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Abstract

Nuclear lamins are intermediate filament proteins that polymerize to form the nuclear lamina on
the inner aspect of the inner nuclear membrane. Long known to be essential for maintaining
nuclear structure and disassembling/reassembling during mitosis in metazoans, research over the
past dozen years has shown that mutations in genes encoding nuclear lamins, particularly LMNA
encoding the A-type lamins, cause a broad range of diverse diseases, often referred to as
laminopathies. Lamins are expressed in all mammalian somatic cells but mutations in their genes
lead to relatively tissue-selective disease phenotypes in most cases. While mutations causing
laminopathies have been shown to produce abnormalities in nuclear morphology, how these
disease-causing mutations or resultant alterations in nuclear structure lead to pathology is only
starting to be understood. Despite the incomplete understanding of pathogenic mechanisms
underlying the laminopathies, basic research in cellular and small animal models has produced
promising leads for treatments of these rare diseases.
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Nuclear lamins

Lamins are type V intermediate filament proteins. They are located primarily at the inner
aspect of the inner nuclear membrane, where they polymerize to form a higher-ordered
structure called the nuclear lamina. Lamins appear to be expressed in all or most metazoans
but are absent from yeast, other unicellular organisms and plants [1]. Vertebrate lamins are
similar to their cytoplasmic intermediate filament homologues but have several
distinguishing features (Figure 1). Like all intermediate filament proteins, lamins contain a
highly conserved a-helical coiled-coil rod domain, composed of heptad repeats of amino
acids flanked by variable amino-terminal head and carboxyl-terminal tail domains. However,
the rod domains of lamins have 42 additional amino acids (six heptad repeats) within coil 1B
compared to vertebrate cytoplasmic intermediate filament proteins [2]. Lamins also have
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shorter head domains than most cytoplasmic intermediate filament proteins. The tail
domains of lamins contain a nuclear localization signal, which is necessary for their active
nuclear transport after synthesis [3]. The tail domains also contain an immunoglobulin-like
fold motif near the nuclear localization signal [4,5]. Most lamins (in mammals, all except
lamin C and lamin C2) contain a motif of amino acid sequence cysteine-aliphatic-aliphatic—
any (CaaX) at their carboxyl-termini, which initiates a series of enzymatic reactions that lead
to farnesylation and carboxymethylation of the cysteine and endoproteolytic cleavage of-
aaX [6]. In contrast to cytoplasmic intermediate filament proteins, lamins also contain
consensus sites for mitotically active protein kinases, the phosphorylation of which directs
the disassembly of the nuclear lamina during mitosis [7].

Lamins are generally divided into A-type and B-type, depending upon their structural
similarities and isoelectric points. In mammals, three genes encode lamins (Table 1). In
humans, LMNB1 on chromosome 5 encodes lamin B1, which is expressed in all or most
somatic cells [8]. LMNBZon human chromosome 19 encodes lamin B2, also expressed in
all or most somatic cells, and lamin B3, a germ cell-specific isoform that arises by
alternative RNA splicing [9,10]. LMNA on human chromosome 1 encodes the A-type
lamins, with lamin A and lamin C being the major isoforms arising by alternative RNA
splicing that are expressed in most terminally differentiated cells [11]. A-type lamins are
lacking from undifferentiated cells, such as early embryos and lymphoblasts [12-15].
LMNA also encodes a germ cell-specific isoform, lamin C2, and a poorly studied isoform,
lamin A 10 [16,17].

Lamins A and C are identical for their first 566 amino acids and differ in their carboxyl-
terminal tail domains [18,19]. Lamin A is synthesized as a precursor, prelamin A, which
contains a CaaX motif at its amino-terminus. After farnesylation (catalysed by protein
farnesyltransferase), carboxymethylation (catalysed by isoprenylcysteine
carboxylmethyltransferase) and—aaX cleavage (catalysed by the endoproteases RCE1 and
ZMPSTE24), prelamin A is recognized by ZMPSTE24, which cleaves it 15 amino acids
from the farnesylated cysteine [6,20]. Hence, in contrast to the B-type lamins, lamins A and
C are not farnesylated when assembled in the nuclear lamina.

