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Abstract: Laminopathies are a group of inherited disorders caused by mutations in the lamin
A/C gene, and can affect diverse organs or tissues, or can be systemic, causing premature aging.
In the present review, we report on the composition and structure of the nuclear lamina and the
role of lamins in nuclear mechanics and their involvement in human diseases, and provide some
examples of laminopathies and current therapeutic approaches.
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Introduction

In eukaryotes, chromosomes are confined to the nucleus, whose perimeter is defined
by the nuclear envelope (NE), composed of a double membrane: the outer nuclear
membrane, continuous with the endoplasmic reticulum and containing many proteins;
and the inner nuclear membrane, containing a distinct set of proteins, some of which
interact with chromatin. Both membranes are fused at sites of nuclear pore complexes,
macromolecular structures allowing selective passage of proteins, RNA, and other
molecules to and from the nucleus.' In most eukaryotes, underlying the inner nuclear
membrane is a network of proteins made of lamins and lamin-associated proteins.
Lamins are ubiquitous nuclear intermediate-filament proteins that form a scaffold,
termed nuclear lamina, at the nuclear periphery. A small fraction of lamins also localize
throughout the nucleoplasm. This network provides nuclear stability, helps connect the
nucleus to the cytoskeleton, and contributes to modulating chromatin organization,
gene regulation, genome stability, and cellular differentiation.*?

Since the discovery that Emery—Dreifuss muscular dystrophy (EDMD) was caused
by mutations in the EMD gene encoding a nuclear protein,* considerable interest has
been focused on the NE in the last 15 years, following the realization that several
human diseases are linked to defects in genes encoding nuclear-specific proteins.
These diseases are now comprehensively described as laminopathies. Recent findings
suggest that lamin mutations decrease nuclear stability, increase nuclear fragility, and
disturb mechanotransduction signaling, possibly explaining the specific defects of many
laminopathies.?> Moreover, lamins have been recently involved in stress response.®

In this review, we focus on the role of lamins in nuclear mechanics and their
involvement in human diseases, and report some examples of laminopathies and cur-
rent therapeutic prospects.
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The nuclear envelope

A- and B-type lamins are located in the nuclear lamina,
beneath the inner nuclear membrane, where they form a
meshwork of intermediate filaments interacting with chroma-
tin on the nucleoplasmic side and with nuclear membrane and
cytoskeleton linkers on the cytoplasmic side. A-type lamins
include the four splicing products of the LMNA gene: lamin
A and C, the most abundant isoforms, lamin C2, and lamin
AA10.7 B-type lamins are lamin B1, encoded by the LMNBI
gene, and lamin B2 and B3, alternative splicing products of
the LMNB2 gene.” Although lamins are considered ubiqui-
tous proteins, it has been demonstrated that diverse expres-
sion levels and different isoforms can be found in different
cell types and organs. For instance, lamin A/C is expressed
in monocytes upon stimulus, and lamin A is downregu-
lated in brain by microRNA-9-mediated silencing.* Both
A- and B-type lamins are transcribed as precursor proteins
(prelamins) that undergo farnesylation at their C-terminal
CaaX box, subsequent cleavage, and carboxymethylation.
B-type lamins remain permanently farnesylated, while
mature lamin A is devoid of the farnesylated residue.!® The
farnesylation state avoids formation of mixed networks of
A- and B-type lamins and influences their interaction with NE
constituents, chromatin-associated proteins, and transcription
factors.!** Moreover, lamins undergo phosphorylation and
SUMOylation, further regulating their own intermolecular
interactions. The best-recognized binding partner of lamin
A/C at the NE is emerin, while the best-known partner of
B-type lamins is the lamin B receptor (LBR).” Both emerin
and LBR mediate lamin interplay with chromatin, either
through interaction with BAF'> and other LEM-domain
proteins,'® such as LAP2a,, or by direct recruitment of chro-
matin domains.'®!” The lamin—chromatin interface has been
getting better defined at the molecular level in recent years,
and dynamic lamina-associated chromatin domains known
as LADs have been identified.!” Regulation of chromatin in
response to diverse cellular and extracellular stimuli appears
to be the key function of lamins under physiological condi-
tions. More recently, the role of lamin in physiological pro-
cesses has been elucidated. Indeed, lamins are required for
muscle cell differentiation, nuclear and cellular migration,
stem cell homeostasis, and even formation of immunological
synapses. In all these contexts, lamins are involved in stress
response and aging mechanisms through their role as sensors
and chromatin regulators. Lamins and mostly prelamin A act
as sensors of stress to modify chromatin arrangement in a
way that facilitates repair of damaged DNA. In this context,
the reported euchromatization of nuclei induced by prelamin

