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Abstract: Laminopathies are rare human degenerative disorders with a wide
spectrum of clinical phenotypes, associated with defects in the main protein
components of the nuclear envelope, mostly in the lamins. They include
systemic disorders and tissue-restricted diseases. Scientists have been trying to
explain the pathogenesis of laminopathies and find an efficient method for
treatment for many years. In this review, we discuss the current state of
knowledge about laminopathies, the molecular mechanisms behind the
development of particular phenotypes, and the prospects for stem cell and/or
gene therapy treatments.
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dystrophy; EDMD - autosomal dominant Emery-Dreifuss muscular dystrophy; ERK —
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INTRODUCTION

The term laminopathies (envelopathies) defines a group of human disorders that
are associated with mutations in the genes coding for nuclear lamina proteins
(LMNA, LMNBI and LMNB?2), proteins associated with their post-translational
processing (e.g. ZMPSTE24), or proteins interacting with the lamins: emerin,
LAP2, LBR (p58; 3 beta-hydroxysterol D14-reductase), MAN1, nesprin-1 and
nuclear pore complex proteins [1]. The known mutations in the lamin genes give
rise to at least 16 more or less distinct phenotypes with different extents of
manifestation of the common phenotypic features. To date, more than 340 unique
mutations have been reported from more than 1,000 patients
(http://www.umd.be) [2]. The emerging data suggests that mutations in the
nuclear lamina genes could also be involved in common diseases, particularly
cancer [3].

Lamins are intermediate filament (IF) proteins (type V). They are the main
component of the nuclear lamina, which is part of the nuclear envelope (NE). In
addition to the peripheral lamina, lamins also form nucleoplasmic structures [4, 5].
Based on differences in their biochemical properties and expression patterns,
lamins have been divided into two groups, the A and B types. Lamins have
a conserved o-helical central rod domain and variable head and tail domains.
The tail domain contains a ~120-residue immunoglobulin fold, a nuclear
localization signal (NLS), and a CAAX motif (except lamin C) [6]. In humans,
three genes (LMNA, LMNBI and LMNB?2) encode nuclear lamins. The LMNA
gene primary transcript is alternatively spliced to produce lamin A, C, C2 and
A10. The two main protein products, lamin A and C, are present in the cells of
many tissues, but not in undifferentiated cells [7]. They have an identical 566 aa
length from the N-terminus, and differ in that pre-lamin A has additional 98 aa
(exons 11 and 12 are specific for lamin A) on the C terminus with a CaaX motif
(C-cysteine, a-aliphatic amino acid, X-unrestricted residue) that is necessary for
the recruitment of the protein to INM. The maturation of lamins requires
sequential enzymatic modifications of this motif: farnesylation, proteolytic
cleavage and carboxy-methylation. In the first stage, farnesyl transferase adds
a farnesyl group to the C-terminus cysteine residue. Next, either Ras-converting
enzyme (Rcel/FACE2) or zinc metalloproteases related to Ste24p
(Zmpste24/FACE1) cleave the last three amino acids (AAX) and then the
methyltransferase methylates the farnesylated terminal cysteine. Finally, the last
15-amino acid fragment (containing the farnesylated and methylated cysteine
residue) is cleaved off by Zmpste24, generating mature lamin A. B-type lamins
remain carboxyfarnesylated and methylated (Fig. 3 IA) [8].

Initially, lamins were only considered to be structural proteins forming the
nuclear lamina, which maintains nuclear shape and the spacing of nuclear pore
complexes. Over the years, numerous reports have suggested that lamins take
part in a wide range of processes. Currently, it is clear that lamins are involved
directly or indirectly in the organization of chromatin, DNA replication, the
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regulation of transcription factors, epigenetics, DNA repair, transcription, cell
cycle regulation, cell development and differentiation, nuclear migration, and
apoptosis. Recent studies have provided evidence in support of lamin function in
virus infection, tumorogenesis and mitosis, and in linking the nucleoplasm to all
the major cytoskeletal networks [9, 10]. Mutations in the nuclear lamina genes
can cause a wide range of heritable human diseases with variable clinical
phenotypes, i.e. laminopthies.

CLASSIFICATION OF LAMINOPATHIES

Most laminopathy symptoms develop during childhood or adolescence. Some
laminopathies affect specific tissue types, while others act upon multiple types
of tissue creating overlapping or systemic phenotypes. Based on the affected
tissue, we can classify laminopathies into several categories (Fig. 1).

The most common group are laminopathies of the muscular dystrophy type,
characterised by muscle wasting: autosomal dominant Emery-Dreifuss muscular
dystrophy (AD-EDMD; OMIM 181350) [11]; autosomal recessive Emery-
Dreifuss muscular dystrophy (AR-EDMD; OMIM 604929) [12]; limb-girdle
muscular dystrophy type 1B (LGMDI1B; OMIM 159001) [13]; dilated
cardiomyopathy 1A with conduction defect (DCM-CD/CMDI1A; OMIM
115200) [14]; X-linked Emery-Dreifuss muscular dystrophy (XL-EDMD;
OMIM 31300) [15]; and heart-hand syndrome, Slovenian Type (HHS; OMIM
610140) [16].

The second group are lipodystrophies, which are characterized by an abnormal
distribution of adipose tissue, which may be associated with metabolic disorders
like diabetes and insulin resistance: Dunnigan familial partial lipodystrophy
(FPLD2; OMIM 151660) [17-18]; acquired partial lipodystrophy (APL, also
called Barraquer-Simons syndrome; OMIM 608709) [19]; and type A insulin
resistance syndrome [20].

Systemic laminopathies covers disease types in which the associated symptoms
are diverse and affect a variety of tissue types, frequently bearing features of
premature aging: Hutchinson-Gilford progeria syndrome (HGPS; OMIM
176670) [21]; atypical Werner syndrome (AWS; OMIM 277700) [22];
restrictive dermopathy (RD; OMIM 275210) [23]; mandibuloacral dysplasia
type A with lipodystrophy (MADA; OMIM 248370) [24-25]; and atypical
progeroid syndrome [26-27]. Neuropathies include: Charcot-Marie-Tooth
disease type 2B1 (CMT2B1; OMIM 605588) [28]; and adult-onset autosomal
dominant leukodystrophy (ADLD; OMIM 169500) [29].

The last group of laminopathies is referred to as the overlapping laminopathies
and syndromes, and it covers some heterogeneous clinical cases suggesting an
overlapping continuum with different types of laminopathies. For example,
patients with clinical features of lipodystrophy carrying the typical R482W FPLD
mutations, but also exhibiting variable combinations of cardiac and skeletal
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Fig. 1. A classification of laminopathies with a schematic representation of the distribution
of the affected tissues and localization of typical mutations for each type. The green
highlighting indicates diseases caused by mutations in genes encoding the B-type lamins,
and the violet highlighting marks diseases caused by mutations in the LMNA gene. On the
periphery, the various types of laminopathies are indicated: green — muscle diseases,
orange — lipodystrophies, pink — neuropathies, and light blue — progeroid syndromes.
Substitutions are represented by small stars, deletions by drops, and duplications by the
large star. The colors of the mutations correspond with the colors used to show the parts of
the human body affected by a particular disease: e.g. HGPS is orange.

