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Summary for the attending physician

Introduction

Laminopathies are rare genetic disorders caused by mutations in the LMNA gene, which
encodes two main proteins: lamin A and lamin C. The mode of transmission is almost always
autosomal dominant. These proteins play a role in several cellular processes, notably in the
formation of a filamentous network lining the inner surface of the cell nucleus. Phenotypic
expression varies. Indeed, laminopathies can either affect specific tissues, such as striated
skeletal and/or cardiac muscles, peripheral nerves or adipose tissue, or present as a systemic
disease concomitantly affecting several organs. Among the various phenotypes, cardiac
involvement is one of the most widespread and severe manifestations.

Laminopathy is a relatively rare disease, but it accounts for 5-9% of dilated cardiomyopathies,
and clinicians need to be aware of its severe prognosis (justifying early therapeutic
management) and genetic nature (requiring organized family management).

Cardiac manifestations

Cardiac damage caused by laminopathies is most often characterized by systolic dysfunction
within the framework of dilated cardiomyopathy (DCM), associated with conductive and
thythmic disorders, and is frequently seen in young adults (25-45 years). Rhythmic
manifestations most often precede the development of cardiomyopathy, and most often
include conduction disorders that may extend to complete atrioventricular block,
supraventricular arrhythmias and ventricular arrhythmias, which are associated with an
increased risk of sudden cardiac death.

Extracardiac manifestations

Laminopathies can present as predominant or isolated cardiac involvement, but sometimes as
multi-system involvement.

Skeletal muscle disorders include limb-girdle muscular dystrophy type 1B (LGMDI1B) and
Emery Dreifuss muscular dystrophy (EDMD). Metabolic and endocrine disorders are
manifested by lipodystrophic syndromes such as Dunnigan's partial familial lipodystrophy
(FPLD2). Peripheral neuropathies are expressed in a form of Charcot-Marie-Tooth disease
type 2 (CMT2). Acro-mandibular dysplasia and Hutchinson-Gilford progeria (HGPS) are
other exceedingly rare manifestations of laminopathy.

Diagnostics

Laminopathy should be suspected in the presence of a cardiological presentation associating
dilated cardiomyopathy, conduction disorders, supraventricular or ventricular rhythm
disorders, especially in the case of a familial form of cardiac damage or a history of sudden
death at a young age in the family. Taken in isolation, these cardiological signs are not
specific. Occasionally, the diagnosis may be made as part of a family work-up after the
diagnosis has been confirmed in an index case. Suspicion is heightened by associated
neuromuscular signs. More rarely, the presentation may be highly atypical, in the context of a
very particular form of cardiac involvement (such as left ventricular non-compaction,
arrhythmogenic right ventricular cardiomyopathy). Suspicion of laminopathy



should lead to genetic testing, and only the identification of a pathogenic variant of the LMNA
gene will confirm the diagnosis. In the event of clinical suspicion, a full multidisciplinary
medical evaluation is required at a center with expertise in this disease.

Evolution

The expression, severity and evolution of laminopathies with cardiac involvement vary from
patient to patient, even within the same family. The disease most often begins between the
ages of 25 and 45, but can appear as early as adolescence or as late as 50-60. The main life-
threatening cardiovascular complications in patients with laminopathies and cardiac
involvement are 1) ventricular rhythm disorders and, to a lesser extent, high-grade conductive
disorders responsible for sudden death,

2) heart failure with reduced ejection fraction and 3) stroke, most often complicating atrial
rhythm disorders.

Therapeutic management

The management of patients with laminopathies needs to be organized within dedicated expert
centers, given its complexity and specific features compared with more common
cardiomyopathies.

Pacemaker implantation is based on the usual criteria for the management of conductive
disorders. With regard to the risk of ventricular rhythm disorders, the main therapeutic option
for preventing sudden death is prophylactic defibrillator implantation (usually endocavitary),
based on a risk score and the presence of cardiac damage. It is important to point out that, in
the presence of recurrent ventricular rhythm disorders and impaired systolic function,
rhythmological management should not delay the possibility of heart transplantation.

Drug therapy for laminopathies with systolic myocardial dysfunction is based on beta-
blockers, angiotensin-converting enzyme (ACE) inhibitors or angiotensin receptor
blockers/sacubitril, or gliflozins. Curative anticoagulation is imperative in the case of atrial
rhythm disorders, regardless of the CHADS-VASC embolic risk score.

In cases of advanced muscular damage, several treatment options can be implemented in
coordination with a multidisciplinary neuromuscular consultation, including motor and
respiratory physiotherapy, mechanical aids and surgery for tendon retractions and severe
scoliosis.

Follow-up

Carriers of LMNA variants in adulthood are generally advised to undergo cardiological
evaluation at least once a year, even if they are asymptomatic and have no previously
identified manifestations of the disease (especially from age 30 onwards in the latter case).

The minimum workup to be scheduled for annual assessments includes an ECG, transthoracic
echocardiography and Holter ECG. Stress tests are performed every one to two years, and
MRIs every 3 to 5 years. The purpose of these examinations is to adapt treatment according to
progress.



A more frequent monitoring schedule is indicated for a significant proportion of patients with
significant myocardial or rhythmological damage, and should be implemented on a case-by-
case basis according to the individual characteristics of each patient.

Close cardiological monitoring is recommended during pregnancy, as it may require
adaptation of treatment and modification of delivery methods.

As with any type of cardiomyopathy, competitive or recreational sports must be discussed,
supervised and limited, given the high risk of sudden death.

In lipodystrophies associated with pathogenic LMNA variants, appropriate diet and non-
intensive exercise should be strongly encouraged for the prevention and treatment of
metabolic complications. Regular, moderate physical exercise, after a cardiovascular
examination to ensure there are no contraindications, is recommended.

Family surveillance and genetic counseling

All first-degree relatives (parents, siblings, children) should be monitored from the age of 10,
due to the hereditary nature of the disease and its often delayed cardiac expression. In addition
to the search for symptoms, the work-up includes an ECG, echocardiography and a 24-hour
Holter-ECG.

Genetic counseling should be offered to all patients with laminopathies. The aim is to explain
the genetic origin of the disease, the mode of transmission (and thus identify relatives at risk),
the benefits of family cardiological monitoring, and the possibility of molecular genetic
testing. Genetic testing was initially proposed for case-index patients to establish the
diagnosis of laminopathy-related heart disease, and predictive genetic testing can then be
offered to first-degree relatives to guide cardiological monitoring (continuing it in the
presence of the familial mutation, or stopping it in its absence).

Genetic counseling must be given, and genetic testing prescribed, by a physician with
expertise in the disease, as part of a multidisciplinary team, including a clinical geneticist
(mandatory for prescribing predictive genetic testing for relatives, list of Centers of Reference
and Competence in Appendix 3 and on www.filiere-cardiogen.fr).

Action to be taken by the attending physician

If laminopathy is suspected, the attending physician or cardiologist should refer the patient to
one of the Cardiogen reference or competence centers.

The role of the attending physician, in coordination with the specialist, is to ensure proper
compliance with medication, specialized follow-up and family monitoring. Therapeutic
education sessions can be set up to help patients and their families better understand the disease
and its treatment, cooperate with caregivers, live as healthily as possible and maintain or
improve their quality of life.
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1.Preamble

1.1 Objectives of the PNDS
The aim of this National Diagnostic and Care Protocol (PNDS) is to explain to the healthcare
professionals concerned the optimal diagnostic and therapeutic management and care pathway
of a patient suffering from laminopathy with cardiac involvement.

This PNDS covers adult-onset forms of laminopathy, and is limited to forms with cardiac
involvement. It has been decided not to include childhood forms of the disease, which fall into
very different nosological entities.

It is a pragmatic tool to which the attending physician, in consultation with other specialists,
can refer for the management of this disease, particularly when drawing up the care protocol
in conjunction with the consulting physician and the patient. The PNDS cannot, however,
cover all specific cases, all comorbidities, all therapeutic particularities, hospital care
protocols, etc... It cannot claim to be exhaustive in terms of possible management approaches,
nor can it replace the individual responsibility of doctors towards their patients. This protocol
does, however, reflect the essential structure of management of a patient suffering from
laminopathy with cardiac involvement, and will be updated in line with the validation of new
data.

1.2 NSDP method

After analysis of the international literature, the PNDS was drawn up following the "Méthode
d'¢laboration d'un protocole national de diagnostic et de soins pour les maladies rares"
published by the Haute Autorité de Santé (HAS) in 2012 (methodological guide available on
the HAS website: www.has-sante.fr), and discussed by a multidisciplinary group of experts.
The group's proposals were submitted to a review group, which evaluated each of the
proposals set out (Appendix 2). The corrected document was discussed and validated by the
multidisciplinary group of experts.

In addition, the therapeutic proposals have been reviewed by the French National Agency for
the Safety of Medicines and Health Products (ANSM).

1.3 Sales pitch
This document presents the results of the literature review carried out prior to the
development of the PNDS for laminopathies with cardiac involvement. It is presented in the
form of bibliographic summary tables and written, well-argued summaries.



2.Definition(s), epidemiology

2.1 Definition(s)

Laminopathies are rare genetic disorders caused by mutations in the LMNA gene, which
encodes two main proteins: lamin A and lamin C. Laminins A and C (laminins A/C)
participate in the formation of a filamentous network lining the inner surface of the cell
nucleus, necessary for maintaining the structure of this nucleus (Maggi et al., 2016; Charron
2012; Crasto 2021; Wormann, 2007) (Figure 1). These proteins play a role in several cellular
processes, and pathogenic LMNA gene variants are associated with a wide range of
pathological phenotypes, from isolated tissue damage (cardiac or skeletal striated muscle,
adipose tissue, peripheral nerve), to multi-systemic damage, which may be part of premature
aging syndromes (Carboni et al., 2010). In 1999, LMNA gene variants were shown to be
responsible for autosomal dominant Emery-Dreifuss muscular dystrophy (EDMD) (Bonne et
al., 1999). Shortly afterwards, variants in the same LMNA gene were identified in families of
patients with dilated cardiomyopathies, conductive disorders and sudden death, without
significant skeletal muscle involvement (Fatkin et al., 1999).

Progressively, numerous other phenotypes linked to damage to this gene have been identified,
including limb-girdle muscular dystrophy type 1B (LGMDI1B), Dunnigan's familial partial
lipodystrophy (FPLD2, dedicated PNDS: Vigouroux C et al, 2021), a form of Charcot-Marie-
Tooth disease type 2 (CMT?2), acromandibular dysplasia (Sakka et al., 2021), or Hutchinson-
Gilford progeria (HGPS) (Fatkin et al., 1999; Kovalchuk et al., 2021). Loss of LMNA function
has been reported as a primary cause of renal disease (Park et al., 2020).

In families with adult-onset cardiac disease, including dilated cardiomyopathy, this cardiac
condition is highly penetrant. However, penetrance of cardiac disease in individuals carrying
the genetic variants varies with patient age. The overall penetrance of cardiac disease varies
from 57% (Pasotti et al., 2008) to 64% (Perrot et al., 2009) depending on the study, and is
very high in subjects aged over 35 (between 88% (Pasotti et al., 2008) and 100% (Quarta et
al., 2012)). Cardiac involvement can manifest as electrical conduction disorders
(atrioventricular block or sinus dysfunction), which may require pacemaker implantation,
sometimes as early rthythm disorders (supraventricular or ventricular tachycardia/arrhythmia),
and dilated cardiomyopathy (DCM), which often appears secondarily. DCM is classically
defined by dilatation of the left ventricle (LV), or both ventricles, associated with systolic
dysfunction, in the absence of abnormal loading conditions or coronary artery disease that
may be causing the systolic dysfunction (Pinto et al., 2016).

