
3919

Human Molecular Genetics, 2020, Vol. 29, No. 24 3919–3934

doi: 10.1093/hmg/ddaa278
Advance Access Publication Date: 4 January 2021
General Article

G E N E R A L A R T I C L E

Ryanodine receptor remodeling in cardiomyopathy
and muscular dystrophy caused by lamin
A/C gene mutation
Haikel Dridi1,2,†, Wei Wu3,4,†, Steven R. Reiken1,2,†, Rachel M. Ofer1,2,
Yang Liu1,2, Qi Yuan1,2, Leah Sittenfeld1,2, Jared Kushner3, Antoine Muchir5,†,
Howard J. Worman3,4,* and Andrew R. Marks1,2,3,*
1Department of Physiology and Cellular Biophysics, Vagelos College of Physicians and Surgeons, Columbia,
University, New York, NY 10032, USA, 2Wu Center for Molecular Cardiology, Vagelos College of Physicians and
Surgeons, Columbia, University, New York, NY 10032, USA, 3Department of Medicine, Vagelos College of
Physicians and Surgeons, Columbia, University, New York, NY 10032, USA, 4Department of Pathology and Cell
Biology, Vagelos College of Physicians and Surgeons, Columbia University, New York, NY 10032, USA and
5Sorbonne University, INSERM, Institute of Myology, Center of Research in Myology, 75013 Paris, France

*To whom correspondence should be addressed. Howard J. Worman, Tel: 212-305-1306; Email: hjw14@columbia.edu; Andrew R. Marks, Tel: 212-851-5340;
Fax: 212-851-5345; E-mail: arm42@columbia.edu

Abstract

Mutations in the lamin A/C gene (LMNA), which encodes A-type lamins, cause several diseases called laminopathies, the
most common of which is dilated cardiomyopathy with muscular dystrophy. The role of Ca2+ regulation in these diseases
remain poorly understood. We now show biochemical remodeling of the ryanodine receptor (RyR)/intracellular Ca2+ release
channel in heart samples from human subjects with LMNA mutations, including protein kinase A-catalyzed
phosphorylation, oxidation and depletion of the stabilizing subunit calstabin. In the LmnaH222P/H222P murine model of
Emery-Dreifuss muscular dystrophy caused by LMNA mutation, we demonstrate an age-dependent biochemical remodeling
of RyR2 in the heart and RyR1 in skeletal muscle. This RyR remodeling is associated with heart and skeletal muscle
dysfunction. Defective heart and muscle function are ameliorated by treatment with a novel Rycal small molecule drug
(S107) that fixes ‘leaky’ RyRs. SMAD3 phosphorylation is increased in hearts and diaphragms of LmnaH222P/H222P mice, which
enhances NADPH oxidase binding to RyR channels, contributing to their oxidation. There is also increased generalized
protein oxidation, increased calcium/calmodulin-dependent protein kinase II-catalyzed phosphorylation of RyRs and
increased protein kinase A activity in these tissues. Our data show that RyR remodeling plays a role in cardiomyopathy and
skeletal muscle dysfunction caused by LMNA mutation and identify these Ca2+ channels as a potential therapeutic target.
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Introduction
The lamin A/C gene (LMNA) encodes the A-type nuclear lamins,
components of the nuclear lamina, a meshwork of atypical inter-
mediate filaments primarily associated with the inner nuclear
membrane of metazoan cells (1–7). Mutations in LMNA cause
a range of rare diseases often referred to as ‘laminopathies’
(8,9). Most prevalent among these rare diseases are those affect-
ing striated muscle. Autosomal dominant Emery-Dreifuss mus-
cular dystrophy (EDMD) is the first disease linked to LMNA muta-
tions (10). The classical clinical features of EDMD are early con-
tractures of the elbows, Achilles tendons and postcervical mus-
cles, slowly progressive muscle wasting and weakness with a
humeroperoneal distribution, and dilated cardiomyopathy with
conduction system defects. LMNA mutations can also cause
dilated cardiomyopathy with minimal skeletal muscle involve-
ment or with the affected muscle groups different than those of
classical EDMD (11–15).

Dysfunctional ryanodine receptor (RyR)-mediated Ca2+
handling has been implicated in the pathogenesis of heart
failure and skeletal myopathies (16,17). RyR channels provide the
primary pathway for sarcoplasmic reticulum (SR) Ca2+ release
during excitation-contraction coupling in both cardiac and
skeletal muscle. The channel is a homotetrameric macromolec-
ular complex comprised of four RyR monomers (565 kDa each),
and regulatory subunits/modulators including a Ca2+ channel
stabilizing binding protein (calstabin; also known as FK506
binding protein), the catalytic subunit of protein kinase A (PKA),
the regulatory subunit of PKA, protein phosphatases 1 and 2A
and an A-kinase anchoring protein (18–22). SR Ca2+ release via
RyR2 in cardiomyocytes is triggered by Ca2+ entering via cardiac
L-type calcium channel during depolarization, whereas RyR1
in skeletal muscle is activated by interaction with the plasma
membrane L-type Ca2+ channel. Calstabin stabilizes the channel
in the closed state and is required for coupled gating between
individual RyR channels (18,23–25). The binding of calstabin to
RyR is inhibited by PKA-catalyzed phosphorylation (26–28). S-
nitrosylation and oxidation of RyRs also decreases the binding
affinity of calstabin for the channel (29–32).

