phosphorylation of mTOR(S2448) (P = 0.01), S6 kinase(T389) (P = 0.04), rpS6(S235/S236) (P =
0.02), and 4E-BP1(S65) (P = 0.005) in heart and increased phosphorylation of rpS6(S235/S236)

(P = 0.03) and 4E-BP1(S65) (P = 0.01) in skeletal muscle of 4-week-old Lmna–/– animals
compared to wild-type controls (Fig. 1, A and B). This hyperactivation of the mTORC1
pathway was not observed in nondiseased tissue such as liver (fig. S1C). Expression of
mTORC1 components Raptor and GβL was unchanged in heart and skeletal muscle of
Lmna–/– mice (fig. S1, A and B). The increased mTORC1 signaling in Lmna–/– mouse
hearts was associated with early signs of left and right ventricular dilatation but not
hypertrophy (fig. S1D). Indeed, other studies have noted the absence or attenuation of a
hypertrophic response in both Lmna–/– and Lmna+/– mice with hearts subjected to pressure
overload by transverse aortic constriction (17, 34). To further understand the impact of
increased mTORC1 signaling in Lmna–/– mice, we performed polysome profile analysis on
heart tissue using a protocol that was sufficiently sensitive to detect an angiotensin-induced
increase in protein synthesis in wild-type heart tissue. Consistent with a lack of hypertrophy,
hyperactivated mTORC1 signaling in Lmna–/– mice did not result in an alteration of global
protein synthesis: Polysome profiles of heart tissue from Lmna–/– mice were not
significantly different from those of Lmna+/+ mice (fig. S1, E and F).

The small molecule rapamycin is a specific inhibitor of mTORC1, and derivatives are used
clinically in cancer treatment, prevention of organ transplant rejection, and prevention of
restenosis after angioplasty (35–38). Rapamycin also extends life span in genetically
heterogeneous mice and in inbred C57BL/6 mice (39–41). To determine whether
hyperactivation of the mTORC1 pathway contributes to the DCM and skeletal muscle
dystrophy associated with loss of Lmna, we fed Lmna–/– mice chow containing encapsulated
rapamycin beginning at an age of 3 to 4 weeks using the same protocol previously reported
to extend life span (39). By 2 weeks of treatment, rapamycin was detectable in the blood of
Lmna–/– mice (6.9 ± 0.45 ng/ml). We then used transthoracic echocardiography to determine
the effect of dietary rapamycin on heart function in Lmna–/– mice. Echocardiographic
analysis confirmed the results of previous studies that showed impaired cardiac function and
left ventricular dilatation at 6 weeks of age in Lmna–/– mice compared to Lmna+/+ mice (17)
(Fig. 2, A and B). This deficit is reflected in a significant increase in left ventricular end
diastolic diameter (LVEDD) and left ventricular end systolic diameter (LVESD)
(normalized to body weight) in Lmna–/– mice (both P < 0.001), which results in a significant
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decrease in fractional shortening (the fraction of diastolic diameter lost in systole) (P <
0.001) (Fig. 2B). Lmna–/– mice treated with rapamycin showed a significant decrease in
LVESD (P < 0.001) relative to untreated Lmna–/– animals, as well as suppression of the
defects in both fractional shortening (P < 0.001) and myocardial performance index (MPI)
(P < 0.05). These data indicate that rapamycin improves cardiac function in mice lacking A-
type lamins.

We used the rotarod test of motor coordination to assess the effects of 2 weeks of dietary
rapamycin on skeletal muscle function in Lmna–/– mice. This test is a complex motor task
requiring muscle coordination and balance, as well as motor learning, and it has been used to
determine the effectiveness of treatments for mouse muscular dystrophy models (42, 43). As
expected, Lmna–/– mice were unable to stay on the rotating rod as long as Lmna+/+ mice (P
< 0.05), and they did not reach the same maximum speed as Lmna+/+ mice given the same
amount of time (P < 0.01) (Fig. 2C). Latency to fall off the rotating rod was significantly
longer in Lmna–/– mice treated with rapamycin compared to control-fed Lmna–/– mice (P <
0.05). In addition, rapamycin-fed Lmna–/– mice were able to reach a significantly higher
speed than control-fed Lmna–/– mice by the cutoff time of 5 min (P < 0.01) (Fig. 2C).