Many different cellular functions have been attributed to the nuclear lamina [21]. Most cell
biologists would agree that one function is to provide structural support to the nucleus,
perhaps also regulating the spacing of nuclear pore complexes. A role for the nuclear lamina
in regulating chromatin organization and gene expression has been widely hypothesized and
repositioning of genes to the nuclear lamina leads to transcriptional repression [22].
However, the exact physiological role of lamins in gene expression remains unknown. Some
research suggests that B-type lamins function in fundamental biological processes, including
DNA replication and mitotic spindle pole formation [23-26]. However, mice deficient in
lamin B1 or lamin B2 survive embryonic development, with the most predominant
abnormalities in lamin B2-null mice involving brain development, and mouse keratinocytes
genetically engineered to be deficient in all B-type lamins proliferate normally [27-29].
Cells without A-type lamins also proliferate and Lmna knock-out mice survive beyond birth,
eventually dying from cardiac and skeletal muscle abnormalities [30].
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Laminopathies

In 1999, Bonne et a/[31] reported that mutations in LAMNA encoding A-type lamins cause
autosomal-dominant Emery-Dreifuss muscular dystrophy. This opened the floodgates to
discoveries over the next decade that mutations in the same LMNA gene cause more than a
dozen previously defined rare clinical disorders called laminopathies (Table 2). As a result,
research in clinical genetics has changed the way cell biologists view the nuclear lamins and
nuclear lamina.

A careful look at the clinical disorders caused by L MNA mutations shows that they can be
grouped into those that affect either striated muscle, adipose tissue (with consequent
metabolic abnormalities), peripheral nerve or multiple systems with signs of accelerated
ageing (Figure 2). While there is some overlap between affected organs and tissues, this
classification is for the most part robust.

The first-described laminopathies were diseases of striated muscle [31]. Autosomal-
dominant Emery—Dreifuss muscular dystrophy is characterized by early joint contractures,
primarily involving the elbows, ankles and neck, followed by progressive muscle weakness
and wasting, beginning in the upper arms and lower legs and progressing to muscles in the
shoulders and hips [32]. The life-threatening feature of the disease, however, is dilated
cardiomyopathy with early conduction system abnormalities. The same LMNA mutations
that cause Emery-Dreifuss muscular dystrophy can also cause dilated cardiomyopathy, with
minimal to no skeletal muscle disease or a limb-girdle muscular dystrophy with dilated
cardiomyopathy [33,34]. Hence, Emery—Dreifuss muscular dystrophy, isolated dilated
cardiomyopathy and limb-girdle muscular dystrophy 1B are actually a spectrum of
overlapping clinical phenotypes caused by LMNA mutations, with dilated cardiomyopathy
as the unifying feature [35]. LMNA mutations have also been associated with cases of
congenital muscular dystrophy with heart involvement and ‘heart—hand syndrome’, in which
cardiomyopathy is associated with congenital limb abnormalities [36,37]. LMNA mutations
that cause striated muscle diseases generally lead to amino acid substitutions throughout
lamins A and C, small in-frame deletions, RNA splicing defects or haploinsufficiency of A-
type lamins. The Emery-Dreifuss muscular dystrophy phenotype can also be inherited in an
X-linked manner. This occurs as a result of mutations in the £MD gene, which encodes an
integral membrane protein called emerin [38]. Emerin is localized to the inner nuclear
membrane and in most cases of X-linked Emery—Dreifuss muscular dystrophy is lacking
from the nuclear envelope [39,40]. Emerin and A-type lamins bind to each other and A-type
lamins are essential for retaining emerin in the inner nuclear membrane [30,41]. However,
the functional significance of the lamin—emerin interaction and why mutations in the genes
encoding these different proteins can cause the same striated muscle disease phenotype
remain unknown.

In 2000, several groups showed that mutation in LAMNA cause disease of adipose tissue,
specifically Dunnigan-type familial partial lipodystrophy [42—44]. Dunnigan-type familial
partial lipodystrophy is autosomal-dominantly inherited and presents with loss of adipose
tissue from the extremities around the onset of puberty, with consequent insulin resistance,
diabetes mellitus, hypertriglyceridaemia and complications such as hepatic steatosis [42—
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46]. Approximately 85-90% of mutations that cause this disease are in exon 8 of LMNA and
lead to amino acid substitutions that change the surface charge of the immunoglobulin-like
fold domain in the carboxyl-terminal tail of lamins A and C [4,5]. Homozygous missense
mutations, most causing an arginine-to-methionine substitution, within the immunoglobulin-
like fold domain cause mandibuloacral dysplasia, a syndrome with partial lipodystrophy and
congenital abnormalities mostly affecting the skeleton [47]. In contrast, amino acids
substitutions in the immunoglobulin-like fold that occur in striated muscle diseases are
predicted to lead to significant overall disruption of its tertiary structure [4,5]. Various other
mutations in LMNA have been reported in subjects with abnormalities in adipose tissue,
insulin sensitivity and fat metabolism but without the typical Dunnigan-type familial partial
lipodystrophy phenotype [48-50].

