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Abstract

The A and B type lamins are nuclear intermediate filament proteins that comprise the bulk of the
nuclear lamina, a thin proteinaceous structure underlying the inner nuclear membrane. The A-type
lamins are encoded by the lamin A gene (LMNA). Mutations in this gene have been linked to at least
nine diseases, including the progeroid diseases Hutchinson-Gilford progeria and atypical Werner’s
syndromes, striated muscle diseases including muscular dystrophies and dilated cardiomyopathies,
lipodystrophies affecting adipose tissue deposition, diseases affecting skeletal development, and a
peripheral neuropathy. To understand how different diseases arise from different mutations in the
same gene, mouse lines carrying some of the same mutations found in the human diseases have been
established. We, and others have generated mice with different mutations that result in progeria,
muscular dystrophy, and dilated cardiomyopathy. To further our understanding of the functions of
the lamins, we also created mice lacking lamin B1, as well as mice expressing only one of the A-
type lamins. These mouse lines are providing insights into the functions of the lamina and how
changes to the lamina affect the mechanical integrity of the nucleus as well as signaling pathways
that, when disrupted, may contribute to the disease.
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Introduction

In metazoans, the nuclear lamina—a thin proteinaceous meshwork—underlies the nuclear face
of the inner nuclear membrane (INM). Because of its role in maintaining nuclear envelope
(NE) integrity and providing anchoring sites for chromatin domains, the nuclear lamina is a
significant determinant of interphase nuclear architecture and function. The principal
components of the lamina are intermediate filament proteins—the nuclear lamins. Most adult
mammalian somatic cells contain four major lamins, A, B1, B2 and C, as well as several minor
lamins (AA10, C2 and B3). These various lamins are grouped into two classes, A-type (A,
AA10, C and C2) and B-type (B1 and B2). Separate genes encode lamins B1 and B2, whereas
a single gene, LMNA, encodes the A-type lamins, which arise through alternative splicing of
a common pre-mRNA [1].
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The nuclear lamina has important roles in regulating DNA synthesis, RNA transcription, and
in the organization of chromatin [2]. Transcriptional cofactors also associate with the lamins,
suggesting that the lamina and NE are important in transcriptional regulation [3]. The lamins
are also developmentally regulated, with all cells expressing one or the other lamin B, whereas
A-type lamins are absent in early embryonic development and in certain stem cell populations
in adults [4-6].

The discovery that at least nine inherited diseases, ranging from muscular dystrophies to
premature aging-like syndromes, are caused by LMNA mutations or by defective
posttranslational processing of prelamin A has resulted in a reassessment of the function of the
lamina and NE. The diseases associated with defects in the A-type lamins can be classified
into the primary and secondary laminopathies. The primary laminopathies are caused by
mutations in the LMNA gene. The secondary laminopathies are caused by mutations in the gene
encoding the endoprotease ZMPSTE24, an enzyme essential for the conversion of farnesyl-
prelamin A to mature lamin A.

The primary laminopathies are broadly classified into three groups: the first and largest group
consists of diseases affecting striated muscles and includes the autosomal dominant form of
Emery-Dreifuss muscular dystrophy (AD-EDMD), dilated cardiomyopathy (DCM) and limb-
girdle muscular dystrophy 1B (LMG1B). We can also include in this group a peripheral
neuropathy, Charcot-Marie-Tooth neuropathy type 2B (CMT2B), which results in
demyelination of the motor nerves, and is inherited as a rare recessive mutation in LMNA. The
second group of diseases has minimal if any effects on muscle but affect adipose tissue
distribution. These two diseases are Dunnigan-type familial partial lipodystrophy (FPLD) and
mandibuloacral dysplasia (MAD). MAD also results in craniofacial abnormalities and
osteolysis of the digits. The third group of diseases is the progeroid syndromes, Hutchinson
Gilford progeria syndrome (HGPS) and some cases of atypical Werner’s syndrome. The
majority of these diseases are caused by amino acid substitutions in the A-type lamins and are
inherited in an autosomal dominant manner. The exception is the most common mutation
causing HGPS, is a C—T transition that leads to a splicing defect in exon 11 of LMNA [7,8].
To date, some 200 mutations have been identified in LMNA; a database on the “nuclear
envelopathies” can be found at http://www.umd.be.

Our approach to understanding how mutations in LMNA result in the different disorders has
been to create mouse models of the different diseases, by introducing some of the same
mutations that have been found in humans with laminopathies. Having a mouse model for each
disease provides a valuable resource for understanding the physiological consequences of the
different mutations and identifying the molecular basis of each disease. This article summarizes
the insights that mouse mutants have provided, including potential therapies for treating some
of the diseases.

The A-type Laminopathies

Laminopathies affecting striated muscle—The first mutations linked to the LMNA gene
were those causing an autosomal dominant form of Emery-Dreifuss muscular dystrophy (AD-
EDMD) [9]. As with the X-linked form, which is caused by mutations in the NE associated
protein emerin (EMD), AD-EDMD results in dystrophy specific for certain muscle groups, as
well as cardiac conduction defects [10]. LMNA mutations resulting in AD-EDMD display wide
variability in the severity of the phenotype, as well as penetrance, with the conduction defects
leading to death being more severe than observed in the X-linked form of the disease [11].
Shortly thereafter, mutations in LMNA were also associated with dilated cardiomyopathy with
conduction system disease (DCM-CD1) with no apparent skeletal muscle dystrophy [12]. The
conduction defects observed in DCM-CD1 are similar to those in patients with EDMD,
suggesting the cardiomyopathy patients represent an extreme in a phenotypic spectrum in
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which skeletal muscle involvement is not observed. Dilation of heart chambers, hypertrophy,
arrhythmic conduction defects and cardiac arrest are all found with LMNA-associated
cardiomyopathy. At the other end of the spectrum, limb-girdle muscular dystrophy 1B
(LGMD1B) is also caused by mutations in LMNA, and is associated with fewer cardiac
complications and tendon contractures [13]. Muscle wasting in the proximal limbs is the main
clinical feature of LGMD1B. The heterogeneity in disease phenotypes, even among members
of a single family carrying the same LMNA mutation, suggests that these conditions represent
a spectrum of diseases that may have a common underlying basis, the outcome of which is
influenced by genetic or environmental modifiers [14-16]. To date, diseases affecting striated
muscle comprise about 60% of the laminopathies. Of note, only ~50% of patients diagnosed
with AD-EDMD or EDMD have EMD or LMNA mutations, indicating that mutations in other
genes, perhaps those encoding proteins that interact with the lamins (e.g., LAP2), may account
for the remaining 50% of patients [17,18].

