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Background: Mutations in the LMNA gene encoding A-type nuclear lamins can cause dilated cardiomyop-
athy with or without skeletal muscular dystrophy. Previous studies have shown abnormally increased
extracellular signal-regulated kinase 1/2 activity in hearts of Lmna"??2"/H222P mice, a small animal model.
Inhibition of this abnormal signaling activity with a mitogen-activated protein kinase kinase 1/2 (MEK1/
2) inhibitor has beneficial effects on heart function and survival in these mice. However, such treatment
has not been examined relative to any standard of care intervention for dilated cardiomyopathy or heart
failure. We therefore examined the effects of an angiotensin II converting enzyme (ACE) inhibitor on left
ventricular function in Lmna"?2?P/H222P mjce and assessed if adding a MEK1/2 inhibitor would provide
added benefit.

Methods: Male Lmna"??2"/1222P mjce were treated with the ACE inhibitor benazepril, the MEK1/2 inhib-
itor selumetinib or both. Transthoracic echocardiography was used to measure left ventricular diameters
and fractional shortening was calculated.

Results: Treatment of Lmna™?22P/M222P mjce with either benazepril or selumetinib started at 8 weeks of
age, before the onset of detectable left ventricular dysfunction, lead to statistically significantly increased
fractional shortening compared to placebo at 16 weeks of age. There was a trend towards a great value for
fractional shortening in the selumetinib-treated mice. When treatment was started at 16 weeks of age,
after the onset of left ventricular dysfunction, the addition of selumetinib treatment to benazepril lead
to a statistically significant increase in left ventricular fractional shortening at 20 weeks of age.
Conclusions: Both ACE inhibition and MEK1/2 inhibition have beneficial effects on left ventricular
function in Lmna"?22PM222P mice and both drugs together have a synergistic benefit when initiated after
the onset of left ventricular dysfunction. These results provide further preclinical rationale for a clinical
trial of a MEK1/2 inhibitor in addition to standard of care in patients with dilated cardiomyopathy caused
by LMNA mutations.
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1. Introduction

Mutations in the lamin A/C gene (LMNA) were first shown to
cause Emery-Dreifuss muscular dystrophy, which is characterized
by a prominent dilated cardiomyopathy [1]. Subsequent genetic
studies showed that LMNA mutations could similarly cause an
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isolated dilated cardiomyopathy and other muscular dystrophy
phenotypes with dilated cardiomyopathy [2-5]. Indeed, mutations
in LMNA may be responsible for approximately 7.5% of inherited
cases of dilated cardiomyopathy [6,7].

Cardiomyopathy caused by LMNA mutations is almost always
progressive, often leading to premature death or heart transplanta-
tion [6,8-12]. The conduction system is usually affected early,
manifesting as sick sinus syndrome, atrioventricular block or
bundle branch blocks, often requiring implantation of a permanent
pacemaker. Malignant ventricular arrhythmias are also common
and can be an earliest clinical manifestation. Heart failure
occurs in approximately 10% of patients by age 30 years and 65%
by age 50years. By an age of 60 years, 55% of patients with
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cardiomyopathy and LMNA mutation die of cardiovascular death or
undergo heart transplantation compared to 11% of patients with
idiopathic cardiomyopathy without LMNA mutation.

Given the high prevalence of malignant ventricular arrhythmias
in patients with LMNA mutations, some authors have recom-
mended placement of an intracardiac cardioverter defibrillator at
the time of pacemaker insertion, even if the degree of systolic
dysfunction does not meet the generally accepted criteria for pri-
mary prophylaxis [13]. Otherwise, clinical management generally
follows standard of care recommended for all patients with heart
failure. Standard medical therapy eventually includes blocking
the activity of angiotensin II, either by using angiotensin Il convert-
ing enzyme (ACE) inhibitors or angiotensin receptor blockers [11].
Despite standard medical therapy with drugs such as ACE inhibi-
tors, heart failure almost always progresses.

We previously discovered abnormally elevated mitogen-acti-
vated protein kinase activities in hearts of Lmna"?22P/H222P mjce,
which develop cardiomyopathy recapitulating that caused by
LMNA mutations in humans [14]. This abnormal hyperactivation
of mitogen-activated protein kinase signaling occurs in hearts of
Lmnat?22P/M222P mijce prior to the onset of any clinically detectable
disease, suggesting that it is a primary factor in pathogenesis
[14,15]. Inhibitions of the extracellular signal-regulated kinase
1/2 (ERK1/2), Jun N-terminal kinase and p38a branches of this sig-
naling pathway all have some beneficial effects in Lmnqa"222P/H222P
mice [16-19]. In particular, treatment with selumetinib, an inhib-
itor of mitogen-activated protein kinase kinase 1/2 (MEK1/2), the
enzyme that activates ERK1/2, improves left ventricular ejection
fraction (fractional shortening), decreases cardiac fibrosis and
prolongs survival in these mice [20]. However, MEK1/2 inhibition
has not been compared to any standard heart failure drugs, which
would be a necessary step in potentially translating this novel
therapy to human subjects. Furthermore, in human patients
MEK1/2 inhibition would potentially be added to other standard
heart failure therapies. We therefore compared early treatment
with the MEK1/2 inhibitor selumetinib to treatment with the
ACE inhibitor benazepril in Lmna"??2"/H222P mjce and examined
the combination of these two drugs after the development of
cardiac dysfunction.