Oxidation, protein kinase A-catalyzed phosphorylation and
S-nitrosylation of RyR1 cause depletion of calstabin1 from the
channel complex in skeletal muscle of mdx and β-sarcoglycan-
deficient mice (33,34). The same occurs for RyR2 and calstabin2
in the ventricular cardiac muscle of mdx mice (35). This RyR
remodeling is induced by oxidative stress and leads to further
reactive oxygen species generation as part of a vicious cycle of
SR Ca2+ leak and mitochondrial Ca2+ overload and ROS pro-
duction (36,37). As a result of remodeling, RyRs become ‘leaky’
and Ca2+ is released from the SR into the cytoplasm, where it
activates downstream pathological processes which combined
with SR Ca2+ depletion can weaken muscle contraction (38).
Drugs known as RyR calcium release channel stabilizers (Rycals)
stabilize leaky channels by preventing calstabin depletion from
the oxidized and phosphorylated RyR and have beneficial effects
on cardiac and skeletal muscle function in various pathological
conditions (33,34,39–42).

We hypothesize that RyR remodeling occurs in striated mus-
cles with pathogenic alterations in A-type lamins. We further
hypothesize that this remodeling is not only an ‘end-stage’
event but occurs prior to or at the onset of muscle dysfunc-
tion, contributing to the early stages of pathogenesis. To test
this hypothesis, we examined RyR2 remodeling in available tis-
sues from humans with cardiomyopathy caused by LMNA muta-
tions and in hearts of LmnaH222P/H222P mice, a murine model that

recapitulates the dilated cardiomyopathy and muscular dystro-
phy in humans (43). We also examined RyR1 remodeling in the
skeletal muscle of LmnaH222P/H222P mice. We then investigated the
effects of a Rycal on RyR remodeling and cardiac and skeletal
muscle function in LmnaH222P/H222P mice.

Results
RyR remodeling in human subjects with LMNA
mutations and LmnaH222P/H222P mice

To examine RyR2 remodeling in cardiomyopathy caused by
LMNA mutations, we obtained heart tissue samples from
two patients who had received transplants and two controls
who died of non-cardiac causes. Immunoblotting of RyR2
immunoprecipitated from tissue lysates demonstrated PKA-
catalyzed phosphorylation, channel oxidation as well as cal-
stabin2 depletion from the channel (Fig. 1A and B). Given these
findings in human heart samples, we initiated an analysis of
RyR remodeling in LmnaH222P/H222P mice (43). Male LmnaH222P/H222P

mice develop signs and symptoms of dilated cardiomyopathy
starting at approximately 8 to 10 weeks of age. By approximately
16 weeks of age, they have left ventricular dilatation and an
approximate 30% decrease in cardiac ejection fraction (EF). The
median survival of male LmnaH222P/H222P mice is approximately
28 weeks. Female LmnaH222P/H222P mice have the same cardiac
abnormalities but with a later onset, starting at about 16 weeks
of age, and a median survival of approximately 36 weeks.
We, therefore, analyzed hearts from male LmnaH222P/H222P mice
for evidence of RyR2 remodeling at 4, 8, 16 and 20 weeks of
age. Immunoblotting of RyR2 immunoprecipitated from hearts
of these mice showed an age-dependent increase in RyR2
nitrosylation, channel oxidation and calstabin2 dissociation
in the heart initially detectable at about 8 weeks of age
(Fig. 1C and D). Hearts of female LmnaH222P/H222P mice showed
a similar pattern of RyR2 modification at comparatively older
ages (Fig. 1E and F).

Cardiomyopathy caused by LMNA mutations frequently
occurs with variable skeletal muscular dystrophy. As
LmnaH222P/H222P mice age, they develop a progressive skeletal
muscle pathology that mimics human EDMD. Skeletal muscle
pathology begins to manifest at about 16 weeks of age in male
LmnaH222P/H222P mice (43). We, therefore, analyzed skeletal muscle
for evidence of RyR1 remodeling from male LmnaH222P/H222P mice
at 4, 8, 16 and 20 weeks of age. Quadriceps muscle from these
mice showed an age-dependent increase in RyR1 nitrosylation,
channel oxidation and calstabin1 dissociation, which was
prominent by 16 weeks of age (Fig. 2A and B). Skeletal muscle
of female LmnaH222P/H222P mice showed a similar pattern of RyR1
modification, with a shift toward older ages (Fig. 2C and D).

Effect of a Rycal on RyR2 remodeling and cardiac
function in LmnaH222P/H222P mice

To determine if RyR2 remodeling contributes to cardiac
pathology in LmnaH222P/H222P mice, we examined the effects
of Rycal S107 which fixes the channel leak. S107 prevents
calstabin dissociation from the RyR macromolecular complex
without effects on the oxidation and phosphorylation of the
channels (38,44). We treated male LmnaH222P/H222P mice with
S107 (50 mg/kg/day administered in drinking water) or placebo
starting at 14 weeks of age. At 20 weeks of age, we performed
echocardiography and then immediately sacrificed the mice to
obtain heart tissue to analyze RyR2 remodeling. We performed
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Figure 1. RyR2 remodeling in the hearts of human subjects with cardiomyopathy and LMNA mutations and LmnaH222P/H222P mice. (A) Immunoblot showing RyR2

immunoprecipitated from protein extracts of human hearts and PKA-catalyzed phosphorylation (pSer2809), oxidation (DNP) and calstabin2 depletion. The two samples

at the left are from normal controls and the two samples at the right are from human subjects with LMNA mutation and cardiomyopathy. (B) Quantifications of results

from scanning immunoblots (values normalized to RyR2). Individual values are shown (n = 2). (C) Immunoblots showing RyR2 immunoprecipitated from protein extracts

of male WT and LmnaH222P/H222P (LmmaH222P) mouse hearts and S-nitrosylation (Cys NO), channel oxidation (DNP) and calstabin2 depletion. Three samples from

LmnaH222P and WT mice are shown for each time point. (D) Quantifications of results from scanning immunoblots (values normalized to RyR2). Data are means ±
SEM (n = 3); ∗P < 0.05 WT versus LmnaH222P at 8, 16 and 20 weeks of age. (E) Immunoblots showing RyR2 immunoprecipitated from protein extracts of female WT and