Four mouse lines have been established that to varying extent model the striated muscle
laminopathies. The first is a mouse line that does not express lamin A or C proteins
(Lmna~'"). These mice die at 6-7 weeks of age from muscular dystrophy and cardiomyopathy
[19]. However, there is no report of a human patient completely lacking lamins A/C, apart from
one patient that may have been haploinsufficient for LMNA, due to the presence of a nonsense
mutation at codon 6 [9] and a fetus that died late in gestation that was homozygous for a
premature stop codon in LMNA [20]. Interestingly, one-year-old mice that are heterozygous
for the Lmna knockout develop atrioventricular (AV) conduction defects with atrial and
ventricular arrhythmias analogous to those in humans with LMNA mutations. Lmna*/~
myocytes have impaired cell and sarcomere contractility, and the AV node cells have abnormal
nuclei, undergo apoptosis, which are replaced by fibroblasts (J. Seidman, personal
communication).

The molecular basis as to how these mice become dystrophic is still unclear. The in vivo
regeneration of cardiotoxin treated Lmna~/~ muscles appears to proceed normally and primary
Lmna~/~ myoblast cultures do not show any impairment in their differentiation to myotubes
[21]. However immortalized Lmna ™~ myoblasts are impaired in their differentiation to
myotubes, [22], suggesting that the process of immortalization affects the myoblasts
dependency on having a functional lamina for differentiation to proceed.

Loss of the A-type lamins results in the redistribution of emerin away from the nucleus to the
endoplasmic reticulum, suggesting that reduced levels of emerin at the nuclear envelope
contribute to the etiology of AD- and X-linked EDMD [19]. Array analysis of regenerating
Emd null muscle revealed abnormalities in cell-cycle parameters and delayed myogenic
differentiation, which were associated with perturbations to transcriptional pathways regulated
by the retinoblastoma (Rb1) and MyoD genes. Temporal activation of MyoD transcriptional
targets was significantly delayed, whereas targets of the Rb1/E2F transcriptional repressor
complex remained inappropriately active resulting in a delay in myoblast/myotube transition
during regeneration. Cultured primary myoblasts from Emd null mice also showed a delay in
fusing to form myotubes, which correlated with prolonged Rb1 hyperphosphorylation [21].
Despite these anomalies, mice (at least 1 year old) lacking emerin do not develop muscular
dystrophy or cardiac conduction defects, suggesting that, in mice, loss of emerin may have few
pathological consequences [21,23].

A second line of mice was established that carries a missense mutation (histidine-to-proline
substitution at amino acid 222 (H222P)], a mutation that was originally identified in a family
with AD-EDMD. Adult male mice homozygous for this mutation exhibit reduced locomotion
with an abnormal stiff walking posture. They develop cardiac fibrosis, chamber dilation, and
hypokinesia with conduction defects, and die by 9 months of age. Female homozygotes also
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exhibit these pathologies but at a later stage and survive for longer. The LmnaH222P/H222P mjce
may represent a good model for studying laminopathies affecting striated muscles as they
develop a dystrophic condition in both skeletal and cardiac musculature that is similar to the
human disease [24].

A third line of mice was created to study dilated cardiomyopathy with conduction system
disease (DCM-CD1). A missense mutation in LMNA (asparagine-to-lysine substitution at
amino acid 195—N195K) acts in an autosomal-dominant manner and causes DCM in humans.
A mouse line (LmnaN195K/N195K) homozygous for the same mutation shows characteristics
consistent with DCM-CD1, with the mice dying at 3 months due to arrhythmia. The mice
showed minimal or no indication of muscular dystrophy. The transcription factor Hf1b/Sp4
and the gap junction proteins connexin 40 and connexin 43 were misexpressed and/or
mislocalized in the mutant hearts. Desmin staining revealed a loss of organization at sarcomeres
and intercalated disks. These observations suggest that LMNA mutations may cause
cardiomyopathy by disrupting the internal organization of the cardiomyocyte and/or altering
the expression of transcription factors essential to normal cardiac development, aging and
function [25].

In an alternative approach, transgenic mice were produced in which a mutant form lamin A,
M371K (which causes EDMD), was specifically expressed in the heart with a heart-specific
a-myosin heavy chain promoter. Mice expressing the mutant M371K lamin A were born at
lower numbers than that expected, and those that were born died by 2—7 weeks of age.
Histological analysis of the hearts revealed extensive pathology with disruption of the
cardiomyocytes and abnormal nuclei. The early death made it difficult to establish a transgenic
line of mice from which offspring carrying the transgene could be routinely derived. However,
these results demonstrated that expression of a Lmna mutant that induces alterations in nuclear
morphology can cause tissue and organ damage in mice that express the normal complement
of endogenous lamins [26].