Abbreviations: ADLD — adult-onset autosomal dominant leukodystrophy; APL — acquired
partial lipodystrophy; CMDI1A — dilated cardiomyopathy 1A with conduction defect;
CMT2BI1 Charcot-Marie-Tooth disease type 2B1; FPLD — Dunnigan familial partial
lipodystrophy; HGPS — Hutchinson Gilford progeria syndrome; LGMDBI1 — limb-girdle
muscular dystrophy type 1B; MAD — mandibuloacral dysplasia

muscular alterations [30], multinodular goitre, extrapyramidal syndrome and
primary hyperaldosteronism [31]. One report describes a patient with features of
myopathy and peripheral neuropathy [32]. An E33D mutation is clinically
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characterized by the combination of axonal neuropathy with myopathic features,
cardiac disease, conduction disturbances and arrhythmia, and leuconychia [33].
Laminopathies have three modes of inheritance: autosomal dominant
(AD-EDMD, CMDI1A, LGMDIB, FPLD2, HGPS, AWS, RD); autosomal
recessive (AR-EDMD, CMT2B1, MAD, HGPS); and X-linked (XL-EDMD).
Patients with classical laminopathy have mutations in the LMNA gene and
emerin gene (EMD). More recently, two disorders have been linked to mutations
in the LMNB2 and LMNBI genes. The first and to date only reported mutations
for the LMNAB2 gene were described in 2006 by Hegele et al. [19] for
APL patients. However, acquired partial lipodystrophy is a complex phenotype,
it is probably additionally connected with mutations in genes other than LMNB2,
and it might require the presence of environmental factors or acquired disorders
to be expressed [34]. The first human disease clearly attributed to a mutation in
the B-type lamin gene was adult-onset autosomal dominant leukodystrophy
(ADLD) [29]. Mutations in the genes encoding B-type lamins are probably not
frequently connected to diseases (contrary to LMNA mutations) because of the
functional importance of the B-type lamins, which are essential for cell function [35].
LMNB -deficient mice are small during embryonic development and die soon
after birth with defects in their lungs and bones [36]. Mice lacking lamin B2 are
normal in size at birth, but die shortly thereafter, as they have severe brain
abnormalities resembling lissencephaly, with abnormal layering of neurons in
the cerebral cortex and cerebellum [37].

Another group of laminopathies consists of diseases caused by mutations in the
genes encoding the integral membrane proteins of NE. The best characterized so
far are autosomal dominant Pelger-Huet anomaly (OMIM 21540) and autosomal
recessive hydrops-ectopic calcification-moth-eaten (HEM)/Greenberg skeletal
dysplasia (OMIM 215140). Both are probably caused by different mutations in
the LBR protein gene [26, 38]. This protein is evolutionarilyy conserved,
interacts with chromatin, and simultaneously displays 3 beta-hydroxysterol
D14-reductase activity. Autosomal dominant Pelger-Huet anomaly would be
then the classical “haplo-insufficiency” rather only associated with the structural
functions of the LBR protein. A mutation of both alleles results in the second
phenotype, probably due to the total elimination of the enzymatic activity of the
LBR (3 beta-hydroxysterol D14-reductase activity) protein. Mutation in the
LEMD?3 gene encoding the other member of the INM, LEM domain-containing
protein 3/MAN]1, causes Buschke-Ollendorff syndrome (BOS; OMIM 166700),
manifested by a wide phenotypic variation, multiple subcutaneous nevi or
nodules, and hyperostosis of the cortical bones [39]. Mutations in the LAP2 gene
located in the C-terminal domain of the LAP2a protein (a region which interacts
with lamin A/C) has been proposed to cause dilated cardiomyopathy (DCM) [40].
Laminopathies are very rare diseases. The exact occurrence rate of each
laminopathy is difficult to assess from the available data sources. The
laminopathy with the highest frequency in human populations is EMD, which
affects 3 in 1,000,000 people (Orphanet Report Series, 2010). The other described
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disorders, such LGMD1B, RD, MAD and Barraquer-Simons syndrome occur with
less frequency, in 1 person per 1,000,000. HGPS is estimated to be present with
a frequency of 1 in 8,000,000, and FPLD in 1 in 10,000,000.

Identifying laminopathy can be quite difficult when only routine medical tests
are used, but genetic tests might prove useful. However, even using these tests,
there is sometimes little chance to correctly classify the disease, due to the
overlapping syndromes. Moreover, there is currently no cure for laminopathies,
and treatment is mainly symptomatic and supportive. Patients with muscular
dystrophies are treated with physical therapy and corrective orthopedic surgery.
For cardiac problems, pacemakers are used. Treatments for lipodystrophies are
based on controlling the effects of the lipodystrophy, e.g. vascular disease
prevention or control of glycemia, via the use of existing drugs.

However, the recent progress in uncovering the molecular mechanisms of
laminopathies and lamin functions has opened up the possibility for the
development of targeted treatment. Treatments designed to modulate the key
steps in laminopathy pathogenesis, such as gene-based therapies, stem cell
therapies and novel drug treatments, might provide hope for suffering patients.
Moreover, successful stem and/or gene therapy treatment for laminopathies may
be easily adapted for the treatment of other similar hereditary diseases and vice
versa, e.g. muscular dystrophy of the EDMD type and DMD type would
certainly respond to the same treatment strategy. Similarly, all leukodystrophies,
regardless of their genetic background, may also require the same treatment
strategy based on the transplantation of healthy or genetically corrected
(autotransplantation) HSC cells.

THE MOLECULAR MECHANISMS UNDERLYING LAMINOPATHIES

Despite the large number of identified mutations, it is difficult to create a clear
correlation between phenotype and genotype in laminopathies. It is still unclear
how specific mutations result in a particular tissue-specific laminopathy
phenotype [41]. Many different mutations can give rise to the same clinical
conditions. On the other hand, the same single mutation can result in different
phenotypes, probably depending on the genetic background of a particular
patient [42]. Laminopathies mainly arise from substitution (91%) or deletion
(5%), or rarely from duplication, insertion and “in-del” (4%) in the LMNA gene.
At the protein level, 67% of the alterations cause missense substitutions,
4% nonsense substitution, 4% frameshift mutations. 13% of the identified
mutations are silent mutations (http://www.interfil.org/index.php). Mutations
causing EDMD are distributed more or less evenly through the entire gene. The
DCM phenotype is caused by frameshift mutations affecting almost half of the
protein and a number of missense mutations. The latter are distributed mostly
through the central rod domain of the lamin A/C protein. Mutations caused by
LGMDI1B are distributed on the C-terminal side of the central rod domain and in
the IgG fold. In FPLD, nearly 90% of mutations affect exon 8 of the LMNA
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gene, and they are mainly localized in the IgG fold of the lamin A/C tail domain.
Interestingly, different missense mutations of the same residue can cause
different diseases (e.g. R527H and R527C result in MAD, but R527P, T528K
and L530P result in EDMD). Also, mutations localized in the same region of the
protein for example lying within the eighth B-sheet of the globular region with
Ig-like structure, caused different diseases. The mutation that causes EDMD
most probably destroys the structure of the entire -sheet. It has recently been
shown that the mutations R527P and L530P, which are predicted to disrupt the
Ig-fold, reduced F-actin binding, contrary to lipodystrofic R482Q mutation [43].
Different mutations that lead to FPLD result in the loss of the positive charge on
the surface of the domain, but do not affect structural integrity [44].

