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ARTICLE INFO ABSTRACT

Article history: Lamins A and C, encoded by LMNA, are constituent of the nuclear lamina, a meshwork of proteins under-

Available online xxx neath the nuclear envelope first described as scaffolding proteins of the nucleus. Since the discovery of
LMNA mutations in highly heterogeneous human disorders (including cardiac and muscular dystrophies,

Keywords: lipodystrophies and progeria), the number of functions described for lamin A/C has expanded. Lamin A/C

Lamin A/C is notably involved in the regulation of chromatin structure and gene transcription, and in the resistance

Muscular and cardiac dystrophy
Lmna mouse models
Pharmacologic treatments

of cells to mechanical stress.

This review focuses on studies performed on knock-out and knock-in Lmna mouse models, which have
led to decipher some of the lamin A/C functions in striated muscles and to the first preclinical trials of
pharmaceutical therapies.

© 2014 Published by Elsevier Ltd.
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linker of the nucleoskeleton and the cytoskeleton; L-CMD, LMNA-related congenital muscular dystrophy; LGMD, limb-girdle muscular dystrophy; mTOR, mammalian target
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* Corresponding author at: Université Pierre et Marie Curie - Paris 6, UM 76, CNRS, UMR 7215, Institut de Myologie, Paris F-75013, France. Tel.: +33 142 16 57 17.

E-mail address: a.bertrand@institut-myologie.org (A.T. Bertrand).

1084-9521/$ - see front matter © 2014 Published by Elsevier Ltd.
http://dx.doi.org/10.1016/j.semcdb.2014.01.001

Please cite this article in press as: Azibani F, et al. Striated muscle laminopathies. Semin Cell Dev Biol (2014),
http://dx.doi.org/10.1016/j.semcdb.2014.01.001



dx.doi.org/10.1016/j.semcdb.2014.01.001
dx.doi.org/10.1016/j.semcdb.2014.01.001
http://www.sciencedirect.com/science/journal/10849521
http://www.elsevier.com/locate/semcdb
mailto:a.bertrand@institut-myologie.org
dx.doi.org/10.1016/j.semcdb.2014.01.001

40

76

77
78
79
80
81

GModel
YSCDB 1492 1-9

2 F. Azibani et al. / Seminars in Cell & Developmental Biology xxx (2014) xxx—-xxx

1. Introduction

LMNA encodes A-type lamins, intermediate filaments of the
nucleus, ubiquitously expressed in differentiated cells. Together
with B-type lamins and associated nuclear envelope (NE) proteins,
they form the nuclear lamina, a meshwork underlying the inner NE.
Four A-type lamins are produced by alternative splicing of LMNA.
Lamins A and C, the major isoforms, are expressed in all committed
cells [1]. Lamins A and C (henceforth referred to as lamin A/C) are
identical for their first 566 amino acids, but are distinct at their
C-terminal domains (Fig. 1). Lamin C has six unique C-terminal
amino acids while lamin A is synthesized as a precursor, named
prelamin A, which has 98 unique C-terminal amino acids. Prelamin
A is farnesylated on the cysteine residue of a C-terminal CaaX box,
i.e. CSIM, and is endoproteolytically processed by the ZMPSTE24
(zinc metalloprotease Ste24 homologue) protease to yield mature
lamin A, which lacks the last 18 amino acids. Lamin A/C dimerizes
and further assembles to form head-to-tail polymers, which asso-
ciate laterally to form lamin filaments. These filaments, together
with B-type lamins, constitute the nuclear lamina. Lamins A and C
are also found sparsely in the nucleoplasm and may have multi-
ple functions by association with chromatin, nuclear histones and
various transcription factors [2].

Since the first description of a LMNA non-sense mutation
associated with Emery-Dreifuss muscular dystrophy, EDMD [3],
a growing number of publications have reported LMNA muta-
tions associated with different clinical entities, commonly named
laminopathies [2,4]. These laminopathies can be subdivided in 4
distinct groups, depending on the affected tissue: (1) striated mus-
cles, (2) adipose tissue, (3) nervous system, and (4) accelerated
aging syndrome, the later affecting tissues in a systemic man-
ner.