Laminopathies affecting axonal myelination—A single autosomal recessive change in
the rod domain of A-type lamins results in the peripheral neuropathy Charcot-Marie-Tooth
syndrome Type 2b (CMT2B1) [27,28]. Families homozygous for the R298C lamin variant
manifest absent deep-tendon reflexes, distal amyotrophy, motor deficits, and loss of large
myelinated nerve fibers [27,28]. The muscular weakening associated with this disease is
probably a secondary result of loss of enervation and subsequent muscle atrophy. Lamin-
associated CMT2B illustrates that nuclear lamina defects can utilize more than one mechanism
to cause musculoskeletal defects. Intriguingly, neurons in the sciatic nerve of the Lmna null
mice showed extensive demyelination [27]. A mouse line homozygous for the R298C mutation
has also been derived, although to date we have not observed overt effect on myelination or
locomotor activity (S. Kozlov and C.L. Stewart, unpublished observations)

Laminopathies affecting adipose and skeletal tissues—The second group of
diseases, Dunnigan-type familial partial lipodystrophy (FPLD) and mandibuloacral dysplasia
(MAD) do not affect muscle tissue [29-32]. FPLD is inherited as an autosomal dominant trait,
with about 85% of the cases (from 217 affected individuals) being associated with a missense
mutation at Arg482. FPLD is characterized by the loss of subcutaneous white adipose tissue
from the limbs, gluteal region, and areas of the trunk, with a concomitant accumulation of white
adipose tissue in the neck, face, and abdominal regions. These changes begin at puberty. Prior
to adolescence, children are overtly normal, suggesting a possible hormonal influence on the
initiation of disease phenotypes [33]. Progressive insulin resistance accompanies the
redistribution or remodeling of adipose tissue, often resulting in frank type 11 diabetes mellitus.
These patients frequently have hyperlipidemia and manifest an increased susceptibility to
atherosclerotic coronary heart disease.
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The aberrant adipose tissue redistribution in lipodystrophy may be a result of an autonomous
defect in specific subsets of mesenchymal or adipocyte precursors. The body may attempt to
compensate for this loss of fat in some areas by an accumulation of fat in others. Neither the
levels of lamin A and C expression nor the ratio of these two A-type lamins to each other vary
significantly in the subcutaneous, omental, and neck fat depots of normal individuals,
suggesting that an intrinsic fat depot-specific pattern of A-type lamin expression does not
underlie the fat depot abnormalities associated with FPLD [34]. Although Lmna ™/~ mice exhibit
reduced stores of white fat, they were cachexic and did not exhibit the hallmark insulin and
plasma lipid alterations found in humans with FPLD [35].

A rare autosomal recessive mutation in the carboxyl-terminal domain of A-type lamins is
responsible for mandibuloacral dysplasia (MAD) [31,32], with 94% cases having a missense
mutation at residue 527 (R527H). MAD is a disease with many of the metabolic and fat depot
redistribution phenotypes of lipodystrophy, but with an expanded set of skeletal abnormalities,
including osteolytic lesions in the bones. The primary sites of skeletal malformations in MAD
are the craniofacial region, terminal digits, and clavicles.

With these seemingly diverse diseases having tissue specific defects, one of the principal
questions is how do so many different diseases arise from mutations in the same protein that
is expressed in the majority of adult cell types? Structural studies on the lamin A protein have
provided some clues as to how different diseases may arise. The mutations causing the muscular
dystrophies and DCM are distributed throughout the Atype lamins. Many of these mutations
disrupt assembly of the lamins into the lamina. These mutations also affect nuclear morphology
and the localization of other proteins in the nuclear envelope, such as emerin or some of the
nesprins—Ilarge proteins that connect the nuclear lamina to the cellular cytoskeleton via the
LINC complex [36].

Comparative studies on cells derived from the lamin A—deficient mice and lamin B1 gene trap
mice showed that the A-type lamins are the principal contributors to the biophysical properties
of the lamina, providing mechanical strength and stiffness to the nuclei [37]. These
observations would be consistent with the notion that mutations in LMNA weaken the nucleus,
making it more prone to damage arising from physical stress, such as would occur in the
contracting heart or skeletal musculature. However, Emd-deficient nuclei (at least in mice) do
not exhibit such a physical weakening. Furthermore, LmnaN195K/N195K mice have either no or
minimal dystrophy in their muscles. Yet LmnaN195K/N185K nyclei have severe morphological
abnormalities and are just as weak as the Lmna ™~ nuclei (J. Lammerding and C. L. Stewart,
unpublished observations). Together, these findings suggest that it might be too simplistic to
view physical weakening of the nuclei as the prime cause of striated muscle defects.

Analternative explanation may lie in alterations in the induction of specific signaling pathways,
such as the stress induced NF-«xB pathway. The NF-xB (nuclear factor-xB) pathway is activated
in normal fibroblasts in response to mechanical-induced strain. Activation of the pathway
results in the increased expression of some specific genes, such as iex-1 (immediate early
response gene-1), which encodes a nuclear factor with an anti-apoptotic role in cardiomyocytes.
In Lmna /" fibroblasts, activation of the NF-kB was reduced, resulting in lower levels of
iex-1, which correlated with higher levels of apoptosis and necrosis in Lmna ™/~ fibroblasts
following mechanical strain [38]. Similarly, Emd-null fibroblasts, which have physically
normal nuclei, show a reduced levels of iex-1 compared to normal cells and are more prone to
apoptosis following mechanically induced strain [39].

Mutations resulting in FPLD and MAD are clustered in the carboxyl-terminal globular domain
(at amino acids R482 and R527, respectively). They are predicted to have minimal effects on
lamin structure and do not appear to disrupt lamin assembly or emerin localization [40,41].
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The molecular basis as to how these specific mutations result in these diseases remains obscure.
It has been proposed that since they are both located on the outside of the carboxyl-terminal
globular domain, they might perturb interactions between the A-type lamins and other nuclear
proteins [1], such as the adipogenic factor SREBP1, rather than disrupting the structure and/
or assembly of the lamins, as has been suggested for the striated muscle laminopathies [42].
Intriguingly, human cells carrying either an FPLD, MAD, or one of the mutations responsible
for atypical Werner’s syndrome have been reported to have increased levels of prelamin A
[43].

Progeroid Syndromes—Hutchinson-Gilford progeria syndrome (HGPS) is a rare
dominantly inherited disease in which patients show symptoms reminiscent of premature
aging, including severe growth retardation, loss of subcutaneous fat, alopecia, a reduction in
bone density, and poor muscle development [44]. The average age of death in HGPS is 12 to
15 years, usually due to artherosclerosis resulting in myocardial infarction or stroke [44].
Artherosclerosis in the HGPS patients does not appear to be linked to abnormal systemic lipid
levels [45], but might be linked to smooth muscle depletion in atherosclerotic aortas [46]. Also,
HGPS individuals do not show any increase in tumor susceptibility, cataract formation, or
cognitive degeneration, features often associated with normal aging. HGPS is therefore often
classified as a segmental progeroid syndrome, as it incompletely reproduces the normal aging
processes [47].