A accumulation not only makes accessible DNA sites able
to be repaired but favors recruitment of DNA-repair factors,
such as 53BP1, into the nucleus.'® In addition, lamins play
key roles in cellular differentiation. Lamin A, prelamin A,
and lamin B1 anchor transcription factors at the nuclear
periphery, thus regulating their nuclear import. This is par-
ticularly relevant for Octl and SREBP1, two transcription
factors regulating adipogenesis, a process impaired in most
lamin-linked diseases. Moreover, lamin A and prelamin A
regulate nuclear positioning through functional interaction
with SUN1 and nesprins, key constituents of the LINC com-
plex connecting the nucleoskeleton to the cytoskeleton. The
relevance of the latter function is highlighted by the effects
elicited in muscle by either lamin A/C or SUNI mutations, "
which lead to myonuclear clustering and aberrant distribution
of myonuclear domains.

Finally, lamins regulate cellular signaling, at least to
control their own expression levels. This occurs through
modulation of TGFp, levels, which in turn affects AKT1
activity required for lamin A degradation.?**' A general dys-
regulation of TGFP signaling has been reported in muscular
laminopathies, hinting at a major role of lamin A in this
cellular pathway in muscle cells.?!

Molecular basis of and pathways in

nuclear lamin dysfunction
Alterations of the NE have been associated with several
disorders, including autosomal-dominant forms of EDMD,
dilated cardiomyopathy (DCM) with conduction-system
defects, limb-girdle MD 1B (LGMD1B) with atrioventricu-
lar conduction disturbances, Dunnigan-type familial partial
lipodystrophy, mandibuloacral dysplasia (MAD), autosomal-
recessive (AR) forms of axonal Charcot—Marie—Tooth
(ARCMT2, CMT2B), and Hutchinson-Gilford Progeria
Syndrome. To date, more than 450 LMNA mutations have
been reported in locus-specific databases (http:/www.umd.
be/LMNA/, http://www.dmd.nl).

Besides lamins, mutations in other genes coding for NE

proteins (Table 1) have been implicated in neuromuscular
disorders: 1) emerin, encoded by STA/EMD associated with
X-linked EDMD; 2) SYNE and SYNE2, coding for nesprin 1
and 2, which interact with the nucleoplasm through SUN pro-
teins and lamins, associated with MD and cardiomyopathy;*
3) TMPO, coding for the inner nuclear membrane integral
protein LAP2otin DCM;? 4) TOR1AIP1, coding for LAP1B
in MD and DCM;* and 5) TMEMA43, coding for LUMA,
another nuclear inner-membrane protein, in EDMD-like
patients.?
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Table | Laminopathies and related genes

Gene Protein Disease

LMNA Lamin A/C AD-EDMD, LGMD B, MDCL, DCM,
HGPS, a-WS, MAD, AR-CMT2A

LMNBI Lamin B receptor  AD leukodystrophy

STAIEMD Emerin XL-EDMD

SYNEI Nesprin | EDMD-like, cerebellar ataxia

SYNE2 Nesprin 2 EDMD-like

TMEM43 LUMA EDMD-like

TMPO LAP20 DCM

TORIA Torsin A Dystonia

TORIAIPI LAPIB Myopathy with contractures,

cardiomyopathy

Abbreviations: AD, autosomal-dominant; a-WS, atypical Werner syndrome;
EDMD, Emery—Dreifuss muscular dystrophy; LGMD, limb-girdle muscular dystrophy;
MDCL, muscular dystrophy, congenital, LMNA-related; DCM, dilated cardiomyopathy;
HGPS, Hutchinson-Gilford progeria syndrome; MAD, mandibuloacral dysplasia;
AR, autosomal-recessive; CMT, Charcot—Marie-Tooth; XL, X-linked.

In contrast, loss of function of the LMNBI gene has
not been reported in any disease, while its duplication
has been associated with an autosomal-dominant form of
leukodystrophy, a progressive neurological disorder.?® The
TOR1A gene has been implicated in dystonia.?