LmnaH222P/H222P (LmnaH222P) mouse hearts and S-nitrosylation (Cys NO), oxidation (DNP) and calstabin2 depletion. Three samples from LmnaH222P and WT mice are

shown for each time point. (F) Quantifications of results from scanning immunoblots (values normalized to RyR2). Data are means ± SEM (n = 3); ∗P < 0.05 WT versus

LmnaH222P at 16, 20 and 30 weeks of age. Migrations of molecular mass standards are indicated to the left of the blots in (A, C and E).
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Figure 2. RyR1 remodeling in skeletal muscle of LmnaH222P/H222P mice. (A) Immunoblots showing RyR1 immunoprecipitated from protein extracts of male WT and

LmnaH222P/H222P (LmnaH222P) mouse quadriceps and S-nitrosylation (Cys NO), channel oxidation (DNP) and calstabin1 depletion. Three samples from LmnaH222P and

WT mice are shown for each time point. (B) Quantifications of results from scanning immunoblots (values normalized to RyR1). Data are means ± SEM (n = 3); ∗P < 0.05

WT versus LmnaH222P at 8, 16 and 20 weeks of age. (C) Immunoblots showing RyR1 immunoprecipitated from protein extracts of female WT and LmnaH222P/H222P

(LmnaH222P) mouse quadriceps and S-nitrosylation (Cys NO), oxidation (DNP) and calstabin1 depletion. Three samples from LmnaH222P and WT mice are shown for

each time point. (D) Quantifications of results from scanning immunoblots (values normalized to RyR1). Data are means ± SEM (n = 3); ∗P < 0.05 WT versus LmnaH222P

at 16, 20 and 30 weeks of age. Migrations of molecular mass standards are indicated to the left of the blots in (A) and (C).

immunoblotting of RyR2 immunoprecipitated from cardiac
lysates of male wild type (WT) mice and LmnaH222P/H222P mice
treated with either placebo or S107 (Fig. 3A). Treatment with S107
prevented calstabin2 depletion from RyR2 in LmnaH222P/H222P mice,
with associated calstabin2 levels similar to those in WT mice
(Fig. 3B). Channel oxidation and PKA-catalyzed phosphorylation
of RyR2 were similar in hearts of mice treated with placebo
or S107, with both greater than in WT controls (Fig. 3C and D).
When analyzed using echocardiography male LmnaH222P/H222P

mice treated with S107 had significantly decreased left
ventricular end diastolic and end systolic diameters compared
to those receiving placebo (Fig. 3E and F). Treatment with S107
resulted in a significant increase in left ventricular fractional
shortening (FS) and left ventricular EF (Fig. 3G and H). Taken
together these are echocardiographic indicators of improved
left ventricular function. Heart rates were similar in all mice
(Supplementary Material, Fig. S1A).

We also examined the effects of S107 on RyR2 remodeling and
echocardiographic parameters in female LmnaH222P/H222P mice.

Because female mice develop cardiac dysfunction at older ages
than male littermates, we started treatment with placebo or S107
at 22 weeks of age and examined their hearts at 30 weeks. We
performed immunoblotting of RyR2 immunoprecipitated from
protein extracts of hearts of female WT mice and LmnaH222P/H222P

mice treated with either placebo or S107 (Fig. 4A). Treatment
with S107 prevented calstabin2 depletion from RyR2 in hearts
of female LmnaH222P/H222P mice, with associated calstabin2 lev-
els similar to those in WT mice (Fig. 4B). Channel oxidation
and PKA-catalyzed phosphorylation of RyR2 were similar in
hearts of mice treated with placebo or S107, with both greater
than in WT controls (Fig. 4C and D). Similar to their male lit-
termates but at older ages, female LmnaH222P/H222P mice treated
with S107 had significantly decreased left ventricular end dias-
tolic and end systolic diameters compared to those receiving
placebo (Fig. 4E and F). Indices of left ventricular systolic func-
tion were preserved in treated mice compared to those receiving
placebo (Fig. 4G and H). Heart rates were similar in all mice
(Supplementary Material, Fig. S1B).

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa278#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa278#supplementary-data
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Figure 3. Effect of S107 on RyR2 remodeling and echocardiographic parameters in male LmnaH222P/H222P mice. (A) Immunoblot showing RyR2 immunoprecipitated

from protein extracts of hearts of male WT mice and LmnaH222P/H222P mice treated with either placebo (LmnaH222P) or S107 (LmnaH222P + S107) and oxidation (DNP),

PKA-catalyzed phosphorylation (pSer2808) and calstabin2 depletion. Samples are from mice at 20 weeks of age; treated mice received placebo or drug for 6 weeks.

Migration of molecular mass standards is indicated to the left of the blot. (B–D) Quantification of associated calstabin2 (B), oxidized (C) and phosphorylated (D) RyR2

normalized to total RyR2 from WT mice and LmnaH222P/H222P mice treated with placebo (LmnaH222P) or S107 (LmnaH222P + S107). (E–H) Left ventricular end diastolic

diameter (LVEDD) (E), left ventricular end systolic diameter (F), left ventricular FS (G), and left ventricular EF (H) determined by echocardiography in WT mice and

LmnaH222P/H222P mice treated with placebo (LmnaH222P) or S107 (LmnaH222P + S107). Values are means ± SEM (Control n = 5, LmnaH222P n = 9, LmnaH222P + S107

n = 13); ∗P < 0.05 LmnaH222P versus LmnaH222P + S107.