Because Lmna–/– mice treated with rapamycin show improved cardiac and muscle function,
we examined the effect of rapamycin on the life span of these animals. Lmna–/– mice fed
rapamycin chow from 3 to 4 weeks of age lived significantly longer than animals fed an
identical diet without rapamycin (P = 0.0013, both groups n = 23) (Fig. 3A). Rapamycin
feeding resulted in a 35% increase in median life span (62 days versus 46 days) and a 23%
increase in mean life span (62 days versus 50 days). Maximum life span was also increased
by rapamycin treatment: Of the Lmna–/– mice surviving to the 90th percentile, a
significantly greater proportion of rapamycin-fed mice survived compared to mice fed the
control diet (P < 0.05). Survival was significantly increased in both male Lmna–/– mice (P =
0.007) and female Lmna–/– mice fed dietary rapamycin (P = 0.04) (fig. S2, A and B).
Analysis of weekly body weights of the mice during treatment revealed that male and
female Lmna–/– mice fed rapamycin maintained their body weight over time better than did
Lmna–/– mice fed the control diet (P < 0.05 and P = 0.006, respectively), although individual
values at specific time points were not significantly different after a Bonferroni post hoc test
(fig. S2, C and D). To determine whether a higher dose of rapamycin would result in a larger
increase in survival, we administered rapamycin (8 mg/kg) by intraperitoneal injection every
other day starting at 4 weeks of age. The higher dose of rapamycin also increased the
survival of Lmna–/– mice (P < 0.0001, both groups n = 11) (Fig. 3B), causing a 57%
increase in mean life span (81 days versus 51.5 days) and a 56% increase in median life span
(85 days versus 54.5 days). Maximum life span of Lmna–/– mice at the 90th percentile
revealed a significantly increased proportion of rapamycin-treated mice compared to control
mice (P < 0.01).

Given the potential of rapamycin as a therapeutic agent, we performed several other life
span studies. Because rapamycin administration has been associated with side effects, we
sought to determine whether administration of less rapamycin would have similar effects on
longevity. First, we reduced the frequency of administration of rapamycin (8 mg/kg) to once
weekly. Under these conditions, the mean and median life spans were increased by 52.7 and
43.1%, respectively (P < 0.0001) (fig. S3A). We also tested a brief 1-week administration
(three doses every other day) of rapamycin starting at 4 weeks of age. Even this brief
rapamycin treatment was sufficient to significantly extend life span (fig. S3B), albeit to a
lesser degree. These studies indicate that the beneficial effects of rapamycin can be detected
rapidly after drug administration and occur even with less frequent administration. Finally,
we administered rapamycin (8 mg/kg) to Lmna–/– mice that were inbred with a C57BL/6J
background, a strain in which rapamycin has been reported to extend the life span of
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Lmna+/+ mice (41). Analysis of blood from these rapamycin-injected Lmna–/– mice revealed
levels of 85.7 ± 17.7 ng/ml after 1 week of injections (four doses), 24 hours after the last
injection. Injection of rapamycin significantly increased the survival of C57BL/6J Lmna–/–

mice (P = 0.0002, both groups n = 11) (fig. S3C), resulting in a 56% increase in mean life
span (58 days versus 37 days) and a 60.5% increase in median life span (61 days versus 38
days). Although the maximum life span of Lmna–/– mice at the 90th percentile was not
significantly different from those of controls (possibly as a result of low sample size),
analysis of the mice at the 80th percentile revealed a significantly increased proportion of
rapamycin-treated mice compared to control mice (P = 0.035).

To further understand the effects of rapamycin on the heart and muscle of Lmna–/– mice, we
examined molecular changes in heart and muscle (quadriceps) tissue. After 2 weeks of
dietary rapamycin initiated at 3 to 4 weeks of age, inhibition of mTORC1 signaling was
apparent in the heart tissue of rapamycin-treated animals (relative to controls) (Fig. 4A).
Specifically, there was a significant decrease in phosphorylated mTOR(S2448) (P = 0.00001),
S6 kinase(T389) (P = 0.02), and rpS6(S235/S236) (P = 0.03) in Lmna–/– mice fed rapamycin
compared to Lmna–/– mice fed the control diet. However, phosphorylation of 4E-BP1(S65)

was not significantly reduced by rapamycin treatment (P = 0.07), consistent with previous in
vivo evidence suggesting that rapamycin has stronger effects on S6 kinase phosphorylation
than on 4E-BP1 phosphorylation (44). Reduction of phosphorylated rpS6(S235/S236) in
cardiomyocytes was confirmed by immunohistochemistry of heart tissue sections from
Lmna–/– mice fed the rapamycin diet compared to those fed control diet (P = 0.02) (Fig. 4C).
In contrast, dietary rapamycin did not significantly decrease mTORC1 signaling in skeletal
muscle (Fig. 4B). Phosphorylation of mTOR(S2448), S6 kinase(T389), rpS6(S235/S236), and 4E-
BP1(S65) was unchanged in skeletal muscle from rapamycin-fed Lmna–/– mice compared to
controls (P = 0.4, 0.6, 0.2, and 0.5, respectively). However, after 1 week of rapamycin
injections (8 mg/kg, every other day), phosphorylation of S6 was significantly inhibited in
both heart and skeletal muscle, indicating that a higher dose is necessary for detection of a
decrease in signaling through the mTORC1 pathway in skeletal muscle (Fig. 4, D and E).