Different, probably not mutually exclusive, pathogenic
hypotheses have been proposed. The “mechanical stress”
hypothesis (the oldest) posits that mutations in lamin A/C
or proteins participating in the LINC complex would lead
to more fragile nuclei and weaken nucleus anchorage to
the cytoskeleton. This follows reduced nuclear stability,
especially in tissues subjected to constant mechanical stress,
such as muscles.?® Indeed, recent discoveries have focused on
key interactions between A-type lamins and stress-response
pathways.” Recently, it has been reported that LMNA-mutated
cells present severe defects in their capacity to sense the
stiffness of the environment and respond to mechanical
stress by inappropriate activation of the YAP transcription
factor.’® The altered gene-expression hypothesis is based
on the ability of NE proteins, in particular LEM proteins
(LAP2, emerin, MAN1), to tether repressive chromatin at
the nuclear periphery by binding to BAF DNA-binding pro-
tein and to transcription factors. Analysis of N195K LMNA
knock-in mice displaying cardiac defects revealed alterations
of Ht1b/Sp4 transcription factor and connexin 40 and 43
gap-junction proteins, suggesting a pathogenetic mechanism
based on disruption of intercellular junctions, similar to other
cardiomyopathies, such as arrhythmogenic right-ventricle
dysplasia.’! The alteration of signaling pathway hypothesis
is based on an abnormal activation of MAP kinases ERK1/2
and JNK, and has been reported in H222P LMNA knock-in
and emerin-mutant mice.’>* H222P LMNA knock-in mice

also activate the AKT pathway, providing possible therapeutic
targets based on inhibitors of these signaling pathways, like
rapamycin and temsirolimus.** Similarly, disruption of TGF3
signaling has been reported in LAP20. mutants through altera-
tion of SMAD2 and SMAD?3 transcription factors.?
Mutations in the LMNA and in ZMPSTE24 genes, the latter
encoding a posttranslational processing enzyme of prelamin A,
can cause progeroid laminopathies, a group of disorders with
different age of onset, grade of severity and prognosis, and
prematurely aged appearance. Prevalent mutations determine
altered prelamin A processing, with consequent accumulation
of immature nuclear forms, causing alterations in nuclear struc-
ture and functional activities.*® Affected cells losing integrity
of the nuclear lamina show irregular NE shape, chromatin dis-
organization, cellular senescence, apoptotic death, changes in
epigenetic regulation and gene expression, telomere shortening,
genomic instability, and delay of DNA-damage repair.’’
Special emphasis has been put on chromatin organization
and DNA-repair defects contributing to the pathophysiology
of progeroid diseases. Lamins regulate heterochromatin orga-
nization through interaction with diverse chromatin-binding
factors and proteins of the nuclear membrane. Fibroblasts
from progeroid patients or mouse models of progeria exhibit
elevated basal levels of YH2AX (a phosphorylated histone
marker of unrepaired DNA damage), persistent activation of
the DNA-damage response-checkpoint kinases, and higher
sensitivity to agents causing double-strand breaks.**** The
recent availability of high-throughput sequencing technolo-
gies has made it feasible to uncover mutations in genes pro-
ducing other nuclear proteins interacting directly or indirectly
with A-type lamins in progeroid syndromes. Patients with
Néstor—Guillermo progeria syndrome, a chronic progeria with
early onset but slow clinical course, and overlapping clinical
features of Hutchinson—Gilford progeria syndrome (HGPS)
and MAD had the same homozygous mutation — ¢.34G>A
(p-Alal2Thr)—in the BANF1 gene, encoding BAF conserved
DNA-binding protein involved in higher-order chromatin
structure and nuclear assembly.***! A morphological analysis
of mutant fibroblasts revealed profound nuclear abnormalities,
including blebs and aberrations previously described in other
laminopathies, and significant differences in the subcellular
distribution of emerin compared to control cells.* Recently,
several patients have been described with mandibular hypopla-
sia, deafness, progeroid features, and associated progressive
lipodystrophy (MDPL) syndrome, characterized by those who
share a recurrent in-frame deletion (c.1812_1814delCTC,
p.Ser605del) of a single codon or a missense mutation
(c.1519C>T, p.Arg507Cys) inthe POLD] gene, affecting the
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active polymerase site or exonuclease domain, respectively.*
The DNA polymerase-0 is responsible for DNA synthesis of
the lagging strand during DNA replication and cooperation
with DNA helicase encoded by the RECQL?2 gene to maintain
genome stability. Mutations in this gene cause Werner syn-
drome (WS), an AR premature aging disorder characterized by
early onset of aging-associated diseases, chromosomal insta-
bility, and cancer predisposition.** A subset of WS patients
are known as atypical cases, 20% of them having missense
mutations in the amino-terminal globular domain or in the
heptad repeats of the lamin-rod domain.*