Effect of a Rycal on RyR1 remodeling and skeletal
muscle function in LmnaH222P/H222P mice
Both male and female LmnaH222P/H222P mice develop skeletal
myopathy. At older ages, severe histopathological abnormalities

occur in the diaphragm and soleus muscle and more moderate
pathology in gastrocnemius, quadriceps, triceps and tibialis
anterior muscles (43). We, therefore, examined RyR1 remodeling
and the effects of S107 on diaphragm and soleus function
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Figure 4. Effect of S107 on RyR2 remodeling and echocardiographic parameters in female LmnaH222P/H222P mice. (A) Immunoblot showing RyR2 immunoprecipitated

from extracts of hearts of female WT mice and LmnaH222P/H222P mice treated with either placebo (LmnaH222P) or S107 (LmnaH222P + S107) and oxidation (DNP), PKA-

catalyzed phosphorylation (pSer2808) and calstabin2 depletion. Samples are from mice at 30 weeks of age; treated mice received placebo or drug for 8 weeks. Migration

of molecular mass standards are indicated to the left of the blot. (B–D) Quantification of associated calstabin2 (B), oxidized (C) and phosphorylated (D) RyR2 normalized

to total RyR2 from WT mice and LmnaH222P/H222P mice treated with placebo (LmnaH222P) or S107 (LmnaH222P + S107). (E–H) Left ventricular end diastolic diameter

(LVEDD) (E), left ventricular end systolic diameter (F), left ventricular FS and left ventricular EF (H) determined by echocardiography in WT mice and LmnaH222P/H222P

mice treated with placebo (LmnaH222P) or S107 (LmnaH222P + S107). Values are means ± SEM (Control n = 5, LmnaH222P n = 9, LmnaH222P + S107 n = 8); ∗P < 0.05

LmnaH222P versus LmnaH222P + S107.

in LmnaH222P/H222P mice. We performed immunoblotting of
RyR1 immunoprecipitated from protein extracts of diaphragm
muscles of male WT mice and LmnaH222P/H222P mice at 20 weeks

of age, after 6 weeks of treatment with either placebo or S107
(Fig. 5A). Treatment with S107 prevented calstabin1 depletion
from RyR1 in diaphragm muscle of male LmnaH222P/H222P mice,
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with associated calstabin1 levels similar to those in WT mice
(Fig. 5B). Channel oxidation and PKA-catalyzed phosphorylation
of RyR1 were similar in diaphragms of mice treated with placebo
or S107, with both greater than in WT controls (Fig. 5C and D). We
also assessed the isometric contractile properties of diaphragm
muscle ex vivo by measuring diaphragm-specific force pro-
duction measured at incremental frequencies (10–120 Hz)
under isometric conditions in male WT mice, LmnaH222P/H222P

mice treated with placebo or S107 (Fig. 5E–G). Although the
diaphragmatic force production was not significantly different
when the muscles were stimulated at low frequencies (10,
20 and 30 Hz), male LmnaH222P/H222P mice treated with placebo
had a significant decrease in diaphragm force production with
medium and high stimulation frequencies (50–120 Hz). This
measure of muscle function was identical in S107-treated
LmnaH222P/H222P mice and WT controls (Fig. 5H). Similar results
were observed in the soleus muscle of male LmnaH222P/H222P mice
(Supplementary Material, Fig. S2).

We similarly performed immunoblotting of immunoprecip-
itated RyR1 from lysates of diaphragm muscle of female WT
mice and LmnaH222P/H222P mice at 30 weeks of age, after 8 weeks
of treatment with either placebo or S107 (Fig. 6A). As in male
mice, treatment with S107 prevented calstabin1 depletion from
RyR1 in the diaphragm muscle of female LmnaH222P/H222P mice,
with associated calstabin1 levels similar to those in WT mice
(Fig. 6B). Channel oxidation and PKA-catalyzed phosphorylation
of RyR1 were similar in diaphragms of mice treated with placebo
or S107, with both greater than in WT controls (Fig. 6C and D). We
also assessed the isometric contractile properties of diaphragm
muscle ex vivo by measuring diaphragm-specific force produc-
tion measured at incremental frequencies (10–120 Hz) under iso-
metric conditions in WT mice, LmnaH222P/H222P mice treated with
placebo and LmnaH222P/H222P mice treated with S107 (Fig. 6E–G).
Whereas female LmnaH222P/H222P mice treated with placebo had
a significant decrease in diaphragm force production, S107-
treated LmnaH222P/H222P mouse diaphragm generated the same
force as that from WT controls (Fig. 6H). Similar results were
observed in the soleus muscle of female LmnaH222P/H222P mice
(Supplementary Figure S3).

After 6 weeks of treatment with the Rycal S107, 20-week-old
male LmnaH222P/H222P mice demonstrated significantly increased
grip strength compared to those treated with placebo (Fig. 7A).
Similarly, after 8 weeks of treatment with S107, 30-week-old
female LmnaH222P/H222P mice had significantly increased grip
strength compared to those that received a placebo (Fig. 7B).

Mechanisms responsible for RyR remodeling

To identify the mechanisms responsible for RyR1 and RyR2 oxi-
dation in LmnaH222P/H222P mouse striated muscle, we performed
immunoblotting of RyR2 and RyR1 immunoprecipitated from
heart and diaphragm lysates of male WT and LmnaH222P/H222P

mice at 20 weeks of age. We found an increase of cardiac NADPH
oxidase 2 (Nox2) and diaphragmatic NADPH oxidase 4 (Nox4)
binding to RyR2 and RyR1 channels, respectively (Fig. 8A and B).
This may account for the increased channels oxidation as
previously reported (45–47). Endogenous S-nitrosylation of
RyR channels by a nitric oxide donor such as nitric oxide
synthase (iNOS) results in depletion of calstabin from the
channels (33). We found increased iNOS binding to RyR2 and
RyR1, respectively, in hearts and diaphragms of LmnaH222P/H222P

mice (Fig. 8A and B). SMAD3 phosphorylation, an upstream
mediator of Nox expression, was also increased in both
hearts and diaphragms of LmnaH222P/H222P mice (Fig. 8C and D).

