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The discoveries of at least eight human diseases arising from

mutations in LMNA, which encodes the nuclear A-type lamins,

have revealed the nuclear envelope as an organelle associated

with a variety of fundamental cellular processes. The most

recently discovered diseases associated with LMNA mutations

are the premature aging disorders Hutchinson–Gilford progeria

syndrome (HGPS) and atypical Werner’s syndrome. The

phenotypes of both HGPS patients and a mouse model of

progeria suggest diverse compromised tissue functions leading

to defects reminiscent of aging. Aspects of the diseases

associated with disrupted nuclear envelope/lamin functions may

be explained by decreased cellular proliferation, loss of tissue

repair capability and a decline in the ability to maintain a

differentiated state.
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Abbreviations
EDMD Emery–Dreifuss muscular dystrophy

FPLD familial partial lipodystrophy
HGPS Hutchinson–Gilford progeria syndrome

IF intermediate filament

INM inner nuclear membrane

Ins/Igfr insulin/insulin-like growth factor

LMNA lamin A gene

MAD mandibuloacral disease

NE nuclear envelope

Introduction
Aging and death are inevitable in the life cycles of

organisms. An understanding of why we age and the

processes underlying aging has been a subject of much

debate and research over the centuries. Within the past

decade considerable progress has been made in deter-

mining which physiological processes influence longev-

ity. An emerging consensus is that aging is a consequence

of macromolecular damage by reactive oxygen species,

which oxidize lipids, proteins and, in particular, DNA,

with damage to the latter leading to mutations and

chromosomal abnormalities [1]. These changes cause

the malfunction of cellular organelles, particularly mito-

chondria, resulting in cell and tissue degeneration.

Genetically tractable organisms, especially those having a

relatively short lifespan, such as the worm Caenorhabditis
elegans, Drosophila and the yeast Saccharomyces cerevisiae,
have been useful in determining the biochemical and

molecular bases of longevity. Neuroendocrine pathways,

in particular the insulin/insulin-like growth factor (Ins/

Igfr) pathway, are central to regulating longevity in multi-

cellular animals and may well be significant in mammals

[2]. The role of the Ins/Igfr pathway in regulating meta-

bolism and longevity is also consistent with the observa-

tion that caloric restriction prolongs lifespan [3] and that

the NAD/oxidative phosphorylation pathway may influ-

ence the activity of the histone deacetylase, Sir2, which

regulates longevity in yeast [4].

Humans are clearly less amenable to such genetic manip-

ulation. However, two rare congenital diseases, Hutchin-

son–Gilford progeria syndrome (HGPS) and Werner’s

Syndrome, have attracted much interest, primarily because

of their resemblance to an accelerated aging process.

Here we review the recent findings that mutations in the

A-type lamins are responsible for HGPS and some cases

of atypical Werner’s syndrome. These findings, together

with recent studies on cells lacking the A-type lamins

that demonstrate a role for the lamins in regulating

signaling pathways, chromatin organization and the

mechanical integrity of the nucleus, reveal new aspects

of the functional organization of the nucleus and how

alterations to the lamins may relate to certain processes

in aging.

The progerias
HGPS is a rare, dominantly inherited disease caused by

mutations in LMNA, the gene coding for the A-type

lamins [5��,6��]. Patients show symptoms of premature

aging, including severe growth retardation, loss of sub-

cutaneous fat, alopecia, reduced bone density and poor

muscle development. The average age of death in HGPS

is 12–15 years, usually by myocardial infarction or stroke

[7]. However, patients do not show any increase in tumor

susceptibility, cataract formation or cognitive degenera-

tion, features often associated with normal aging, and

HGPS has therefore been referred to as a segmental

progeroid syndrome, as it only partially reproduces the

aging process [8]. The majority of HGPS cases are asso-

ciated with a splicing defect in exon 11 of the LMNA gene,

resulting in the Lamin A protein lacking 50 amino acids

of the carboxy-terminal globular domain [6��,9]. This
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shortened form of the Lamin A protein has been tenta-

tively assigned the name Progerin.

A second premature aging disease is Werner’s syndrome.

In the majority of patients (83%), Werner’s is inherited as

an autosomal recessive disease due to mutations in WRN,

a 30–50RecQ DNA helicase-exonuclease that unwinds

DNA and cleaves nucleotides from DNA termini [10].

Patients with the disease show a high incidence of early-

onset cataracts, arthrosclerosis, diabetes, premature gray-

ing of hair and early death, usually in their late 40s. Unlike

HGPS, Werner’s syndrome is associated with an increased

risk of neoplasms [11], although the mean age of death (47

years) in Werner’s is much older than in HGPS, which

possibly allows the accumulation of mutations that might

enhance the risk of unchecked cell growth.

