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Nuclear lamins are type V intermediate filament proteins. They

are the major building blocks of the peripheral nuclear lamina, a

complex meshwork of proteins underlying the inner nuclear

membrane. In addition to providing nuclear shape and

mechanical stability, they are required for chromatin

organization, transcription regulation, DNA replication, nuclear

assembly and nuclear positioning. Over the past few years,

interest in the lamins has increased because of the

identification of at least 12 distinct human diseases associated

with mutations in the LMNA gene, which encodes A-type

lamins. These diseases, collectively termed laminopathies,

affect muscle, adipose, bone, nerve and skin cells and range

from muscular dystrophies to accelerated aging.
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Introduction: lamins are the intermediate
filament proteins of the nucleus
Lamins are the main structural constituents of the nuclear

lamina, a structure associated with the inner nuclear

membrane [1], and are also present in the nucleoplasm

[2]. They are members of the intermediate filament (IF)

superfamily and are probably the ancestors of all IFs. Like

all IFs, lamins have a characteristic tripartite organization

comprising a short N-terminal head domain, a central a-

helical rod domain and a C-terminal globular tail domain

(Figure 1a). Lamins are divided into A- and B-types on

the basis of their protein structure and expression pat-

terns. B-type lamins are encoded by distinct genes and are

present in all metazoan cells, whereas A-type lamins are

derived through alternative splicing of a single gene and

are present only in differentiated cells of more complex

organisms. The number of lamin genes and protein iso-

forms roughly correlates with the complexity of the
www.sciencedirect.com
organism in which they are expressed [3]. However,

the overall amino-acid sequence and structure of lamins

is well conserved, including an immunoglobulin (Ig)-like

fold motif in the lamin tail domain [4] (Figure 1c). All

B-type lamins and lamin A are translated as pre-lamins

with a C-terminal CaaX motif that is subject to three post-

translational modifications. First the cysteine is farnesy-

lated, then the last three residues (aaX) are cleaved off

and subsequently the cysteine undergoes methyl ester-

ification. While B-type lamins remain farnesylated, pre-

lamin A undergoes a fourth maturation step in which the

15 C-terminal amino acids, including the farnesyl group,

are cleaved off (Figure 2). Both cleavage steps in the

maturation of lamin A are believed to be performed

by a single zinc-metalloproteinase termed ZMPSTE24

(FACE-1) and are dependent on the sequence of proces-

sing steps [5]. The function of the farnesyl group is

probably to target lamins to the nuclear membrane, either

by direct interaction with the lipid membrane or by

mediating a protein–protein interaction [6].

In the first part of this review we focus on the structural

and functional aspects of nuclear lamins in diseases. The

second part emphasizes the role of lamins in pre-mature

as well as normal aging.

The assembly of lamins into filaments
occurs in distinct steps
In the Xenopus germinal vesicle, regions of the nuclear

lamina are arranged as a tetragonal lattice of�10-nm-wide

filaments [7], although a similar organization has not been

found in other cell types. In vitro assembly studies have

shown that the basic subunit of the lamin polymer is a

parallel dimer formed by coiled-coil interactions between

the rod domains. These dimers further associate long-

itudinally through head-to-tail associations to make 2–3-

nm-wide protofilaments [4,8�]. These protofilaments form

paracrystals, which are normally not observed in vivo [4]. A

breakthrough in understanding lamin assembly in vitro was

the formation of stable �10-nm filaments of the C. elegans
lamin that resemble the�10-nm filament structure of cyto-

plasmic IFs, as well as the nuclear lamina of the germinal

vesicles [9]. The Ce-lamin 10-nm filaments will help us to

understand the role of lamin-binding proteins and the

effect of disease-causing mutations on lamin filament

assembly, which are challenging goals for future studies.