Lmna–/– mice have defects in the desmin filaments linking the cytoskeleton to the nucleus in
both heart and muscle, resulting in accumulation of desmin aggregates in the cytoplasm and
disruption of the Z-disc cross-striation pattern (17). We also observed these phenomena in
our control-fed Lmna–/– mice; however, after 2 weeks of treatment with dietary rapamycin,
we detected a significant reduction in the amount of desmin protein in both cardiac and
skeletal muscle tissue as measured by Western blot (P = 0.042 and 0.012) (Fig. 5A). We also
looked at desmin staining in tissue by immunohistochemistry and found that rapamycin
diminished the number of myocytes containing abnormal desmin conglomerates in skeletal
muscle (Fig. 5B) but not in the cardiac tissue of Lmna–/– mice (P = 0.025 and 0.68) (Fig.
5C). The differences in the effect of rapamycin in cardiac tissue by the two assays suggest
that, although the number of cardiomyocytes containing desmin conglomerates did not
change, the total amount of desmin present in the tissue was reduced. Last, we examined
whether rapamycin rescued the aberrant cross-sectional area of Lmna–/– skeletal muscle
fibers. Although there was a trend toward an increase in cross-sectional area of skeletal
muscle fibers in rapamycin-fed Lmna–/– mice, it did not achieve statistical significance (P =
0.071) (fig. S4).

Because autophagy is implicated in mouse models of desmin-related cardiomyopathies (45)
and muscular dystrophy (46) and because au tophagy is regulated by mTORC1 (47), we
examined multiple autophagy markers in heart and skeletal muscle of Lmna+/+ and Lmna–/–

mice at 3 to 4 weeks of age. Proteins involved in autophagosome formation, including
microtubule-associated protein 1 light chain 3 (LC3), beclin 1, and autophagy-related
protein 7 (Atg7), were significantly increased in both the heart and the muscle of Lmna–/–
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mice compared to Lmna+/+ mice (Fig. 6, A and B). In addition, the phosphorylation of the
mTORC1 substrate and autophagy regulator, ULK1, was significantly increased in muscle
(P = 0.0099) but not in heart (Fig. 6, A and B). Consistent with the increase in these
autophagic markers, we also observed instances of the presence of autophagosomes by
electron microscopy in heart sections from Lmna–/– mice (fig. S5). However, p62/
sequestosome 1 (SQSTM1), a protein that is degraded during the autophagic process and
used as a marker of autophagic flux, is also increased in the hearts (but not skeletal muscle)
of Lmna–/– mice compared to controls (Fig. 6, B and D), indicating that in heart, whereas
formation of autophagosomes is increased, degradation is inhibited. In addition, we found a
significant increase in Lamp2a in both heart (P = 0.0051) and muscle (P = 0.00024) of
Lmna–/– mice compared to Lmna+/+ mice (Fig. 6, B and D), indicative of an increase in
chaperone-mediated autophagy, a process that can take place when autophagy is inhibited
(48, 49).

To test whether elevated mTOR signaling in Lmna–/– mice is responsible for the inhibition
of autophagy-mediated degradation, we examined the effect on various autophagy markers
of treating Lmna–/– mice with dietary rapamycin. In heart tissue, rapamycin caused a
significant decrease in LC3-I (P = 0.029) but not LC3-II levels (P = 0.5), demonstrating a
shift by heart cells to using LC3-II, which is indicative of autophagosome formation (Fig.
7A). In addition, we saw an increase in beclin 1 (P = 0.03). The significant decrease in p62
levels (P = 0.006) in rapamycin-treated Lmna–/– mice (Fig. 7A) indicated that autophagic-
mediated degradation was increased when mTOR was inhibited. Unexpectedly, there was no
change in phospho-ULK1 (Fig. 7A), a target of mTORC1 that has been shown to mediate its
effect on autophagy (47). In muscle of Lmna–/– mice, rapamycin treatment did not change
LC3-I or LC3-II levels (P = 0.6 and 0.5) (Fig. 7B) but did significantly increase beclin 1 (P
= 0.001) (Fig. 7B). Unlike the heart, however, rapamycin did not decrease p62 expression,
indicating that inhibition of mTOR did not activate autophagy in skeletal muscle. The
differential effect of rapamycin on autophagy in heart and muscle of Lmna–/– mice in these
experiments is likely a result of the different dosage requirements for effective inhibition of
mTORC1 signaling in the two tissues (Fig. 4).

DISCUSSION
Our findings indicate that hyperactivation of the mTORC1 signaling pathway in Lmna–/–