A subset of Werner’s syndrome patients are known as

atypical cases, because they do not carry detectable

mutations in the WRN gene. A recent report revealed

that 15% of these atypical patients had missense muta-

tions in the LMNA gene resulting in amino acid substitu-

tions either in the amino-terminal globular domain or the

heptad repeats of the Lamin rod domain [12��].

The lamins
The lamins are type-V intermediate filament (IF) pro-

teins located in the nucleus, primarily in the nuclear

periphery, underlying the nuclear envelope. The lamins

consist of the A and B types. Both types share the

structural features of having a small globular domain at

the amino terminus and a larger globular domain at the C

terminus, separated by a rod domain of a-helical coiled

coils [13]. A largely undeciphered process of dimerization,

multimerization and higher-order assembly produces a

network of lamin IFs, which comprise the 20–50 nm-

thick nuclear lamina. The nuclear lamina structurally

supports the nuclear envelope (NE) and largely deter-

mines the overall shape of the interphase nucleus [14]. In

addition, the lamina associates with chromatin both

directly and indirectly and has been implicated in the

regulation of gene expression and in DNA synthesis [15].

Two separate genes, LMNB1 and LMNB2, encode the B-

type lamins [16], whereas A-type lamins arise by alter-

native splicing of the single LMNA gene on human

chromosome 1 [17]. In LMNA the first 566 amino acids

are common to both lamins A and C. Lamin A has an

additional 98 amino acids at the carboxy terminus,

whereas Lamin C has only six unique carboxy amino

acids. Both lamins A and C appear to be incorporated into

the nuclear lamina at relatively equivalent ratios. A-type

and B-type lamins differ in their expression patterns

during development and in certain adult cell types

[18,19], as well as in their behavior during disassembly

and reassembly of the NE during cell division [20]. A

series of post-translational modifications facilitate the

assembly of lamin A and B-type lamins into the lamina.

Lamin A and the B-type lamins are farnesylated at a CaaX

motif (where C is cysteine, a is any amino acid with an

aliphatic side chain and X is any amino acid) in the

carboxyl terminus. This lipid moiety results in the inser-

tion of the lamins into the inner nuclear membrane.

Subsequent cleavage produces a mature membrane-

bound form of the lamin proteins. Lamin C, which lacks

a farnesylation site, relies on the prior incorporation of

Lamin A for its inclusion into the nuclear lamina [21,22].

Lamins and disease
One of the more remarkable findings in the study of the

nuclear lamina over the past four years has been the

discovery that different, predominantly missense muta-

tions in the LMNA gene result in at least eight clinically

definable diseases, many of which affect specific tissues

[23]. To date these diseases have been grouped into two

broad classes. The first group comprises those affecting

striated muscles, both skeletal and cardiac, and includes

Emery–Dreifuss muscular dystrophy (EDMD), limb-gir-

dle muscular dystrophy 1B (LGMD-1B) and dilated

cardiomyopathy (DCM). The second group of diseases

affects white fat deposition and bone turnover and

includes familial partial lipodystrophy (FPLD) and man-

dibuloacral disease (MAD). A sixth disease, the neuro-

pathy Charcot-Marie-Tooth type 2B1 (CMT2B1), results

in demyelination of peripheral motor nerves. To these

diseases are now added the progeric aging diseases:

HGPS and some cases of atypical Werner’s syndrome.

A mouse model for HGPS was derived by the introduc-

tion of a splicing defect in intron 9 in the mouse Lmna
gene, which leads to a set of phenotypes closely resem-

bling the human disease [24��]. Loss of subcutaneous fat,

decreased bone density, poor muscle development and

growth retardation are some of the most striking features

of the mouse model. In addition, the mice die prema-

turely by four weeks of age and have craniofacial defor-

mities and other skeletal abnormalities similar to both

MAD and HGPS [24��]. The extent to which these

phenotypes reflect a normal aging process is unclear,

but the overall similarities in terminal phenotypes of

mouse and man is striking. Cataracts, senility and

increased incidence of tumors are characteristics of aging

not observed in either HGPS patients or the progeric

mutant mice for reasons that are not apparent. Attempts at

making a mouse model for typical Werner’s syndrome

have been unsuccessful, despite a 70% sequence homol-

ogy between the human and mouse genes [25,26]. How-

ever the murine Wrn protein is diffusely distributed

throughout the nucleus, whereas human WRN protein

is primarily restricted to the nucleolus [27] (see Figure 1).