2. Materials and methods

2.1. Mice
Lmna™??2P/H222P mjce were bred and genotyped as previously
described [21]. Mice were fed chow and housed in a disease-free
barrier facility with 12 h/12 h light/dark cycles. The Institutional
Animal Care and Use Committee at Columbia University Medical
Center approved the use of animals and the study protocol.

2.2. Treatment protocol

Selumetinib (Selleck Chemicals) and benazepril (Sigma-
Aldrich) were dissolved in DMSO (Sigma-Aldrich). The placebo
control consisted of the same volume of DMSO. Selumetinib was
administered at a dose of 1.0 mg/kg/day at benazepril at a dose
of 10 mg/kg/day by intraperitoneal injection using a 27 5/8-gauge
syringe.

2.3. Transthoracic echocardiography

Mice were anesthetized with 1.5% isoflurane inhalation and
placed on a heating pad (37 °C). Echocardiography was performed
by independent cardiologists using a Vevo 770 ultrasound with a
30 MHz transducer applied to the chest wall (VisualSonics).

Cardiac ventricular dimensions were measured in 2D mode and
M-mode 3 times for the number of animals indicated.

2.4. Statistical analysis

Values were compared using two-way ANOVA (Tukey post hoc
correction) or Student t-test with Welch’s correction. Statistical
analyses were performed using Prism (GraphPad Software).

3. Results

3.1. Comparison of MEK1/2 inhibition to ACE inhibition in Lmna"??2"/
H222p mice

We initiated treatment of male Lmna"?22P/H222P mjce with

either 1.0 mg/kg/day of the MEK1/2 inhibitor selumetinib, 10 mg/
kg/day of the ACE inhibitor benazepril or vehicle placebo (dimeth-
ylsulfoxide, DMSO) at 8 weeks of age and continued until the mice
were 16 weeks. At 8 weeks of age, these mice are asymptomatic
with normal heart function but by 16 weeks they have left ventric-
ular dilatation and decreased fractional shortening [21]. We per-
formed transthoracic echocardiography on mice in the three
groups at 16 weeks of age and measured heart rate, left ventricular
end diastolic diameter and left ventricular end systolic diameter
and calculated fractional shortening (Table 1).

Mice treated with benazepril had no significant differences in
left ventricular end diastolic or end systolic diameters compared
to placebo-treated mice (Fig. 1). Benazepril treatment did however
lead to statistically significant improvement in left ventricular frac-
tional shortening. In contrast, statistically significantly smaller left
ventricular end systolic diameter was observed in mice treated
with selumetinib compared to those treated with placebo; they
also had a significantly increased left ventricular fractional short-
ening (Fig. 1). There was a trend toward a greater improvement
in fractional shortening with selumetinib compared to benazepril;
however, the difference was not significant (P = 0.08).

3.2. Combined MEK1/2 inhibition and ACE inhibition in Lmna'??"
H222p mice

At 16 weeks, male Lmna"?22P/M222P mjce have significantly
increased left ventricular end diastolic and end systolic diameters
compared to wild type mice [16,18,21]. They also have depressed
cardiac contractility, with fractional shortening decreased by
10-40% compared to wild type mice. Given that ACE inhibitors
are a current treatment initiated in almost all human patients with
heart failure, we assessed the potential benefit of adding the
MEK1/2 inhibitor selumetinib to benazepril in Lmnqa"222P/H222P
mice after heart dysfunction occurred at 16 weeks of age. We
initiated treatment of male Lmna"??2PM222P mijce with either
10 mg/kg/day of benazepril alone or 1.0 mg/kg/day of selumetinib
plus 10 mg/kg/day of benazepril at 16 weeks of age and continued
it until the mice were 20 weeks. We performed transthoracic
echocardiography on mice in both groups at 20 weeks of age and

Table 1

Echocardiographic results at 16 weeks of age for Lmna mice treated with
placebo (DMSO), benazepril or selumetinib (n=7 mice per group); values are
means + standard errors of means.