The majority of HGPS cases are associated with a splicing defect in exon 11 of the LMNA
gene. This arises due to a de novo single-base substitution; a C-to-T transition at nucleotide
1824 of the coding sequence that results in a polymorphism at codon 608 within exon 11
(G608G). The G608G mutation introduces a cryptic donor splice site that results in a 150-bp
deletion in the mMRNA and a 50-amino acid internal deletion in prelamin A, with lamin C
remaining unaffected [7,8]. The mutant prelamin A in HGPS is often called “progerin.”

A second premature aging syndrome, Werner’s syndrome, is inherited as an autosomal
recessive trait due to mutations in a 3'-5’ RecQ DNA helicase-exonuclease, which unwinds
DNA and cleaves nucleotides from DNA termini. The disease exhibits a high incidence of
cancers, early-onset cataracts, arthrosclerosis, diabetes, premature graying of hair, and early
death, usually in the late 40’s, from myocardial infarction [48-50]. The majority (83%) of
Werner’s patients have defects in the WRN locus. A few do not carry mutations in WRN. These
are known as atypical cases, and mutations in LMNA are found in 15% of these cases [51].
These atypical Werner’s patients do not die in their teens, but have short stature, alopecia,
osteoporosis, lipodystrophy, diabetes, and muscle atrophy [51]. Additional recessive missense
mutations have also been identified in LMNA that result in syndromes resembling both progeria
and MAD [52,53].

The first gene-targeted Lmna mutant mouse line with progeria was created by the fortuitous
introduction of a splicing defect, resulting in an in-frame deletion of exon 9 of Lmna, resulting
in the removal of amino acids from the carboxyl-terminal globular domain. These mice share
multiple phenotypes with children with HGPS [54]. Loss of subcutaneous fat, decreased bone
density, osteoporosis, thin hyperkeratotic skin, growth retardation and death by 4 weeks of age
were some of the most striking phenotypes in the mice.

Mice expressing progerin have also been established. In these mice, the last 150 nucleotides
of exon 11 plus all of introns 10 and 11 were deleted. Eliminating intron 10 meant that no lamin
C could be produced. The sole product of this allele (Lmna™®) was progerin [55]. Fibroblasts
heterozygous for the HG allele (LmnaHC/*) expressed large amounts of progerin and had an
increased frequency of misshapen nuclei. LmnaH®/* mice appeared normal at birth and
weighed almost as much as wild-type littermates at weaning. However, both male and females
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gained weight slowly after weaning. The LmnaHG*mice and humans with HGPS have many
phenotypes in common, including retarded growth, osteoporosis, alopecia, micrognathia,
reduced subcutaneous fat, and osteolysis of the clavicle. These phenotypes were progressive,
and the mice died by 6-7 months of age. Interestingly, the LmnaH®/* mice did not have
significant muscle weakness. Homozygous mice (LmnaHG/HG) had severe osteoporosis and
spontaneous bone fractures and died before weaning. No arterial lesions were found in the
aortas of the LmnaH%*or LmnaHSHCmice [56].

In addition to the two knock-in lines of mice, a transgenic mouse line was created from a 164-
kb human bacterial artificial chromosome spanning four genes (RAB25, UBQLN4,
MAPBPIP, and LMNA)—with LMNA engineered to contain the exon 11 point mutation causing
HGPS [57]. The amount of progerin expressed in the tissues of the BAC transgenic mice,
relative to human lamin A and lamin C and mouse lamin A and lamin C, was not established.
The transgenic mice did not manifest any of the early hallmarks of progeria, such as retarded
growth or bone disease, nor did they exhibit atherosclerotic lesions in the intima layer of large
vessels. However, they did show a loss of smooth muscle cells in the media of the aorta, a
feature noted in the autopsies of some progeric patients [46].

Mice with Different Lamina Compositions

Lamin C-Only Mice—Lamin C-only mice (Lmnal-C©)—mice that synthesize exclusively
lamin C but no prelamin A or lamin A—have also been established [58]. Normally, lamin A
and lamin C transcripts are present in similar amounts in wild-type fibroblasts, as judged by
northern blot analysis. In Lmnal-CO/LCO cells, all of the transcription of Lmna is diverted to
the production of lamin C. Western blots of Lmna-CO/LCO fibroblasts with a lamin A/C
antibody revealed lamin C and absolutely no lamin A, prelamin A, or progerin. The amount
of lamin C protein in Lmnal-CO/-CO and Lmnal-CO/* fibroblasts was higher than in wild-type
cells [58].

Whereas Lmna~~ mice exhibit growth retardation and muscle weakness and die by 4-7 weeks
of age [19], Lmna-CO/LCO showed none these phenotypes. The Lmna-CO/LCO mice appeared
normal for a full two years of observation, and necropsy and histological studies did not uncover
any histological abnormalities.

All of the Lmna gene transcription in LmnalC9/LCO mice is channeled into the production of
lamin C; hence, Lmna-CO/LCO mice produce roughly twice the normal amount of lamin C.
Fong et al. considered the possibility that the increased lamin C synthesis in Lmnal-CO/LCO
mice somehow compensated for the loss of lamin A, thereby preventing the emergence of
obvious disease phenotypes. However, Lmna-C°/~ mice appeared entirely normal, and their
growth rate, grip strength, and bones were indistinguishable from wild-type and
LmnalCO/LCO mice. Nuclei from Lmnal-CO/LCO cells showed only a slight increase in abnormal
morphology, compared to normal nuclei [58]. Also emerin targeting to the nuclear envelope
was entirely normal in Lmnal-CO/LCO cells, despite earlier reports that had suggested that lamin
A may play a key role in directing emerin to the nuclear envelope [41,59]. Clearly, there is
much to learn about the unique and overlapping roles of lamin C and lamin A in the nuclear
lamina.