In laminopathies with lipodystrophy (FPLD2) or progeroid syndromes, cardiovascular
involvement may manifest as early and severe arteriosclerosis, valvular and/or arterial
calcifications and/or CMD. These particular forms of laminopathy are rarely revealed by
cardiovascular involvement (Vigouroux et al., PNDS 2021).


https://www.has-sante.fr/upload/docs/application/pdf/2021-02/syndrome_lipodystrophique_de_dunnigan_-_pnds.pdf

2.2 Epidemiology
The most common cardiac condition leading to the diagnosis of laminopathy is dilated
cardiomyopathy. An increasing number of patients with CMD, formerly known as
"Idiopathic", benefit from exploration by genetic testing (Pinto et al 2016), especially since
the recognition of frequent familial forms of CMD, which make up around 20-50% of CMD
cases (Pinto et al 2016).

In patients with DCM, the prevalence of pathogenic LMNA gene variants ranges from 5% to
9% depending on the study (Parks et al., 2008; Perrot et al., 2009; Taylor et al., 2003; Haas
2015).

In patients with familial CMD, the prevalence of the LMNA gene varies from 6% to 28%
depending on the study (Parks et al., 2008; Taylor et al., 2003; Perrot et al; 2009; Hasselberg
etal., 2018).

The prevalence of the gene in patients associating CMD with conductive disorders (mainly
BAYV) varies from 33% to 45%, depending on the study (Fatkin et al., 1999; Hasselberg et al.,
2018; Skjelsvik et al., 2020).

Pathogenic LMNA gene variants are still an under-diagnosed cause of cardiomyopathies and
rhythm disorders. In contrast, LMNA mutations are rarely the cause of isolated atrial
fibrillation (Brauch et al., 2009).

2.3 Pathophysiology
Mutations in the LMNA gene are at the root of laminopathies, a group of disorders
characterized by phenotypically heterogeneous manifestations.

To date, a total of 623 mutations in the LMNA gene have been described and associated with
over 15 different phenotypes (Figure 2) (Crasto 2020 & http://www.umd.be/LMNA & HGMD-
Pro database). Indeed, laminopathies can either affect specific tissues, including skeletal
and/or cardiac striated muscle, peripheral nerves or adipose tissue, or present as a systemic
disease concomitantly affecting several organs, as in premature aging syndromes. However,
there are a growing number of descriptions of overlapping phenotypes, suggesting the
presence of a true continuum within the disease (Crasto et al., 2020).

Among the various phenotypes, cardiac involvement is one of the most widespread and severe
manifestations.

Cardiac damage is characterized at cellular level by alterations to the nuclear membrane of
myocytes, with shape anomalies and dehiscence of cell nuclei (van Berlo et al., 2005, Maggi
et al, 2016, Crasto et al, 2020), and histologically by diffuse myocardial fibrosis, sometimes
fibrolipid degeneration of the atrioventricular junction and sometimes sub-sarcolemmal
glycogen deposits. Some cases of fibro-adipocytic infiltrate similar to arrhythmogenic right
ventricular dysplasia have also been described (van Tintelen et al., 2007). Cardiac forms of
laminopathy are inherited in an autosomal dominant fashion.

Altered cardiomyocyte development and maturation has been identified as a prenatal feature

in a mouse model of laminopathy. These data highlight early epigenetic modifications in
lamin A/C-mediated pathology.
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http://www.umd.be/LMNA

and could suggest a new therapeutic perspective for cardiomyopathy (Johnston et al., 2021).

2.4 Distinct phenotypes
Pathogenic variants of the LMNA gene can cause a large number of different diseases, which
can present in a variety of forms (Captur et al., 2018).

Cardiac damage caused by laminopathies is most often characterized by dilated
cardiomyopathy (DCM) associated with conductive disorders and supraventricular and
ventricular thythm disturbances, and is frequently seen in young adults (25-45 years of age).
The diagnosis of CMD is usually defined by systolic dysfunction, corresponding to a left
ventricular ejection fraction (LVEF) <50%, associated with left ventricular dilatation adjusted
for age and body surface area, after exclusion of other usual causes of clinically detectable
systolic dysfunction such as coronary artery disease (Jordan et al., 2021; Pinto 2016). In
patients with laminopathies, left ventricular dilatation is not always present and patients may
have non-dilated hypokinetic cardiomyopathy, with isolated LVEF decrease (Pinto 2016).

Myocardial involvement may present under a different phenotypic aspect. Several cases of
arrhythmogenic right ventricular cardiomyopathies related to a variant of the LMNA gene
have been reported with clinical pictures that are rhythmologically, radiologically and
histologically close (Quarta et al., 2012; van Tintelen et al., 2007) to those observed in
arrhythmogenic right ventricular dysplasias related to mutations in genes encoding
desmosomal proteins.

The rhythmic manifestations of these pathologies are frequent, and most often precede the
development of cardiomyopathy by an average of ten years (van Berlo et al 2005, Kumar et al
2016) and most often can include conduction disorders that can range from atrioventricular
block to atrial palsy (sinus dysfunction), supraventricular arrhythmias (73%) (Taylor et al.,
2003), and ventricular arrhythmias which are associated with an increased risk of sudden
cardiac death (Kumar, Baldinger, et al., 2016; van Rijsingen et al., 2012).

On the other hand, an increased risk (risk ratio around 5) of arterial and venous thrombosis is
also associated with LMNA (van Rijsingen, Bakker, et al., 2013). This risk is higher than in
patients with other causes of DCM.

The phenotype of arrhythmogenic dilated cardiomyopathy may be observed in patients with
purely cardiac laminopathies or associated with other manifestations such as skeletal muscle
damage, lipodystrophy, metabolic disorders and/or signs of accelerated aging. Signs of
accelerated atheroma or arterial and/or valvular calcification, sometimes extensive and
responsible for significant morbidity and mortality, have been reported mainly in
lipodystrophic and metabolic forms. Certain forms of FPLD2 or complex phenotypes of
laminopathies can sometimes be revealed by cardiovascular involvement (PNDS Dunnigan
lipodystrophic syndrome: Mosbah H et al Orphanet J Rare Dis 2022, Treiber G Eur J
Endocrinol 2021).

Cardiac expression in children is very rare. It has been described in congenital muscular
dystrophies or early forms of Emery Dreyfuss syndrome. In one
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series including 3 children, atrial arrhythmia was the mode of cardiac presentation in all three
patients. Symptoms of heart failure, including diarrhea and peripheral edema, preceded a
rapid decline in left ventricular ejection fraction (Heller et al., 2017).

3.Diagnostic criteria and natural history of the disease

3.1 Introduction to the issues
Laminopathy is suspected in the presence of a cardiological presentation associating several
cardiac disorders of varying degrees (dilated cardiomyopathy, conduction disorders, supra-
ventricular or ventricular rhythm disorders), sometimes associated with skeletal muscle
damage, especially when the subject is a young adult and there is a family background.
Cardiological signs are not specific, and the diagnosis of laminopathy can only be made after
genetic testing and identification of a pathogenic variant of the LMNA gene.

Laminopathy is a relatively rare disease, but one that clinicians should be aware of, as it is
associated with a very severe prognosis (justifying early and aggressive therapeutic
management) and a genetic disease (leading to organized family management).

3.2 Natural history and cardiac complications
The natural history of cardiac involvement in adult forms of laminopathy has been described
in various epidemiological and clinical studies (Kumar, Baldinger, et al., 2016; van Rijsingen
et al., 2012).

The main cardiac features were described in the seminal study of CMD and conduction
disorders associated with LMNA mutations (Fatkin et al., 1999). Of 39 patients with cardiac
involvement (mean age at onset: 38 years, extremes 19 to 53 years) from 5 families, 34
patients (87%) had atrioventricular block (AVB) or sinus node dysfunction, 23 (59%) had
atrial fibrillation or flutter, and 25 (64%) had DCM (heart transplantation in 6). Of note, 21
patients (54%) were implanted with a pacemaker due to a high-grade conduction defect. In
this study, 20 additional relatives were mutation carriers but without cardiac anomalies, all
under 30 years of age. In Taylor's series, left ventricular dilatation was more moderate than in
other cases of CMD with left ventricular ejection fraction (Taylor et al., 2003).

Clinical features were compiled in a meta-analysis of 299 mutation carriers from families with
CMD, EDMD or LGMDI1B (van Berlo et al., 2005). Rhythm disorders (supra-ventricular or
ventricular arrhythmia) and conduction disorders occurred early in life (including 2 children <
10 years) and were highly penetrant: 74% in 20-30 year-olds, then 92% in patients over 30
(Figure 3). The ECG typically showed low P-wave amplitude, PR interval prolongation and
normal QRS duration. A pacemaker was implanted in 3% of patients aged 10-20 years, and
then worn in 44% of patients after age 30. Heart failure was reported at older ages, in 10% of
patients < 30 years, and progressively increased to 64% of patients over 50 years. Ventricular
arrhythmia has been suggested to be fairly common in
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this meta-analysis, since almost half of sudden deaths (16 patients or 46%) occurred in
patients with pacemakers (van Berlo et al., 2005). Studies on small numbers have observed
that ventricular arrhythmia or appropriate defibrillator therapy can occur before myocardial
dysfunction/CMD (Hookana 2008; Meune 2006) and sometimes as the first cardiac
manifestation before a conduction defect (Fernandez 2008; Ehlermann 2011).

Another multicenter retrospective study involving 122 LMNA mutation carriers followed for 7
years found a high incidence of arrhythmic and non-arrhythmic progression and adverse
events during long-term follow-up (Kumar S, Baldinger, S et al JACC 2016). The prevalence
of clinical events largely increased during follow-up: BAV, 46% to 57%; atrial arrhythmia,
39% to 63%; ventricular arrhythmia, 16% to 34%; and LV systolic dysfunction, 44% to 57%.
Implantable automatic defibrillators were placed in 59% of patients. End-stage heart failure
developed in 19% of patients, and 13% died (Kumar S et al. 2016). Again, electrical
abnormalities with rhythm or conduction disorders often precede myocardial dysfunction.

In patients with laminopathy, the initial presentation of the disease may be a marker of a
different natural history. A study of 40 patients with laminopathy observed that patients with
an initial neuromuscular presentation had earlier symptoms compared with those with an
initial cardiological presentation, developed rhythm disorders (AF and/or flutter: 28 years on
average vs. 41 years) earlier and required a pacemaker earlier (30 years vs. 44 years) even
though the overall prevalence of these events was similar in both groups (Ditaranto et al.,
2019). In this study, however, the overall prevalence of dilated cardiomyopathy and sustained
ventricular rhythm disturbances was lower in patients with initial neuromuscular presentation
(Ditaranto et al., 2019).

Impaired myocardial contractility is associated with progressive myocardial fibrosis, which is
found very early on histology and MRI, even in asymptomatic patients with normal
echocardiography (van Tintelen et al., 2007, Alfarih 2019, Ehlermann et al., 2011). Fibrosis of
the myocardial septum has been associated with PR interval prolongation and a higher
frequency of ventricular arrhythmias. Localized fibrosis in the interventricular septum could
be the mechanism behind reduced septal function, atrioventricular block and ventricular
arrhythmias in subjects with a Lamin A/C mutation (Hasselberg et al., 2014).