Furthermore, several other proteins were oxidized in both
hearts and diaphragms of LmnaH222P/H222P mice compared to
the controls, an indicator of high levels of oxidative stress in
these tissues (Fig. 8E and F). Calcium/calmodulin-dependent
protein kinase II (CaMKII) and PKA are tethered to RyRs
and phosphorylates the channels in heart failure (26,48) and
muscular dystrophies (33,34). CaMKII is activated by Ca2+-
calmodulin and phosphorylates cardiac RyR2 channels on
Ser2815. We found increased RyR2 phosphorylation by CaMKII
on Ser2815 in hearts of LmnaH222P/H222P mice compared to controls
(Fig. 8G). Adrenaline and noradrenaline bind to β-adrenergic
receptors and activate adenylyl cyclase, which produces cAMP,
resulting in downstream activation of PKA causing chronic RyRs
hyper-phosphorylation. We also found increased PKA activity in
both hearts and diaphragms from LmnaH222P/H222P mice, indicating
increased circulating catecholamines levels (Fig. 8H and I).

Discussion
The molecular basis of how LMNA mutations induce cardiomy-
opathy and muscular dystrophy is not well understood. Ques-
tions regarding the role of Ca2+ signaling in the heart and
skeletal muscle remain unanswered. Here we report a mecha-
nism responsible for defective Ca2+ regulation in striated mus-
cle induced by pathogenic LMNA mutation. RyR Ca2+ channels
are PKA-phosphorylated, oxidized, nitrosylated and depleted
of the stabilizing subunit calstabin in heart and skeletal mus-
cle of LmnaH222P/H222P mouse model of the disease. PKA activ-
ity is increased in both heart and diaphragm of LmnaH222P/H222P

mice, mirroring an increase in circulating catecholamines levels.
Transforming growth factor-β (TGF-β) signaling, an upstream
mediator of RyR channel oxidation via Nox enzymes (49,50),
is also increased. This is in accordance with previous studies
showing increased SMAD2/3 and 4 phosphorylation and nuclear
translocation in hearts of LmnaH222P/H222P (43,51). Indeed, Nox2
and Nox4 binding to RyRs channels is significantly increased,
thereby contributing to channel oxidation. Furthermore, iNOS
association with RyRs was enhanced, which may account for
increased RyRs S-nitrosylation. This biochemical remodeling of
RyRs channel is known as the ‘leaky signature of RyR’ leading
to an increase of the SR Ca2+ leak which is a major contribu-
tor to cardiomyopathy, arrhythmias and muscle weakness. We
observed similar biochemical modification of RyR2 in the heart
tissue of human patients with cardiomyopathy-causing LMNA
mutations and dilated cardiomyopathy.

In mice, RyR2 remodeling in the heart is associated with
dilated cardiomyopathy and reduced cardiac function. In skele-
tal muscle, RyR1 post-translational modification is associated
with diaphragmatic dysfunction and limb muscle weakness.
S107 treatment of both male and female LmnaH222P/H222P mice pre-
vented calstabin dissociation from RyR channels and improved
cardiac and skeletal muscle function despite the persistence of
the channels’ post-translational modifications. RyR1/2 channels
remodeling may also occur in non-muscle tissues such as the
brain and pancreatic β-cells and has been associated with cog-
nitive impairment (41,52) and defective insulin release (53). How-
ever, abnormalities in those organs have never been reported
in LmnaH222P/H222P mice or humans with cardiomyopathy-causing
LMNA mutations.

A few previous studies reported evidence of Ca2+ dys-
regulation without clear mechanisms in the case of LMNA
mutations. RNA sequence analysis throughout the course of
disease in hearts of Lmna−/− mice showed downregulation
of genes involved in Ca2+ signaling such as RyR2, troponin

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa278#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa278#supplementary-data
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Figure 5. Effect of S107 on RyR1 remodeling and isometric contractile properties of diaphragm from male LmnaH222P/H222P mice. (A) Immunoblot showing RyR1

immunoprecipitated from extracts of diaphragms of male WT mice and LmnaH222P/H222P mice treated with either placebo (LmnaH222P) or S107 (LmnaH222P + S107)

and oxidation (DNP), PKA-catalyzed phosphorylation (pSer2844) and calstabin1 depletion. Samples are from mice 20 weeks of age; treated mice received placebo or drug

for 6 weeks. Migration of molecular mass standards is indicated to the left of the blot. (B–D) Quantification of associated calstabin1 (B), oxidized (C) and phosphorylated

(D) RyR1 normalized to total RyR1 from WT mice and LmnaH222P/H222P mice treated with placebo (LmnaH222P) or S107 (LmnaH222P + S107). Values are means ± SEM

(Control n = 3, LmnaH222P n = 3, LmnaH222P + S107 n = 3); ∗P < 0.05; ns not significant. (E–G) Representative records of diaphragmatic specific force production measured

ex vivo at 20 and 120 Hz in muscle bundles under isometric conditions of WT (E), LmnaH222P/H222P mice treated with placebo (LmnaH222P) (F) or S107 (LmnaH222P + S107)

(G). (H) Average force-frequency relationship recorded in WT, LmnaH222P/H222P mice treated with placebo (LmnaH222P) or S107 (LmnaH222P + S107). Values are means

± SEM (Control n = 5, LmnaH222P n = 4, LmnaH222P + S107 n = 5); ∗P < 0.05, LmnaH222P versus LmnaH222P + S107.
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Figure 6. Effect of S107 on RyR1 remodeling and isometric contractile properties of diaphragm from female LmnaH222P/H222P mice. (A) Immunoblot showing RyR1

immunoprecipitated from extracts of diaphragms of female WT mice and LmnaH222P/H222P mice treated with either placebo (LmnaH222P) or S107 (LmnaH222P + S107)

and oxidation (DNP), PKA-catalyzed phosphorylation (pSer2844) and calstabin1 depletion. Samples are from mice at 30 weeks of age; treated mice received placebo

or drug for 8 weeks. Migration of molecular mass standards are indicated to the left of the blot. (B–D) Quantification of associated calstabin1 (B), oxidized (C) and

phosphorylated (D) RyR1 normalized to total RyR1 from WT mice and LmnaH222P/H222P mice treated with placebo (LmnaH222P) or S107 (LmnaH222P + S107). Values

are means ± SEM (Control n = 3, LmnaH222P n = 3, LmnaH222P + S107 n = 3); ∗P < 0.05; ns not significant. (E–G) Representative records of diaphragmatic specific force

production measured ex-vivo at 20 and 120 Hz in muscle bundles under isometric conditions of WT (E), LmnaH222P/H222P mice treated with placebo (LmnaH222P)