The mechanical properties of the Lmna-CO/LCO nyclei were also analyzed by measuring the
extent of nuclear deformation in response to biaxial strain. Measurements of nuclear strain
overlapped substantially in Lmna-CO/LCO and wild-type cells; however, a small increase in
normalized nuclear strain was noted in Lmnal-C9/LCO byt much less than the strain increase
found in the Lmna '~ nuclei [58].
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The absence of discernible disease phenotypes in Lmnal-CO/LCO mice and any overt
abnormality in the Lmna-CO/LCO cells in culture suggest that prelamin A and lamin A are
dispensable. However, the authors emphasized that they were not suggesting that prelamin A
and lamin A have no purpose or function. The fact that the two lamin isoforms have been highly
conserved through evolution strongly favors the view that the two proteins have unique (and
as-yet-unidentified) roles [58].

Lamin B1l-deficient Mice—Inhibition of lamin B1 expression in cultured HeLa cells results
in growth cessation and their eventual apoptosis [60]. Likewise, expression of lamin B1 with
a deletion in the rod domain results in a patchwork accumulation of the lamins, with the nuclei
becoming lobulated, together with the clustering of nuclear pore complexes and other NE
proteins [61].

The in vivo function of lamin B1 has been investigated in mice carrying an insertional mutation
in Lmnbl. The gene-trap insertion, located in intron 5 of Lmnb1, resulted in the production of
an mRNA fusion transcript containing the first five Lmnb1 exons fused in-frame to a fgeo
reporter gene. The mutant lamin B1 protein contains the amino-terminal head domain and a
truncated a-helical central rod domain fused to fgeo, but lacked the carboxyl-terminal 273
amino acids. The 273-amino acid deletion eliminates one of two known phosphorylation sites,
the nuclear localization signal, and the carboxyl-terminal CaaX motif required for protein
farnesylation [62].

Heterozygous Lmnb1 gene-trap mice are viable but the homozygotes died a few minutes after
birth. The Lmnb1~/~ mice were smaller than wild-type mice, exhibited craniofacial
dysmorphology, and a variety of skeletal abnormalities. The perinatal mortality in Lmnb1~/~
mice may have been caused by respiratory failure, as many of the Lmnb1~~ mice embryos had
abnormal lung histology with fewer inflated alveoli than in wild-type mice.

Fibroblasts from Lmnb1 ™~ embryos had grossly misshapen nuclei with frequent blebs, reduced
replication rates, impaired differentiation, increased polyploidy, and premature senescence
[62]. However, the mechanical properties of the nuclei of Lmnb1~~ mouse embryonic
fibroblasts (MEFs) in response to defined nuclear strain were normal [37]. These experiments
revealed that loss of lamin B1 may cause local disturbances in NE structure without causing
generalized defects in nuclear organization, stiffness, and shape stability. It is possible, of
course, that the B-type lamins play an important role in regulating nuclear stiffness, but that
lamin B1 and lamin B2 have largely redundant roles and the impact of lamin B1 deficiency is
masked by the expression of lamin B2. In the future, this issue needs to be addressed by creating
and analyzing lamin B1/lamin B2 double knockout cells.

The fact that the Lmnb1~~ mice survived until birth and the fact that it was possible to culture
and immortalize Lmnb1~~ fibroblasts was surprising, as knockdown experiments with siRNAs
[60] had suggested that LMNB1 was an essential gene, at least in human cells. It is conceivable
that the truncated lamin B1—-pgeo fusion produced in the mouse Lmnb1~/~ cells retains some
biological activity, perhaps preventing an even more severe phenotype, or that lamin B2
compensated for the loss of lamin B1. Determining the precise phenotype of a lamin B1
knockout mouse with a true null mutation (no protein product at all) will be of interest.

Laminopathies Associated with Mutations in the B-type Lamins

To date, no missense mutations in lamin B1 have been linked to any disease. However,
autosomal-dominant leukodystrophy, a neurodegenerative disease caused by myelin loss in
the central nervous system, was recently found to be associated with a duplication of the lamin
B1 gene. It is not clear how duplication of how the lamin B1 gene results in such a tissue-
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specific disease, although it was suggested that such an alteration may lead to the generation
of autoantibodies resulting in demyelination [63].

With lamin B2, 3 rare mutations (including 2 resulting in amino acid substitutions) have been
described in the LMNB2 gene of four patients with Acquired Partial Lipodystrophy (APL). As
other patients with APL has no detectable mutations in the LMNB2 gene the relationship of
the mutations in the LMNB2 gene to the etiology of the disease has not been fully established
[64].

The Secondary Laminopathies

Following their synthesis, lamins A, B1 and B2 undergo a series of sequential posttranslational
modifications that are of significance in relation to understanding the involvement of the lamins
in some diseases. Each of these proteins contains a carboxyl-terminal CaaX motif, (“C” is
cysteine, “a” iscommonly an aliphatic amino acid, and “X” can be many different amino acids).
The CaaX motif sequence is CSIM for prelamin A and CAIM for lamin B1; lamin C does not
have a CaaX motif. Posttranslational modification of the lamins starts with the addition of a
farnesyl lipid to the cysteine, a reaction carried out by the cytosolic enzyme protein
farnesyltransferase [65,66]. Subsequently, the —aaX amino acids are removed in the
endoplasmic reticulum (ER) by specific endoproteases, with RCE1 cleaving lamin B1. The
cleavage of the —aaX from prelamin A cleavage is likely a redundant function of ZMPSTE24
and RCEL. The isoprenylated cysteine is then methylated in the ER by a membrane
methyltransferase, ICMT. These three modifications render the carboxyl-terminal domains of
the lamins more hydrophobic, and that this enhanced hydrophobicity could facilitate their
subsequent association with the INM, as assembly of lamins A, B1 and 2 into the lamina is
compromised in the absence of a functional CaaX motif. In contrast to the B-type lamins,
prelamin A undergoes a second endoproteolytic cleavage, by ZMPSTE?24, that removes an
additional 15 amino acids, including the farnesylated and methylated cysteine, to produce the
mature lamin A. This cleavage event occurs 30-60 minutes post-synthesis—after assembly
into the nuclear lamina [67-69].