This review focuses on the elucidation of the role of the lamin
A/C and the pathophysiological mechanisms in striated muscles
through the analysis of knock-out (KO) and knock-in (KI) mouse
models, as well as the current and potentially future treatments for
these different striated muscle laminopathies.

2. LMNA-related striated muscle disorders

In 1999, Bonne and co-workers have identified the first LMNA
mutation in a large family with EDMD [3]. EDMD is characterized
by (1) early development of contractures, mainly affecting Achilles’
tendons, the elbows and the spine, (2) slowly progressive muscle
atrophy and weakness, first affecting humero-peroneal muscles,

and (3) the development of cardiac dilation, with cardiac conduc-
tion defects and/or arrhythmias, often leading to cardiac sudden
death [5].

Since, LMNA mutations have been reported in limb-girdle
muscular dystrophy (LGMD-1B) 6], dilated cardiomyopathy asso-
ciated with conduction system disease (DCM-CD) [7,8], congenital
form of muscular dystrophy (L-CMD) [9] and numerous syn-
dromes overlapping with other disorders linked to LMNA mutations
(lipodystrophies or premature aging) [2]. These different disorders
differ in term of age at onset, first symptom at onset (contractures,
muscle weakness or cardiac involvement), and pattern of affected
muscle at onset, but they all share a common denominator, i.e. the
cardiac dysfunction.

3. Mouse models for striated muscle laminopathies

Over the years, numerous studies have reported that A-type
lamins provide structural support to the nucleus, maintenance of
nuclear architecture, nuclear migration, and apoptosis, and also
take part in chromatin organization and epigenetics, transcription,
cell cycle regulation, cell development and differentiation [10]. To
study the role of lamin A/C in skeletal and cardiac muscles, and
to understand the pathophysiological processes induced by LMNA
mutations, several mouse models have been created: A-type lamins
KO (Lmna~/~ also reported as “Lmna48-11", Lmna®"/~, Lmna4/4
and Zp3-Lmna) and KI (H222P, AK32, and N195K). In addition,
mouse models expressing only lamin A (LAO/LAO) or lamin C
(LCO/LCO) have been created.

3.1. Knock-out models

3.1.1. Lmna~/~ (Lmna48-11)

Sullivan and colleagues created the first KO mouse model of A-
type lamin (Lmna~/~) [11]. At birth, homozygous mice are normal
but rapidly display a reduction in their growth rate, and by the
eighth week, all of the homozygote mice die. Lmna~/~ mice present
with skeletal muscle dystrophy and DCM-CD [12]. Studies per-
formed on Lmna~/~ mice and derived cell cultures have highlighted
the implication of lamin A/C in nuclear protein localization, nuclear
integrity, cytoskeletal proteins regulation and mechanotransduc-
tion, transcriptional regulation and chromatin remodeling.

3.1.1.1. Role of lamin A/C in NE protein localization and cytoskele-
ton organization. Lamin A/C has a critical role in maintaining
the structural integrity of the nuclear lamina and the spatial

Prelamin A

Mature lamin A

Fig. 1. Schematic representation of the LMNA gene and the two main protein isoforms: lamin A and lamin C. Lamins A and C are identical in their first 566 amino acids,
but have distinct C-terminal domains. Lamin C has six unique C-terminal amino acids, encoded by the end of exon 10. Lamin A is synthesized as a precursor, prelamin A,
which has 98 unique C-terminal amino acids, encoded by exon 11 and 12. Post-transcriptional modifications of prelamin A lead to the truncation of the last 18 amino acid
to produce mature lamin A. Lamin A and C proteins are structurally composed of an unfolded N-terminus domain, a long coiled-coil rod domain (blue boxes) implicated in
lamin dimerization, and a tail domain comprising the nuclear location sequence (NLS), and an immunoglobulin-like domain (Ig-like) involved in the interaction with other

proteins.
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