The important aim of current research in this field is the understanding of the
molecular mechanisms underlying laminopathies. Deeper knowledge of such
pathogenic mechanisms seems to be necessary for the planning of proper
treatment.

Muscular dystrophy

Muscular dystrophies are a heterogeneous group of neuromuscular disorders.
Numerous muscular dystrophies are caused by defects in genes encoding
sarcolemmal proteins, interacting proteins and enzymes [45]. Others are caused
by defects in nuclear membrane proteins such as lamins and emerin. Emerin is
a 254-aa integral, inner nuclear membrane protein with a single transmembrane
domain. It is a member of the LEM domain protein family (LAP2, Emerin, MAN1)
[46-47] due to the presence of a common structural motif (LEM domain)
required for binding to the chromatin protein BAF (barrier to autointegration
factor), an essential protein with roles in higher-order chromatin structure,
nuclear assembly, and gene regulation [48].

Emery-Dreifuss muscular dystrophy (EDMD) was the first laminopathy to be
described [49]. AD-EDMD and AREDMD (respectively, autosomal dominant
EDMD and autosomal recessive EDMD) are caused by mutations in the LMNA
gene [11]. The X-linked EDMD (OMIM 31300) is caused by mutations in the
emerin gene (EMD) localized on chromosome Xg28 [15]. It is known that lamin
A is responsible for emerin targeting to the INM [50]. Thus, any mutations in
lamin A impairing its ability to polymerize itself into the filament network inside
the nucleus or its import and nuclear retention may result in the disease
phenotype. EDMDs, both autosomal and X-linked, can be defined by slow
progressive muscle wasting, life-threatening cardiac conduction defects, and
contractures at the elbows, ankles and neck [51].

The lamin A and emerin genes have been found to be mutated in about 35-40%
of cases of EDMD, suggesting the existence of additional major genes
genetically elucidated with this disease. Recently, a whole-genome scan was
used to identify linkage to the Xq26.3 locus containing the FHLI gene. FHLI
(four and a half LIM protein 1) proteins play a role in the maintenance of
structural integrity and the regulation of cell signaling. A correlation has been
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shown between the FHL1 expression level and myotube size [52]. Recently,
4 mutations in 2 other nuclear envelope proteins, nesprin-1 and -2, were found in
EDMD patients [53].

Soon after the mutations in LMNA gene were shown to cause EDMD, the next
mutations in this gene were shown to cause other dominantly inherited diseases
affecting muscle, including dilated cardiomyopathy 1A (DCM-CD; OMIM
115200) [14] and limb girdle muscular dystrophy type 1B (LGMDI1B; OMIM
159001) [13]. DCM is a heart muscle disease characterised by ventricular
dilation and impaired systolic function [54]. The LMNA gene has been found
mutated in about 33% of cases with an atrioventricular block [55]. LGMDI1B
appears during the first twenty years of life and is characterized by weakening of
the shoulder and pelvic girdle musculature and proximal musculature, and later
on also the distal musculature. In the case of LGMDI1B, dilated cardiomyopathy
can also develop [13]. LGMDIB is now classified as a variant of EDMD [56].
Investigations undertaken in recent years found new muscular disorders implied
to be caused by LMNA mutation: congenital-type muscular dystrophy and
“heart-hand” syndrome [16, 57].

Several hypotheses have been proposed to explain the molecular mechanisms
underlying muscular dystrophies caused by nuclear protein mutation. Many
groups suggest a model in which laminopathies arises in the muscle cells
because of the unique features of the tissue: prolonged exposure to mechanical
stress and the unique transcription pattern of the cells. Such cells and their
organelles are exposed to prolonged physical stress and are in constant danger of
physical destruction. There is no doubt that muscle cells are characterized by
a unique protein pattern, also in case of nuclear lamina proteins. They do not
express lamin B1 at all, and only moderate to normal amounts of lamin B2.
Thus, with the loss of LMNA gene products or the impaired function of those
products, only lamin B2 remains to support the interactions between the integral
proteins of INM, the nuclear lamina network and chromatin. The resulting
karyoskeleton structure and its link to the cytoskeleton is more susceptible to
destruction. The level of susceptibility depends on the degree of impairment of
lamin A/C and/or the emerin properties. There is a growing body of evidence
that lamins interact with the LINC complex and are involved in
mechanotransduction, by translating mechanical forces and deformations into
biochemical signals, e.g. by activating diverse signalling pathways.
Consequently, defects in the lamins can be implicated in the development of
various diseases [58]. Interestingly, homozygous mutations in the SYNE-I gene
encoding nesprin-1, which is one of the LINC complex components, can cause
either a cerebellar ataxia or a syndrome with joint contractures and myopathy
[59-60]. It is worth noting that emerin forms structural complexes with nuclear
myosin I, all-spectrin and actin [61], probably providing a structural junction to
the nuclear lamina analogous to the plasma membrane-associated actin cortical
network.
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To date, some of the perturbations observed in the various signaling pathways,
including MAPK, pRb, MyoD, Wnt-p catenin and TGFf (transforming growth
factor ), have been connected to laminopathic muscular dystrophies [62-63].
The mammalian family of mitogen-activated protein kinases (MAPKs) are
serine-threonine kinases that mediate the intracellular signaling associated with
a variety of cellular activities. The family comprises extracellular signal-
regulated kinase (ERK), p38 and c-Jun NH(2)-terminal kinase (JNK). These
activated kinases phosphorylate different substrates including cardiocspecific
transcription factors such as GATA4 and MEF2 (myocyte-enhancing factor 2)
[64]. ERK1/2 interacts with A-type lamins at the nuclear periphery and regulates
activator protein 1 (AP-1) activity (Fig. 2 IA) [65]. Abnormal activation of ERK
and JNK was observed in the heart tissue of emerin-deficient mice [66] and in
animals the carrying LMNA missense mutation, H222P, and in cardiomyocytes
and HeLa and COS-7 cells expressing the H222P mutant [67]. What is more,
siRNA-mediated supression of lamin A or emerin in C2C12 skeletal myoblasts
and HeLa cells reduces ERK activation [68]. Altered ERK function was noted
for fibroblasts from EDMD and DCM patients (Fig. 2 IB) [69]. In light of these
experiments, ERK inhibition could be treated as a therapeutic option to prevent
or delay heart failure in such patients. The initial tests on animal models seem to
be reasonably promising. Systemic treatment of lamin A-H222P mutant mice
with an inhibitor of ERK activation, PD98059 (an inhibitor of the extracellular
signal-regulated kinase, MEK, which activates ERK), inhibited ERK
phosphorylation, blocked the activation of downstream genes in the heart, and
delayed the development of left ventricular dilatation [70]. Either treatment with
SP600125 (an anthrapyrazolone inhibitor), an inhibitor of JNK signaling, which
inhibited JNK phosphorylation with no detectable effect on ERK, significantly
delayed the development of left ventricular dilatation and prevented decreases in
cardiac ejection fraction and fibrosis [71].