Disease mechanisms
Because the A-type lamins are expressed in the majority

of adult cells and tissues, with the exception of some stem
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cell populations, much interest and speculation has

focused on how different LMNA mutations distributed

throughout the gene result in such diverse tissue-specific

diseases, including progeria. Several models have been

proposed to account for this puzzle. These models are

not, however, mutually exclusive, and it is possible that

multiple mechanisms may account for the various

pathologies [23].

Mice carrying engineered mutations in Lmna and cells

from patients with one of several laminopathies, includ-

ing the progerias, reveal dramatic defects in nuclear

envelope structure. The nuclei show frequent blebbing

or ‘herniations’, including large-scale alterations in

nuclear shape, increased separation of the inner and outer

nuclear membranes, clustering of nuclear pores, loss of

some inner nuclear membrane (INM) proteins from one

pole of the nucleus and disruption of the underlying

electron-dense heterochromatin [14,23,28].

On the basis of these observations, the suggestion arose

that nuclei containing defective lamins may be mechani-

cally more fragile than their wild-type counterparts and

that this fragility may ultimately lead to nuclear damage

and cell death. Nuclei assembled in vitro in the absence of

lamins are more prone to breakage than nuclei assembled

in the presence of a full complement of lamins, and

nuclear envelopes from Lmna�/� mice exhibit increased

fragility [14,29]. Direct analysis of the mechanical proper-

ties of the Lmna�/� fibroblast nuclei in response to

physical stretching of the cells revealed that the nuclei

were indeed less rigid than normal wild-type nuclei [30].

Surprisingly, the cytoplasm of the Lmna�/� cells was also

less ‘stiff,’ indicating that the rigidity of the cytoplasmic

cytoskeleton is intimately tied to the state of the nuclear

envelope/lamina. The Lmna�/� fibroblasts also showed

diminished activation of the NF-kB pathway and were

more prone to apoptosis and necrosis than normal fibro-

blasts when subjected to repetitive mechanical stress

[30]. This evidence for enhanced nuclear fragility is

particularly attractive as an explanation for the cardiac

and skeletal muscle pathologies as the forces generated

during muscle contraction could potentially lead to pre-

ferential breakage of nuclei containing a defective

nuclear lamina. Nuclei in non-contractile tissues might

remain relatively unaffected despite displaying abnormal

nuclear organization. Similarly, effects on the mechanical

integrity of nuclei may help explain the susceptibility of

HGPS patients to arthrosclerosis and cardiovascular dis-

ease [31], as much evidence has indicated that mechanical

weakening of the vascular endothelial and smooth-

muscle cells may be the initial pathological event leading

to arthrosclerosis [32].

Future studies will need to determine what effects the

various mis-sense mutations have on the mechanical

integrity of nuclei from different tissues. One particular

mutation may more severely weaken the nuclei in car-

diomyocytes than the same mutation in myotubes.

Mechanical stress as a factor in the development of

FPLD, MAD and perhaps many of the tissues affected

in HGPS appears to be a less attractive explanation, as it is

highly unlikely that adipocyte and bone nuclei are sub-

jected to forces comparable to those encountered in

muscle.

A complication to understanding the basis of the different

disease mechanisms is that significant fractions (10–25%)

Figure 1
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of fibroblasts from FPLD patients exhibit nuclear struc-

tural changes [33] very similar to those seen in the

dystrophic Lmna-null mice, which however do not have

FPLD [34]. In fact a more careful analysis found that

even 5% of normal cells show blebbing. If these altera-

tions in nuclear morphology are present at some basal

level in all tissue (cell) types, and so long as the number of

cells affected is small, there may be no overt phenotype.

However, it may still be the case that in for example

progeria the number of affected cells is significantly

increased, resulting in a laminopathy. Disruption of the

lamina and its associated proteins may affect other cel-

lular processes, such as signaling pathways, including the

NF-kB pathway as described above [30], or possibly the

TGF-b/Smad pathways [35]. In addition, the mutations

could disrupt interactions between the lamins and chro-

matin or other nuclear proteins. Indeed it has been sug-

gested that mutations in the carboxy globular domain that

cause FPLD and MAD are due to perturbations in the

interactions between Lamin A and other proteins, such as

the cholesterol synthesis regulator SREBP1 [36–38].