Mechanisms and pathogenesis of
some examples of laminopathies
LMNA-related myopathies

LMNA-related myopathies (LMs) represent a more consistent
subgroup of diseases, due to mutations in the LMNA gene.
Three main different phenotypes have been reported, based on
distribution of muscle weakness or age at onset: LGMDIB,
EDMD?2, and a form of congenital MD (congenital, LMNA-
related [MDCLY]). However, all three may be associated with
the same mutation and present in the same family;*** in addi-
tion, considerable clinical overlap exists among these three
phenotypes, suggesting they should be considered a continuum
in the clinical spectrum of LMs. Indeed, the heart is involved
in all three entities, with similar features.*’” Interestingly,
cardiomyopathy may precede onset of muscle weakness.
Creatine kinase is usually normal or mildly elevated.
Muscle histological findings are usually not specific, includ-
ing myopathic and sometimes dystrophic features, making
muscle biopsy unnecessary for diagnosis in patients with
typical clinical features. Muscle magnetic resonance imaging
may be helpful in differential diagnosis for other myopathies,
eg, LM associated with predominant fatty infiltration of
medial gastrocnemius and vasti muscles with relative spar-
ing of the rectus femoris.*® EDMD2 was the first described
myopathy clinically characterized by the triad of 1) early
ankle, elbow, and spine contractures, 2) scapulohumeroper-
oneal muscle weakness and wasting, particularly in early
stages, and 3) heart involvement presenting in adult life as
conduction-system defects associated with a high frequency
of sudden cardiac death and DCM.*-* Muscle weakness
usually presents within the beginning of second decade,
sometimes preceded by contractures, which may cause dif-
ficulties with posture and gait.*”*3> Compared to EDMD2,
the X-linked form (EDMD1), due to mutations in the S74/
gene, shows humeroperoneal distribution of weakness,
contractures as the presenting symptom, less frequent loss

of ambulation, and lower heart risk of sustained ventricular
tachyarrhythmia and DCM.>!' Few cases of X-linked EDMD
have been associated with mutations in the FHLI gene,
differing from EDMD1 and EDMD2 for the presence of
hypertrophic cardiomyopathy.*

LGMD1B differs from EDMD2 in the distribution of mus-
cle weakness and wasting, being characterized by predominant
proximal muscle involvement. However, in later stages of the
disease, pelvic muscle weakness may be marked, as in EDMD2
patients. Furthermore, age at onset is later than EDMD?2, usu-
ally in the third or fourth decade. Of note, tendon retractions,
initially considered absent or late in disease course,> have been
recently observed in about two-thirds of LGMDI1B patients,
sometimes in early disease stages, although elbow contractures
appear to be more specific for EDMD2.4” LGMDI1B was the
most frequent muscle phenotype in a large cohort of Italian
LM patients.*’ The study confirmed that the natural history of
LM appears mainly marked by heart involvement and related
complications, while only a minority of patients lost the ability
to walk or needed assisted ventilation. Therefore, cardiologic
follow-up is strongly recommended in these patients.

More recently, a form of MDCL has been described in
patients with congenital onset or presentation within the first
2 years of life.’”*® In particular, two phenotypes have been
observed: a severe congenital form with minimal or absent
motor development, and a milder and more frequent myo-
pathy characterized by prominent axial weakness, defined as
“dropped head syndrome”, after normal acquisition of head
control, with preservation of walking ability. MDCL patients
may progress both to EDMD2 or LGMD1B.#*¢ Respiratory
failure is very frequent, whereas cardiac involvement is less
common, and when present it is characterized by the presence
of arrhythmias. The central nervous system is not involved,
except for a single case report of a girl with dropped head syn-
drome and focal white-matter changes. No clear genotype—
phenotype correlation has been demonstrated to date. However,
missense mutations seem to be more frequent in EDMD?2
and MDCL, and frameshifts more frequent in LGMD1B.47-%
In EDMD?2 and LGMD1B, mutations are confined mostly to
Ig-like (exons 7-10) and coil 2B (exon 6) regions, respectively,
whereas in MDCL they are confined to the N-terminal and the
first part of the rod domains (exons 1, 4, and 5).*° Environ-
mental factors and additional possible genetic modifiers have
been postulated to explain the phenotypic variability.®'—

LMNA-related cardiomyopathies
The first cases presenting with selective cardiac diseases asso-
ciated with mutations affecting the LMNA gene were reported
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in 1999.% Very often, the first signs of cardiac disease proved
to be silent; electrocardiography findings consisted in car-
diac rate and rhythm abnormalities, followed by sinus-node
alterations or progressive atrioventricular blocks. A number
of subjects developed atrial fibrillation or flutter. Later on,
several study patients developed DCM ranging in severity
from mild to severe, leading to heart failure and requiring in
some cases heart transplantation.