mice contributes to the heart-and muscle-specific defects in these mice and that inhibition of
this pathway with rapamycin can significantly counteract this dysfunction and ultimately
improve survival. Initially, activation of the mTORC1 pathway can be a beneficial response
in muscle and cardiac tissue when hypertrophy is needed. In cardiac tissue, the hypertrophic
response is activated by hemodynamic overload and provides temporary relief for heart
function. Nevertheless, sustained activation of the hypertrophic response may not result in
the long-term maintenance of heart function. For example, acute induction of hypertrophy
by activation of Akt-1 specifically in the heart results in the preservation of heart function,
whereas chronic activation leads to DCM (50). Moreover, treatment with rapamycin
prevents the effects of both acute and chronic activation of Akt-1, suggesting that the
mTORC1 pathway may be involved in both physiological responses (50). In addition, a
recent report showed that mTORC1 signaling is elevated in a mouse model (LS/+ mice) of
LEOPARD syndrome, an autosomal dominant disorder that manifests with congenital heart
disease, among other symptoms (51). LS/+ mice initially develop hypertrophic hearts with
sustained heart function; without treatment, however, this progresses to dilated
cardiomyopathy and impaired heart function by 52 weeks of age (51). Treatment of these
LS/+ mice with rapamycin reverses hypertrophic cardiomyopathy and rescues aberrant
signaling through the Akt/mTOR pathway.
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In Lmna–/– mice, activation of mTORC1 signaling and the hypertrophic response appear to
be uncoupled because Lmna–/– mice do not show hypertrophy and instead develop only
DCM and skeletal myopathy. It has been suggested that the lack of hypertrophy may be a
result of the disorganization of the desmin filament network and accumulation of desmin ag
gregates (17). Desmin, a major cytoskeletal protein in cardiac and muscle tissue, which
connects the contractile apparatus to other organelles of the cell (including the mitochondria,
lysosome, and nucleus), is necessary for the cytoskeletal rearrangements required for
adaptive hypertrophy (52). Accordingly, DCM and skeletal myopathy are observed in
humans with gene mutations (encoding desmin or desmin-interacting proteins like αB-
crystallin) that lead to desmin disorganization and aggregation (53, 54), and desmin
aggregates are often seen in human idiopathic DCM (55). Autophagy is up-regulated in
response to desmin aggregation, and increases in autophagic markers such as
autophagosomes, LC3-II levels, and p62 levels are seen in mouse models of desmin-related
cardiomyopathies (45).

The increase that we observed in LC3-II levels, the lipidated form of LC3 that localizes to
autophagosome membranes, in heart and skeletal muscle of Lmna–/– mice suggests that
there may be an increase in the formation of autophagosomes because LC3-II is believed to
be required for autophagosome closure (56). Increased levels of Atg7, an E1-like enzyme
involved in the processing of LC3-I to LC3-II (57), and beclin 1, part of a multiprotein
complex that participates in vesicle nucleation (47), in heart and skeletal muscle of Lmna–/–

mice are also consistent with elevated initiation of autophagy. However, the increase in p62
protein levels in heart may indicate that there is a reduction in autophagic flux because p62,
a protein that binds ubiquitinated proteins targeted for autophagic degradation, is itself
degraded during the autophagic process (56). Consistently, the increase in Lamp2a
expression in both heart and skeletal muscle of Lmna–/– mice can indicate an increase in
chaperone-mediated autophagy (48), which has been shown to compensate when autophagy
is blocked (49). Thus, although we noted increases in autophagic markers in Lmna–/– mice,
because of the potentially antagonizing effect of aberrant mTORC1 signaling on autophagy,
the efficiency of this process may be compromised. A related phenotype has been observed
in Zmpste24-deficient mice. Zmpste24 is a metalloproteinase involved in the processing of
pre– lamin A to mature lamin A, and deletion of this gene in mice results in progeria-like
characteristics (58). In this model, mTORC1 signaling is decreased and autophagy markers
indicate increased autophagic throughput (58). Furthermore, reduced pre–lamin A
expression in Zmpste24-deficient mice reverses this phenotype (58).

We propose that inefficient autophagy contributes to the disease phenotypes observed in
Lmna–/– mice and that treatment with rapamycin suppresses mTORC1 hyperactivation and
thus may reduce mTORC1-mediated inhibitory signals to the autophagy pathway. In heart,
this scenario is supported by a shift in LC3-I to LC3-II, decreased p62 levels, and increased
beclin 1 levels after rapamycin treatment. In muscle, rapamycin had less effect, with LC3-I
and LC3-II levels remaining unchanged, whereas p62 levels were increased. Nevertheless,
rapamycin treatment increased beclin 1 and Lamp2a in muscle, suggesting that autophagy
was affected. The differential effect of rapamycin on autophagy in heart and muscle of
Lmna–/– mice may reflect the different dosage requirements for effective inhibition of
mTORC1 signaling in the two tissues. In muscle, a greater dose was required to see changes
in mTORC1 signaling, and this dose may be required to see further activation of autophagy.
On the other hand, rapamycin may be acting through a different mechanism in muscle
because signaling through Foxo3 may play a greater role in the regulation of autophagy in
muscle (59). In addition, rapamycin improves the dystrophic phenotype of a mouse model of
Duchenne muscular dystrophy by reducing the infiltration of CD4+ and CD8+ effector T
cells while preserving Foxp3+ regulatory T cells (60). Although it is not known whether this
mechanism applies to Lmna–/– mice, CD4+ infiltration and other inflammatory changes are
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seen in human infantile-onset LMNA myopathy (61). Nonetheless, we saw positive effects
of rapamycin treatment on desmin in the heart and skeletal muscle of Lmna–/– mice,
resulting in improvements in heart and skeletal muscle function and, ultimately, survival.