The activation of myogenesis is controlled by a series of complex transcriptional
regulatory networks. One of the pathways is the Wnt/B-catenin signaling
pathway, which has a vital role in myogenesis. This pathway is activated by Wnt
through the transmembrane receptor Frizzled (Fzd) and its co-receptor LRP6
(lipoprotein receptor-related protein 6). In the absence of Wnt, cytoplasmic
B-catenin is constantly phosphorylated by the protein complex composed of
Axin, APC (adenomatous polyposis coli gene product), CK1 (casein kinase 1)
and GSK3p (glycogen synthase kinase 3). This leads to f-catenin ubiquitination
and proteasomal degradation [72]. Wnt binding to Fzd inhibits the
phosphorylation of B-catenin. Hypophosphorylated B-catenin is released from
the complex, accumulates in the cytoplasm and is translocated into the nucleus.
Via the adenomatous polyposis coli-like (APC-like) domain, emerin binds nuclear
B-catenin and regulates its concentration in a lamin A-dependent manner [73].
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Fig. 2. The molecular background of muscular dystrophy type laminopathies. IA — The
MAPK kinases activate ERK1/2 and JNK. Active, phosphorylated ERK1/2 and JNK kinases
are translocated to the nucleus where they interact with A-type lamins at the nuclear
periphery and phosphorylate c-Fos and c-Jun, causing their release from the NE, thus
allowing the transcriptional activation of responsive genes. IB — Lamin A mutations,
probably because of impaired binding of mutated lamin A/C with ERK and JNK kinases,
cause the abnormal activation of the two kinases. IIA — Wnt/B-catenin signaling is activated
by ligands of the Frizzled receptor, which triggers a signal cascade resulting in the
displacement of the multifunctional kinase GSK-3p from the APC/Axin/GSK-3f complex.
Free GSK-3f is not able to phosphorylate [B-catenin. Hypophosphorylated p-catenin
accumulates in the cytoplasm and is translocated to the nucleus, where it can be immobilized
in NE by emerin binding or can translocate to the nucleoplasm, where it activates its target
genes via TCF/LEF transcription factors. Mutations in emerin could change B-catenin cellular
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localization and thus influence its activity. [IB — In the absence of Wnt, cytoplasmic -catenin
is constantly phosphorylated by GSK3p in a protein complex, which leads to B-catenin
ubiquitination and proteasomal degradation. IIIA — Lamins could modulate TGF-B-dependent
signaling through interaction with protein phosphatase 2A (PP2A). PP2A dephosphorylates
pRB, and dephosphorylated Rb is able to bind MyoD. The MyoD-Rb-lamin A-LAP2a
complex induces the expression of genes associated with myogenesis. IIIB — Cdk4
phosphorylates MyoD, releasing it from the lamina-Lap2a-pRb complex, leading to the
inactivation of myogenesis. This creates an opportunity for pRb to take part in the regulation
of cell cycle progression and proliferation. ITIC — In the absence of wild-type lamin A/C, PP2
is unable to dephosphorylate pRb in the lamin A-LAP2a complex. Phosphorylated pRb does
not bind MyoD, and this leads to the inactivation of myogenesis and a decrease in the level of
MyoD and pRb.

Nuclear B-catenin activates its target genes via TCF/LEF (T-cell factor/lymphoid
enhancer factor) transcription factors [74]. Thus, a lack of emerin or emerin
function might inhibit TCF-dependent transcription and play a crucial role in the
regulation of the Wnt-B-catenin pathway (Fig. 2 IIA, B). B-catenin is also
engaged in myoblast fusion by binding with the cell adhesion complexes
containing cadherins [75]. Reducing the B-catenin level increases the myogenic
differentiation of myogenic satellite cells. f-catenin promotes self-renewal of
satellite cells and contributes to the maintenance of this stem-cell pool in adult
skeletal muscle [76]. Early activation of the Wnt pathway leads to premature
differentiation and significantly weakens muscle regeneration.

There is a hypothesis that lamin A/C protein is involved in the regulation of
transcription of certain genes by interacting with transcription factors (directly or
indirectly). The classical mechanism of the involvement of lamin A/C proteins
in gene activation is the regulation of the expression of genes regulated by E2F
transcription factors mediated by Rb protein [77]. The main function of this
family of transcription factors is in the regulation of the transition from G; to S phase.
E2F proteins are normally bound by pRb, and this protein in turn is bound and
recruited to the nucleus by the lamin A-LAP2a complex. The mechanism of
activation of E2F factors involves specific phosphorylation of pRb on pocket C
and the release of E2F. The lamin A-LAP2a complex binds hypophosphorylated
pRb and associated E2F and thereby reduces E2F-dependent gene expression
[78-79]. In the absence of lamin A/C or in the case of loss of function of mutated
lamin A in muscle cells derived from LMNA™ mice, the level of Rb is reduced
[80]. A lack of LAP2a prevents nucleoplasmatic localization of A-type lamins in
G, which affects pRb functions and enhances proliferation [81]. A-type lamins
might also influence TGF-p (transforming growth factor cytokine superfamily [3)
signaling. TGF-B controls differentiation, proliferation and apoptosis [82].
Lamins could modulate TGF-B-dependent signaling through interaction with
protein phosphatase 2A (PP2A) and Smads. In the absence of wild type lamin
A/C, PP2 is unable to dephosphorylate pRb (Fig. 2 IIIA) [83]. Smads undergo
altered phosphorylation kinetics in the presence of pathogenetic LMNA
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mutations causing EDMD [67]. These observations make the lamin A-LAP2a
complex a key regulator of the cell cycle, especially in muscle and muscle
progenitor cells, through the regulation of pRb location, phosphorylation and
proprieties. Rb protein is also involved in the regulation of myogenesis.
Dephosphorylation of Rb due to the inactivation of the cdk4 kinase is a key
event of this process. Dephosphorylated pRb takes part in the acetylation of
MyoD (a member of a family of myogenic regulatory factors that activate
muscle-specific genes) by releasing it from HDACT (class I histone deacetylase)
(Fig. 2 1IIB) [84]. A lack of lamin A and emerin decreases the pRb and MyoD
levels. In skeletal muscles from EDMD and LGMDBI1 patients, a reduced
number of MyoD-positive nuclei is observed (Fig. 2 IIIC ) [85].