Finally among the cardiovascular complications of laminopathies, one study observed that
patients with LMNA mutation were independently associated with an increased risk of arterial
and venous thromboembolic complication compared to a cohort of patients with idiopathic
CMD (van Rijsingen et al., 2013).

Cardiac mortality in laminopathies. In a meta-analysis of 299 LMNA mutation
carriers, cardiac death was observed in 76 patients (mean age 46), and sudden death was more
frequent than death from heart failure (46% of cardiac deaths versus 12% respectively) (van
Berlo et al., 2005). Interestingly, the rate of sudden death was similar in patients with an
isolated cardiac phenotype and those with a mixed cardiac and skeletal muscle phenotype. A
slightly more recent study of a European cohort of 269 carriers of the
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LMNA (van Rijsingen et al., 2012) confirmed the high risk of ventricular arrhythmia: 18% of
patients developed sudden death, requiring resuscitation or appropriate defibrillator treatment.
In patients with an implanted defibrillator at inclusion, the rate of appropriate treatment during
follow-up was 13% per year in secondary prevention and 8% per year in primary prevention.
Overall, however, cardiac mortality due to sudden death was lower than cardiac death due to
heart failure (31% vs. 47% respectively) (van Rijsingen et al., 2012). In the largest cohort of
patients with laminopathies assembled to date, Wahbi et al. analyzed 444 patients in the
derivation cohort and 145 patients in the validation cohort (Wahbi et al., 2019). During
follow-up of 3.6 years and 5.1 years respectively, it was observed that 86 patients (19.3%) and
34 patients (23.4%) experienced severe ventricular arrhythmia, respectively, a rate of 3.9%
per year. Events included 31 appropriate defibrillator therapies (36%), 14 sudden cardiac
deaths (16%) and 41 (47%) ventricular tachycardias with hemodynamic repercussions (Wahbi
etal., 2019).

Prognosis of laminopathies within dilated cardiomyopathies. Other studies have
compared the cardiological prognosis of cohorts of patients with dilated cardiomyopathy
(DCM) according to underlying causes. In a cohort of 105 patients with DCM, cumulative
survival was significantly shorter in LMNA mutation carriers than in non-carriers (36). At age
45, 55% of mutation carriers had a cardiovascular death or heart transplant, compared with
11% of non-carriers (p
=0.0001 for overall comparison of cumulative survival).

In a fairly large recent study of 487 CMD patients (Gigli et al., 2019), a positive genetic test
was found in 37% of patients, with a higher percentage (43%) in familial forms. Overall
mortality did not differ according to the presence or absence of mutations, although mutation
carriers tended to have more heart failure and ventricular arrhythmias. Carriers of LMNA gene
mutations, and those of desmosome genes, are at highest risk of sudden death and life-
threatening ventricular arrhythmias, irrespective of left ventricular ejection fraction.(Gigli et
al., 2019). In a meta-analysis of 8,000 patients with CMD (Kayvanpour E et al., 2017), it was
found that heart transplantation rates on the one hand, and the rate of sudden death/ventricular
rhythm disorders on the other, were highest in LMNA mutation carriers compared with other
genes, particularly in comparison with sarcomere genes. The overall clinical course of
laminopathies is thus characterized by a particularly severe cardiac prognosis.

3.3 Diagnostic criteria

3.3.1 Cardiac and extracardiac factors leading to suspicion of the

diagnosis

Laminopathy should be suspected above all in the presence of a cardiological presentation
associating, to varying degrees, dilated cardiomyopathy, conduction disorders and supra-
ventricular or ventricular rthythm disorders. Taken in isolation, these cardiological signs are
not specific. One study evoked a somewhat peculiar ECG with signs of septal remodeling
(QRS abnormalities in VI-V3 such as QS aspect or fragmented QRS or low R wave
progression) that seems to distinguish LMNA gene variant carriers from healthy controls and
patients with other causes of cardiomyopathies (L. Ollila et al., 2017). MRI frequently reveals
a medio-parietal septal fibrosis pattern that is non-specific
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of an LMNA mutation but may increase diagnostic suspicion (Alfari 2019, Peretto 2020).
Suspicion will be heightened if associated neuromuscular signs are present (especially if
Emery-Dreifuss muscular dystrophy or limb-girdle muscular dystrophy type 1B), but their
presence is not essential to suspect the diagnosis. In blood biology, CPK levels are often
normal or only moderately increased (Fatkin et al., 1999). Suspicion will also be heightened
in young adults and if there is a family background. More rarely, the presentation may be very
atypical in the context of a very particular form of cardiac involvement (such as left
ventricular non-compaction, arrhythmogenic right ventricular cardiomyopathy) or extra-
cardiac laminopathy (such as partial lipodystrophy or progeria) (see section 3.7).

3.3.2 Genetic confirmation of diagnosis

Suspicion of laminopathy should lead to genetic testing, and only identification of a
pathogenic variant of the LMNA gene will confirm the diagnosis.

Historically, the landmark study by Bonne et al. identified four mutations in the LMNA gene
in five families with Emery-Dreyfuss myopathy: one nonsense mutation and three missense
mutations (1999). These results constitute the first identification of mutations in a component
of the nuclear lamina as a cause of hereditary muscle pathology (Bonne G et al., 1999).
Shortly afterwards, the study by Fatkin et al. described five missense mutations in 11 families
with isolated CMD: four in the alpha-helical stem domain of the lamin A/C gene, and one in
the tail domain of lamin C. These mutations were associated with CMD. These mutations
were associated with progressive conduction system disease (sinus bradycardia,
atrioventricular conduction block or atrial arrhythmias) and dilated cardiomyopathy. None of
the mutation carriers suffered from tendon retraction or skeletal muscle deficits at the time.
Serum creatine kinase levels were normal in family members with lamin stem mutations, but
slightly elevated in some family members with a defect in the lamin C tail domain (Fatkin et
al., 1999).

3.3.2.1 LMNA gene (diagnostic value)

The LMNA gene is located on chromosome 1g21.2-q21.3, spans approximately 24 kb and is
composed of 12 exons that encode, via alternative splicing, four isoforms of so-called A-type
lamins (A, AA10, C and C2). The 2 major isoforms are lamins A and C (Crasto et al 2020;
Charron et al 2012) (Figure 2). Laminins A and C are identical for their first 566 amino acids
but differ in their C-terminal domains (Crasto et al 2020; Charron et al 2012). Laminins A and
C are expressed in terminally differentiated somatic cells but are absent from early-phase
embryos. The A/C lamins then assemble to form polymers which, together with the B-type
lamins, constitute the nuclear lamina. One of the functions of lamins is to provide structural
support for the nucleus and maintain the mechanical integrity of cells by linking the
nucleoskeleton to the cytoskeleton. Other studies also suggest a complex role for lamins in
nuclear pore function, chromatin organization, DNA replication and transcriptional regulation
(Crasto et al 2020; Charron et al 2012) (Figure 1).

In practice, LMNA gene analysis is carried out by sequencing the coding regions (exons and
flanking intronic junctions), usually from DNA extracted from a blood sample, either via a
targeted analysis of the LMNA gene (Sanger technique) in the presence of a strong clinical
suspicion of laminopathy, or via an analysis of a panel of genes (high throughput sequencing).
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NGS) in the assessment of dilated cardiomyopathy, conduction disorders, rhythm disorders or
extracardiac warning signs. The panel typically comprises between 40 and 80 genes.
Identification of a pathogenic variant (CGPA pathogenicity class 5 or 4) (more commonly
referred to as a "mutation") enables the diagnosis of laminopathy. This step is therefore
essential to the diagnosis. This result may have other very practical clinical implications in the
management of the patient and his family, which are discussed below. Genetic testing can also
be carried out post-mortem (ideally using fresh frozen tissue, notably spleen or liver) after
sudden cardiac death or acute heart failure, with a significant medical impact of the procedure
even if cardiomyopathy is suspected at autopsy, as the genetic results provide important
additional information useful in the care of relatives (Marey et al., 2020).

We note that the LMNA gene is confirmed as having a causal role in CMD following the work
of the ClinGen consortium, and is one of 19 genes that have a high level of evidence and are
routinely recommended in panels for the genetic evaluation of CMD (Jordan et al., 2021).

Beyond the role of the LMNA gene in so-called "monogenic" or Mendelian inherited forms,
the LMNA gene has also been implicated in common multifactorial forms of dilated heart
disease via frequent variants with modest effect (Yin et al., 2015).

3.3.2.2 Variant(s) identified
Within the LMNA gene there is a large genetic variability with 623 different pathogenic
variants (Crasto et al 2020; and UMD-LMNA mutation database, http://www.umd.be/LMNA/;
and database HGMD-Pro
https://my.qiagendigitalinsights.com/bbp/view/hgmd/pro/all.php).

All types of mutations are reported (Bertrand et al 2011): missense mutation which is the most
frequent mechanism (72% of the first 301 published mutations of the LMNA gene),
insertion/deletion not shifting the reading frame (in-phase) during translation (9%),
insertion/deletion shifting the reading frame (out-of-phase) during translation and resulting in
the formation of a probable truncated protein (9%), splice consensus site mutations (7%) and
direct nonsense mutations corresponding to a stop codon (5%).

Genotype-phenotype relationships are not fully understood, partly due to the limited
availability of three-dimensional structure (Scharner et al., 2014). However, mutations
affecting tissues other than striated muscle are generally linked to specific amino acid residues
or specific exons (Figure 2). In contrast, striated muscle-related mutations (68% are missense
mutations) are distributed throughout the gene without clear relationships or hotspots for the
different cardiac/skeletal clinical entities. What's more, the three cardiac/skeletal clinical
entities (EDMD, CMD with conduction disorders, LGMDI1B) can coexist within the same
family. Interestingly, analysis of the UMD-LMNA database for patients with cardiac
laminopathies revealed that 33% of patients with isolated cardiac disease carry mutations
potentially leading to truncated proteins (nonsense, out-of-frame ins/del, splice site), whereas
only 8% of patients with cardiac/skeletal defects carry this type of mutation (Bertrand et al,
2011).
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In common cardiac forms of laminopathy, the mechanism of genetic variants affects the
prognosis of cardiac damage with a greater risk of sudden death in the presence of truncating
variants compared to missense variants (van Rijsingen et al 2012; Wahbi et al 2019) and this
needs to be incorporated into prognostic stratification (see related section).

In a patient with suspected cardiac laminopathy, the presence of an LMNA variant previously
reported in patients with other laminopathy phenotypes should prompt investigations to be
extended to include corresponding metabolic, skeletal muscle and/or progeroid disorders.

Sequence variants that create or eliminate splice sites, but outside the canonical consensus
sites, are often classified as variants of unknown significance (VSI) due to the imperfect
understanding of their consequence on RNA splicing signals and the cumbersome nature of
functional testing. Some authors have developed computational tools to better classify VSIs
likely to alter splicing, and used a minigene assay to functionally confirm splicing-altering
sequence variants. This strategy can improve the classification of pathogenic variants (Ito et
al., 2017). However, it is not applicable to other types of VSI, such as missense variants, in
the absence of a dedicated functional assay.