There are currently no effective treatments for conduction-system disease (CDM1A) and the
two muscular dystrophies linked to LMNA mutation (EDMD2/3 and LGMD1B), with
affected individuals succumbing to sudden cardiac failure in their fourth and fifth decade
(62). Our findings and those in the paper by Choi et al. (63), in this issue of Science
Translational Medicine, point to a potential clinical intervention that could benefit
individuals who suffer from these diseases. Rapalogs, derivatives of rapamycin with better
pharmacokinetics, are clinically approved for use in a range of human diseases. We propose
that these agents may prove efficacious for improving cardiac function in patients with
LMNA-associated CDM1A, EDMD2/3, and LGMD1B, as well as for other diseases with
reduced A-type lamin function.

MATERIALS AND METHODS
Animals and experimental protocols

Lmna–/– mice [in which exons 8 through part of exon 11 of the Lmna gene is completely
deleted (16)] and Lmna+/+ littermate controls were produced by mating Lmna+/– mice of a
mixed 129Sv-C57BL/6J genetic background. For analysis of mTORC1 signaling in Lmna–/–

mice and Lmna+/+ controls, tissues were dissected from mice aged 4 weeks and analyzed by
Western blot. For behavioral and biochemical studies, Lmna–/– mice and Lmna+/+ littermate
controls were fed either a control diet or a diet containing encapsulated rapamycin (39)
(courtesy of R. Strong) ad libitum starting at 3 to 4 weeks of age for 2 weeks before
analysis. For survival studies, Lmna–/– mice were fed either a control diet or a diet
containing encapsulated rapamycin ad libitum starting at 3 to 4 weeks of age for the duration
of their life. Mice were weighed weekly when their cage was changed, and food was added
to the cage. Mice were examined daily to determine their health, particularly in terms of
their cardiac defects. As determined by veterinary consultation, mice were examined for (i)
pale feet (mice with good circulation should have pink feet, whereas ill mice may have
white or pale feet), (ii) abnormal breathing (if the mice are experiencing heart failure, they
have labored breathing in their abdomen), and (iii) reduced activity (mice are less active if
they are experiencing heart failure). Mice exhibiting these signs were euthanized.

For studies with injections of rapamycin (8 mg/kg) (LC Laboratories), Lmna–/– mice and
Lmna+/+ littermate controls were produced by mating Lmna+/– mice of a mixed 129Sv-
C57BL/6J genetic background. For biochemical studies, Lmna–/– mice and Lmna+/+

littermate controls (4 weeks of age) were given intraperitoneal injections of rapamycin (8
mg/kg) or vehicle control every other day for 1 week (four injections). Twenty-four hours
after the last injection, tissues were dissected from the mice and immediately frozen in liquid
nitrogen. For survival studies, Lmna–/– mice (4 weeks of age) were given intraperitoneal
injections of rapamycin (8 mg/kg) or vehicle control every other day for the duration of their
life. The endpoint was determined as above. For studies with injections of rapamycin (8 mg/
kg) (in C57BL/6J genetic background), Lmna–/– mice and Lmna+/+ littermate controls were
produced by mating Lmna+/– mice of C57BL/6J genetic background. For survival studies,
Lmna–/– mice (3 to 4 weeks of age) were given intraperitoneal injections of rapamycin (8
mg/kg) or vehicle control every other day for the duration of their life span. Endpoint was
determined as stated above.
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Polysome analysis
Heart polysome protocol was adapted from Zomzely et al. (64) Frozen hearts were
homogenized with a Dounce homogenizer in 1.5 ml of homogenization buffer composed of
250 mM sucrose, 50 mM tris-HCl (pH 7.4), 100 mM KCl, 12 mM MgCl2, cycloheximide
(0.1 mg/ml), and RiboLock (400 U/ml) (Fermentas). Samples were centrifuged at 10,000g
for 10 min at 4°C. Deoxycholate was then added to super-natant to a final concentration of
1%. Samples were incubated for 10 min at 4°C and then recentrifuged at 16,000g. The
supernatant was loaded on a 10.8-ml sucrose gradient with 50 mM tris-HCl, 100 mM KCl,
and 15 mM MgCl2 with cycloheximide (100 μg/ml) and heparin (1 mg/ml). Samples were
centrifuged in an SW41 Ti rotor (Beckman) at 39,000 rpm at 4°C for 2 hours, and fractions
were assessed for optical density.