Recent studies have demonstrated that mutations in lamin A cause somatic stem
cell dysfunction, which leads to the attractive hypothesis that the differential
effect observed for diverse tissues is a result of their different regenerative
potential [86]. Adult stem cells are rare cells that are tissue-specific residents,
uniquely capable of reproducing themselves and generating the differentiated
cell types to provide a source of tissue replenishment and maintenance. They are
present in a wide variety of tissues [87-88]. The first evidence that mutations in
lamin A can be connected with the function of stem cells was provided by
experiments on mouse C2C12 myoblasts, which are capable of differentiation
into myotubes. Two lamin mutants were overexpressed in these cells: R453W
(one of the most frequent mutations in EDMD) and R482W (a site responsible
for FPLD). R453W clones had a significantly lower capacity to differentiate
than clones expressing the R482W mutant and a wild-type lamin A [88].
Currently, there is no efficient treatment for patients with laminopathic muscular
dystrophies. Great care should be given to proper diagnosis of patients and then
to regular follow-up by a cardiologist. Permanent pacemaker implantation or
cardiac transplantation can be the desired therapy for valvular disease in EDMD
cardiomyopathy [89]. Another option to delay heart failure is ERK inhibition
[70-71]. A very attractive option for treating laminopathic patients might be
gene therapy. However, this therapeutic area remains unexplored at this time.

Progeroid syndrome

Many premature aging diseases are caused by mutations in the lamin A gene,
resulting in severe nuclear abnormalities. One of them is Hutchinson-Gilford
progeria syndrome (HGPS; OMIM 176670) [21]. HGPS is a very rare disease
affecting about 1 per 4 to 8 million live births, but it has been the focus of very
intense research because it might provide a new insight into the processes of
ageing. The average life span of sufferers is approximately 13 years, and they
often die because of cardiovascular disease. Characteristic features of HGPS
patients are the profound atrophy of subcutaneous fat set, loss of bone density
and diminished muscle development.
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Fig. 3. The molecular background of laminopathies. IA — The maturation of lamins:
farnesylation (red), proteolytic cleavage (AAX) and carboxy-methylation (grey) of terminal
cysteine. In the last step of maturation, a 15-amino acid fragment (containing farnesylated
and methylated cysteine residue) is cleaved off by Zmpste24, generating mature lamin A.

IB — Progerin contains an internal deletion of 50 amino acids (in pre-lamin A marked by
a yellow square). The deleted region includes the second cleavage site cleaved by
ZMPSTE24, which leads to retention of the toxic farnesyl-group and thus to the abnormal
incorporation of mutant lamin into the NE, causing various mechanical defects, including
abnormal chromatin structure and increased DNA damage. IIA — SREBP1 interacts with pre-
lamin A, but not with the mature form of this protein. Following activation by retinoic acid,
PPARy forms heterodimers with RXR (retinoid X receptor) and modulates gene
transcription. IIB — Mutations of lamin A cause the retention of SRBP1 at the nuclear
envelope and decrease the SREBPI1 level in the the nucleoplasm, which reduces the
expression of PPARY and other genes. IIIA — Lamin A is phosphorylated on the S404 residue
by Akt/PKB kinase downstream of the phosphoinositide-3-kinase (PI3 kinase) signaling
pathway. The phosphorylation of lamin A might modulate interaction with protein partners,
impair lamin polymerization or promote association to the 14.3.3 protein. IIIB — Lamin
mutations can inhibit S404 phosphorylation and lead to changes in NE stability.
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Most of the typical HGPS patients (approximately 90%) have a single-
nucleotide substitution (1824 C > T) in the LMNA gene. This mutation activates
a new splice site that results in alternative processing of pre-mRNA and the
production of a mutant protein containing an internal deletion of 50 aa residues.
The resulting protein is termed progerin or LAAS0. Since the deleted region
includes the second cleavage site in pre-lamin A cleaved by ZMPSTE24, this
pre-lamin A protein is improperly processed and retains the farnesyl-group at its
C terminus. Such a protein is abnormally incorporated mainly into the NE,
which leads to various mechanical defects, including abnormal chromatin
structure, expansion of the NE, and increased DNA damage (Fig. 3 IB) [90].
Progerin is also expressed sporadically in healthy individuals at low levels, and
accumulates in old age [91]. It seems that progeroid syndrome is rather caused
by the retention of farnesyl lipid than by the retention of the last 15 amino acids
of the protein. In support of such a progerin toxicity model, the other premature
aging laminopathy, restrictive dermopathy (RD), has farnesylated lamin A
accumulating due to dominant mutations of the LMNA gene (primary
laminopathy) or recessive mutations of the ZMPSTE24/FACE1 gene (secondary
laminopathy) [23], which encodes a zinc metalloproteinase necessary for the
correct processing of pre-lamin A. Moreover, transfection with mutant cDNA or
protein injection into normal cells induce the same changes as in patient cells
proportionally to the amount of mutated protein present [92]. These observations
lead to the hypothesis that permanent farnesylation of lamin A is toxic and can
contribute to progeria disease.

The molecular mechanisms of the toxicity of progerin are as yet unclear, but
progress has been made in the development of a potential treatment strategy
since the discovery that farnesylation of pre-lamin A can be inhibited by farnesyl
transferase inhibitors (FTIs; e.g. lonafarnib or tipifarnib), which are typically
used in anti-tumor treatments. In cell cultures [93-94] and mice models [95-96],
FITs yielded promising results, abnormalities in nuclear morphology were
corrected and some, but not all of the progeria-like phenotypes were
ameliorated. Altought FITs could be therapeutically useful, some data suggests
that such an approach may be limited [97]. It has recently been shown that
blocking farnesylation of pre-lamin A and progerin by FTIs causes an alternative
modification via geranylgeranylation by geranylgeranyl transferase. This could
explain the low efficiency of FTIs in progeroid mouse models. To solve this
problem and efficiently inhibit any possible prenylation, a combination of statins
and aminobisphosphonates was used to reduce farnesyldiphosphate production.
Such treatment noticeably improves the phenotype and extends longevity [98].
Currently, clinical trials treating HGPS patients with lonafarnib are ongoing in
the Children’s Hospital in Boston (Phase II Trial) [99]. However, there are some
questions remaining unanswered regarding the long-term consequences of the
FTI strategy. First of all, such treatment inhibits modification of the other CaaX
motif proteins (about 100 in the human genome), which includes all of the
membrane-bound small GTP-ases (e.g. Ras), as well as some cell cycle
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regulators (e.g. Abl). Secondly, after prolonged treatment with such inhibitors,
a considerable level of non-farnesylated lamins would be accumulated (B-type
lamins are normally constantly farnesylated). Besides, the lack of farnezylation
of pre-lamin A may distort its nuclear import or retenction. Finally, we are not
sure if non-farnesylated progerin is non-toxic. The latter findings have shown
that in mice models expressing exclusively non-farnesylated pre-lamin A (CaaX
motif mutated to SaaX), a range of cardiomyopathy developed, contrary to the
situation in individuals expressing only the wild-type pre-lamin A, which
appeared normal (at least in the absence of lamin C) [100]. Inhibition of pre-
lamin A farnesylation prevented cellular senescence and oxidative stress [101].
Pre-lamin A accumulates in cells from HIV-infected patients, probably due to
the anti-retroviral therapy with inhibitors of HIV protease, which also inhibits
the activity of ZMPSTE24 [102]. This pre-lamin A accumulation can account
for the side effect of such treatment, acquired lipodystrophy. Interestingly, in
fibroblasts from Dunnigan-type familial partial lipodystrophy patients, pre-lamin
A accumulation was also observed [101], supporting the observed connection
between pre-lamin A and lipodystrophy.