(F) or S107 (LmnaH222P + S107) (G). (H) Average force-frequency relationship recorded in WT, LmnaH222P/H222P mice treated with placebo (LmnaH222P) or S107

(LmnaH222P + S107). Values are means ± SEM (Control n = 5, LmnaH222P n = 7, LmnaH222P + S107 n = 7); ∗P < 0.05, LmnaH222P versus LmnaH222P + S107.
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Figure 7. Effect of S107 treatment on grip strength in LmnaH222P/H222P mice. (A) Grip strength of male WT mice, LmnaH222P/H222P mice treated with placebo (LmnaH222P)

and LmnaH222P/H222P mice treated with S107 (LmnaH222P + S107). Values are means ± SEM (WT n = 5, LmnaH222P n = 4, LmnaH222P + S107 n = 5); ∗P < 0.05, LmnaH222P

versus LmnaH222P + S107. (B) Grip strength of female WT mice, LmnaH222P/H222P mice treated with placebo (LmnaH222P) and LmnaH222P/H222P mice treated with S107

(LmnaH222P + S107). Values are means ± SEM (WT n = 5, LmnaH222P n = 9, LmnaH222P + S107 n = 9); ∗P < 0.05 LmnaH222P versus LmnaH222P + S107.

I3 and tropomyosin 4 (54). CaMKII was upregulated, mir-
roring an increase in cytosolic Ca2+ (54). CaMKII is initially
activated by Ca2+-calmodulin, remains active owing to auto-
phosphorylation, tethers to RyR2 and phosphorylates the
channel on Ser2815 (38,55). We found an increase of RyR2
phosphorylation at Ser2815 in hearts from LmnaH222P/H222P mice,
which may be associated with an increase in the cytosolic
Ca2+ concentrations. Mutant human induced pluripotent stem
cell (iPSC)-derived immature cardiomyocytes carrying the most
prevalent Finnish founder LMNA mutation, p.S143P, have altered
Ca2+ dynamics (56). At baseline, Ca2+ levels and transient
rise time and decay time are elevated in these immature
cardiomyocytes consistent with possible SR Ca2+ depletion
and impaired reuptake, both of which could be due to SR
Ca2+ leak via remodeled RyR channels (56). Monolayers of
electrically paced cardiomyocytes derived from iPSCs of patients
with LMNA haploinsufficiency mutations also have abnormal
Ca2+ flux associated with upregulation of CACNA1 encoding
the pore-forming subunit of L-type calcium channels (57).
Furthermore, Lee et al. reported RyR2 phosphorylation by CaMKII
in iPSC-derived cardiomyocytes from patients with an LMNA
mutation and dilated cardiomyopathy, which is consistent
with our findings (58). A recent study has also demonstrated
elevated levels of sarcolipin and an alteration of Ca2+ cycling in
cardiomyocytes isolated from LmnaH222P/H222P mice (59). These
results and ours are consistent with Ca2+ dyshomeostasis
observed in failing human hearts and animal models of heart
failure in which RyR2 plays a major role in cardiac Ca2+
dysregulation (26,60).

PKA-catalyzed phosphorylation of RyR2 dissociates the sta-
bilizing subunit calstabin2, leading to channel instability and
increasing Ca2+ ‘leak’ through the channel. Chronic RyR2 Ca2+
‘leak’ depletes SR Ca2+ stores and reduces the levels available
for sarcomere cross bridging formations during systole, thereby
leading to decreased heart contractility and failure (38). This is
in line with previous studies reporting progressive heart fail-
ure observed in knock-in mice with aspartic acid replacing the
RyR2 PKA phosphorylation site, serine 2808 (61). Our data show
evidence of RyR2 remodeling as early as at 8 weeks of age and
16 weeks of age, respectively, in male and female LmnaH222P/H222P

mice. The resulting SR Ca2+ leak may contribute to the pro-
gressive heart failure and predisposition to lethal arrhythmias
characteristic of human subjects with dilated cardiomyopathy
caused by LMNA mutations (62).

Human subjects with cardiomyopathy-causing LMNA muta-
tions often have associated variable forms of muscular
dystrophy, most frequently in an EDMD pattern (10–15). We
similarly observed RyR1 remodeling in the skeletal muscle
of LmnaH222P/H222P mice. This finding is comparable with RyR1
remodeling previously reported in mouse models of Duchenne
muscular dystrophy (33) and β-sarcoglycanopathy (34). Overall,
remodeled RyR1 appears to be a common defect in multiple
forms of muscular dystrophy, including those caused by LMNA
mutation.

In contrast to LmnaH222P/H222P mice, most pediatric and adult
human patients with EDMD or other forms of muscular dystro-
phy caused by LMNA mutations do not have respiratory muscle
involvement. However, a small subset of patients with LMNA
mutations presents early in childhood with congenital muscular
dystrophy (15,63–65), some of whom suffer from severe res-
piratory insufficiency and nocturnal hypoventilation requiring
ventilatory support. While the contribution of possible diaphrag-
matic dysfunction to respiratory insufficiency in these human
cases has not been ascertained, it is possible that S107 may be
beneficial given its effects on diaphragm contractile function in
LmnaH222P/H222P mice.