Compound heterozygous and homozygous missense mutations in ZMPSTE24 have been
reported to result in a case of mandibuloacral disease (MAD) and a progeroid-like phenotype
in another individual [70,71]. Recessive mutations resulting in complete absence of
ZMPSTE24 cause restrictive dermopathy, which is characterized by intrauterine growth
retardation, rigid or tight skin with prominent superficial vessels, defects in bone
mineralization, dysplastic clavicles, and early postnatal death [72,73]. Hypomorphic
ZMPSTE24 alleles can lead to the accumulation of some unprocessed prelamin A in addition
to mature lamin A, indicating residual activity of the mutated ZMPSTE24 protein. In
ZMPSTE24-null cells, lamin C and prelamin A are present, but no mature lamin A is produced.

Zmpste24-deficient mice

Zmpste24 deficient mice (Zmpste24~/") were created by two groups [68,69,74]. Intriguingly,
mice with complete loss of Zmpste24 do not develop the severe disease in human patients with
restrictive dermopathy that is associated with perinatal death [73]. A study of Zmpste24~/~
mice revealed that ZMPSTE24 is absolutely required for the processing of farnesyl-prelamin
Ato mature lamin A[68,69]. In Zmpste24 '~ cells, no mature lamin A is produced, and farnesyl-
prelamin A accumulates at the nuclear rim [68,75]. The presence of farnesyl-prelamin A at the
nuclear rim interferes with the integrity of the nuclear lamina, and Zmpste24~~ cells have an
increased frequency of misshapen nuclei. The percentage of nuclear shape abnormalities in
Zmpste24~'~ MEFs was low in early-passage MEFs but substantially higher in later-passage
cells [68,75].
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Zmpste24~'~ mice are normal at birth and weigh almost as much as wild-type littermates at
weaning. Thereafter, they grow slowly and develop incisor abnormalities, alopecia, kyphosis,
and a slow arthritic gait. After 3-4 months of age, body weight begins to decline. One of the
most striking bone abnormalities is osteolytic lesions in the ribs near the costovertebral
junction, which ultimately lead to rib fractures. By ~20 weeks of age, nearly every rib in
Zmpste24~'~ mice is broken near the costovertebral joint. The fractures, which are surrounded
by fracture callus, do not heal. All of the bone abnormalities in Zmpste24~~ mice are age-
related; the bones are entirely normal at weaning (as judged byuCT scans) but bone phenotypes
are prominent by 3-4 months of age [69].

Bone density is reduced in 3-month-old Zmpste24 '~ mice, but there is no evidence for
increased bone turnover [69]. Urinary levels of deoxypyridinoline, a bone collagen breakdown
product [76], were similar in Zmpste24~/~ and Zmpste24*/* mice, and their bones had similar
numbers of osteoclasts. The plasma levels of calcium and phosphate were normal, and plasma
alkaline phosphatase was not elevated [69]. Examination of the thoracic vertebrae of 3-month-
old Zmpste24~/~ mice by electron microscopy revealed vacuolated osteoblasts lacking the
typical stacks of rough endoplasmic reticulum, suggesting that defects in the osteoblast lineage
maybe the cause of osteoporosis, osteolysis, and poor healing of fractures [77].

Zmpste24~'~ mice also develop muscle weakness. At about 8 weeks of age, they began to
hobble, dragging their hind limbs, and lacked the ability to hang upside down from a grid.
Some dystrophic changes in the skeletal muscle of Zmpste24~~ mice were observed [68], but
in another independently derived line, no histological abnormalities were observed [69]. It
seems possible that the muscle weakness phenotype could be due, at least in part to a
neuropathy, as the R298C LMNA missense mutation can cause neuropathy in humans, and
neuropathy has also been documented in Lmna~~ mice [27]. It seems unlikely that the muscle
weakness is simply due to bone disease because the muscle weakness occasionally precedes
the onset of significant bone disease. Also, LmnaHS/* mice develop bone disease that is very
similar to that of Zmpste24~/~ mice without developing significant muscle weakness [56].

One study reported that Zmpste24~/~ cells showed enhanced senescence in culture, which
appeared to be associated with an upregulation of genes controlled by the tumor suppressor
p53 [68]. That study, as well as another study [74], suggested that the loss of ZMPSTE24
results in increased DNA damage and activation of a cell senescence program, and that this
could be partly ameliorated by deleting p53 and by reducing synthesis of farnesyl-prelamin A.

Eliminating Disease Phenotypes in Zmpste24~~ Mice by Reducing Prelamin A
Synthesis—The accumulation of farnesyl-prelamin A at the nuclear envelope and the
increased number of abnormally shaped nuclei in Zmpste24~/~ cells suggested that farnesyl-
prelamin A is toxic, accounting for the disease phenotypes in Zmpste24 /- mice [75]. If the
disease phenotypes were indeed caused by defective prelamin A processing and the toxic
accumulation of farnesyl-prelamin A, then the disease phenotypes would be ameliorated by
reducing the levels of prelamin A.

Zmpste24~'~ mice were compared with Zmpste24 '~ mice heterozygous for Lmna
(Zmpste24~"Lmna*’") [75]. Western analysis revealed lower amounts of prelamin A in the
Zmpste24"Lmna*’~ cells. Interestingly, the Zmpste24~/"Lmna*/~ mice appeared to be
completely normal. Their growth rate and muscle strength were the same as wild-type mice,
and they were free of bone disease. Also, Zmpste24~/"Lmna*/~ MEFs exhibited significantly
fewer misshapen nuclei [75]. In a related experiment using human cell lines, inhibition of
ZMPSTE?24 expression resulted in severe nuclear abnormalities, with blebbing and lamin
accumulation in the nuclei. However, reducing lamin A expression prior to inhibiting
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ZMPSTE24 expression prevented the nuclei from developing severe morphological
abnormalities [78].

Taken together, these results suggested that it is the levels of and persistence of farnesylated
prelamin A that is toxic to cells, and a 50% reduction in lamin A levels (by removing one allele)
results in a subthreshold level of toxicity.