Western blot analysis
Mouse tissues were dissected and immediately frozen in liquid nitrogen. For tissue
homogenization, frozen tissues were placed into the prechilled chamber of a cryogenic tissue
pulverizer (RPI) and instantly turned into fine powder with the compression force of a pestle
struck by a mallet. The finely ground tissue was transferred to a Dounce homogenizer
containing ice-cold homogenization buffer [50 mM Hepes (pH 7.6), 150 mM NaCl, 20 mM
sodium pyrophosphate, 20 mM β-glycero-phosphate, 10 mM NaF, 2 mM EDTA, 1% Igepal,
10% glycerol, 1 mM MgCl2, 1 mM CaCl2, 2 mM sodium orthovanadate, 2 mM
phenylmethylsulfonyl fluoride, leupeptin (10 μg/ml), aprotinin (10 μg/ml), and 1:100 serine/
threonine phosphatase inhibitor cocktail (Sigma)]. The tissues were homogenized on ice and
then centrifuged at 13,000 rpm for 15 min at 4°C. The supernatants were collected and
protein concentration was determined by BCA protein assay (Thermo Scientific 23227).
Equal amounts of protein were resolved by SDS– polyacrylamide gel electrophoresis (4 to
12% gel), and Western blot analysis was performed with protein/phosphoprotein-specific
antibodies. Anti-mTOR (2972, 1:1000), anti–phospho-mTOR(S2448) (5536, 1:1000), anti–
p70 S6 kinase (2708, 1:1000), anti–phospho–p70 S6 kinase(T389) (9234, 1:500), anti-rpS6
(2217, 1:1000), anti–phospho-rpS6(S235/236) (2211, 1:1000), anti–4E-BP1 (9452, 1:1000),
anti-tubulin (2125, 1:1000), anti–phospho-ULK1(S757) (6888, 1:1000), anti–beclin 1 (3495,
1:1000), anti-Atg7 (2631, 1:1000), anti-GβL (3274, 1:1000), anti-Raptor (2280, 1:1000),
and anti–phospho–4E-BP1(S65) (9451, 1:500) were from Cell Signaling Technology. Anti-
desmin (sc-23879, 1:1000) was from Santa Cruz Biotechnology. Anti-p62 (H00008878-
M01, 1:1000) was from Abnova. Anti-LC3 (NB100-2331, 1:1000) was from Novus
Biologicals. Anti-ULK1 was from Sigma (A7481, 1:1000). Anti-Lamp2a was from Abcam
(18528, 1:1000). Anti-actin was from Chemicon (MAB1501R, 1:10,000).

Transthoracic echocardiography
Echocardiography examination was performed with a Siemens Acuson CV70. A mixture of
0.5% isoflurane and O2 was used to provide adequate sedation with minimal cardiac
suppression during echocardiography. M-mode and Doppler imaging was performed to
evaluate cardiac morphometry, systolic function, and MPI, which is calculated as the ratio of
the sum of isovolemic contraction and relaxation time (IVCT + IVRT) to LV ejection time
(LVET). An increase in MPI indicates that a larger fraction of systole is spent during
isovolemic phases, which is the ineffective time fraction.

Rotarod
The day before the actual rotarod testing, the mice were placed on the rotarod set to a
beginning speed of 5 rpm, with an acceleration rate of 0.1 rpm/s. The max speed was set at
25 rpm. They were allowed to practice the rotarod five times, one repetition every 5 min. If
the animal did not fall off, each repetition would end at 5 min. The animals were tested 24

Ramos et al. Page 9

Sci Transl Med. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



hours after the practice day, and the procedure was the same except scores were recorded.
The score for each repetition was the time in seconds until the animal fell off the rotarod.
The average of all five repetitions was used to score the sessions.

Tissue preparation and indirect immunofluorescence
Hearts and gastrocnemius muscles were rapidly excised and rinsed in phosphate-buffered
saline (PBS) before mounting in Tissue-Tek optimal cutting temperature compound and
subsequent freezing in liquid nitrogen–cooled isopentane. Special care was taken to prevent
deformation of the hearts when dissecting with a plastic bulb pipette with the tip cut off to
gently grasp the heart by suction rather than with forceps. Mounted samples were stored at –
80°C until further processing. For analysis of ventricle wall thickness and ventricular
dilatation, 10-μm-thick heart sections were mounted on Superfrost plus glass slides (Fisher)
and then stained with hematoxylin and eosin. For immunohistochemistry, 8-μm-thick heart
ventricle or gastrocnemius muscle sections were mounted on glass slides. Primary
antibodies were desmin (Santa Cruz Biotechnology sc-23879; 1:100), dystrophin (a gift of J.
S. Chamberlain) (1:600), phospho-rpS6(S240/244) (Cell Signaling Technology 2215; 1:100),
and β-sarcoglycan (Leica NCL-b-SARC; 1:100). Sections were fixed in cold acetone for 20
min at –20°C followed by blocking in 5% bovine serum albumin in PBS with 0.3% Triton
X-100. After staining was complete, tissues were mounted in Fluoromount (Southern
Biotech). Samples were viewed on a Zeiss 200 M Axiovert, and images were acquired with
Axiovision (Zeiss). Images were then scored for cross-sectional area in Axiovision with the
“Outline Spline” tool to trace individual muscle fibers and calculate area. All fibers of an
individual image were outlined until total fiber scored was >100 per mouse. Scoring of
desmin and phospho-rpS6 accumulation was accomplished in a similar fashion with the cell
counter tool in ImageJ to mark fibers with increased staining until >500 total fibers were
scored per mouse. Increased desmin staining in muscle fibers was scored when there was
any detectable cytoplasmic desmin or if there was significant desmin associated with the
plasma membrane because these features were not detected in the control animals. Increased
desmin staining in the heart was scored when increased accumulation of desmin was noted
anywhere within the outline of the fiber.