3.3.2.3 Transmission mode
The usual forms of adult cardiac involvement in laminopathies are autosomal dominant,
meaning that the variant is found in the heterozygous state (one mutated copy on both copies
of the chromosome pair concerned), is usually inherited from one of the two parents, and can
be passed on to first-degree relatives with a 50% probability, regardless of male or female sex.
Some rare extracardiac forms of laminopathy may be recessively inherited, such as
acromandibular dysplasia with lipodystrophy (Sakka 2021; Perrot 2006).

3.3.3 Initial cardiac workup

Objective. The general objectives are to establish the diagnosis of laminopathy-related
cardiac damage, rule out differential diagnoses, understand the mechanism of symptoms,
assess the severity of the disease and stratify the prognosis, in order to provide the elements
that will enable therapeutic indications to be set.

In addition, patients and their families need to be informed about the natural history of the
disease, its possible evolution, its therapeutic management, its mode of transmission, how to
monitor relatives and, lastly, about patient associations and ongoing research.

Professionals involved. Initial patient care is multidisciplinary. It is best coordinated by a
hospital doctor from an expert center in the network of rare heart disease reference or
competence centers. The main medical professionals who interact with the general
practitioner are: a cardiologist specialized in heart failure, a rhythmologist, a cardiac imaging
specialist, a neurologist specialized in myology, a clinical geneticist, biologists (particularly
molecular biologists), and other specialists such as sports physicians, cardio- vascular
rehabilitation physicians, obstetrician-gynecologists, cardiac surgeons a n d  pathologists,
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the endocrinologist-diabetologist for mixed forms with metabolic impairment. The main
paramedical players are the genetic counselor, psychologist and social worker.

Initial cardiological workup.

The clinical examination will mainly look for signs of heart failure, and also for extra-
cardiological signs.

The ECG is an important examination, looking for atrioventricular block (especially PR
interval measurement), bundle branch block (especially complete LBBB), anterior planing of
the R wave, and atrial or ventricular extrasystoles.

Echocardiography is the diagnostic test of choice for dilated cardiomyopathy. It will look for
LV systolic dysfunction (LVEF < 50%, global strain abnormality) and LV dilatation, which is
itself often less marked or absent in laminopathies than in other causes of DCM (Taylor et al.,
2003). Right ventricular dilatation and dysfunction are much less frequent. In some cases,
atrial dilatation dominates ventricular dilatation (Marchel, et al., 2021).

In particular, cardiac MRI allows measurement of LV and VD dimensions, volumes,
segmental kinetics and EF with high reproducibility. MRI can also be used to characterize
myocardial tissue and, in particular, to search for late enhancement (after gadolinium
injection), often of septal localization (Alfari 2019, Peretto 2020). The presence of late
enhancement is associated with the occurrence of severe ventricular arrhythmias in non-
ischemic cardiomyopathies (NICM) in general.

Cardiac imaging in cine-MRI mode can be used to detect early cardiac changes that cannot be
detected with conventional echocardiography in LMNA mutation carriers (Alfari 2019, Peretto
2020).

Holter-ECG is a major test for detecting conduction disorders (AVB, sinus dysfunction), atrial
rhythm disorders and ventricular rhythm disorders (especially unsustained VT bursts).
Exercise testing, often coupled with measurement of maximal oxygen consumption, enables
functional capacity to be assessed, as well as a detailed analysis of the cardiac, vascular and
extra-cardiovascular factors that may limit it. The test can also be used to detect exercise-
induced rhythm disorders.

Invasive hemodynamic exploration by cardiac catheterization is sometimes necessary in
patients with heart failure, in order to discuss invasive therapies such as circulatory support or
heart transplantation.

In addition to the standard work-up, blood biology should include analysis of natriuretic
peptides (such as NT-proBNP), CPK, iron levels in the case of heart failure, and a search for
atherosclerotic risk factors (lipid and glycemic work-up). In a small cohort (53 patients),
elevated troponins and natriuretic peptides were associated with ventricular arrhythmias
(Chmielewski, 2020).
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3.3.4 Initial extracardiac workup

In addition to myocardial damage and rhythmological manifestations, LMNA gene mutations
can be associated with a wide range of pathological phenotypes, including skeletal muscle
(limb-girdle muscular dystrophies type 1B and Emery Dreifuss), metabolic and endocrine
(lipodystrophic syndromes such as Dunnigan's familial partial lipodystrophy), peripheral
neuropathic (Charcot-Marie-Tooth disease type 2), acromandibular dysplasia or progeroid
syndromes (Hutchinson-Gilford progeria) (Fatkin et al., 1999; Kovalchuk et al., 2021).

The aim of the initial extracardiac work-up is to look for the presence of these other
associated clinical manifestations and, if necessary, to refer patients to a specialist physician
for specific management, ideally in a reference center specializing in the management of rare
neuromuscular or metabolic diseases (including the PRISIS network).

The extracardiac work-up indicated for all LMNA variant carriers, to determine whether there
is an indication for referral to a practitioner in a specialty other than cardiology, includes :

- A search for personal or family medical history and/or symptoms that may fit into
these nosological frameworks, such as myalgias, muscle-deficit symptoms, history of
tendon retractions, atypical diabetes (non-autoimmune diabetes in young, overweight
subjects), hypertriglyceridemia, fatty liver, personal or family history of acute
pancreatitis, polycystic ovary syndrome in women.

- Clinical examination for skeletal muscle abnormalities, lipodystrophy (low quantity or
absence of subcutaneous adipose tissue, either generalized or affecting the limbs in
particular, and contrasting with preservation or accumulation of adipose tissue in the
face, neck and supra-clavicular regions), acanthosis nigricans (thickened, brownish
skin in the axillary, cervical and inguinal folds), peripheral neurological damage,
dysmorphic signs (premature alopecia, drooping shoulders, scleroderma-like skin,
abnormal skin pigmentation), atheromatous manifestations (chest pain, particularly on
exertion, vascular murmur, reduced pulse).

- Certain complementary tests should be carried out systematically, such as a CPK assay
(part of the first-line work-up for dilated cardiomyopathy), a lipid panel (EAL: lipid
anomaly explorations with total cholesterol, HDL-cholesterol, direct LDL-cholesterol,
triglycerides), measurement of the liver enzymes ASAT, ALAT, GGT, fasting
glycemia.

If there is the slightest suspicion of extra-myocardial involvement, other, more detailed
investigations will be carried out, depending on the context (electromyogram, muscle
imaging, more complete metabolic work-up with, in particular, if there is no diabetes, an
orally induced hyperglycemia (OIGH) with measurement of glycemia and insulinemia at
times 0, 30 min, 60 min, 90 min and 120 min after oral intake of 75g glucose, liver
ultrasound, screening for atheromatous manifestations, and gynecological consultation in
women, and the patient will be referred to a rare neuromuscular or metabolic disease reference
center.
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3.3.5 Cardiovascular risk stratification strategies

The main life-threatening cardiovascular complications in patients with laminopathies and
cardiac involvement are 1) ventricular rhythm disorders and, to a lesser extent, high-grade
conductive disorders responsible for sudden death, 2) heart failure with reduced ejection
fraction, and 3) stroke, most often complicating atrial rhythm disorders.

Cardiovascular risk stratification studies were essentially developed to assess the risk of
sudden death and help select patients who could benefit from ICD implantation in primary
prevention. Two strategies have been developed and validated on large cohorts of patients,
and are therefore applicable for decision-making in clinical practice. They are detailed in the
chapter dedicated to therapeutic aspects. They use the results of simple explorations,
theoretically available to any patient as part of routine management: ECG, cardiac
echography, Holter ECG and genetic test result (LMNA variant type: "false sense" or "other
than false sense").

Risk stratification for heart failure relies primarily on close monitoring for early detection of
signs of myocardial damage, such as reduced left ventricular ejection fraction, impaired right
ventricular systolic function, elevated blood biomarkers of heart failure, and the presence of
myocardial fibrosis on MRI. Assessment of the risk of stroke complicating atrial rhythm
disorders is based on their systematic investigation by Holter ECG or more prolonged
monitoring devices. If a sustained supra-ventricular arrhythmia is identified, curative
anticoagulation is systematically initiated, independently of the usual thrombo-embolic risk
assessment tools such as the CHADS-VASC score. These points are discussed in detail in the
chapter on therapeutics.

3.4 Differential diagnosis
Variants in other genes may be associated with a similar clinical presentation.

e Variants of the EMD gene (on the X chromosome, coding for emerin) are responsible
for Emery-Dreifuss muscular dystrophy (EDMD), sometimes with CMD. Atrial arrhythmias
are common in patients with muscular dystrophy associated with mutations in the EMD or
LMNA genes; however, they occur earlier in patients with mutations in the EMD gene.
Ventricular arrhythmias are very common (60
%) and earlier in the LMNA group compared with the EMD group (Marchel, et al., 2021). The
difference in the frequency of cardiac arrhythmias in the LMNA and EMD groups indicates the
need for accurate genetic diagnosis in patients with muscular dystrophy. On the other hand,
atrioventricular conduction abnormalities and/or early onset of atrial arrhythmia may be a red
flag to look for laminopathy in young, healthy patients with no known previous neurological
diagnosis. Only 35% of EDMD cases are genetically elucidated and associated with mutations
in the EMD or LMNA gene, suggesting the existence of other major genes (Gueneau et al.,
2009).

e Mutations in the FHLI gene sometimes cause X-linked Emery-Dreifuss muscular
dystrophy, but the associated cardiomyopathy is most often hypertrophic cardiomyopathy.

e Mutations in desmoplakin (DSP) genes and filamin C null variants (FLNC) also lead
to arrhythmogenic cardiomyopathy. The phenotype associated with these DSP/FLNC
mutations on MRI is often characteristic, with a fibrosis-like appearance.
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of subepicardial annulus, usually distinguishing them from laminopathies (Augusto et al.,
2020). These MRI aspects will be taken into account in future diagnostic criteria for
arrhythmogenic left ventricular cardiomyopathy.

3.5 Diagnosis and patient information

It's all about the announcement of chronic heart disease, the possibility of extracardiac
involvement (essentially skeletal muscle in the absence of signs pointing to a lipodystrophic
or progeroid syndrome), and finally the genetic origin, with the need to offer genetic
counseling to the closest relatives. This is a consultation dedicated to a specific time, and must
involve a multidisciplinary team, notably cardiology and genetics. The announcement
consultation explains the disease and the principles of medical management, the organization
of information to relatives, and must provide information or links to relevant patient
associations (La ligue contre la cardiomyopathie).

3.6 Genetic counseling / genetic testing and family screening
Genetic counseling has a threefold objective (Charron et al., 2011; Wilde et al., 2022):
e Complete information on the pathology and its cause, particularly in the index case
newly diagnosed with laminopathy-related heart disease.
e Help organize cardiology screening for relatives,
* And organize molecular genetic testing of relatives.

3.6.1 Information

The aim of this information is to answer questions from the index case (first patient in the
family identified as having laminopathy) or family members, and to inform them about: the
genetic origin of the disease; its autosomal dominant mode of transmission (and therefore
identification of relatives at risk within the family); the usually delayed cardiac expression
(usually starting only in adulthood, often after the age of twenty but sometimes only around
40 to 50), often discreetly earlier in men than in women, and highly variable from one person
to another in the family in its chronology or diversity of manifestations; the very rare
possibility of incomplete penetrance (i.e., being a carrier of the mutation but not declaring
heart disease); if necessary, discuss childbearing and how to monitor a pregnancy and the
unborn child. The consultation begins with a review of the family history, including a family
tree spanning at least three generations.