In follow-up experiments, Fong et al. predicted that it also might be possible to fully rescue
Zmpste24~~ mice, at both the cellular and whole-animal levels, by introducing a Lmnal-C©
allele, inasmuch as this intervention would reduce the accumulation of prelamin A in cells.
Indeed, Zmpste24"Lmna-CO"* and Zmpste24 /"L mna-CO/LCO MEFs had far fewer
misshapen nuclei than MEFs from littermate Zmpste24~/~ embryos. At the “whole-animal”
level, the impact of the Lmna-C© allele was dramatic. Zmpste24~/-Lmna-C°/* and
Zmpste24"Lmnal-CO/LCO mice were entirely normal, with normal growth rates, muscle
strength, bones, fertility, and lifespan [58].

The studies with Zmpste24~/~Lmna-C%* mice showed that adding a single Lmna-C© allele to
Zmpste24~'~ mice resulted in improved nuclear shape and disease phenotypes. Those data,
along with the absence of discernible phenotypes in Lmnal-Co/LCO mice, suggested the
possibility at improving nuclear shape in Zmpste24~/~ cells by blocking the synthesis of
prelamin A. To test this idea, Fong et al. screened 78 mouse prelamin A-specific antisense
oligonucleotides for their capacity to reduce prelamin A synthesis in mouse fibroblasts. Eleven
of the oligonucleotides reduced prelamin A mRNA levels by more than 75%, and one (ISIS
359445) reduced prelamin A mRNA levels by more than 95%. Zmpste24~/~ cells treated with
ISIS 359445 had significantly fewer misshapen nuclei than untreated cells [79].

FTI Treatment Inhibits Lamin A Biogenesis in Cultured Cells—The genetic
experiments suggested that it was the farnesylated form of prelamin A that caused the disease
phenotypes associated with progeroid syndromes. Therefore, it was reasonable to postulate
that the disease phenotypes might be improved by blocking prelamin A farnesylation with an
inhibitor of protein farnesyltransferase (FTI).

FTIswere developed to inhibit the targeting of mutated and activated Ras proteins to the plasma
membrane, thereby mislocalizing the Ras proteins away from their signaling partners [80]. In
the case of progeria, the rationale for FTIs was similar—to eliminate the farnesyl lipid anchor
and thereby mislocalize the disease-causing protein (progerin) away from the NE. The first
attempts at determining the efficacy of FTIs were performed on cells from the HGPS knock-
in mouse model [55]. FTI treatment of LmnaHG/HG cells relocated progerin away from the NE
to the nucleoplasm, as well as improving nuclear shape abnormalities in Lmna"G/* MEFs. In
subsequent studies, Toth et al. tested the effect of an FT1 on multiple lines of Zmpste24 /-
mouse fibroblasts, ZMPSTE24-deficient human cells, and human HGPS fibroblasts [81]. In
all of these cells, the FTI treatment significantly reduced nuclear shape abnormalities. Other
laboratories [82—84] also reported that FTIs improved nuclear shape in human HGPS
fibroblasts and/or cells that had been transfected with a progerin cDNA.

The block to protein farnesylation can be assessed by performing a western blot for HDJ-2, an
unrelated farnesylated CaaX protein [55]. In the cell culture studies, virtually 100% of the
HDJ-2 in FTI-treated cells was nonfarnesylated [55]. Also, the FTI dramatically blocked
prelamin A processing, leading to an accumulation of the nonfarnesylated form of prelamin
A. Interestingly, the FTI also significantly reduced the total amount of lamin A/prelamin A
(the sum of the two proteins) in MEFs, presumably because nonfarnesylated prelamin A turns
over more rapidly [55,81]. A similar FTI-induced reduction in lamin A/prelamin A is not
apparent in human fibroblasts [55].
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Improving Disease Phenotypes in Zmpste24~~ and Lmna"®* Mice by FTI
treatment—Subsequent experiments tested the ability of a potent FTI, ABT-100 [85], to
ameliorate the disease phenotypes in Zmpste24 '~ mice. In these studies, the FTI inhibited
protein farnesylation in vivo, as judged by western blots for HDJ-2, with 10-50% of the HDJ-2
exhibiting a retarded electrophoretic mobility (i.e., was nonfarnesylated). The FTI treatment
also resulted in the appearance of prelamin A in the tail extracts from wild-type mice (with
western blots employing prelamin A—specific antibodies), again indicating that the FTI was
active in vivo. However, nonfarnesylated prelamin A was almost undetectable with a lamin A/
C antibody, suggesting that the absolute level of inhibition in lamin A processing was small
[79].

The most striking phenotype in humans with HGPS is retarded growth and reduced body weight
[44]; retarded growth is also a prominent feature of Zmpste24~/~ mice [75]. FTI treatment
significantly improved the body weight curves of both male and female Zmpste24~/~ mice
[79]. In contrast, the FTI reduced the body weights of wild-type female mice and tended to
reduce body weight in males. The reduced weight gain in the FTI-treated wild-type mice was
presumably due to inhibition of protein farnesylation or to a toxic effect of the FTI. FTI
treatment of Zmpste24~~ mice also significantly improved their muscle strength, improved
the longevity of Zmpste24~~mice, and significantly reduced the incidence of rib fractures that
are a hallmark of Zmpste24~'~ mice [79].

These studies strongly suggested that an FT1 does more than simply improve the morphology
of nuclei of progeria cells—FTI may actually improve disease phenotypes. However, FTI
treatment was not successful in “curing” the Zmpste24~/~ mice. Although they were clearly
improved, the FT-treated Zmpste24~/~ mice still had an abnormal growth rate; grip
abnormality, and some still developed a few rib fractures. Additional studies will be required
to determine if further benefit could be obtained with a higher dose of an FTI (with more
complete inhibition of protein farnesylation). With the water delivery method, peak drug levels
fluctuate with activity levels. It would not be surprising if maximal efficacy of FTI therapy in
progeria required the continuous administration and maintenance of a high drug concentration.