A LMNA mutation leading to a homozygous arginine-to-cysteine amino acid substitution at
position 298 in the rod domain of A-type lamins has been reported to cause an autosomal
recessive peripheral neuropathy, specifically Charcot—-Marie—Tooth type 2 disorder type 2B1
[51]. Affected subjects suffer from an axonal peripheral neuropathy with variability in the
age of onset and the course of the disease [52]. Sciatic nerves of Lmna-null mice have a
reduction of axon density, axonal enlargement and non-myelinated axons similar to
phenotypes of human peripheral axonal neuropathies [51]. Heterozygous deletion of the
LMNA initiator codon has been reported to cause a phenotype with features of both
autosomal-dominant Emery—Dreifuss muscular dystrophy and peripheral neuropathy [53].
Hence, peripheral neuropathy appears to result from some type of selective loss of some
function or property of A-type lamins.

The other group of diseases resulting from LMNA mutations has defects in multiple organ
systems with signs of accelerated ageing. Individuals with mandibuloacral dysplasia caused
by LMNA mutation have partial lipodystrophy but also mandibular and clavicular
hypoplasia, acroosteolysis of the distal fingers, delayed closure of the cranial suture, joint
contractures, short adult stature and growth retardation [37]. Several of these phenotypic
abnormalities overlap those present in progerias, disorders of accelerated ageing [54].
Hutchinson-Gilford progeria syndrome is a sporadic, autosomal-dominant syndrome
characterized by features of accelerated ageing, including sclerotic skin, joint contractures,
micrognathia, alopecia, fingertip tufting, distal-joint abnormalities, growth impairment and
vascular abnormalities, generally leading to death during the second decade due to
myocardial infarction or stroke [55]. This syndrome is caused by a sporadic cytosine-to-
thymine transversion in codon 608 of exon 11 of LMNA [56,57]. It generates a RNA a
splice donor site that leads to expression of a prelamin A variant with 50 amino acids deleted
from the carboxyl-terminal tail region, including the ZMPSTE24 endoprotease site.
Homozygous mutation in the gene encoding ZMPSTE?24 also results in a progeriod
syndrome, neonatal lethal restrictive dermopathy [58,59]. In Hutchinson—-Gilford progeria
syndrome and restrictive dermopathy, the genetic defects respectively result in expression of
either a prelamin A variant or unprocessed prelamin A, both of which retain a farnesylated
and carboxymethylated carboxyl-terminal cysteine (Figure 3). Expression of these
abnormally farnesylated proteins appears to be important in the pathophysiology of the
progeroid phenotypes (see below); however, point mutations in LMNA that do not lead to
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abnormally farnesylated protein variants have also been associated with atypical progeroid
syndromes [60-62].

While mutations in LMNA cause diverse disease phenotypes, fewer disease-causing
mutations in genes encoding B-type lamins have been reported. Duplication of LMNBI,
which leads to an increase in lamin B1 expression, causes adult-onset autosomal-dominant
leukodystrophy, a slowly progressive neurological disorder characterized by symmetrical
widespread myelin loss in the central nervous system [63]. Mutations in LMNBZ2 have been
reported to lead to susceptibility to acquired partial lipodystrophy [64]. In mice,
homozygous Lmnb1and Lmnb2 deletions both cause neonatal lethality, with Lmnb2-null
mice having abnormal development of the cerebral cortex and cerebellum [27,28]. Mutations
in genes encoding several lamin-associated proteins of the nuclear envelope cause a variety
of diseases, also sometimes referred to as laminopathies (reviewed previously in [65,66]).

Pathophysiology and potential treatments

Research on the genetic mutations causing laminopathies took off in the first decade of the
twenty-first century, but understanding of disease pathogenesis lagged. Research on
pathophysiology using cellular and animal models subsequently began to catch up. Some of
this research has already led to early stage clinical trials for these rare diseases.