It is also an opportunity to introduce patient associations (by providing contact details), to
provide written material on the disease and its genetic origin, or to give contact details for the
network or reference center that has put them online (www.filiere-cardiogen.fr or
www.cerefcoeur.fr).

3.6.2 Family cardiology screening
Screening of relatives is essential because of (a) their genetic origin and the risk of
transmission, which is 50% in all first-degree relatives, regardless of sex, and (b) the medical
implications of early cardiological diagnosis (Charron 2010). Initial cardiological screening of
relatives can be carried out in parallel with predictive genetic testing of the relative, or
depending on the results of his or her predictive test.
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If a relative does not wish to undergo genetic testing despite medical advice, then
cardiological screening of at-risk relatives within the family should include, as a minimum, an
ECG, echocardiography and 24-hour Holter-ECG. For these common forms of laminopathy
with cardiac expression in adults, cardiological screening usually begins at age 10-12, and is
repeated (if genetic testing is still not performed) every 2-3 years between ages 10 and 20,
then every 2-5 years thereafter, usually up to age 60 (Charron 2010).

By law, relatives cannot be contacted directly by the medical team in charge of the case-
index, but only via the case-index, after the latter has been informed of the importance of this
approach and his or her responsibility in preventing the disease within the family. A written
information sheet (available on the reference center's website) can be handed out, to make it
easier to pass on information to the family. Refusal by the index case to inform its family may
engage its civil liability under Decree n2013-527 of June 20, 2013. In complex cases, the use
of a special partial information procedure may be discussed.

3.6.3 General organization of molecular genetic testing (or prescription

procedures)

Under current regulations, genetic testing of a relative is part of a process known as "genetic
counseling" (article 1 1131-1-2 of the French Public Health Code). Prescribing a genetic test,
and the genetic counselling that accompanies it, require special expertise and often special
organization in the form of multidisciplinary consultations, involving a range of health
professionals trained to deal with the medical and non-medical, particularly psychological,
socio-professional and sometimes ethical implications of the genetic test result, while
respecting the legislative framework for genetic testing.

In the case of a patient with cardiomyopathy (propositus or index case), the request for genetic
testing must be accompanied by informed consent signed by the patient, attestation of this
consent by the prescribing clinician, the prescription for the specific genetic test requested, the
family tree and the minimum clinical information required for appropriate management by the
molecular genetics laboratory, which must itself be certified.

The genetic test must be prescribed for the index case by a doctor with expertise in the field,
who will then be able to explain the result and its consequences. Prescription of the predictive
(or presymptomatic) test is more restrictive, and must be carried out by doctors working as
part of a multidisciplinary team declared as such to the Biomedicine Agency (Decree no.
2008-321 of April 4, 2008 on the examination of a person's genetic characteristics or their
identification by genetic fingerprinting for medical purposes).

3.6.4 Genetic screening of relatives and predictive testing
The request concerns a relative who has not yet declared the disease, but who is at risk of
declaring it due to the often delayed expression (age-related penetrance), and the involvement
is important because the test will guide the monitoring procedures for the relative. Predictive
genetic testing (also known as presymptomatic testing) is targeted to search directly for the
anomaly.
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identified in the index case. It can only be proposed if a pathogenic variant (class 4 or 5) has
been identified in the index case. The relative without the familial mutation is reassured and
can discontinue specific medical surveillance for laminopathy, whereas the relative with the
mutation should benefit from regular cardiological surveillance so that management can be
initiated as soon as appropriate (Charron et al., 2011, Wilde et al., 2022).

In the context of these common forms of laminopathy with cardiac expression in adults,
systematic genetic screening of first-degree relatives is recommended from the age of 10-12
(or earlier in the case of a proven early form in the family), and concerns all first-degree
relatives of the case-index, whatever their sex, in this autosomal dominant disease. 1¢" degree
relatives who do not wish to know their genetic status with regard to the disease must
continue to undergo regular cardiological surveillance.

3.6.5 Prenatal and pre-implantation diagnosis

Various options can be discussed in the case of procreation and a couple's wish not to transmit
the disease, including that of prenatal diagnosis (PND) or preimplantation diagnosis (Palojoki
et al., 2010; Kuliev et al., 2012). PGD is authorized in France for particularly serious and
incurable diseases, and is governed by law (Code de la Santé¢ Publique - Article L2131-1).
Pluridisciplinary Prenatal Diagnosis Commissions (CPDPN) rarely accept DPN requests from
couples for cardiomyopathies, but more readily in cases of myopathy or complex forms of
laminopathy. However, after a favorable opinion from the CPDPN, it may be carried out on a
case-by-case basis, particularly in particularly severe forms of the disease, on the basis of
family history or the presence of mutation(s) known to have deleterious effects. Pre-
implantation diagnosis (PGD), as part of medically assisted procreation aimed at selecting and
implanting an egg free of the family mutation during in vitro fertilization, is subject to the
same legislation as PND.

3.7 Special situations
This PNDS focuses on laminopathies with a cardiac presentation, and in particular on forms
that usually reveal themselves in adulthood (although they can sometimes affect children from
the age of 10, particularly adolescents). Within this framework, there may be special clinical
situations due to the type of extracardiac or systemic manifestations observed, or due to
atypical features in the cardiac presentation of the disease.

In addition, it is important to note that there are also a number of very specific clinical forms
which are not covered in this document, and which are frequently diagnosed in the neonatal
period or in childhood (including before the age of 10), such as progerias, restrictive
dermopathies or congenital muscular dystrophies.

3.7.1. Special situations due to extracardiac manifestations Apart from
cardiomyopathies, LMNA gene mutations may be associated with various extracardiac or
systemic phenotypes, including Emery Dreyfuss or limb-girdle muscular dystrophies,
Dunnigan-type familial partial lipodystrophy, Hutchinson Gilford syndrome, and autosomal
recessive Charcot Marie Tooth type 2 disease, among others (Rankin et al., 2008). In all these
clinical forms, cardiomyopathy and electrical damage have been reported to be possible,
justifying in principle the initiation of
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specific cardiological management. On the other hand, there are no studies to confirm that
certain clinical forms are associated, independently of other clinical or genetic characteristics,
with a lower or higher cardiac risk of cardiomyopathy.

3.7.2. Special situations with atypical cardiac presentations
Alongside the typical clinical form previously described in this document, characterized by
the association of dilated cardiomyopathy with mainly atrioventricular conductive disorders
and atrial and/or ventricular rhythm disorders, several other clinical forms have been reported
less frequently in laminopathies.
First, there are several other forms of cardiomyopathy associated with LMNA variants: left
ventricular non-compaction (LMNA gene mutations identified in 5% of cases) (Sedaghat-
Hamedani et al., 2017; Richard et al. 2019), left ventricular apical aneurysm and ventricular
rhythm disorders without initial ventricular dilatation or systolic dysfunction (Forissier et al.,
2003), isolated apical left ventricular hypoplasia (Pica et al., 2014), arrhythmogenic right
ventricular cardiomyopathy (ARVC).

Around 4% of LMNA pathogenic variants have been identified in patients with ARVC of
definite or probable diagnosis (Quarta et al., 2012), usually associated with conductive
disorders. Thus, the lamin A/C gene is usually associated with genes encoding desmosomal
proteins in genetic panels for the assessment of ARVC (Kato et al., 2016).

Moreover, in the context of very specific entities with extracardiac presentation, cardiological
involvement has sometimes been described. In particular, lipodystrophic syndromes
associated with LMNA gene variants are associated with early atheroma, particularly
coronary, which justifies systematic screening and management of cardiovascular risk factors,
and ischemia testing at the slightest doubt (cf PNDS Dunnigan lipodystrophic syndrome:
Mosbah H et al Orphanet J Rare Dis 2022). Progeroid laminopathic syndromes put patients at
risk of early and severe atheroma, dilated cardiomyopathy and valvular calcification. Several
complex forms of laminopathy associating lipodystrophic, metabolic, progeroid, and/or
muscular and cardiac signs have been described (Mosbah H et al Orphanet J Rare Dis 2022;
Treiber G Eur J Endocrinol 2021; Araajo-Vilar et al, 2008; Francisco et al, 2017; Marian et al,
2017).

4 Therapeutic management

4.1 Objectives
Therapeutic management aims to improve symptoms, stabilize disease progression,
treat and prevent complications, and manage specific situations such as pregnancy.

4.2 Professionals involved (and coordination arrangements)
The management of patients with laminopathies should be organized within dedicated
reference centers, given its complexity and specific features compared with cardiomyopathies
of other causes. It should involve a cardiology team with specific expertise in
cardiomyopathies. Depending on the type of extracardiac manifestations potentially present,
patients should also be referred to specific reference centers (neuromuscular, metabolic, etc.).
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in particular). Diagnosis and genetic counseling must involve a multidisciplinary team,
particularly cardiology and genetics (paragraph 3.5). This specialized care should be
organized in conjunction with the patient's GP.

4.3 Therapeutic management

4.3.1 Conduction disorders

Atrioventricular conductive disturbances were reported on ECG in 32 to 57% of patients at
mean ages of 40 and 41 years, respectively (Wahbi 2019, Kumar 2016). The risk of
progression of these conductive disorders to complete atrioventricular block is high, and has
been reported for 15-18% of the total patient population in these same cohorts. The decision
to preventively implant a pacemaker is based on the usual criteria for the management of
conductive disorders, with no specificity in the context of laminopathies. In a meta-analysis of
patients implanted with pacemakers for conductive disorders, a sudden death rate of 11% (10
out of 84 patients) was reported (van Berlo 2005). These sudden deaths in patients with
pacemakers are essentially due to ventricular rhythm disorders, and justify the implantation of
defibrillators (endocavitary, not subcutaneous) as first-line treatment rather than pacemakers
when there is an indication for permanent pacing (Meune et al, 2006).

4.3.2 Atrial rhythm disorders

Atrial fibrillation and flutter are frequent manifestations of laminopathy. They may be present
in the early stages of the disease, before the appearance of significant myocardial
abnormalities, or in the late stages in the context of heart failure. Whether paroxysmal or
permanent forms of arrhythmia, they are associated with a high risk of ischemic stroke and
other cardio-embolic complications, necessitating the routine use of curative anticoagulation,
irrespective of CHADS-VASC embolic risk score (Atalaia et al., 2021; Kumar, Baldinger, et
al., 2016; van Rijsingen, Bakker, et al., 2013). There are no studies comparing sinus rhythm
maintenance strategies (cardioversion and/or ablation) versus ventricular rate control. Given
the significant risk of onset or deterioration of systolic ventricular function and heart failure in
patients with laminopathies, a sinus rhythm maintenance strategy is probably preferable.
Ablation procedures for the treatment of atrial fibrillation appear to be associated with lower
efficacy than those obtained in the general population, probably even lower in advanced
stages of the disease associated with significant atrial electrical remodeling with a diffuse
arrhythmogenic substrate. In one of the few series of atrial fibrillation ablation in
laminopathies, the risk of early recurrence was high (7 out of 8 cases, mean delay 4 months)
(Chauvel, 2021). The use of antiarrhythmic drugs to prevent recurrence should follow the
same prescribing rules as in the general population, while respecting the contraindications that
left ventricular dysfunction, conductive disorders or ventricular hyperexcitability may
represent for certain molecules.