Similar experiments, using the same FT1 (ABT-100), were performed on LmnaHC/* mice. The
FTI interfered with the biogenesis of mature lamin A from the wild-type (LmnaHCG/*) allele,
resulting in the appearance of nonfarnesylated prelamin A in the livers of treated mice, as
judged by western blotting with a prelamin A—specific antibody. Once again, however, the
absolute levels of nonfarnesylated prelamin A in cells were fairly small, as judged by lamin
AJC western blots [56].

In Lmna*/* female mice, FTI treatment tended to reduce body weight, compared with
Lmna*’* mice given the vehicle alone. In contrast, the FTI improved body-weight curves in
both female and male LmnaHS/* mice. FTI treatment also increased the weight of the major
fat pads in Lmna"®*mice and increased the amount of subcutaneous fat. The FTI treatment
also significantly reduced bone pathology in the LmnaHG/* mice. The degree of kyphosis was
reduced as well as the number of rib fractures, and bone mineralization and cortical thickness
were improved [56].

FTI therapy clearly reduced the pathologies and abnormalities found in the Zmpste24~/~ and
LmnaH®/* mice. In the future, it will be interesting to determine if FTls are useful for treating
children with progeria. A trial of FTIs in human patients with HGPS should begin soon (http://
www.progeriaresearch.org/). The mouse studies provide a reason for optimism, but the mouse
studies simply showed that an FTI can prevent disease—not that an FT1 can reverse disease
[56]. Humans afflicted with HGPS will obviously be hoping that FTIs can reverse existing
disease phenotypes.
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Conclusion and Future Directions

Mutations within the LMNA gene are unique in that no other gene is known which when mutated
results in so many different diseases. One of the fascinations in studying the laminopathies, as
well as other diseases linked to mutations in proteins found within the nuclear envelope, are
the insights they are providing to understanding the architecture of the nucleus in regulating
nuclear functions, such as the organization of chromatin and the interaction between the nucleus
and cytoskeleton. It has been somewhat surprising that the A-type lamins, as structural IF
proteins, have so many roles. Much interest is now focusing on what function does physical
linkage of the lamina with the cytoplasmic cytoskeleton have in cells? Does a breakdown in
this link contribute to disease and can this link affect chromatin and gene expression?

We clearly need to understand more about the role of the lamina (and NE) in regulating
signaling pathways. We also need to understand whether alterations in the signaling pathways
are an important contributing factor to the various laminopathies, as these pathways maybe
more amenable to drug treatment. In pursuing these objectives mouse models of the
laminopathies will have a significant role.
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IF

INM

ONM

NE

LMNA

LMNB

EDMD

AD-EDMD

LMG1B

DCM

MAD

FPLD

CMT2B1

HGPS

ZMPSTE24

RCE1

Intermediate filament

Inner Nuclear Membrane

Outer Nuclear Membrane

Nuclear Envelope

Lamin A/C

Lamin B

Emery Dreifuss Muscular Dystrophy (X-linked)

Autosomal Dominant EDMD

Limb Girdle Muscular Dystrophy 1B

Dilated Cardiomyopathy

Mandibuloacral dysplasia

Familial Partial Lipodystrophy

Charcot-Marie-Tooth neuropathy

Hutchinson-Gilford Progeria

Zinc Metallopeptidase (STE24 homolog, S. cerevisiae)

Prenyl protein peptidase (homolog S. cerevisiae)
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Figure 1. Immunofluoresence images showing the distribution of progerin in untreated and FT1-
treated LmnaHCG/HG celis

DNA was visualized with DAPI (blue), and progerin was visualized with an antibody against
lamin A (red). A and B, Untreated LmnaHG/HG cells, showing progerin along the nuclear
envelope. Misshapen nuclei were common (white arrow). C and D, FTl-treated LmnaH¢/HG
cells, revealing intensely staining progerin aggregates (white arrowheads) in the nucleoplasm.
Reproduced, with permission, from The Proceedings of the National Academy of Science
USA [55].
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Figure 2. A positive effect of FT1s on disease phenotypes in Lmna mice

A,uCT scans illustrating reduced numbers of rib fractures in FTI-treated LmnaH®/* mice. Red
arrowheads indicate rib fractures and surrounding callus. In the FTI-treated mouse, there is
thinning of one rib along with a small amount of callus. B, Reduced number of rib fractures in
FTI-treated LmnaHC/* mice. After 24 weeks, surviving mice were euthanized, and the number
of rib fractures was counted. The number of rib fractures in the FTI-treated LmnaH®/* mice
was lower than in vehicle-treated LmnaHS/* mice (P < 0.0001). Reproduced, with permission,
from The Journal of Clinical Investigation [56].
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Mutations introduced into Mouse Lamin genes

Mutation Description Phenotype Ref

Lmna "~ Lamin A and C Null Postnatal lethality associated with muscular [19]
dystrophy and cardiomyopathy

N195K/N195K Mis-sense mutation Postnatal death associated with cardiomyopathy [25]

Lmna't222PH222p Mis-sense mutation Postnatal death associated with muscular dystrophy [24]
and cardiomyopathy

Lmnal%4° Splicing mutation and inframe Early postnatal lethality and a model for progeria [54]

deletion of exon 9
Lmna"eHe A-type lamins are replaced by Heterozygotes die at 6 months with osteoporosis, [55]
Progerin alopecia. Homozygotes severely retarded postnatal

growth, death at 3 weeks

Lmnat-COLEo Lamin C only mice with no Lamin Overtly normal [58]

Lmnb1 ™"~ Gene trap insertion into Lmnb1 Perinatal lethal possibly due to respiratory failure [62]

Mutations in proteins associated with Lamin A

Emd ™" Null Mice overtly normal but with slightly retarded [21,23]
muscle regeneration

Zmpste24”’ Null Mice retain farnesylated pre-lamin A. They die at 6- [69,74]
7 months and have rib fractures, osteoporosis,
muscle weakness

Transgenic Lines

Lmna M371K cDNA with missense mutation Expressed in heart resulting in cardiomyopathy and [26]
early postnatal lethality

Lmna BAC G608G hBAC with G606g base change Mice show progressive loss of smooth muscle cells [57]

in medial layer of large arteries
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