Mutations in LMNA cause many heritable
diseases
Currently there are no known human diseases associated

with LMNB1 or LMNB2. It is assumed that mutations in
Current Opinion in Cell Biology 2006, 18:335–341
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Figure 1

Schematic presentation of the structure of lamins. (a) Schematic model of the structure of the lamin A dimer with the head domain depicted

in orange, the rod domain depicted in blue, the C-terminal tail domain depicted in pink and the prelamin A-specific region in light green. The different

sub-domains are indicated. Currently, only coil 2B and the Ig domain have been solved at atomic resolution [4]. (b) Frequency of mutated

residues in the different sub-domains of human lamin A causing human heritable diseases. The data for (b) was obtained from the Leiden

Muscular Dystrophy Pages (http://www.dmd.nl/lmna_seqvar.html). Interestingly, there is only one known disease-causing mutation associated

with the unfolded tail domain, which binds the core histones [51]. (c) Comparison of the atomic model of the 105-residue Ig domain showing the

evolutionary conservation between human lamins A/C, Drosophila lamin Dm0 and C. elegans Ce-lamin.
these genes are lethal, since downregulation of either

LMNB1 or LMNB2 in HeLa cells causes apoptosis [10]. In

contrast, >150 mutations in LMNA have been linked to

various inherited diseases, called the ‘laminopathies’

[11,12]. These include diseases affecting muscle tissues

(autosomal and recessive Emery Dreifuss muscular dys-

trophy [EDMD], autosomal dominant limb girdle mus-

cular dystrophy and dilated cardiomyopathy, all of which

include cardiac conduction defects), adipose tissues

(autosomal dominant Dunnigan-type familial partial lipo-

dystrophy and Seip syndrome), and axonal neurons

(recessive Charcot-Marie-Tooth disorder type 2).

Recently, the premature aging diseases Hutchison Gil-

ford progeria syndrome (HGPS), atypical Werner’s syn-

drome and mandibuloacral dysplasia (MAD) have also

been linked to mutations in LMNA [11,12]. Mutations in

LMNA also cause the prenatal disease restrictive dermo-

pathy (RD) [13�] and complete loss of A-type lamins leads

to prenatal lethality [14]. The disease-causing mutations

are distributed essentially throughout the entire LMNA
gene (Figure 1b) and the only disease for which mutations

appear to cluster is partial lipodystrophy (�70% in the Ig

fold). Also, some patients with a single mutation suffer

multiple laminopathies [15], and the phenotype of any
Current Opinion in Cell Biology 2006, 18:335–341
given LMNA mutation can vary between individuals and

between siblings. RD and accelerated aging diseases also

appear in patients with mutations in the ZMPSTE24
gene, encoding the lamin-A-processing metalloproteinase

[13�,16]. Mutations in genes encoding lamina-associated

proteins (LAPs), including LBR, emerin, MAN1 and the

non-membrane isoform of LAP2 (LAP2a), also cause

heritable diseases similar to laminopathies [12,17].

How mutations in LMNA cause many different lamino-

pathies is a major unanswered question. It has been

hypothesized that lamin structures provide a scaffold that

is used to sequester, assemble and regulate various pro-

tein complexes involved in nuclear integrity, gene

expression, DNA replication, nuclear positioning and cell

cycle progression [2,18]. On the basis of this hypothesis,

several different models, which are not mutually exclu-

sive, were proposed [12,19�].

The first model takes into account the idea that one of the

major functions of the nuclear lamina is to protect the

structural integrity of the nucleus. According to this

model, a mutant lamin A weakens the lamina structure

and alters its mechanical properties, including resistance
www.sciencedirect.com
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Figure 2

Schematic diagram outlining the four steps of processing of prelamin A to mature lamin A. The first step involves farnesylation at the terminal

cysteine by farnesyl transferase. The second step involves cleavage of the last three residues, probably by Zmpste24. The third step

involves carboxymethylation of the terminal cysteine by Icmt, and the fourth step involves cleavage 15 amino acids away from the terminal cysteine by

Zmpste24. In HGPS cells the second cleavage site of lamin A is missing as a result of deletion of 50 amino acids and the LAD50 (progerin)

probably retains the farnesylated cysteine. B-type lamins undergo the first three steps but are not further processed (not shown).
to mechanical stress [20�,21]. In muscle cells in particular,

this often leads to structural damage and cell death. In

support of this model, fibroblasts derived from patients

with different laminopathies frequently have abnormally

shaped nuclei [22], and mouse fibroblasts lacking A-type

lamins show increased nuclear fragility and impaired

mechanical-stress-dependent gene expression in vivo
[20�,21]. There is also some evidence that abnormal lamin

assembly may destabilize the mechanical properties of

cells and that this may be attributable to interactions

between the nucleus and the cytoskeletal networks

[23,24].