The effects Progerin has on the NE and how this aberrant

form of Lamin A can wreak so much havoc in individuals

remains to be determined. Structural predictions suggest

that the 50-amino-acid deletion may affect post-transla-

tional modifications required for A-type lamin integration

into the INM and lamina. By contrast, Lamin C would be

unaffected as its termination codon occurs before the

truncation, although any effect on A-type lamin integra-

tion into the INM may compromise Lamin C integration

[22]. Preliminary data suggest that Progerin is able to

integrate into the lamina, although Progerin is present at

a low level compared to the levels of intact full length

Lamin A still produced [6��]. The effects of the LMNA
mutations associated with atypical Werner’s, apart from

their effects on NE morphology, have not been estab-

lished [12��]. There is also some dispute as to whether all

the individuals with atypical Werner’s develop HGPS, or

whether their disease only partially resembles HGPS, as

it has been suggested these patients may have some

modified form of FPLD [39–41]. However, additional

evidence for aberrant post-translational processing of the

Lamins, resulting in disease, has come from mice defi-

cient in the metalloproteinase gene Zmpste24. Zmpste24

is responsible for the proteolytic post-translational mod-

ification to Lamin A following farnesylation. Mice lack-

ing Zmpste24 are defective in prelamin A processing and

exhibit post-natal growth retardation, skeletal abnorm-

alities, muscle weakness and premature death, similar to

some of the pathologies associated with lamin deficiency

and progeria [42�,43�]. An individual diagnosed with

MAD was also found to have a mutated ZMPSTE24
allele [44].

NE components are also essential for proper cell prolif-

eration and mitosis. Disruption of the lamins, and of other

NE components such as BAF (barrier to autointegration

factor), Emerin and Man1, all result in abnormal mitosis,

chromosomal segregation and cell death [45,46]. Fibro-

blast cultures from HGPS patients appear to have a

reduced rate of proliferation, altered expression levels

of genes regulating the cell cycle and a slight increase in

aneuploidy [47,48]. In the mouse model for HGPS,

primary embryonic fibroblasts from D13 embryos consis-

tently show a pattern of proliferation that, both in the long

and the short term, is indistinguishable from that of wild-

type fibroblasts. However, fibroblasts from different tis-

sues of three-to-four-week-old postnatal HGPS mice do

not proliferate in culture and rapidly die, whereas the

same cell lines from normal mice do proliferate [24��].
This raises the possibility that growth retardation and

delayed maturation in some of the tissues in HGPS may

arise as a result of a postnatal defect in cell proliferation.

These observations also suggest the existence of a devel-

opmentally mediated mechanism directing how cells

proliferate in response to a defect in the lamins.

Conclusions
Progeria in humans is caused by mutations in either of the

genes for Lamin A or in the Werner’s RecQ DNA heli-

case. Much indirect evidence has suggested that other

experimentally induced premature aging phenotypes are

induced by inhibiting the DNA repair process [1]. The

WRN helicase interacts directly with DNA, although how

mutant forms of the protein result in progeria is not

understood [10]. The identification of Progerin and other

mutant forms of the Lamins as a cause of progeria has only

recently been established. A full understanding of the

biochemical and molecular functions of the lamins in the

nucleus is still lacking. Only recently have some of the

nuclear proteins with which the lamins interact been

identified (e.g. emerin), and their functions need to be

fully established as well. There is already much evidence

indicating that the lamins have multiple functions within

the nucleus in organizing chromatin, maintaining nuclear

shape and regulating DNA synthesis [15]. It however

remains to be determined what role the lamins have in

maintaining genome integrity and possibly DNA repair

mechanisms, which, when perturbed, may result in pro-

geria and aging [49].

Analyzing the consequences of the lamin mutations in

cells has provided some clues as to how progeria develops.

The structural role of the lamins in maintaining nuclear

stiffness, revealing that cells deficient in the A-type

lamins are more susceptible to physical stress, may com-

promise the cells that make up the cardiovascular system

— a highly mechanically stressed set of tissues. Further-

more, the derivation of a mouse model provides a valuable

resource: preliminary studies have suggested that mutant

forms of Lmna that cause progeria may act by altering cell

proliferation, possibly by affecting mitosis. Such a defect

would clearly affect tissue growth and repair.
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There are also striking similarities between some of the

laminopathies and both the physical and metabolic

aspects of aging in the 21st century. Some of the physical

consequences of aging, such as a reduction in muscle mass

(sarcopenia), bone loss and redistribution of fat, are found

in the laminopathies. Furthermore, the increasing

scourge of a western lifestyle, Syndrome X or metabolic

syndrome, which is characterized by obesity, fat redis-

tribution, diabetes and dyslipidemia, is also strikingly

similar to some of the laminopathies [50]. Together, these

findings suggest that proper expression and function of

the lamins play a key role in maintaining cell and tissue

integrity during aging. Work aimed at improving our

understanding of the molecular and biochemical func-

tions of the lamins is clearly warranted.
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