The frequency of LMNA mutations associated with the
different cardiac and skeletal muscle phenotypes was stud-
ied by Vytopil et al® in 166 patients subdivided into four
groups: EDMD, isolated heart disease, isolated MD, and
idiopathic “hyperCKemia”. Mutation analysis demonstrated
that the presence of heart involvement and age of onset were
distinguishing features separating patients with EDMD and
LMNA mutations from those that were LMNA/STA-negative,
while distribution of myopathy was not a reliable diagnostic
criterion. The frequency of LMNA mutations in isolated heart
disease was 3%—5%, similar to that of other identified genes,
underscoring the high heterogeneity of the cardiac phenotype
and a role of LMNA in this group of disorders.

Both intra- and interfamilial variability has been reported,
with cases showing a rapid and negative prognosis caused by
sudden cardiac death or quick deterioration of cardiac status,
and familial cases with milder disease course characterized by
low prevalence of atrial fibrillation and DCM and no evidence
of sudden death.® Cardiac compromise does not significantly
differ between patients with the neuromuscular phenotype
and patients with selective cardiac disease.® It usually mani-
fests first with electrocardiography findings of low P-wave
and prolonged PR interval, with a narrow QRS complex. The
majority of them developed dysrhythmias after the age of
30 years, and many underwent pacemaker implantation; heart
failure was relatively frequent after the age of 50 years, and
occurred less commonly than dysrhythmias.

Recently, Nigro et al demonstrated that P-wave disper-
sion, an independent risk factor for the development of atrial
fibrillation, was significantly increased in subjects carrying
LMNA-gene mutations, despite preserved systolic and dia-
stolic cardiac function.®’

Interestingly, sudden cardiac death was the modality of
exit most frequently observed even in implanted subjects,
indicating that they are at high risk of sudden death and
that pacemakers are unable to protect them against this
dramatic event. Sudden cardiac death is attributed to the
development of life-threatening arrhythmias that may occur
in the presence of normal left ventricular systolic function.
Heterogeneity of ventricular repolarization, stated by the

electrocardiographic parameters QTc dispersion and JTc
dispersion, is considered to provide an electrophysiological
substrate for malignant arrhythmias and sudden death.® It
was observed that compared to the healthy controls, LMNA-
mutated patients presented increased values of QTc disper-
sion and JTc dispersion.®® In a retrospective longitudinal
study on a large number of families whose index case was
affected by cardiolaminopathy, a high rate of major car-
diac events was reported, including malignant ventricular
arrhythmias and heart failure, usually occurring in patients
already affected by DCM.*” Furthermore, competitive sport
and being a carrier of a nonmissense LMNA-gene mutation
are considered factors predicting sudden cardiac death.
Malignant ventricular arrhythmias tend to occur in subjects
carrying at least two of the following variables: mutations
other than missense on the LMNA gene, ejection fraction
<45% at first clinical evaluation, male sex, and unsustained
ventricular tachycardia.® These findings help in understand-
ing the natural course of cardiolaminopathies, and provide
clinicians with important suggestions on how to prevent
sudden cardiac death.

Systemic laminopathies

Systemic laminopathies refer to a group of progeroid syn-
dromes that includes HGPS, restrictive dermopathy (RD),
MAD, and atypical progeroid syndrome (APS). HGPS
(OMIM 176670) is a rare dominant genetic disorder charac-
terized by accelerated aging caused by de novo mutations in
LMNA gene, first described by Jonathan Hutchinson in 1886
and Hasting Gilford in 1897. The estimated incidence is one
per 4-8 million live births. A total of 132 cases of HGPS have
been reported, with 40 known cases worldwide.