LmnaH222P/H222P mice treated with S107 have superior cardiac
and skeletal muscle function compared to those treated with
placebo. S107 is a member of a class of drugs called Rycals that
stabilize RyR1 and RyR2 channels by preventing the dissociation
of calstabin. This in turn reduces SR Ca2+ leak. Rycals may there-
fore provide benefits for both the cardiomyopathy and skele-
tal myopathy that often occur together in patients with LMNA
mutations. Another Rycal is currently under investigation in a
clinical trial for myopathy caused by RYR1 mutations (https://cli
nicaltrials.gov/ct2/show/NCT04141670).

Besides defective RyR regulation reported in the current
study, cardiomyopathy caused by LMNA mutation is associated
with several cell signaling pathways abnormalities. These
include mitogen-activated protein (MAP) kinases, protein kinase
B and mammalian target of rapamycin (mTOR) (66–68). Treat-
ment of LmnaH222P/H222P mice with inhibitors of mitogen-activated
protein kinase kinase 1 and 2 (MEK1/2), which blocks activity of
the MAP kinases extracellular signal-regulated kinases 1 and
2, has beneficial effects on left ventricular diameters and left
ventricular EF, significantly reduces cardiac fibrosis and prolongs
survival (67,69–71). Treatment with temsirolimus, an mTOR
inhibitor, reduces heart size and preserves FS in LmnaH222P/H222P

https://clinicaltrials.gov/ct2/show/NCT04141670
https://clinicaltrials.gov/ct2/show/NCT04141670
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Figure 8. Mechanisms responsible for RyR2 and RyR1 remodeling in hearts and diaphragms of LmnaH222P/H222P mice. (A) Immunoblot and quantification showing

RyR2 immunoprecipitated from protein extracts of WT and LmnaH222P/H222P (LmnaH222P) mouse hearts and Nox2 and iNOS binding to the channel. (B) Immunoblot

and quantification showing RyR1 immunoprecipitated from protein extracts of WT and LmnaH222P mouse diaphragms and Nox4 and iNOS binding to the channel.

(C) Immunoblot and quantification showing levels of SMAD3 phosphorylation from protein extracts of WT and LmnaH222P mouse hearts. (D) Immunoblot and

quantification showing levels of SMAD3 phosphorylation from protein extracts of WT and LmnaH222P mouse diaphragms. (E) Immunoblot and quantification showing

total protein oxidation from protein extracts of WT and LmnaH222P mouse hearts. (F) Immunoblot and quantification showing total protein oxidation from protein

extracts of WT and LmnaH222P mouse diaphragms. (G) Immunoblot and quantification showing levels of RyR2 phosphorylation by CaMKII from protein extracts of

WT and LmnaH222P mouse hearts. In (A) through (G), migrations of molecular mass standards are indicated to the left of the blots; values are means ± SEM (WT n = 4,

LmnaH222P n = 4); ∗P < 0.05 WT versus LmnaH222P. (H) Bar graphs showing PKA activity (normalized to the WT levels) from protein extracts of WT LmnaH222P mouse

hearts. (I) Bar graphs showing PKA activity (normalized to the WT levels) from protein extracts of WT and LmnaH222P diaphragms. In (E) and (F), values are means ±
SEM (WT n = 3, LmnaH222P n = 3); ∗P < 0.05 WT versus LmnaH222P.
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mice (67). Combination treatment with a Rycal and either a
MEK1/2 or mTOR inhibitor may therefore be worthy of preclinical
investigation in LmnaH222P/H222P mice.

Materials and Methods
Human heart samples

Tissue bank samples of explanted hearts from human sub-
jects with LMNA mutations were obtained without identifiers
from Myobank-AFM de l’lnstitut de Myologie. One subject had
a LMNA E33D mutation with a left ventricular EF of 40% prior
to transplantation; the other had a LMNA delK261 mutation and
a left ventricular EF of 25% prior to transplantation. Myobank-
AFM received approval from the French Ministry of Health and
from the Committee for Protection of Patients to share tis-
sues and cells of human origin for scientific purposes, ensuring
the donors’ anonymity, respect of their volition and consent
according to the legislation. Control human heart samples were
obtained from the National Disease Research Interchange from
subjects who died from causes other than the cardiac disease;
information regarding donor confidentiality and consent can be
found at https://www.ndriresource.org.

Mice

The Institutional Animal Care and Use Committee at Columbia
University Irving Medical Center approved the use of animals
and the study protocol. LmnaH222P/H222P mice have been described
previously (43). These mice and their WT counterparts had the
129S1 genetic background. Mice were bread and genotyped as
described previously (69,70). Mice were fed a chow diet and
housed in a barrier facility with 12 h/12 h light/dark cycles. S107
was added to acidified water, in a blinded fashion, at a concen-
tration of 0.25 mg/ml. The feeding method for S107 medicated
water or acidified water (placebo) was ad libitum. The average
of mouse water intake was 5 ml/day (72) and body weight was
about 25 g. The consumption of S107 by each individual mouse
was approximately 50 mg/kg/day. There is no significant water
intake difference between male and female mice (72). Mice were
euthanized by CO2 overdose followed by cervical dislocation.