H222P/H222P

Drug HR (/min) LVEDD (mm) LVESD (mm) FS (%)
DMSO 498 +7 4.0+0.2 33+04 19.0+59
Benazepril 497 +9 39+0.2 29+0.1 25.8+2.4*
Selumetinib 501+9 3.7+0.2 28+0.1* 30.7 £5.3**

HR, heart rate; LVEDD, left ventricular end diastolic diameter; LVESD, left ventric-
ular end systolic diameter; FS, left ventricular fractional shortening. *P < 0.05,
**P < 0.005 compared to DMSO.
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Fig. 1. Box-and-whisker plots showing mean left ventricular end diastolic diameter
(LVEDD), left ventricular end systolic diameter (LVESD) and left ventricular
fractional shortening (FS) in 16-week old male Lmna"??2P/H222” mice treated with
DMSO (n = 7), benazepril (n = 7) or selumetinib (n = 7). Values are shown as 25th to
75th percentiles of the ranked set of data values. The line in the middle is the
median. Whiskers (Tukey method) extend down to the minimum value and up to
the maximum value. *P < 0.05, **P < 0.005.

Table 2

Echocardiographic results at 20 weeks of age for Lmna mice treated with
benazepril (n = 9) or benazepril plus selumetinib (n = 5); values are means * standard
errors of means.

H222P/H222P

Drug (s) HR LVEDD LVESD FS (%)
(/min)  (mm) (mm)

Benazepril 497+9 43102 37103 125+29

Benazepril + selumetinib 501+9 4.1+0.3 34103 16.0+2.2

HR, heart rate; LVEDD, left ventricular end diastolic diameter; LVESD, left ventric-
ular end systolic diameter; FS, left ventricular factional shortening.
* P<0.05.

measured heart rate, left ventricular end diastolic diameter and left
ventricular end systolic diameter and calculated fractional short-
ening (Table 2).

Treatment of Lmna mice with both selumetinib and
benazepril compared to benazepril alone lead to a trend towards
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Fig. 2. Box-and-whisker plots showing mean left ventricular end diastolic diameter
(LVEDD), left ventricular end systolic diameter (LVESD) and left ventricular
fractional shortening (FS) in 20-week old male Lmna"??2P/M222P mjce treated with
benazepril (n = 9) or benazepril plus selumetinib (n = 5). Values are shown as 25th
to 75th percentiles of the ranked set of data values. The line in the middle is plotted
as the median. Whiskers (Tukey method) extend down to the minimum value and
up to the maximum value. *P < 0.05.

smaller left ventricular end diastolic and end systolic diameters
in Lmna"?22PM222P mice at 20 weeks of age (Fig. 2). However, the
differences did not reach statistical significance. Combined treat-
ment gave a statistically significant improvement in left ventricu-
lar fractional shortening compared to benazepril alone (Fig. 2).
Hence, ACE inhibition and MEK1/2 inhibition had a synergistic
effect on left ventricular function in Lmna"?22PM222P mice,

4. Discussion

Inhibition of angiotensin II activity is a well-established
approach to the treatment of patients with severe chronic heart
failure [22]. While mostly studied in acquired dilated cardiomyop-
athy, ACE inhibition is generally implicated in patients with pri-
mary genetic cardiomyopathy as well [23,24]. There are no
published reports on the efficacy of ACE inhibitors in patients with
dilated cardiomyopathy caused by LMNA mutation. However, an
ACE inhibitor plus a beta-blocker may be beneficial in patients
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with Duchenne muscular dystrophy, who also have a primary
genetic cardiomyopathy [25,26]. Hence, the effects of inhibiting
the renin-angiotensin-aldosterone axis may have beneficial in all
or most forms of cardiomyopathy and heart failure. Cardiac dys-
function and heart failure, especially in patients with primary
genetic cardiomyopathies, progress despite such treatment. Hence,
standard therapies such as ACE inhibition should ideally be com-
bined with specific therapies targeted at primary pathogenic
mechanisms that may be operative in cardiomyopathies of differ-
ent genetic etiologies.

We have shown that hearts of Lmna mice have abnor-
mally elevated ERK1/2 activity prior to the onset of clinical disease
[14,15]. Pharmacological blockade of ERK1/2 activity in these mice
has beneficial effects including improved left ventricular fractional
shortening, decreased cardiac fibrosis and prolonged survival
[16,18,20]. Our current results show that blocking either ERK1/2
activity with a MEK1/2 inhibitor or angiotensin II activity with
an ACE inhibitor has beneficial effects on left ventricular fractional
shortening when started before the onset of significant heart dys-
function. Perhaps more significantly, we show that adding a MEK1/
2 inhibitor to an ACE inhibitor after the onset of left ventricular
dysfunction in Lmna"??2’M222P mjce has significantly enhanced
beneficial effects on left ventricular fractional shortening com-
pared to an ACE inhibitor alone. While human patients may be
on other medications such as beta-blockers and spironolactone,
our results in model mice show that addition of a MEK1/2 inhibitor
has beneficial effects beyond at least one standard of care interven-
tion for cardiomyopathy caused by LMNA mutation. These preclin-
ical results also provide further rationale for a clinical trial of a
MEKT1/2 inhibitor in such patients.

H222P/H222P
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