The use of anti-sense oligonucleotides to selectively inhibit progerin synthesis is
another avenue of current research into the development of accelerated aging
treatment [103]. Experiments have shown that different antisense
oligonucleotides (ASOs) can be used to increase or decrease ‘HGPS splicing’.
Treating Zmpste24”~ mouse fibroblast cells with a pre-lamin A-specific
antisense oligonucleotide reduced the pre-lamin A levels and significantly
reduced the frequency of misshapen nuclei [104]. Other ASO against exon 11
sequences downstream from the exon 11 splice donor site promote alternate
splicing increasing the synthesis of progerin [105]. Also shRNA (short harpin
RNA) was exploited to suppress progerin expression in fibroblasts, which leads
to a partial correction of the rgw pathophysiological phenotype [103]. These
studies suggest a new therapeutic strategy not only for treating progeria but also
other laminopathies.

Despite many studies having clearly implicated farnesylated progerin in HGPS,
the precise molecular mechanisms of the induced pathology are not yet
understood. Some gene expression profiling experiments with fibroblasts from
patients with progeria syndromes and transfected cell models have been studied
in attempts to elucidate the issue. Recently, scientists demonstrated a link
between progerin and the pRb signaling pathway for fibroblasts form HGPS
children. What is more, this signaling network seems to be modulated by FTI
treatment. There is evidence for a reduction of hyperphosphorylated pRb [90]
and a decreased level of pRb expression [106], which may indicate an alteration
in the pRb control of E2F1 activity. Therapeutic approaches to reestablish
a proper lamin A-Rb signaling network may be beneficial in preventing the
complications of physiological aging.

Some recent studies showed that somatic stem cells are misregulated (in terms of
number and functional competence) in premature aging [107]. It was shown that
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human mesenchymal stem cells (hMSCs) expressing GFP-LAAS50 exhibit
significant differentiation defects, and display activation of major downstream
effectors of the Notch signalling pathway (HES1, HES5, HEY1, and TLEl),
a major regulator of hMSCs, which give rise to many of the tissues affected in
HGPS [107]. Notch proteins are cell surface receptors activated by ligands
produced by neighboring cells. Activation of the Notch receptor leads to
cleavage of the Notch intracellular domain (NICD), which translocates to the
nucleoplasm and regulates downstream gene expression by acting as a co-activator
of the transcription factor. Alterations observed in progerin-transducted hMSCs
and human HGPS fibroblasts correlate with reduced levels of the transcriptional
co-repressor NcoR and increased levels of SKIP. SKIP is a transcriptional co-activator
of Notch target genes. In normal cells, it is associated with the karyoskeleton,
unlike in the HGPS cell, where it is found in a soluble state in the nuclear
interior [107-108]. These findings shed some light on the possible molecular
mechanism of HGPS. SKIP and other Notch downstream effectors may be
directly regulated by their physical association with the lamina, or their
misregulation may be caused by changes in epigenetic modifications frequently
found in HGPS. Further insight into the connection between stem cells and
progeroid diseases comes from studies on the effects of ZMPST24 depletion in
mice hair follicle stem cells, where an absence of the transcriptionally active
form of B-catenin, the well-characterized regulator of the Wnt pathway, have
been observed [109].

Next to the HGPS called progeria of childhood, the second best-known example
of human accelerated aging syndrome with a similar phenotype is Werner
Syndrome (WS, called progeria of the adult). Whereas most cases of WS have
been caused by mutations in WRN, a gene encoding a RecQ family helicase, a subset
of patients with atypical WS show heterozygous amino acid substitutions in the
heptad repeat region of lamin A [22]. Other systemic laminopathy with some
progeroid phenotype features are mandibuloacral dysplasia (MAD; OMIM
248370) [25] caused by a mutation in the LMNA gene (MAD type A) or
ZMPSTE24 gene (MAD type B) [24]. The disease is characterised by post-natal
growth retardation, craniofacial anomalies, skeletal malformations, partial
lipodystrophy, insulin resistance and mottled cutaneous pigmentation [25].

Lipodystrophy

Lipodystrophy is characterized by fat loss in some anatomical sites and fat
accumulation in nonatrophic depots and unusual sites like the liver and muscle.
Adipose tissues are composed of fat cells, called adipocytes. Adipocytes arise
from mesenchymal precursor cells and are present in distinct anatomical
locations. Lipodystrophies can be inherited or acquired, partial or generalized,
and can also be a component of certain inherited multisystem syndromes
(e.g. MAD). Inherited partial lipodystrophies are caused by mutations in several
genes e.g. LMNA (FPLD2, MAD type A), LMNB2 (APL), ZMPSTE24 (MAD
type B), and PPARG gene encoding PPAR y (FPLD3) [110].
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Familial partial lipodystrophy (FPLD), originally described in the 1970s, is
caused by mutations in the LMNA gene and is characterized by a progressive,
gradual subcutaneous adipose tissue loss from the extremities and gluteal region,
usually commencing in the teenage years. Dunnigan type familial partial
lipodystrophy (FPLD; OMIM 151660) is characterized by regional and
progressive adipocyte degeneration often associated with insulin resistance,
hyperlipidaemia and type 2 diabetes presenting in later life [17]. Concerning the
metabolic complications, females affected with FPLD are more severely affected
than males, but the reasons for this sex-dependent phenotype difference have not
been elucidated. In addition, women with FPLD present hyperandrogenism and
ovarian abnormalities. The above-mentioned MAD is sometimes classified as
lipodystrophy, taking into the account the clinical phenotype of partial
lipodystrophy and insulin resistance [25].

It has recently been shown how the adipogenic program of the cell can be
associated with lamin and its protein partner emerin [111]. Emerin binds and
regulates the nuclear fraction of the canonical Wnt-signalling effector, -catenin,
in a lamin A-dependent manner [73]. Nuclear [-catenin influences the
expression and activation of PPARy. These adipogenic factors regulate the
differentiation program leading to the development of mature fat cells [112].
Canonical Wnt signaling represses adipogenesis by blocking the induction of
PPARYy. Because the process of adipogenesis is affected by PB-catenin and
PPARYy signaling, it can be linked to the expression of A/C-type lamins and
emerin. It is possible that a loss of these NE proteins can generate lipodystrophy
phenotypes. Some experiments suggest a link between emerin mutation and the
progressive replacement of skeletal muscle fibres and cardiomyocytes with fatty
fibrotic tissue, observed in patients with X-linked EDMD [111].