Mutated LMNA encodes for an aberrant protein called
progerin, present in high concentrations in cells and caus-
ing distortion of the nuclear membrane, altered function of
chromatin, and reduced life expectancy.”” More than 50% of
patients share the G608G mutation in exon 11, but further
variants have been also reported.”’”> Some patients have
shown AR mutations in LMNA">7 or in ZMPSTE24, with
atypical features overlapping MAD or RD.”™ HGPS affects
growth, skeleton, body fat, skin, hair, and the cardiovascu-
lar system. Children with classical HGPS typically appear
normal at birth, but usually present a profound failure to
thrive and a sclerodermatous skin, with loss of subcutaneous
fat over the trunk in the first year of life. The phenotype is
characterized by “plucked-bird” appearance, stunted growth,
prominent scalp veins, distinctive facial appearance (frontal
bossing, protruding ears with absent lobes, a glyphic nose,
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prominent eyes, thin lips, and micrognathia), short clavicles,
generalized joint stiffness, and osteolysis involving distal
phalanges and clavicles. These changes result in an aged
appearance. Intelligence is normal. Growth in weight is more
disturbed than growth in height, and growth delay starts
prenatally. Secondary sexual characteristics fail to develop.
Lipodystrophy is generalized, except for intra-abdominal
fat. Cardiovascular problems are extremely variable: stroke
and coronary dysfunction are very frequent. Decreased
high-density lipoprotein levels are also characteristic of this
syndrome. Most patients die at 6-20 years of age (average
life span 13 years) of complications of severe atherosclerosis
or cardiac/cerebrovascular diseases.” 7

RD (OMIM 275210) is arare AR lethal multiple congeni-
tal syndrome characterized by severely taut skin restricting
intrauterine growth and movements and causing akinesia
or hypokinesia. Newborns die in the first week of life due
to respiratory insufficiency.” Patients show tight skin, joint
contractures, rocker-bottom feet, and characteristic facial
dysmorphisms (micrognathia, mouth fixed in an “O” posi-
tion, small pinched nose, lack of eyebrows and eyelashes).
The disorder is due to mutations in the ZMPSTE24 or LMNA
gene. ZMPSTE24 mutations abolish normal functioning of a
zinc metalloproteinase responsible for the correct processing
and maturation of lamin A, while LMNA mutations produce
a truncated precursor to lamin A.* RD is regarded as a more
severe form of HGPS, with a possible correlation between
the cellular levels of progerin and prelamin A and the severity
of the symptoms.®!

MAD (OMIM 248370) is a rare AR disorder character-
ized by postnatal growth retardation, craniofacial features,
and skeletal and cutaneous manifestations.®? Patients show
mandibular hypoplasia, progressive osteolysis of terminal
phalanges and clavicles, and cutaneous changes (mottled
hyperpigmentation, skin atrophy). Some patients may show
marked premature aging features, including bird-like faces,
high-pitched voice, alopecia, and nail dysplasia, and less
commonly hypogonadism and delayed puberty, sensorineural
deafness, cutaneous calcinosis, and scleroderma. Lipodystro-
phy, hyperlipidemia, and metabolic complications associated
with insulin resistance are typical of this disorder. Appear-
ance is normal at birth, but signs progress with age.*** The
most common genetic defects are homozygous missense
mutations in the LMNA®* or ZMPSTE24 genes.’” MADA,
caused by mutations in LMNA gene, is characterized by
partial loss of fat from extremities, with normal or excessive
deposition in the face and neck.®® Mandibuloacral dysplasia
type B (MADB), caused by mutations in the ZMPSTE24

gene, is characterized by generalized loss of subcutaneous
fat, affecting the face as well as extremities.’” The majority
of Mandibuloacral dysplasia type A (MADA) patients are
homozygotes for the p.R527H mutation.’® MADB patients
develop clinical manifestations earlier in life, are premature
at birth, and can develop focal segmental glomerulosclerosis
and calcified skin nodules during adulthood. Differential
diagnosis may be difficult, especially in infancy, because of
common clinical features and poor evidence of lipodystrophy
in childhood.

The features of MAD show significant clinical overlap
with HGPS and APS. Lipodystrophy and pinched nose are
more prominent in HGPS than in MAD, while acroosteolysis
and clavicular and mandibular hypoplasia are less prominent
in APS. The similarity confirms that these forms represent a
clinical spectrum of related disorders.* Patients with MADA
have a significantly longer life expectancy than those with
HGPS or RD.