4.3.3 Ventricular rhythm disorder
Preventing sudden death is a major challenge in the management of patients with
laminopathies. The main mechanism of sudden death is the onset of ventricular rhythm
disorders (tachycardias and ventricular fibrillations), which can occur while the left
ventricular ejection fraction is preserved. The main therapeutic option for
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to prevent sudden death is the prophylactic implantation of conventional (endocavitary) rather
than subcutaneous defibrillators, given the high risk of patients developing high-grade
conductive disorders at the same time. Patient selection for ICD implantation in primary
prevention should be based on very specific criteria that have been validated in this pathology,
and not on the LVEF <35% criterion generally used for dilated cardiomyopathy, which is not
sensitive enough. In secondary prevention (recovered cardiac arrest, sustained ventricular
rhythm disorders), the indication for an ICD in this condition is clear-cut.

An initial study of 19 patients supported this strategy, showing that systematic implantation of
an implantable automatic defibrillator in cases where a pacemaker is indicated for severe
conductive disorders (HV>70ms and/or complete BAV and/or severe sinus dysfunction) has
the potential to prevent a high number of sudden deaths: over a median follow-up of 34
months, 8 patients (42%) implanted on these criteria received an appropriate internal electric
shock (Meune et al., 2006). Another study including 47 patients with conductive disorders
(sinus dysfunction, high-grade BAV or association of PR>240ms with left bundle branch
block or NSVT) fitted with an ICD showed that 11 patients (52%) received an appropriate
internal electric shock over a median follow-up of 62 months (Anselme et al., 2013).

Subsequently, two large-scale studies developed and validated the two strategies currently
recommended for selecting patients for ICD implantation in primary prevention. The first
strategy is based on the search for the following 4 independent risk factors associated with
the occurrence of malignant ventricular arrhythmias: male sex, NSVT (non-sustained VT) on
Holter ECG, LVEF <45%, nonfalse-sense LMNA mutations (van Rijsingen, 2012). It has been
shown in a European cohort (269 patients, mean follow-up 43 months) (van Rijsingen, 2012)
and secondarily validated in a French cohort (101 patients, follow-up 3.4 years) (Thuillot,
2019) that patients with at least 2 of these risk factors have a sufficiently high risk of event to
justify ICD implantation, whereas patients with 0 or 1 risk factor have a low enough risk to be
content with cardiological monitoring (van Rijsingen, 2012; Thuillot, 2019). In the external
validation study, the C-index was calculated at 0.76 (Thuillot, 2019). The special case of male
patients with a non-false-sense mutation should prompt discussion of the indication for an
ICD on a case-by-case basis only (depending on the presence of phenotypic expression of the
disease at the cardiac level and the quantitative estimate of the level of risk described below)
and not systematically, even if they have de facto 2 risk factors present. The second strategy
is based on the use of modeling with an algorithm to obtain a quantitative estimate of the
absolute risk of malignant arrhythmia at 5 years, available via an online calculator
(https://LMNA-risk-vta.fr/) by filling in the following items: gender, atrioventricular block
(absent, 1° degree, high grade), NSVT (ventricular triplets or beyond, HR >120 bpm), LVEF,
non-false sense mutation type (Wahbi, 2019). The study was conducted in an initial cohort of
444 patients (C-index 0.77) and replicated in a second population of 145 patients (C index
0.827) (Wahbi, 2019).- The question of the risk threshold for ventricular arrhythmia justifying
ICD implantation remains a difficult one, with a threshold of 10% at 5 years often applied by
a majority of teams specializing in the management of genetic cardiomyopathies.

In practical terms, it seems reasonable to combine these two approaches to guide the
decision to implant an ICD, bearing in mind that a direct comparison of these approaches was
carried out and was in favor of a better prediction of events with the quantitative approach
using the calculator. Most recently, the ESC 2022 recommendations have
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have been published advocating prophylactic implantation of an ICD in laminopathies in the
event of a rhythmic risk score >10% at 5 years combined with the presence of LV EF <50%
or atrioventricular block or VTns (Zeppenfeld K et al., 2022). Finally, the decision to implant
an ICD, particularly in a young patient, will have very important implications in terms of
follow-up, potential impact on quality of life and ICD-related morbidity, with around 30% of
complications (inappropriate shocks, infections, lead breaks) expected at 5 years. It is
therefore crucial to take into account the patient's choice, after informing him or her of the
risks and benefits. Different wishes may be expressed by patients with the same level of risk,
particularly in intermediate-risk situations.

In the presence of recurrent ventricular rhythm disorders, particularly despite antiarrhythmic
drug treatment, it may be worth considering proposing an ablation procedure to correct the
arrhythmogenic substrate. Arrhythmia is indeed usually due to scar-mediated reentry or
branch-to-branch reentry (Kumar et al., 2015). In a multicenter study, the fate of patients with
laminopathies and refractory ventricular tachycardia was described (Kumar, Androulakis, et
al., 2016), which is often associated with modest ablation efficacy with a high recurrence rate
(91%), frequent progression to end-stage heart failure (44%) and high mortality (26%). These
disappointing results are probably due to the presence of difficult access to the
arrhythmogenic substrate, which can be diffuse, localized at the basal portion of the septum
and intramural in location (Hasebe et al 2019). Given the high probability of recurrence of
ventricular tachycardia indicating a poor prognosis, Sidhu et al. advise aggressive strategies
including amiodarone and management by an expert center accustomed to treating the mid-
myocardial substrate by catheter ablation after an episode of ventricular tachycardia (Sidhu et
al. 2020).

It is important to point out that, in the presence of recurrent ventricular rhythm disorders with
impaired systolic function, rhythmological management should not delay the possibility of
heart transplantation.

4.3.4 Cardiomyopathy and heart failure
The management of LMNA-associated systolic dysfunction and heart failure should follow the
general recommendations for the use of disease-modifying drug therapies that have
demonstrated a benefit in terms of morbidity and mortality, such as beta-blockers,
angiotensin-converting enzyme (ACE) inhibitors or angiotensin receptor blockers/sacubitril,
or gliflozins, although the specific efficacy of these treatments in this population is unknown
(Chen et al., 2019).

Cardiac resynchronization by multisite pacing can be offered to patients with laminopathies
meeting the general population criteria for recommending this treatment (McDonagh, 2021),
as a positive response to this treatment has been observed in 38-62% of patients in terms of
stabilization of left ventricular ejection fraction and progression of clinical heart failure (Sidhu
K, 2022).

In the presence of severe heart failure or significant systolic dysfunction (left or right
ventricular), and given that progression is often more rapid than for cardiac pathologies of
other causes, patients with laminopathies must be rapidly referred to a center with expertise in
the management of heart failure, to optimize pharmacological treatment and assess the
possible indication for permanent circulatory assistance or transplantation. The aim of rapid
referral is to
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increase the likelihood of successful management of end-stage heart failure, and limit the risk
of serious complications before the project is completed.

4.3.5 Venous thromboembolic complications
The increased risk of venous thromboembolic disease associated with laminopathies that has
been observed in some preliminary clinical studies with moderate patient numbers should
prompt us to be proactive in terms of venous thromboprophylaxis in primary prevention and
should be taken into account in the use of anticoagulants in secondary prevention (van
Rijsingen, Bakker, et al., 2013).

4.3.6 Sport restrictions and healthy living
As with any type of cardiomyopathy, and a fortiori when there's a high risk of sustained
ventricular rhythm disorders, competitive or recreational sports should be discussed in depth,
given the high risk of sudden death.

In the case of laminopathies, there are a number of both experimental and clinical
observational data suggesting the deleterious effect of sustained sporting activity over the long
term with greater progression of myocardial disease damage. In a mouse model of
laminopathy, an earlier development of dilated cardiomyopathy was shown upon exposure to
heavy physical activity (Cattin et al., 2016). Competitive sport has also been identified as an
independent marker for the occurrence of sudden death or severe events associated with heart
failure (Pasotti et al., 2008), and cumulative lifetime physical activity has been independently
associated with the development of systolic left ventricular dysfunction and higher NT-
proBNP values (Skjglsvik et al., 2020; Tomczak, 2020). In view of these various data, it would
seem necessary to contraindicate competitive sport in patients with cardiac expression of
laminopathy (especially in cases of CMD or ventricular hyperexcitability) and to recommend
restricting sustained physical activities over the long term (especially those with high
intensity) (Pelliccia, 2020), while avoiding an excessive sedentary lifestyle, which has a
deleterious effect in terms of the progression of heart failure in the general population. In
relatives who carry the familial mutation but have not yet developed cardiac expression,
competitive sport should be discussed on a case-by-case basis, but is generally not
recommended (Pelliccia, 2020).

4.3.7 Extracardiac disorders

In lipodystrophies associated with pathogenic LMNA variants, appropriate diet and non-
intensive physical exercise must be strongly encouraged for the prevention and treatment of
metabolic complications. A balanced diet, adapted to body mass index, limits high-glycemic
index sugars and saturated fatty acids as much as possible, and favors complex carbohydrates,
fiber and mono- and polyunsaturated fatty acids. Regular physical exercise is recommended,
following a cardiovascular examination to ensure there are no contraindications. Metformin
can be prescribed as soon as moderate fasting hyperglycemia (> 1g/L) or glucose intolerance
to oral hyperglycemia has been diagnosed. Other antidiabetic treatments are frequently used.
The LDL-cholesterol target for primary prevention is < 1g/L (2.58 mmol/L) in the absence of
diabetes, and < 0.7g/L in the presence of diabetes, which frequently justifies the prescription
of statins. Fibrates are also used in cases of hypertriglyceridemia. Contraception must be
adapted to the metabolic risk. The frequent co-morbidities associated with insulin resistance
(hepatic disease, cardiovascular risk, polycystic ovary syndrome, symptoms of diabetes, etc.)
must be taken into account.
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(cf. PNDS Dunnigan's lipodystrophic syndrome: Mosbah H et al Orphanet J Rare Dis 2022).
The possible use of metreleptin, an orphan leptin analogue, will be discussed on a case-by-
case basis at the PRISIS network multidisciplinary consultation meeting.

Patients with suspected lipodystrophy should undergo metabolic investigations, including an
OGTT if they do not have diabetes, lipid abnormalities (total cholesterol, HDL-cholesterol,
direct LDL-cholesterol, triglycerides), a liver ultrasound, and a gynecological consultation in
women (cf. 3.3.4). They should also be screened for muscular damage (myalgia, muscle
weakness, tendon retractions). Careful cardiac monitoring is required for all patients with
pathogenic LMNA variants.

At present, there is no specific treatment to improve amyotrophy and muscle strength
degradation. The treatments used are often symptomatic and common to all muscular
dystrophies and neuropathies (Atalaia et al., 2021). Myalgia and muscle cramps are treated by
analgesic therapy (according to pain intensity, localization, context, associated factors, patient
age and comorbidities), decontracting treatments and analgesic massage. In the case of more
advanced muscular damage, several treatment options can be implemented in coordination
with a neuromuscular multidisciplinary consultation: 1) motor physiotherapy with stretching,
massage and gentle muscle strengthening to prevent and stabilize tendon retractions and
muscle decline, 2) mechanical aids (canes, orthoses, walkers and wheelchairs) as required to
maintain walking for as long as possible, 3) surgery for tendon retractions (especially
Achilles) and severe scoliosis, 4) respiratory physiotherapy if necessary, with cough
assistance or even non-invasive ventilation.