A second model proposes that A-type lamins and their

associated proteins may be involved in regulating cell-

type-specific gene expression [25]. Therefore, different

mutations in LMNA can cause misregulation of different

tissue-specific genes, either directly or at the epigenetic

level. Candidate transcriptional regulators that interact

with lamins and/or LAPs are germ cell-less, retinoblas-

toma protein, sterol response element binding protein-1,

barrier to autointegration factor and OCT-1 [15,18].

However, the details of the molecular mechanisms under-

pinning this regulation remain unclear. The lamin-depen-

dent regulation of specific genes could also occur through

regulation of heterochromatin formation. In support of

this, mouse fibroblasts lacking A-type lamins and fibro-

blasts from HGPS patients both exhibit a loss of
www.sciencedirect.com
heterochromatin at the nuclear periphery [26��,27,28].

Additionally, alterations in epigenetic modifications reg-

ulating heterochromatin, such as histone methylation,

have been observed in HGPS and MAD [29��,30,31].

Recently a third model proposed that A-type lamins play

a role in cell proliferation, particularly in regulatory

mechanisms controlling the cell cycle of adult stem cells

[19�]. Support for this model comes from the observation

that while embryonic muscle differentiation seems to be

normal in EDMD patients, myoblasts expressing A-type

lamins containing EDMD-causing mutations are unable

to differentiate fully [32��,33].

Lamins and aging
The two classical accelerated aging diseases are HGPS

(‘progeria of childhood’) and Werner’s syndrome (‘pro-

geria of adults’). HGPS symptoms usually become appar-

ent in the first or second year of life and are characterized

by sclerodermatous skin, hair loss, bone deformations,

delayed dentition, growth retardation and loss of subcu-

taneous fat. The patients die between the ages of 13 and

20 years from atherosclerosis and cardiovascular disease.

Most cases of HGPS result from a 1824C>T mutation

(Gly608Gly) that creates an ectopic mRNA splicing site

leading to the expression of a truncated pre-lamin A

lacking 50 amino acids within its tail domain [34]. This

mutant protein, which was termed LAD50 or progerin
Current Opinion in Cell Biology 2006, 18:335–341
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[26��], lacks the second proteolytic cleavage site for the

processing of lamin A and the mature protein contains

eight residues of pre-lamin A and is presumably farne-

sylated (Figure 2). In addition to the 1824C>T mutation,

there are reports of 10 other spontaneous dominant HGPS

mutations in LMNA located in regions that encode the

lamin A head domain, coil 1B, the Ig-fold domain and

the non-Ig-fold C-terminal region in the tail domain

(http://www.umd.be:2000 and http://www.dmd.nl/lmna_

seqvar.html). Three other dominant mutations causing

accelerated aging phenotypes that appear in late child-

hood were characterized as atypical Werner’s syndrome

[35]. There is also a recessive form of HGPS caused by

a1626 G>C (Lys542Asn) mutation.

Cultured fibroblasts derived from HGPS patients have

limited cell proliferation capacity and undergo early

senescence [26��]. As these cells are propagated in cul-

ture, they undergo significant changes in nuclear shape

(Figure 3), including lobulation of the nuclear envelope,

thickening of the nuclear lamina, loss of peripheral het-

erochromatin and clustering of nuclear pore complexes

(NPCs); all these nuclear changes correlate with an

accumulation of LAD50. The alterations in nuclear struc-

ture appear to be caused by a concentration-dependent

dominant-negative effect of LAD50, as expression of

the mutant lamin in normal cells leads to similar nuclear

phenotypes (Figure 3) [26��]. Silencing of the 1824C>T

mutant mRNA has been reported to down-regulate

LAD50 expression [29��,36], with the result that nuclei

in the affected cells exhibit a return to normal nuclear

morphology, as reflected by a loss of nuclear lobulation,

normal expression levels of nuclear lamina proteins,

restoration of the normal pattern of the heterochromatin

markers heterochromatin protein 1 and tri-methyl lysine 9

of core histone H3, and proper expression of several genes

that were found to be misregulated in the untreated

HGPS fibroblasts, including MMP3, HAS3, TIM3,
Figure 3

Cultured fibroblasts derived either from a healthy control individual (control)