Immunoprecipitation and immunoblotting

RyR2 and RyR1 were immunoprecipitated extracts of heart,
diaphragm and soleus muscle each containing 100 μg of total
protein using anti-RyR2 or anti-RyR1-specific antibodies (2 μg)
in 0.5 ml of a modified radioimmune precipitation assay buffer
(50 mm Tris–HCl, pH 7.2, 0.9% NaCl, 5.0 mm NaF, 1.0 mm
Na3VO4, 1% Triton X-100 and protease inhibitors). Antibodies
were incubated with extracts overnight at 4◦C. RyR1-specific
antibody was RyR1-1327, an affinity-purified rabbit polyclonal
antibody raised against a KLH-conjugated peptide with the
amino acid sequence CAEPDTDYENLRRS, corresponding to
residues 1327-1339 of mouse skeletal RyR1, with an additional
cysteine residue added to the amino terminus, and affinity-
purified with the unconjugated peptide (44). RyR2-specific
antibody was an affinity-purified polyclonal rabbit antibody
using the peptide CKPEFNNHKDYAQEK corresponding to amino
acids 1367–1380 of mouse RyR2 with a cysteine residue added
to the amino terminus (73). The immune complexes were
incubated with protein A-Sepharose beads (Sigma-Aldrich)
at 4◦C for 1 h and the beads were washed three times with
the modified radio-immunoprecipitation assay buffer. The

immunoprecipitated proteins were size-fractionated on SDS-
polyacrylamide gels (4–20% for RyR1/RyR2 and calstabin) and
transferred to nitrocellulose membranes for 2 h at a current of
200 mA. Immunoblots were probed with the following primary
antibodies: anti-RyR1/2 (Affinity Bioreagents, 1:2000 dilution),
anti-Cys-NO (Sigma-Aldrich, 1:1000 dilution), anti-calstabin
(FKBP12 C-19, Santa Cruz Biotechnology, 1:1000 dilution), anti-
SMAD3 (Abcam, 1:1000 dilution), anti-phospho-SMAD3 (Abcam,
1:1000 dilution), anti-Nox2 (Abcam, 1:10000 dilution), anti-
Nox4 (Abcam, 1:10000 dilution) and anti-iNOS (Abcam, 1:10000
dilution). Some blots were also probed with antibodies that
recognize specific phosphorylated residues in RyR. The RyR2-
Ser2809 phospho-epitope specific anti-RyR2 antibody (1:1000
dilution) is a custom made affinity-purified polyclonal rabbit
antibody (Zymed Laboratories) that recognizes the peptide
CRTRRI-(pS)-QTSQ corresponding to RyR2 PKA phosphorylated
at Ser2809. This antibody recognizes pSer2808 (mouse), 2809
(human) and 2844 sites (74). The RyR2-pSer2815 phospho-
epitope specific anti-RyR2 antibody (1:1000 dilution) is a custom
made affinity-purified polyclonal rabbit antibody generated
using the peptide CSQTSQV-(pS)-VD corresponding to RyR2
CaMKII phosphorylated at Ser2815 (75). To determine channel
oxidation, the carbonyl groups in the protein side chains were
derivatized to 2,4-dinitrophenol (DNP) by reaction with 2,4-
dinitrophenylhydrazine. The DNP signal associated with the
total oxidized protein or with RyR was determined using a
specific anti-DNP antibody according to the manufacturer’s
instructions (Millipore). All immunoblots were developed
using an Odyssey system (LI-COR Biosciences), with infrared-
labeled anti-mouse or anti-rabbit IgG (Abcam, 1:10000 dilution)
secondary antibodies. The post-translational modification of
RyR1/2, including phosphorylation, oxidation, nitrosylation and
calstabin1/2, NOX2/4, iNOS binding were normalized to total
immunoprecipitated RyR1/2. Phosphorylation of SMAD3 was
normalized to total SMAD3 expression and protein oxidation
(DNP) were normalized to GAPDH.

PKA activity assay

Samples were thawed on ice, PKA activity was determined by
using a colorimetric assay (Abcam, ab139435) according to man-
ufacturer’s instruction and as previously described (44).

Echocardiography

Mice were anesthetized (1–3% isoflurane, 100% oxygen) and
examined by transthoracic echocardiography using a high-
resolution ultrasound system (Vevo 3100, Visualsonics), as
described in (76). Animals were placed on a heating table
in a supine position to be maintained at 37◦C. A single-lead
electrocardiogram was monitored throughout, and recorded
during echocardiography, to ensure heart rates were similar
between groups (>350 bpm). Two-dimensional and M-mode
images were recorded at the left ventricular parasternal short
axis position at the level of papillary muscle to assess internal
diameters, allowing the calculation of the FS and EF by the
Teicholz method. The analysis was performed in Vevo Lab
(Visualsonics).

Isometric contractile properties of skeletal muscle

After euthanasia, the entire diaphragm and soleus were surgi-
cally excised. Isometric contractile properties were assessed, as
described elsewhere (44,77). The excised diaphragm strip and

https://www.ndriresource.org
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soleus were mounted into jacketed tissue bath chambers filled
with equilibrated and oxygenated Krebs solution. The mus-
cles were supramaximally stimulated using square wave pulses
(Model S48; Grass Instruments). The force–frequency relation-
ship was determined by sequentially stimulating the muscles for
600 ms at 10, 20, 30, 50, 60, 80, 100 and 120 Hz with 1 min between
each stimulation train (44,77). After measurement of contractile
properties, muscles were measured at Lo (the length at which
the muscle produced maximal isometric tension), dried and
weighed. For comparative purposes, muscle force production
was normalized for total muscle strip cross-sectional area and
expressed in N/cm2. The total muscle strip cross-sectional area
was determined by dividing muscle mass by its length and tissue
density (1.056 g/cm3) (78).

Grip strength

A Grip Strength Meter (GPM-100; Melquest) was used to measure
forelimb grip strength. As a mouse grasped the bar, the peak
pull force in grams was recorded on a digital force transducer.
In the conventional test, a mouse was allowed to grasp the bar
mounted on the force gauge. The gauge was reset to 0 g after
stabilization, and the mouse’s tail was slowly pulled back by an
inspector, as previously described (79,80).

Statistics

Student’s t-test was used when comparing the differences
between two groups. Values in experiments with more than two
experimental groups were compared using one-way ANOVA. To
validate ANOVA results, a nonparametric (Mann–Whitney) test
was performed and concordance checked. For muscle function,
groups were compared by two-way ANOVA.

Supplementary Material
Supplementary Material is available at HMG online.
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