The use of depolarizing muscle relaxants (succinylcholine) and volatile anesthetics
(halothane, isoflurane) should be avoided during surgical procedures when there is obvious
muscle damage (theoretical risk of malignant hyperthermia).

In LMNA-linked congenital muscular dystrophy, some patients appear to respond dramatically
to corticosteroid treatment, with stabilization or even improvement in muscular performance
(walking, running, headstand) (unpublished). Further studies are underway to support these
preliminary results.

The literature on progeroid syndromes includes two non-randomized, blinded, controlled
studies on the use of a farnesyl transferase inhibitor, lonafarnib, either as monotherapy or in
combination with pravastatin and zoledronic acid. Results show improvements in weight,
vascular rigidity, bone structure and audiological status (and bone density in the combination
trial), but little or no effect on survival. Reports on the use of growth hormone (GH) and
nutritional measures unfortunately show only a transient benefit (Atalaia et al., 2021).
Ambrosi described 7 patients from the same family with limb-girdle muscular dystrophy 1B
who underwent heart transplantation (Ambrosi et al., 2009). These patients had no more early
or late postoperative complications than other heart transplant recipients.
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during an average follow-up of 8 years (from 1 to 17 years). Notably, there were no cases of
rhabdomyolysis, and skeletal muscle symptoms were not significantly altered. Mild skeletal
muscle involvement is not a contraindication to heart transplantation.

4.3.8 Innovative therapeutic perspectives
New therapeutic approaches are being developed for the treatment of cardiomyopathies
associated with laminopathies at more or less advanced stages, both experimental and clinical,
and could strengthen the therapeutic arsenal for laminopathies in the years to come.
Some are exploring novel pharmacological approaches aimed primarily at blocking
pathophysiological pathways over-expressed in this disease. These include 1) a selective oral
inhibitor of the p38 mitogen-activated protein kinase (MAPK) pathway (Wu et al., 2011)
which is currently the subject of an international multicenter phase III clinical trial
(www.clinicalTrials.gov identifier NCT03439514), 2) 'mTOR pathway inhibitors which have
shown improved remodeling and systolic function in mouse models of laminopathy, and 3)
PDGFR blockers with the potential to correct certain rhythmic manifestations in in vitro
models (Crasto et al., 2020).
Other treatments based on more innovative approaches are currently being studied at pre-
clinical stages by academic or private research teams. These approaches are most often
"mutation-specific", aiming, for example, to correct the haploinsufficiency associated with
certain mutations (gene therapy) or to correct the genetic defect itself in a specific way (gene
correction, CrisprCas9). In the long term, they could have the potential to offer truly curative
treatments for these patients, particularly if administered at the earliest stages of cardiac
involvement in these pathologies. It remains uncertain how long it will be before this type of
treatment, with satisfactory efficacy and safety profiles, becomes available in the clinic.

4.3.9 Pregnancy

There is little information on the risk associated with pregnancy in women with LMNA gene
mutation. A study of a limited number of women (n=5) showed a favorable outcome in the
early stages of cardiomyopathy and in the absence of heart failure (Palojoki et al., 2010).
These women were related to patients with overt cardiac disease, and no life-threatening
arrhythmias were observed during their pregnancies. In a recent series of 89 pregnant women
with LMNA gene mutation (Castrini, 2022), new arrhythmias were observed in 9% of cases,
but there were no severe maternal or fetal complications, nor was the previous pregnancy
history a pejorative factor. Close cardiological monitoring is recommended during pregnancy,
including echocardiographic measurements of left ventricular dimensions and ejection
fraction, Holter-ECG and measurement of plasma NT-proBNP concentrations. Monitoring
intervals depend on the patient's symptoms and clinical manifestations.

4.4 Therapeutic education
The aim of a therapeutic education program is to help patients and their families better
understand their disease and treatment, cooperate with their caregivers, live as healthily as
possible and maintain or improve their quality of life (WHO).
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Patients with laminopathies benefit in particular from FTE adapted to heart failure and
defibrillator, depending on the patient.

5 Follow-up

5.1 Objectives

The aim is to regularly monitor the progress of the disease and treatments, so as to
periodically adjust the management modalities. This is all the more justified in view of the
progressive nature of cardiac damage in laminopathies, and the high incidence of annual
complications (particularly malignant arrhythmias, around 4% per year for patients included
in the French national registry, hence the need for regular reassessment of the risk of sudden
death and the possible indication for implanting an ICD for primary prevention, in order to
improve the overall strategy for preventing sudden death).

The frequency and methods of follow-up must take into account the initial workup, the
patient's classification (low risk, high risk), the patient's response to the treatments used, and
the patient's condition (age, pregnancy, associated pathology or preoperative workup, for
example).

5.2 Professionals involved (and coordination arrangements)
Patient follow-up is coordinated, at best, by a hospital doctor from the CMD reference and/or
competence center, who is the identified referent for the patient and the treating physician, in
close collaboration with the latter.

Other specialists intervene at the request of the doctor in charge (see section 3.3.3 & 3.3.4).

Pacemakers and defibrillators are monitored in a specialized environment. Psychological
support is often very useful, due to family and/or personal experience of the disease.

School doctors (personalized schooling project) and occupational physicians can be involved.

5.3 Frequency and content of consultations
Carriers of LMNA variants in adulthood are generally advised to undergo cardiological
assessment at least once a year, even if they are asymptomatic and have no previously
identified manifestations of the disease (in the latter case, the assessment becomes annual,
especially from the age of 30 onwards). As explained in the section on genetic diagnosis, for
minors who are carriers or at risk of being carriers of LMNA variants, follow-up is
systematically indicated from the age of 10, even if the penetrance of cardiac damage is lower
in this age group than in adults. Follow-up before the age of
18 years can be scheduled at least once a year if phenotypic manifestations are present, and
every two years if no phenotype is identified.
A more frequent monitoring schedule is indicated for a significant proportion of patients with
significant myocardial or rhythmological damage, and should be implemented on a case-by-
case basis according to the individual characteristics of each patient.
Clinical examination should include detailed questioning and a physical examination,
particularly to check for heart failure.
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5.4 Additional tests (other prescriptions during follow-up)
The cardiological examinations recommended during follow-up are :
e ]2-lead ECG ;
e Echocardiography ;
e Exercise test; either alone or coupled with measurement of gas exchange (vo2)
e Holter ECG.
e (Cardiac MRI
¢ Blood biology including natriuretic peptide assay.

The minimum workup to be scheduled for annual assessments includes an ECG, transthoracic
echocardiography and Holter ECG. An exercise test, either alone or coupled with a VO2 gas
exchange measurement, is performed every one to two years, depending on the cardiological
assessment. These tests enable us to update our assessment of the risk of ventricular
arrhythmia, evaluate myocardial systolic function and look for atrial rhythm disorders and
paroxysmal conduction abnormalities. In the presence of proven myocardial or
rhythmological abnormalities, these investigations may be repeated more frequently, with the
frequency depending on the patient's specific clinical context.

A natriuretic peptide (BNP or NT-proBNP) assay may be considered during follow-up to raise
awareness of myocardial damage and guide management of established heart failure. Cardiac
MRI may be considered during follow-up to reassess myocardial damage in terms of systolic
function (myocardial deformation, ejection fraction), atrial and ventricular remodeling and
tissue characterization, including quantification of fibrosis (late enhancement, native TI,
ECV). Repeat MRIs can be envisaged at intervals of 3 to 5 years (further apart than simpler
investigations such as ECG and ultrasound).
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6.figures

Figure 1. schematic presentation of lamin interactions with inner nuclear membrane
(INM) proteins and nucleoplasmic proteins (adapted from reference Charron 2012). A/C
lamins interact with several transcription factors (c-fos, Rb) and regulate several important
signaling pathways such as the Rb/E2F or Rb/MyoD differentiation pathways, the AP-1 and
TGFb proliferation pathways. ONM: outer nuclear membrane, BAF: Barrier to
Autointegrative Factor, LAP: Lamin Associated Protein, Rb: Retinoblastoma protein, AP-1:
Activator Protein 1, TGFb: Transforming Growth Factor b.
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Figure 2. Distribution of LMNA mutations in prelamine A and lamin C (adapted from
Bertrand et al. 2011) Schematic representation of the LMNA gene and its two main isoforms:
prelamine A and lamin C. LMNA mutations associated with striated muscle are represented by
black lines and are located along the molecules. LMNA mutations leading specifically to
adipose tissue abnormalities are represented by dotted lines and are mainly located in the N-
and C-terminal domains, with a hotspot in the Ig-like domain at Arg482. Mutations associated
with premature aging syndromes (progeria) are shown in light grey. They are also mainly
located in the N- and C-terminal domains, with a hotspot at position 608 and position 527
(acromandibular dysplasia). The position of the single LMNA mutation, p.R298C, leading to
axonal neuropathy, is also indicated.
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Figure 3. Age-dependent penetrance of a major cardiac event in 299 LMNA mutation
carriers (from van Berlo et al. 2005) (a) Age-dependent penetrance of rhythm disorders
(conduction defect, supraventricular or ventricular arrhythmia) and pacemaker implantation.
(b) Age-dependent penetrance of heart failure.
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Figure 4. Event-free survival (without malignant ventricular arrhythmia) in 269 LMNA
mutation carriers (adapted from van Rijsingen, JACC 2012) Kaplan- Meier event-free
survival stratified by 4 independent risk factors (RF): nonsustained ventricular tachycardia,
left ventricular ejection fraction <45% at first visit to cardiologist, being male and nonfalse-
sense mutations (ins-del/troncating or mutations affecting splicing). Event: occurrence of
malignant ventricular arrhythmias, defined as appropriate treatment with an automatic
implantable defibrillator, cardiopulmonary resuscitation or sudden cardiac death.
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7 Care network

Filiére nationale de santé CARDIOGEN (hereditary or rare heart diseases):
www.filiere-cardiogen.fr/ & www.filiere-cardiogen.fr/public/annuaire/

Reference and competence center for hereditary or rare cardiomyopathies and cardiac
rhythm disorders
www.cerefcoeur. fr

Detailed list of teams in appendix 3.

FILNEMUS national health network (rare neuromuscular diseases) www.filnemus.fr
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8 Association network

- French cardiomyopathy patients' association: "la Ligue contre la cardiomyopathie": 6,

rue du Houssay, 28800 MONTBOISSIER; tel.: 06 86 41 41 99
fax: 02 37 47 23 22; ligue-cardiomyopathie@orange.fr

- The French Muscular Dystrophy Association AFM-T¢éléthon

9 Appendices

Appendix 1 Literature search and article selection
Databases searched : PubMed, LegiFrance
Search period: last 20 years Languages used:
English

Method and keywords used: "LMNA, cardiomyopathy, LMNA pathways Lamin A/C, mutation,

identification, physiopathology, sudden cardiac death, treatment, child" in the titles and
abstracts of the documentary resources.

Number of references selected: /71

Article selection criteria: Relevance according to the expertise of the PNDS coordinators

Appendix 2 PNDS expert panel
This work was coordinated by :

- 1 Pr Philippe Charron, coordinator of the Reference Centre for Hereditary or Rare
Cardiomyopathies and Cardiac Rhythm Disorders, APHP, Hopital de la Pitié-

Salpétriére, Paris

- 2 Pr Karim Wahbi, Cardiology Department, Reference Centre for Neuromuscular

Diseases; APHP, Hopital Cochin, Paris

Multidisciplinary review group for the PNDS

- 1 Frédeéric Sacher, Centre de référence des maladies rythmiques héréditaires du CHU

de Bordeaux (CMARY), Bordeaux

- 2 Estelle Gandjbakhch, Centre de référence des cardiomyopathies et des troubles du

rythme cardiaque héréditaires ou rares, APHP, Hopital de la Pitié-Salpétricre, Paris

- 3 Rabah Ben Yaou, Assistance Publique-Hopitaux de Paris, Hopital Pitié-Salpétriere,

Institut de Myologie, Sorbonne Université, Paris, France.