The first cellular pathophysiological observation in laminopathies was that mutations in
LMNA generally lead to abnormal nuclear morphology. When A-type lamins are absent
from cells that normally express them, the nuclei are irregular in shape with herniations of
the nuclear envelope; in addition, nuclear pore complexes cluster, B-type lamins are partly
mislocalized and emerin redistributes from the inner nuclear membrane to the bulk
endoplasmic reticulum (reviewed previously in [21,65-69]). Cells expressing disease-
causing A-type lamin variants have lobulations or blebbing of the nuclear envelope,
honeycombing of the lamina, increased nuclear surface area, thickening of the nuclear
lamina, aberrant intranuclear foci of lamins, loss of peripheral heterochromatin and aberrant
clustering of nuclear pore complexes [21,65-69]. These morphological alterations depend
upon cell type, lamin protein sequence, protein expression levels in transfected cells and
culture conditions. Along with altered nuclear morphology, deficiencies of A- and B-type
lamins and expression of certain lamin A variants lead to abnormalities in nuclear mechanics
and cellular mechanotransduction [70-74]. Lack of A-type lamins and expression of variants
in striated muscle diseases also cause abnormal positioning of nuclei in migrating
fibroblasts, which likely results from defective connections between the nucleus and
cytoplasm [74,75].

Although alterations in nuclear morphology have been extensively examined in transfected
cultured cells, fibroblasts from affected human subjects, fibroblasts from mouse models of
the diseases and /n situ in tissues, the direct connection to disease pathophysiology remains
unknown. Nonetheless, studies from mouse models of Hutchinson—Gilford progeria
syndrome and restrictive dermopathy show a correlation between abnormal nuclear
morphology and disease phenotypes in animals. Mice with the gene encoding the prelamin
A endoprotease ZMPSTE?24 deleted have a progeroid phenotype and accumulate

J Pathol. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Worman

Page 6

farnesylated prelamin A [76,77]. Both genetic reduction of prelamin A and treatment with a
protein farnesyltransferase inhibitor that blocks prelamin A farnesylation lead to
improvement in the disease phenotype in these mice [78,79]. These original results have
been confirmed by treating ZMPSTE24-deficient mice with statins and
aminobisphosphonates, which inhibit prenylation of proteins [80]. Similarly, treatment with
protein farnesyltransferase inhibitors improves abnormal phenotypes and prolongs survival
in mouse models of Hutchinson—Gilford progeria syndrome that express progerin [81-83].
Expression of progerin variants that cannot be farnesylated because of mutations in the
CaaX motif, depending on the sequence alteration to CaaX, either reduces the severity of or
abolishes the progeroid phenotype in knock-in mice [84,85]. These studies have established
that farnesyl modification of the prelamin A variants is clearly involved in disease
pathogenesis in Hutchinson—Gilford progeria syndrome and restrictive dermopathy. In
addition to ameliorating progeroid phenotypes in animals, protein fanesyltransferase
inhibitor treatment of cultured fibroblasts from human subjects with Hutchinson-Gilford
progeria syndrome and restrictive dermopathy, animal modes of these diseases and
transfected cells expressing progerin leads to significant improvements in nuclear
morphology [86-90]. Hence, there is a correlation between improvement in abnormal
nuclear morphology and improvement in whole animal phenotypes when farnesylation of
the pathogenic prelamin A variants is blocked. This basic cell biology and small animal
research has led to clinical trials of protein prenylation inhibitors in human subjects with
Hutchinson-Gilford progeria syndrome [91]. However, abnormal nuclear morphology per se
does not appear to be the direct cause of tissue or organ dysfunction, as progerin expression,
ZMPSTE24 depletion and A-type lamin depletion can induce significant alterations in
nuclear shape in tissues and organs without pathology [30,80,92].

While expression of farnesylated prelamin A variants are at least partly responsible for the
progeroid phenotypes in Hutchinson—Gilford progeria syndrome and restrictive dermopathy,
the downstream pathways affected by these abnormal proteins or the resultant alterations in
nuclear morphology are less well established. Accumulation of progerin and farnesylated
prelamin A has been correlated with defective DNA repair mechanisms and genomic
instability [93-95]. Progerin binds to DNA-dependent protein kinase catalytic subunit,
which functions in genomic stability [96]. Expression of progerin also leads to telomere
dysfunction and induction of senescence [97-99].