PPARYy is itself activated by SREBP1 (sterol response element binding protein).
SREBP1 is a transcription factor regulating lipogenesis in muscle satellite cells
and contracting myotubes [113] and has been identified as a pre-lamin A binding
protein (Fig. 3 IIA). It has been thought that FPLD arises due to the affected
binding of transcription factor SREBP1-lamin A/C [114]. Thus FPLD would fit
into the so-called “gene expression model”. In the case of such a complex, pre-
lamin A would be the docking site for SREBP1 and responsible for its
recruitment to the nucleus. Mutations in the lamin A/C gene affecting the
SREBP1-binding domain (or entire protein) would cause the mis-localization of
SREBP1 and the loss of its function, which would in turn affect the normal
function of several transcription factors, e.g. PPARY, changing the expression
pattern of many genes associated with lipid metabolism (Fig. 3 IIB).
Unfortunately, to date there is no efficient treatment for lipodystrophic patients.
Physicians attempt to manage the metabolic abnormalities with existing drugs
for hypertension, diabetes and dyslipidaemia. However, different possibilities
are emerging. Lately, the administration of a specific adipokine, such as leptin,
in patients with generalized lipodystrophy (GL) was shown to yield very
promising results. The long-term effect of treatment with R-metHuLeptin led to
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significant improvements in glycemia, dyslipidemia, and hepatic steatosis [115].
Because patients with FPLD have variable serum leptin levels and similar
metabolic abnormalities as in GL, the described therapy was also used in FPLD
treatment. Patients demonstrated an improvement in insulin sensitivity, fasting
glucose concentrations and triglyceride levels, but the changes were less
significant than those seen in GL, probably due to the significant baseline
differences between patients with FPLD and GL [116]. Some promising
experiments have been performed with thiazolinidione (TZD), which acts as
a synthetic co-activator of PPARy and is used in the treatment of diabetes
mellitus type 2 [117]. Other treatments for lipodystrophic patients might involve
stimulating re-growth or replacing lost adipose tissue with normal white adipose
tissue, or possibly gene therapy.

Neuropathy

Another class of laminopathies are neuropathies, like CMT2 and ADLD.
Autosomal recessive Charcot-Marie-Tooth disorder type 2 (AR CMT2) is the
motor and sensory neuropathy caused by a mutation in exon 5 of the lamin A/C
gene [28]. It belongs to the wider group of autosomal dominant CMT1 and AD
CMT?2, which are caused by mutations in the NF-L gene (neurofilament protein)
and microtubule motor protein from the kinesin family (KIF1Bf). The disease is
characterised by electrophysiological and neuropathic symptoms followed by
muscle wasting. Adult-autosomal dominant leukodystrophy (ADLD) caused by
an increased level of lamin B1 protein in the brain tissue, is a slowly progressive
neurological disorder characterized by symmetrical widespread demyelination of
the central nervous system [29].

TISSUE SELECTIVE PHENOTYPHES

Any attempt to resolve the issue of the molecular mechanism of the
laminopathies will always come to this principal question: why do at least some
laminopathies have a tissue-selective phenotype, bearing in mind that A- and B-type
lamins are expressed in nearly all differentiated cell types? Many theories have
been suggested to explain this phenomenon. Classically, two distinct models are
usually discussed: the structural model and the gene expression model [118].
The structural hypothesis assumes that alterations in the lamins result in
weakened NE, an impaired nucleo-cytoskeleton link and cell damage, especially
in muscle cells exposed to high mechanical stress. The lamins and the
nucleoskeleton are interconnected with the cellular cytoskeleton via the LINC
complex (linker of nucleoskeleton and cytoskeleton), and these connections
probably aid in dispersing stressing forces. Additionally, in muscle cells,
a proper connection between the karyoskeleton and cytoskeleton must be further
extended into the extracellular matrix, since additional mechanical stress is
generated during myotube contraction. Indeed, mutations in over 25 genes
coding for proteins of the karyoskeleton, cytoskeleton, contractile apparatus and
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mechanotransduction pathway give rise to the same dystrophy-like phenotype
[58]. Moreover, one of the first histological features of the disease is centrally
located nuclei. The lamin-LINC-cytoskeleton complex is also responsible for
proper nucleus positioning within non-muscle cells. Recently, it was shown that
failed muscle innervation caused by A-type lamin mutation leads to improper
positioning of the synaptic nuclei at the neuromuscular junction in muscle fibers,
which contributes to AD-EDMD [119]. Thus, impaired mechanotransduction
may at least partially explain the typical muscular dystrophy phenotype, which
seems to be similar to typical muscular dystrophies (e.g. DMD) and other
muscular dystrophies associated with genes responsible for mechanotransduction
from the contractile apparatus to the extracellular matrix.

The second plausible explanation for the tissue-specific phenotype of
laminopathies is the gene expression model, which suggests that the defects in
lamins lead to pathogenic and tissue-specific alterations in gene expression,
based on the studies showing that lamins interact with many regulatory proteins
and additionally could control chromatin organization and transcription [120].
Thus, we have a complex pattern of overlapping phenotypes, where impaired
mechanotransduction mechanisms may coincide with modulatory functions of
the nuclear lamina proteins in particular tissues.

Some new concepts have been published, based on the interaction of lamins with
a wide spectrum of diverse proteins and on the mechanism by which lamin
defects might alter these interactions to cause disease. Lamins not only interact
with each other but also interact and modulate function or determine the location
of key proteins of the nuclear membranes (emerin, nesprin, LBR, LAP, MANT1),
LINC complex (SUN proteins), nuclear pore complex proteins (Nupl53,
Nup53), transcription factors (SREBP1, MOK2, pRb, c-Fos, Oct-1),
nucleoplasmic proteins (BAF, LAP2a), proteins associated with signal
transduction pathways (PKCa, PP1, PP2), DNA and chromatin (H2A, H2B
histone dimers, heterochromatin protein-1) [for a review see 63, 121]. It should
be considered that the formation of a definite complex must be directed by
different signaling events. Based on what we already know, lamins are
phosphorylated [122], farnesylated, carboxymethylated, proteolytically cleaved
[8], and additionally lamin A is sumoylated at lysine 201 [123]. Perhaps
knowing how to control and regulate these events one might be able to use them
in designing a strategy for patient treatment. For instance, lamin A has been
shown to be phosphorylated at its S404 residue by Akt/PKB kinase downstream
of the phosphoinositide-3-kinase (PI3 kinase) signaling pathway, in response to
insulin stimulation in myoblasts. In cells from an EDMD-2 patient carrying
a mutation at Arg401, which lies at the Akt consensus, lamin phosphorylation
was dramatically reduced [124]. The pathological mechanism of such an effect
is unknown. We can speculate that lamin phosphorylation at Ser404, which lies
in proximity to NLS, can regulate either lamin import into the nucleus, or the
positioning of lamin A/C. Prediction programs indicate that phospho-S404
represents a fine 14.3.3 protein phosphomotif, which in turn suggests that lamin
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phosphorylation at this particular site can be further modulated by its subsequent
binding to a member of the 14.3.3 protein family [124] (Fig. 3 IIIA, B). Also,
emerin is phosphorylated by tyrosine kinases: Her2, Scr and Abl. Her2
signalling is disrupted in emerin-deficient heart and skeletal muscles, which may
suggest that emerin plays a role as one of the downstream effectors of Her2, but
the mechanism remains unknown. Some connection has been made for nuclei
located at the neuromuscular junction (NMJ) in skeletal muscle, which are
exclusively regulated by neuregulin-stimulated Her2 signaling [125].
Misregulation of some signal cascades is observed in numerous laminopathies
and may lead to an explanation of their pathogenesis and etiology. Several
reports have shown that nuclear envelope proteins are involved in the
modulation of Wnt-B-catenin, MAPK, TGF-p, PI 3-Kinase/Akt and Notch signal
transduction pathways [63], but much more remains to be studied in order to
completely comprehend the underlying disease mechanism. Understanding the
interplay between lamins and their signaling partners may help to find a new
therapeutic strategy involving inhibitory drugs.