- 4 Corinne Vigouroux, Centre de référence maladies rares (PRISIS) (Pathologies Rares

de I'Insulino-Sécrétion et de I'Insulino-Sensibilité), Hopital Saint-Antoine, Paris

- 5 Nicolas Piriou, Université de Nantes, CHU Nantes, Centre National de la Recherche
Scientifique, Institut National de la Santé et de la Recherche Médicale, Institut du

Thorax, France

- 6 Pascale Richard, Assistance Publique Hopitaux de Paris (APHP), Unité
Fonctionnelle Cardiogénétique et Myogénétique, Service de Biochimie Métabolique,

APHP, Hopital de la Pitié-Salpétriére, Paris, France.

- 7 Pierre Sabouret, private cardiologist,14 Bis Boulevard de I'Hopital, 75005 Paris

- 8 Gabriel Nemes, general practitioner, Paris
- 9 "Ligue contre la Cardiomyopathie" patient association, Léa de Bellaigue
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Appendix 3 Contact details for reference and competence centers and patient

association(s)

Reference centers

First name , Last name Address Phone E-mail
Reference center for hereditary or rare 0142161347 philippe.charron@ap
Prof. Philippe CHARRON ca}rdlomyopathles and cardiac rthythm hp.fr
disorders
CRMR coordinator
Prof. Karim WAHBI Reference center for ' ‘ 0158411653 Karim.wahbi@aphp.
neuromuscular pathologies Cochin en
. APHP Ambroise-Paré Centre de 0149095619 nicolas.mansencal@
Prof. Nicolas MANSENCAL reference Paris apr.aphp.fr

Prof. Antoine LEENHARDT

APHP Bichat Constituent reference

center Paris

01 49 95 82 06

antoine.leenhardt@a
php.fr

Prof. Albert HAGEGE APHP HEGP Reference center 0156093713 albert.hagege@aphp
constitutive Paris .en
Pr Thibaud DAMY Henrl‘ Mpndor Reference center 0149812253 thibaud.damy@aphp
constitutive Paris .en
Prof Damien BONNET APHP Ne(_:ker Constituent reference 01 44 49 43 40 damien.bonnet@aph
center Paris p.fr
Reference center for hereditary or rare 02.40.16.57.14 vincent.probst@chu-
Prof. Vincent PROBST cardiac rhythm disorders nantes.fr
de 1'0Ouest, Nantes
Pr SACHER Frédéric CMARY re.ference center for hereditary | 05 57 65 63 56 cmary@chu-
rhythmic diseases of the bordeaux.fr
Bordeaux University Hospital
Reference center for hereditary or rare 04 723576 89 philippe.chevalier@
Prof. Philippe CHEVALIER cardiac rhythm disorders chu-lyon.fr
du Sud/Sud-Est , Lyon
Competence centers
Region First name , Discipline Address Phone E-mail
Last name
Prof. Jacques Cardiomyopathy, L jacques.mansourati(@
MANSOURATI Rhythm disorder Breslflgsmi\tler sity 0298347373 chu-brest.fr
Brittany L
Pr Erwan DONAL | Cardiomyopathy, | CHU Rennes, 0299 28 37 55 erwan.donal@chu-
Pr Philippe MABO | Rhythm disorder Pontchaillou rennes.fr
Hospital
Dr Jean-Christophe Dijon University jean
Bourgogne EICHER Cardiomyopathy, . . .
Franche Com Dr Gabriel Rhythm disorder Hosplta.l, 038029 3536 ChﬂStOph?f cicher@c
Frangois hu-dijon.fr
LAURENT .
Mitterrand
Hospital, Dijon
Prof. Laurent
Center - Loire FAUCHIER Cardiomyopathy, | CHRU TROUSSEAU, 02 47 47 46 50 Ifau@med.univ-
Valley Prof. Dominique Rhythm disorder Towers tours.fr
BABUTY
Prof. Nicolas grdﬁznizg?gg’ Nancy University 0383154929 n.saj:ﬁ%c;hu—
SADOUL ve Hospital -
Dr Frangois Cardiomyopathy, Reims University flesaffre@chu-
Great Fast LESAFFRE Rhythm disorder Hospital, Robert 0326789003 reims.fr
Debré Hospital
. . Hautepierre Hospital, .
Dr Elise Cardiomyopathy, Strasbour 03 88 12 81 20 elise.schaefer@chru-
SCHAEFER Rhythm disorder & strasbourg. fr
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Prof. Christophe | Cardiomyopathy, CHU Amiens- 0322 08 72 40 tribouilloy.christophe
TRIBOUILLOY Rhythm disorder Picardie, Amiens @chu-amiens.fr
Dr Pascal DE pascal.degroote@chr
GROOTE Cardiomyopathy, Lille University u-lille.fr
. . 03 2044 57 21 .
. Rhythm disorder Hospital, Heart-Lung didier klug@chru-
Hauts de Prof. Didier KLUG Institute lille fr
France
Dr Benedicte benedicte.godin@ch
GODIN, ) u-rouen.fr
Cardiomyopathy, Rouen University | 0232 88 81 11
Rhythm disorder . .
Prof. Hospital federic.anselme@chu
Frédéric -rouen.fr
ANSELME
Bordeaux University atricia.reant@chu-
Pr Patricia REANT | Cardiomyopathy Hospital, Haut- 0557656969 | P )
oA bordeaux.fr
Lévéque, Pessac
Dr Maxime De
New GUILLEBON Rhythm disorder CH de Pau 05 59 92 48 83
Aquitaine | pryne GAILLARD
Cardiovascular
Dr Rodrigue GARCIA | Rhythm disorder Center Poitiers 0549 44 37 29
University
Hospital
Dr Alain Rhythm disorder | La Rochelle Hospital | 05 46 45 66 41
ALARNAOUT o P
Dr Marion Cardiomyopathy, . . gerard-m@chu-
Normandy GERARD Rhythm disorder Caen Unlyer51ty 0231272569 caen.fr
Hospital
Pr Frangois . L f-roubille@chu-
ROUBILLE ; Cardiomyopathy, Montpglher University | 046733 61 85, montpellier.fr
. Hospital, Arnaud de
Rhythm disorder . .
Pr Jean | Villeneuve Hospital
r Jean luc
PASQUIE 04 6733 6187
Oceitanie ' p pierre WINUM ; Nimes
PPrt(r)f'k Rhythm disorder Carémeau 04 66 68 31 15
atric L
University
MESSNER Hospital, NIMES
) maury.p@chu-
Prof. Philippe | C2rdiomyopathy, _TOULOUSE 05613233 16 toulouse.fr
Rhythm disorder University Hospital,
MAURY h
Purpan Hospital
Prof. Jean- Thorax Institute, jeannoel.trochu@chu
Cardiomyopathy, Laennec Hospital, 02401657 14 -nantes.fr
Pays de la Noél Nantes
Loire TROCHU
Dr Jean Mare Rhythm disorder |  Angers University | 02 41 35 45 47
DUPUIS .
Hospital
Prof. Gilbert HABIB . Marseille University | 04 91 38 75 gg | gilberthabib@mail.a
Cardiomyopathy, Hospital p-hm.fr
Rhythm disorder
Provence Prof. Jean- Timone Hospital 0504 91 38 60
Alpes-Cote Claude 93
d'azur DEHARO
Dr David .
BERTORA Cardiomyopathy, | Nice University 04920377 33 | bertora.d@chu-nice.f
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Dr Guillaume Rhythm disorder Hospital, theodore.g@chu-
THEODORE Pasteur 0492037733 nice.fr
Hospital
Rhone-Alpes Pr Antoine Da . CHU de St-Etienne -
Auvergne COSTA Rhythm disorder Hopital Nord 0477828679
Dr Gilles BARONE- . GBarone@chu-
ROCHETTE Cardiomyopathy, Grenoble Alpes 0476765172 arenoble.fr
. University PDefaye@chu-
Dr Pascale DEFAYE [ Rhythm disorder Hospital, 0476 76 54 37 grenoble.fr
Grenoble

Prof. Romain

CHU Gabriel Montpied

ESCHALIER Rhythm disorder Clermont-Ferrand 0473751412
. CHU de la .
Dr Laurent Cardiomyopathy, o laurent.larifla@chu-
LARIFLA Rhythm disorder Guadeloupe, Pointe A 10590 89 1420 guadeloupe.fr
FRENCH Pitre
OVERSEAS Dr Olivier . Saint-Pierre University olivier.geoffroy@chu
DEPARTME GEOFFROY Rhythm disorder Hospital, 0262359100 -reunion.fr
NTS AND Reunion Island
TERRITORIE
S
Other care providers :
NAME, First name Address Phone E-mail
League against cardiomyopathy: 6, rue du Houssay, 06 86 41 41 99 league-
http://www.ligue- 28800 cardiomyopathy
cardiomyopathie.com/cardiomyopathie/ MONTBOISSIER (@orange.fr
French Muscular Dystrophy Association 47 Bd de I'Hbpital, 0800 3536 37
AFM-T¢léthon: www.afim-telethon.fi/fr 75013 Paris

The association of
defibrillator, http://www.apodec.com/

4 Place Louis Armand 07 7775 67 35
- 75012 PARIS

contact(@apodec.fr

Filiére nationale de santé Cardiogen,

https://www.filiere-cardiogen.fr

hereditary or rare heart diseases: Website:

CHU Pitié-Salpétriére- | : 01 4216 12 88
genetics department
47-83 bvd de 1'hopital
75013 PARIS

contact(@filiere-
cardiogen. fr

Le Centre National de Ressources
Psychologiques :

Filiére Cardiogen psychologist for any
questions about

psychological support or referrals,

CHU Pitié-Salpétriére- | 01 4216 13 62
service de génétique
47-83 bvd de 1'hopital
75013 PARIS

psychologists@fili
ere-cardiogen.fr

Appendix 4 Multidisciplinary working group consultation procedures

Meetings by videoconference

Date Type of meeting

Present Objectives

June 28, 2021 Videoconferencing

Philippe Charron, Karim Wahbi, Framing the project

Nathalie Baudry, Enguerrand Caley

September 29, 2021 | Videoconferencing

Philippe Charron, Karim Wahbi, Item selection

Nathalie Baudry, Enguerrand Caley

November 19, 2021 | Videoconferencing

Philippe Charron, Karim Wahbi, Item selection

Nathalie Baudry, Enguerrand Caley

December 17,2021 | Videoconferencing

Philippe Charron, Karim Wahbi, Outline of the PNDS text

Nathalie Baudry, Enguerrand Caley
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January 31, 2022 Videoconferencing Philippe Charron, Karim Wahbi, PNDS text discussion
Nathalie Baudry, Enguerrand Caley

January to October Regular e-mail exchanges Philippe Charron, Karim Wahbi, Integration of proofreaders'
2022 and contacts Nathalie Baudry, Enguerrand Caley | comments and finalization of various
telephone documents
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