Abnormalities in signalling pathways appear to be perturbed in cells expressing progerin or
farnesylated prelamin A. Progerin activates the Notch signalling pathway [100]. Defective
canonical Wnt signalling occurs in cells from mouse models of Hutchinson-Gilford progeria
syndrome and affected human subjects [101]. Deficiency of ZMPSTE24 similarly causes
alterations in Wnt signalling [102]. The Notch and Whnt signalling pathways are important in
controlling stem cell proliferation and differentiation, hence stem cell dysfunction may be a
pathogenic factor in progerias caused by alteration in A-type lamins [100-102]. Rapamycin
has also been shown to improve abnormal phenotypes in cells from subjects with
Hutchinson-Gilford progeria syndrome, suggesting that the mTOR signalling axis may be
involved in pathophysiology [103].

J Pathol. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Worman Page 7

The nuclear envelope may generally function in integrating and regulating different signal
transduction pathways [65]. Abnormalities in signal transduction appear to underlie the
pathophysiology of cardiomyopathy caused by L MNA mutations. Hearts of a knock-in
mouse model of autosomal Emery—Dreifuss muscular dystrophy have perturbations in
several signal transduction pathways, including increased mitogen-activated protein kinase
signalling [104]. Similar alterations in mitogen-activated protein kinase signalling occur in
the hearts of mice lacking emerin, which is not expressed in most cases of human X-linked
Emery—Dreifuss muscular dystrophy [105]. Pharmacological blockade of signalling in the
extracellular signal-regulated kinase and c-Jun N-terminal kinase branches of the mitogen-
activated protein kinase cascade in mice with an Lmna mutation prevent left ventricular
dilatation and deterioration in cardiac contractility, if administered prior to the onset of
detectable heart disease [106,107]. Administration of these drugs after the mice have
developed deterioration in heart function improves cardiac ejection fraction and blunts
further increases in left ventricular dilatation (Figure 4) [108]. Treatment also decreases
cardiac fibrosis, an end-stage and irreversible feature of cardiomyopathy caused by LMNA
mutation [107,108]. While it remains unclear how alterations in A-type lamins lead to
activation of mitogen-activated protein kinase signalling in the heart, these studies clearly
show that the abnormal activation involved is the pathophysiology of dilated
cardiomyopathy caused by LMNA mutation. Inhibitors of extracellular signal-regulated
kinase signalling are currently in human clinical trials for other indications and could
potentially be tested in human subjects with LAMNA cardiomyopathy.

Conclusions

Mutations in genes encoding nuclear lamins, particularly LMNA encoding the A-type
lamins, cause a range of phenotypically diverse diseases. The phenotypes and genetic
abnormalities of these disorders have been extensively described. A significant amount of
current research is aimed at deciphering pathogenic mechanisms and some has connected
mutations in LMNA to posttranslational protein modifications and alterations in cell
signalling pathways that can be connected to pathophysiological processes and targeted by
small molecule therapeutics. While laminopathies are rare diseases, the disease phenotypes
that result from mutations in genes encoding lamins are fairly common, such as dilated
cardiomyopathy, insulin resistance and even ageing. In this regard, research on these
fascinating rare diseases should provide insights into common disorders.
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Figurel.
Schematic diagrams showing vertebrate intermediate filament protein structures and

differences between cytoplasmic intermediate filament proteins and nuclear lamins. All
intermediate filament proteins, including lamins, have a conserved domain structure
consisting a central a-helical coiled-coil rod domain consisting of four coiled coils (1A, 1B,
2A, 2B), based on heptad repeats, interrupted by flexible linker domains and a variable
globular tail domain. Compared to vertebrate cytoplasmic intermediate filament proteins,
lamins contain six additional heptad repeats (42 amino acids) in coil 1B, a nuclear
localization signal (NLS) near an immunoglobulin-like fold domain in the carboxyl-terminal
tail and, in most lamins, a CaaX motif at the carboxyl-terminus. Reproduced with

permission from Hutchison CJ, Worman HJ. A-type lamins: guardians of the soma? Nat Cell
Bio/2004; 6: 1062-1067 [1].
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Tissue Specific Phenotypes Caused by LMNA Mutations
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Figure2.
Different LMNA mutations cause diseases that affect striated muscle, adipose, peripheral