Electron microscopy
Heart samples were fixed overnight in 2% paraformaldehyde, 2.5% glutaraldehyde, and 150
mM cacodylate buffer, osmicated in 2% osmium tetroxide plus 0.8% potassium ferrocyanide
in 100 mM cacodylate buffer for 1 hour at room temperature, counterstained in 5% uranyl
acetate in water for 30 min at room temperature, and then dehydrated in a precooled ethanol
series, cleared in propylene oxide, and infiltrated and flat-embedded with Embed 812 (EM
Sciences 22940-278). Ultrathin sections (50 to 70 nm) were collected from the blocks onto
copper grids and imaged on an FEI Tecnai 12 transmission electron microscope.

Rapamycin analysis
High-performance liquid chromatography–tandem mass spectrometry on whole blood
samples was performed by Rocky Mountain Labs.

Statistical analysis
A two-tailed Student's t test was used for comparisons between two groups. Two-way
analysis of variance (ANOVA) with Bonferroni post hoc analysis was used for comparisons
between more than two groups. Log-rank test was used for comparisons of survival curves.
Quantile regression with a two-tailed Fisher's exact test was used for analysis of maximum
life span. For all statistics, P < 0.05 was considered significant.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Signaling through the mTORC1 pathway is increased in Lmna–/– mice. (A) Western blot
analysis of Lmna+/+ (n = 7) and Lmna–/– (n = 8) mice heart tissue lysates. Phosphorylated
mTOR(S2448), S6 kinase(T389), rpS6(S235/S236), and 4E-BP1(S65) are increased in Lmna–/–

mice compared to Lmna+/+ mice. (B) Western blot analysis of Lmna+/+ (n = 7) and Lmna–/–

(n = 8) mice skeletal muscle (quadriceps) tissue lysates. Phosphorylated rpS6(S235/S236) and
4E-BP1(S65) are increased in Lmna–/– mice compared to Lmna+/+ mice. However,
phosphorylated S6 kinase(T389) is not significantly increased. *P < 0.05; **P < 0.01.

Ramos et al. Page 16

Sci Transl Med. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Treatment of Lmna–/– mice with rapamycin improves heart and skeletal muscle function.
(A) Representative echocardiograms of Lmna+/+ and Lmna–/– mice on a control or
rapamycin diet. White arrow, LVEDD; red arrow, LVESD. (B) Normalized LVESD (P <
0.001), normalized LVEDD, fractional shortening, and MPI. Values are significantly
different in Lmna–/– mice fed control diet (n = 7) compared to Lmna+/+ mice fed control diet
(n = 4). Rapamycin in the diet significantly improved LVESD, fractional shortening, and
MPI in Lmna–/– mice (n = 7) compared to Lmna–/– mice fed the control diet (n = 7). Black
bars, control-fed; white bars, rapamycin-fed. IVRT, isovolemic relaxation time; IVCT,
isovolemic contraction; LVET, LV ejection time. (C) Analysis of muscle function by
rotarod test. There was a significant decrease in latency to fall and maximum speed reached
in Lmna–/– mice fed control diet (n = 5) compared to Lmna+/+ mice fed control diet (n = 5).
Dietary rapamycin significantly increased latency to fall and maximum speed reached in
Lmna–/– mice (n = 4) compared to Lmna–/– mice fed the control diet (n = 5). Black bars,
control-fed; white bars, rapamycinfed. *P < 0.05, **P < 0.01, Lmna–/– control-fed versus
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Lmna+/+ control-fed; #P < 0.05, ##P < 0.01, Lmna–/– rapamycin-fed versus Lmna–/– control-
fed.
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Fig. 3.
Treatment of Lmna–/– mice with rapamycin increases survival. (A) Kaplan-Meier plot of
Lmna–/– mice (mixed 129Sv-C57BL/6J genetic background) fed control (n = 23) or diet that
included encapsulated rapamycin (n = 23). Survival was significantly increased in Lmna–/–