APS is a progeroid syndrome involving heterozygous
LMNA-gene mutations, with heterogeneous phenotypes.®’
Patients show clinical signs of HGPS, MAD, or atypi-
cal WS: short stature, beaked nose, premature graying,
partial alopecia, high-pitched voice, skin atrophy over
the hands and feet, diabetes, generalized lipodystrophy,
skin pigmentation, and mandibular hypoplasia. No clear
genotype—phenotype correlation has been shown. The
same mutations (R133L, R644C) could be associated with
extreme phenotypic diversity similar to that observed in
myolaminopathies.**° Many of the mutations are de novo.
In contrast to patients with MAD or HGPS, APS patients
generally have no acroosteolysis or only mild changes of the
terminal phalanges, slight evidence of loss of scalp hair, and
a slightly delayed onset of manifestations. Partial or gene-
ralized lipodystrophy is a common sign. A large number
of patients show cardiac valve involvement and metabolic
diseases. Phenotypic heterogeneity could be explained by
ethnic differences, environmental factors, and various roles
of the nuclear lamina.”

Prospects for therapeutic

intervention

Presently, there is no cure for laminopathies; treatment can
only be symptomatic and performed by a multidisciplinary
medical team. The strategic use of established medications
might delay the cardiovascular complications in certain
laminopathies. However, different therapeutic strategies are
developing®! as pharmacological and gene approaches for
both systemic and nonsystemic laminopathies.
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Pharmacological approach

Systemic laminopathies

Hutchinson-Gilford progeria

A possible therapeutic approach for systemic laminopathies
caused by farnesylated prelamin A accumulation is the
degradation of prelamin A or progerin, expected to improve
the disease phenotype.” Prelamin A elicits toxic effects in
cells, leading to chromatin damage and cellular senescence,
ultimately causing accelerated skin aging.”

Rapamycin, an antibiotic belonging to the class of
macrolides, is able to inhibit progerin, dramatically and
selectively decreasing protein levels through a mechanism
involving autophagic degradation. Progeria cells treated
by rapamycin show lower levels of progerin and wild-type
prelamin A, suggesting the drug can serve as a therapeutic
tool to eliminate progerin, avoid farnesylated prelamin A
accumulation, and restore chromatin dynamics.”>"

Quite promising results have been found with the use of
farnesyltransferase inhibitors (FTIs). Initially developed as
a target drug for an oncogenic RAS gene, FTIs have been
shown to block the enzyme responsible for the farnesylation
step on prelamin A in HGPS. In transgenic mice expressing
progerin in the skin, administration of FTIs or a combination
of pravastatin and zolendronate rescue nuclear morphological
abnormalities in keratinocytes.*

Both prelamin A and its truncated form progerin/LAASO
undergo alternative prenylation by geranylgeranyl transferase
in the setting of farnesyltransferase inhibition, which could
explain the low efficiency of FTIs in ameliorating the pheno-
types of progeroid mouse models.”* A combination of statins
and aminobisphosphonates efficiently inhibits both farne-
sylation and geranylgeranylation of progerin and prelamin
A, and markedly improves the aging-like phenotypes of
ZMPSTE24-deficient mice. Likewise, the longevity of these
mice is substantially extended.” These findings opened a
new therapeutic approach for human progeroid syndromes
associated with NE abnormalities.

In clinical studies, inhibition of farnesylation, though not
curing the pathological cause, averts buildup of progerin on
the nuclear rim and prevents further disease progress.®’ Fre-
quency of clinical strokes, headaches, and other complications
were greatly reduced.”® Gordon et al recently stated that there
is evidence that survival may be improved by FTIs,”” although
they are clearly not curative, many features of the disease per-
sisting despite treatment. The inhibition of isoprenylcysteine
methylation, causing accumulation of progerin, could be a
further therapeutic approach for HGPS, being able to restore
cellular processes in both transgenic mice and human cells.”

Nonsystemic laminopathies

LMNA dilated cardiomyopathy

A defective autophagy in hearts of LMNA"222H222P mijce has
been observed, caused by hyperactivation of the AKT-mTOR
pathway.?>*1% Reducing mTOR activity by pharmacologi-
cal intervention ameliorated autophagy in correlation with
improved heart function.'” Furthermore, in vivo admin-
istration of the rapamycin analog temsirolimus prevents
deterioration of cardiac function. These findings provide a
rationale for a novel treatment of LMNA cardiomyopathy and
implicate defective autophagy as a pathogenic mechanism
of cardiolaminopathy.”’

Mandibuloacral dysplasia

Rapamycin seems to be a potential treatment for MAD.!*! In
fact, treatment with rapamycin of MAD cells, which feature
very low levels of the nicotine adenine dinucleotide (NAD)-
dependent sirtuin SIRT1 in the nuclear matrix, restores SIRT1
localization and chromatin-marker distribution, elicits release
of the transcription factor Octl, and determines shortening
of the prolonged S-phase.!®!