nerve or multiple systems with features of accelerated ageing. Most LMNA mutations are
autosomal-dominant and cause dilated cardiomyopathy with variable skeletal muscle
involvement. This includes the classical Emery—Dreifuss muscular dystrophy phenotype, as
shown in the diagram, with scapulohumeral—peroneal distribution of skeletal muscle
involvement, concurrent tendon contractures and dilated cardiomyopathy. Autosomal-
dominant missense mutations in LAMNA, the large majority of which cause a change in the
surface charge of the immunoglobulin-like fold of lamin A and lamin C, cause Dunnigan-
type familial partial lipodystrophy, with selective loss of subcutaneous fat from the
extremities, fat accumulation in the neck and face and insulin resistance and diabetes
mellitus. An autosomal recessive LAMNA mutation that leads to an arginine-to-cysteine
amino acid substitution at residue 298 causes a Charcot—Marie—Tooth type 2 peripheral
neuropathy, characterized clinically by a stocking—glove sensory neuropathy, resultant pes
cavus foot deformity and other variable features, such as scoliosis. The sporadic cytosine to
thymine transversion in codon 608 of exon 11 of LMNA causes Hutchinson-Gilford
progeria syndrome, which has features of accelerated ageing, such as sclerotic skin, joint
contractures, micrognathia, alopecia, fingertip tufting, distal-joint abnormalities, growth
impairment and vascular abnormalities, generally leading to death during the second decade
due to myocardial infarction or stroke. Other LMNA mutations can also cause progeroid
syndromes with similar features; a recessive LMNA mutation causing an arginine-to-
histidine amino acid substitution at residue 527 in the immunoglobulin-like fold causes
mandibuloacral dysplasia, a disorder with a combination of progeroid features and partial
lipodystrophy. Reproduced with permission from: Dauer WT, Worman HJ. The nuclear
envelope as a signalling node in development and disease. Dev Cel/2009; 17: 626-638 [65].
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Processing of prelamin A in wild-type (WT) cells occurs in a series of sequential enzymatic
reactions that lead to farnesylation, endoproteolytic cleavage of-aaX, carboxymethylation
and a second endoproteolytic cleavage catalysed by ZMSTE24. In restrictive dermopathy
(RD), there is no ZMPSTE24 activity, which results in accumulation of farnesylated,
carboxymethylated prelamin A. In Hutchinson-Gilford progeria syndrome (HGPS), the
second site for cleavage catalysed by ZMPSTEZ24 is deleted, which leads to accumulation of
progerin, a truncated variant of farnesylated, carboxymethylated prelamin A. Reproduced
with permission from: Worman HJ, Ostlund C, Wang Y. Diseases of the nuclear envelope.
Cold Spring Harb Perspect Biol 2010; 2: a000760 [66].
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Figure 4.
Representative transthoracic M-mode echocardiograms taken from wild-type mice (Lmna

*+), Lmna mutant mice that develop cardiomyopathy receiving placebo (Lmna222PH222P
DMSO), Lmna mutant mice treated with an inhibitor of extracellular signal-regulated kinase
signalling (Lmna222PH222P ppog059) and Lmna mutant mice treated with an inhibitor of
c-Jun N-terminal kinase signalling (Lmnai222PH222P 5p600125). Left ventricular end
systolic diameter (LVESD) and left ventricular end diastolic diameter (LVEDD) are
indicated in the top echocardiographic tracing. At left, means + standard errors for LVESD,
LVEDD and the cardiac ejection fraction (EF), a measure of cardiac contractility, are given
for mice in each group. Both PD98059 and SP600125 significantly improve the ejection
fraction compared to placebo. This figure is based on Figure 3 and data are used with
permission from: Wu W, Muchir A, Shan J, ef al. Mitogen-activated protein kinase inhibitors
improve heart function and prevent fibrosis in cardiomyopathy caused by mutation in lamin
AJC gene. Circulation2011; 123: 53-61 [108].
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Table 2.

Mutations in LMNA cause rare clinical disorders often called laminopathies

Autosomal Emery-Dreifuss muscular dystrophy
Cardiomyopathy dilated 1A

Limb girdle muscular dystrophy type 1B
Congenital muscular dystrophy

‘Heart-hand’ syndrome

Dunnigan-type familial partial lipodystrophy
Lipoatrophy with diabetes and other features of insulin resistance
Mandibuloacral dysplasia

Charcot-Marie-Tooth disorder type 2B1
Hutchinson-Gilford progeria syndrome
Atypical Werner syndrome

Restrictive dermopathy

Variant progeroid disorders
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