ANIMAL MODELS FOR LAMINPATHIES

Investigations of the pathogenesis of laminopathies can be performed using
biological material obtained from patient biopsies, cell cultures and recently
generated genetically engineered mouse strains. Mouse models are very helpful
for examining potential therapies. These include mice that are null for either
LMNA [126], Zmpste24 [127] or EMD [66, 128], and mice carrying LMNA
missense mutations such as H222P [67, 129], N195K [130] or M371K [131].
It should be pointed out that the knockout of the lamin A/C gene in transgenic
animals yields the EDMD phenotype, with rapidly progressive dilated
cardiomyopathy (DCM) characterized by left ventricular (LV) dilation, and
death before puberty [126, 132]. LMNA" mice are also characterized by
impaired spermatogenesis [133], reduced thymus and spleen size, and severe
defects in lymphocyte development [134], and on the cell level by decreased
SREBP1 import and reduced PPARy expression [132]. Zmpste24-deficient mice
gain weight slowly, display progressive hair loss and suffer multiple
spontaneous bone fractures [135]. By contrast, mice lacking emerin appear
phenotypically normal [128].

PROSPECTS FOR TREATMENT

It is difficult to speculate at this moment about future prospects in cell and gene
therapy for laminopathies due to the still insufficient knowledge of the molecular
background of the diseases. Nevertheless, attempts at such treatment should be
made at least on tissue-cultured patient cells and model organisms.

The general approach for gene therapy will depend on the type of mutation and
the phenotype of the disease. Treatment of simple autosomal recessive disorders



134 Vol. 16. No. 1. 2011 CELL. MOL. BIOL. LETT.

would “only” require the expression of the wild-type allele in the diseased tissue.
Autosomal dominant diseases, especially when the mutated protein has the
property of “negative dominant mutant”, may require a much more complex
approach. Such a method would require at least the neutralisation of the mutant
allele (protein). If the expression of the normal allele would prove not to be
enough, the expression of the extra copy of the wild-type gene might be
necessary. For laminopathies of the muscular dystrophy type, a similar approach
to that for the development of gene therapy treatment for DMD should be the
obvious method of choice. Unfortunately no preferred strategy has been
developed for DMD. Model studies on mdx mice either use virus vectors of at
least the third generation or attempt to use ex vivo gene therapy using muscle
stem cells or transdifferentiated HSC CD133+ cells. Obviously, the treatment of
dominant negative-type laminopathies presents considerably more difficulties.
Despite the technical difficulties in the development of a selective, specific and
efficient vector for gene therapy, the main difficulty seems to be in developing
a strategy to neutralise the mutated protein without affecting the expression of
the normal allele or exogenous construct. The most promising method (the least
dangerous and relatively fast to develop) would be to design small peptides or
other molecules specifically interacting with mutated lamin protein only and
make them inert for interactions with other proteins. It is also possible to
imagine the design of small peptides interacting with mutated proteins and
compensating for mutation helping to assume proper folding and interactions
with other proteins. Alternatively, it is possible to modify the substrate
specificity of exogenous proteases for specific processing of progerin protein
only, which would result in the removal of farnesylated C-terminus. Some
prospects can also give the use of specifically designed rybozymes, highly likely
introduced by lentivirus vectors in order to incorporate the expression cassette
into genomic DNA, to correct point (or small deletion) dominant mutations
using the splicing apparatus. The most elegant and theoretically possible use of
homologous recombination vectors in order to permanently correct the genomic
DNA of the lamin locus seems to be (at least from the point of view of our
current knowledge) impractical due to the low efficiency of such procedures
even in tissue-cultured HGPS cells [103].

Some promise for efficient gene therapy was given by the discovery that human
haematopoietic stem cells (HSC) or mesenchymal stem cells (MSC) can
differentiate into different cell types [136-138]. Among others, they can
differentiate into myoblasts and subsequently into myotubes. HSC cells have
been widely used for the treatment of a large variety of human disorders [139-142].
Stem cells can be delivered to damaged tissue for regeneration or must be
stimulated to differentiate into muscle satellite cells or mature cells in vitro and
then delivered to patients. Such therapy could be based on three mechanisms:
differentiation of the administered cells into the desired tissue; release of factors
capable of paracrine signaling from the administered cells; and fusion of the
administered cells with the existing constituents. The major drawback of the
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ex vivo stem cell therapy with adult muscle stem cells in such an approach is the
low migration potential of muscle satellite cells. Hence, due to the higher
migration potential of MSC, there is an option for genetic manipulation of MSCs
and adapting genetically-modified MSCs for clinical use. The proposed gene
therapy for muscular dystrophy-type laminopathy may also be based on the
isolation of HSC cells from the patient, transformation with the wild allele of the
lamin gene and co-transfection with the gene(s) of transcription factors
responsible for differentiation into “primary”” myoblasts (e.g. Shh, Pax7, Myo-D,
Sca-1) [143-144]. Such cells would be infused or microinjected back into
patients. Infused cells should differentiate into primary myoblasts and as such
should be directed very efficiently to the muscle cells, where they can repopulate
and fuse with existing myotubes or form new ones. The advantage of this
method is its universality: exchanging the therapeutic cDNA sequence in the
DNA vector will allow for gene therapy treatment for other muscle genetic
diseases as well as some inherited genetic metabolic diseases, especially those
where the therapeutic gene product should be released into the peripheral blood
(e.g. lysosomal storage diseases, factor IX deficiency, HGF deficiency,
erythropoietin deficiency). Recently, stimulation of endogenous repair by
injected cells, which might cause the regeneration of stem cell niches, was
proposed for mesenchymal stem cells in cardiac repair [139].

The other question is how to deliver therapeutic nucleic acids to stem cells
in vitro or alternatively directly to selected cells in human patients. At present,
pseudotyped lentiviral vectors (LV) are used for both gene therapy strategies.
LVs offer the advantages of a large packaging capacity, specific cell-type
targeting through pseudotyping, low immunogenicity, stable integration in non-
dividing and dividing cells, and long-term transgene expression [145].
Nowadays, hematopoietic cell transplantation corrected ex vivo using a lentiviral
vector is used in some disease clinical trials [146].

CONCLUSIONS

In this review, we attempted to summarise the current state of knowledge on the
subject of laminopathies. We suggested some models for the mutation-driven
molecular mechanisms of the development of the various phenotypes. We also
discussed possible prospects for future treatment addressing different aspects of
the diseases, and suggested a possible systemic approach to patient treatment
using the patients’ own cells for gene therapy treatment.
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