Gene therapy

The general approach for gene therapy in laminopathies
will depend on the type of mutation and disease phenotype.
Treatment of simple AR disorders would “only” require the
expression of the wild-type allele in the diseased tissue, while
treatment of dominant negative-type laminopathies presents
considerably more difficulties. The main difficulty seems to
be the development of strategies neutralizing the mutated pro-
tein without affecting the normal allele expression. The most
promising methods (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
making them inert for interactions with other proteins.’!

Systemic laminopathies

The gene therapy for HGPS is based on RNA interference
(RNALI), in which mutant LMNA messenger RNAs (mRNAs)
are selectively destroyed. In RNAi, the 21-23 mers of
double-stranded RNAs introduced to cells hybridize to target
mRNA and recruit machineries to destroy the target mRNAs.
Double-stranded RNA can be delivered to cells utilizing
expression of short-hairpin RNA.!% In HGPS fibroblasts and
lymphocytes, Scaffidi and Misteli'® introduced morpholino
oligonucleotides targeted to the activated cryptic splicing
site, and observed that mutant proteins were reduced to
~25% compared to untransfected cells, and cellular disease
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phenotypes, including nuclear morphology and replicative
life spans, were partially restored.!® Alternatively, synthetic
oligonucleotides with long half-lives can be employed.’!-1¢
Both approaches were shown to effectively restore various
cellular and nuclear phenotypes. However, though these
show potential clinical applications, systemic delivery of
short-hairpin RNA or synthetic oligonucleotides remains a
major hurdle for any gene therapy.

Progerin has been shown to accumulate in patient-derived
vascular cells from skin,'” while pathological studies of
HGPS mice suggest that progressive loss of vascular smooth-
muscle cells may be the cause of fatal cardiac complica-
tions.'” The simple reduction of the toxic mutant protein
using RNAi might become a potential treatment for selected
LMNA phenotypes in which accumulation of the toxic mutant
lamin is the predominant mechanism of disease.

Of particular interest in the field is a study by Osorio
et al.!% Using a genetically modified mouse strain carrying
HGPS mutation, they developed an antisense morpholino-
based therapy that prevented pathogenic LMNA splicing,
markedly reducing the accumulation of progerin and its asso-
ciated nuclear defects, and resulted in a marked amelioration
ofthe progeroid phenotype and life span. These data support
the effectiveness of antisense oligonucleotide-based therapies
for treating human diseases of accelerated aging.'*+197

Nonsystemic laminopathies

Some promise for an efficient gene therapy was given by the
discovery that human hematopoietic stem cells (HSCs) or
mesenchymal stem cells can differentiate into different cell
types.'?>1% Among others, they can differentiate into myoblasts
and subsequently into myotubes. HSCs have been widely used
for the treatment of a large variety of human disorders.?!:1%110
Stem cells can be delivered to damaged tissue for regenera-
tion, or must be stimulated to differentiate into muscle satellite
cells or mature cells in vitro and then delivered to patients. The
major drawback of ex vivo stem cell therapy with adult muscle
stem cells in this approach is the low migration potential of
muscle satellite cells. The proposed gene therapy for muscle
laminopathies may also be based on the isolation of HSCs from
the patient, transformation with the wild allele of the lamin
gene, and cotransfection with the gene(s) of transcription fac-
tors, responsible for differentiation into “primary” myoblasts
(eg, Shh, Pax7, Myo-D, Sca-1), and infusion/microinjection
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.

Exon skipping to restore a reading frame or switch protein
isoforms is under clinical trial in some genetic diseases. The
hypothesis is that by removing an in-frame exon containing
a pathogenic mutation, phenotypes could also improve, as
recently demonstrated by Scharner et al.''> However, provided
the high pathogenic potential of any LMNA mutation, gene
therapy must be regarded with several caveats.

Conclusion

Mutations in genes encoding nuclear lamins, particularly
LMNA encoding the A type lamins, cause a range of phe-
notypically different diseases. The phenotypes and genetic
abnormalities of these disorders have been described.
A significant amount of current research is aimed at deci-
phering pathogenic mechanisms, and some has connected
mutations in LMNA to posttranslational protein modifications
and alterations in cell-signaling pathways.

In this review, we attempted to summarize the current
state of knowledge on laminopathies and to describe the cur-
rent prospects for future treatment, addressing the different
aspects of this complex group of diseases.
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