mice fed dietary rapamycin (P = 0.0013). (B) Kaplan-Meier plot of Lmna–/– mice (mixed
129Sv-C57BL/6J background) injected with vehicle (n = 11) or a higher dose of rapamycin
(8 mg/kg) (n = 11). Survival was significantly increased in Lmna–/– mice injected with
rapamycin (P = 0.0002).
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Fig. 4.
Signaling through the mTORC1 pathway in heart and muscle of Lmna–/– mice is reduced by
rapamycin treatment but is dependent on dosage. (A) Phosphorylated mTOR(S2448), S6
kinase(T389), and rpS6(S235/S236) were decreased in hearts from Lmna–/– mice fed the
rapamycin diet (R) (n = 6) compared to Lmna–/– mice fed the control diet (C) (n = 6).
Phosphorylation of 4E-BP1(S65) was not significantly reduced. (B) Phosphorylated
mTOR(S2448), S6 kinase(T389), rpS6(S235/S236), and 4E-BP1(S65) were not significantly
reduced in muscle from Lmna–/– mice fed the rapamycin diet (R) (n = 6) compared to
Lmna–/– mice fed the control diet (C) (n = 5). (C) Immunohistochemistry of heart tissue
sections from Lmna–/– mice fed the rapamycin diet (n = 3), which showed a significant
decrease in the percentage of cardiomyocytes with accumulation of phosphorylated rpS6
compared to Lmna–/– mice fed the control diet (n = 3). (D and E) Phosphorylated
rpS6(S235/S236) was decreased in heart and muscle from Lmna–/– mice injected with
rapamycin (R) (8 mg/kg) (n = 4) compared to vehicle-injected Lmna–/– mice (C) (n = 4).
Panel (D) is heart and panel (E) is muscle. *P < 0.05; **P < 0.01.
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Fig. 5.
Rapamycin reduces abnormal desmin accumulation in Lmna–/– mice. (A) Desmin protein
levels in heart and skeletal muscle of rapamycin-treated Lmna–/– mice (n = 6) compared to
control-fed Lmna–/– mice (n = 6) as measured by Western blot analysis. (B) Accumulation
of desmin in the myocytes of Lmna–/– mice compared to control Lmna+/– mice by
immunohistochemistry of muscle sections. The percentage of cells with accumulation of
desmin in the myocytes of Lmna–/– mice fed rapamycin (n = 4) was significantly reduced
compared to Lmna–/– mice fed the control diet (n = 4). DAPI, 4′,6-diamidino-2-
phenylindole. (C) Accumulation of desmin in the cardiomyocytes of Lmna–/– mice
compared to control Lmna+/– mice by immunohistochemistry of heart sections. The
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percentage of cells with accumulation of desmin in the cardiomyocytes of Lmna–/– mice fed
rapamycin (n = 4) was not different from that in Lmna–/– mice fed the control diet (n = 4).
*P < 0.05.
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Fig. 6.
Autophagy markers are increased in heart and skeletal muscle tissue of Lmna–/– mice. (A)
LC3-I, LC3-II, Atg7, beclin 1, and phospho-ULK1 (P-ULK1) in heart. Western blot analysis
of heart tissue lysates shows a significant increase in levels of LC3-I, LC3-II, Atg7, and
beclin 1 protein in Lmna–/– mice compared to Lmna+/+ mice. Phospho-ULK1 levels are not
significantly different. For LC3 blot: Lmna+/+ mice (n = 7) (black bars); Lmna–/– mice (n =
8) (white bars). For all other blots: Lmna+/+ mice (n = 5) and Lmna–/– mice (n = 4). (B) p62
and Lamp2a in heart. Western blot analysis of heart tissue shows a significant increase in
p62 protein in Lmna–/– mice (n = 6) compared to Lmna+/+ mice (n = 7). Lamp2a protein
levels are also significantly different in Lmna–/– mice (n = 4) compared to Lmna+/+ mice (n
= 5). (C) LC3-I, LC3-II, Atg7, beclin 1, and phospho-ULK1 in muscle. Western blot
analysis of muscle tissue lysates shows a significant increase in LC3-I, LC3-II, Atg7, and
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beclin 1 protein levels in Lmna–/– mice compared to Lmna+/+ mice. Phospho-ULK1 levels
are also significantly different. For the LC3 blot: Lmna+/+ mice (n = 7) (black bars);
Lmna–/– mice (n = 6) (white bars). For all other blots, Lmna+/+ mice (n = 7) and Lmna–/–

mice (n = 6). (D) p62 and Lamp2a in muscle. Western blot analysis of muscle tissue shows a
significant increase in Lamp2a protein levels in Lmna–/– mice (n = 6) compared to Lmna+/+

mice (n = 7) but not in p62 protein levels. *P < 0.05; **P < 0.01.
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Fig. 7.
Rapamycin enhances autophagy-mediated degradation in hearts from Lmna–/– mice. (A)
Effect of rapamycin on autophagy markers in heart. Western blot analysis of heart tissue
shows a significant decrease in LC3-I (n = 6), p62 (n = 6), and beclin 1 (n = 6) protein levels
[but no change in LC3-II (n = 6) protein levels] in Lmna–/– mice treated with rapamycin
compared to control Lmna–/– mice (n = 5 to 6). Atg7, Lamp2a, and phospho-ULK1 are not
significantly changed in Lmna–/– mice treated with rapamycin (n = 6) compared to control-
treated Lmna–/– mice (n = 5). (B) Effect of rapamycin on autophagy markers in muscle.
Western blot analysis of muscle tissue shows no significant change in LC3-I, LC3-II, Atg7,
and phospho-ULK1 protein levels in Lmna–/– mice (n = 6) treated with rapamycin compared
to control-treated Lmna–/– mice (n = 5). There was a significant increase in p62, beclin 1,
and Lamp2a protein levels in Lmna–/– mice treated with rapamycin (n = 6) compared to
control Lmna–/– mice (n = 5). *P < 0.05; **P < 0.01.
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