processed for indirect immunofluorescence microscopy using an antibody a

GFP-LAD50 (LAD50) were fixed with methanol and processed for fluorescen

Confocal images are shown. Cells accumulating the mutant protein exhibit
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MMP14 and CCL8 [29��]. Interestingly, these global

changes in nuclear and chromatin organization were

not dependent on cell division. These results further

support the hypothesis that LAD50 affects nuclear struc-

ture and chromatin organization [29��,36]. However, the

mechanisms through which lamins regulate chromatin are

unknown. This is an area of great interest for future

exploration.

The dominant negative effect of LAD50 expression may

be attributable to the farnesyl moiety retained at the C

terminus as a result of the second proteolytic cleavage site

involved in the processing of prelamin A being missing

[37�] (Figure 2). Another evidence supporting this state of

farnesylation comes from experiments showing that the

shape of nuclei in cells expressing LAD50 returns to

normal following treatment with farnesyl transferase inhi-

bitors (FTIs) [38�–40�]. In addition, treatment of HGPS

fibroblasts with the FTI mevinolin in combination with

the histone deacetylase inhibitor Trichostatin A (TSA)

has been reported to restore normal heterochromatin

organization [30]. These results suggest that FTIs may

be useful for the treatment of HGPS patients. Interest-

ingly, further data suggest that FTIs might also be useful

in treating other laminopathies [40�,41�,42]. Some FTIs

are already in phase II and III clinical trials and are well

tolerated [41�]. However, the broad spectrum of farnesy-

lated proteins within a cell that could be affected by these

drugs, including all B-type lamins, might represent a

double-edged sword.

It has also been shown that mutations in Zmpste24 cause

accumulation of farnesylated pre-lamin A in RD and

MAD. These diseases share similar characteristics with

HGPS [13�,16,43]. Additionally, mice deficient in

Zmpste24 have retarded growth, accelerated aging and

other phenotypes observed in HGPS and other lamino-

pathies [44–46]. Additional insight into the mechanisms
or from an HGPS patient (HGPS) were fixed with methanol and

gainst Lamin A. HeLa cells expressing either GFP–Lamin A (LA) or

ce microscopy. DNA was visualized with Hoechst dye.

an abnormal, highly lobulated nuclear shape.
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of accelerated aging comes from results showing that cells

derived from either HGPS patients or from Zmpste24-null

mice have abnormal responses to DNA damage and

increased aneuploidy [47]. These cells are defective in

recruiting the DNA repair factors 53PB1 and Rad51 to

sites of DNA breaks, resulting in a delayed checkpoint

response and defective DNA repair [47]. HGPS fibro-

blasts are also hypersensitive to heat-stress and exhibit an

abnormal stress response [46,47]. Cells derived from

Zmpste24-null mice have upregulated p53 target genes,

indicating the existence of a checkpoint response of the

stress signaling pathway that is affected by threshold

levels of pre-lamin A [46]. Interestingly, the progeroid

phenotypes could be partially rescued in mice that are

both Zmpste24-null and Lmna-haploinsufficient individuals

and in mice that are null for both Zmpste24 and p53 [46].

In C. elegans, the nuclear architecture in most non-neu-

ronal cell types undergoes progressive stochastic (cell-by-

cell) age-dependent alterations. Specifically, as normal

worms age, the nuclei become lobulated and this is

accompanied by changes in the organization of lamins,

lamin-associated proteins, nucleoporins and peripheral

heterochromatin [48��]. These changes resemble those

occurring in later-passage HGPS fibroblasts. Interest-

ingly, the rate of the accumulation of these alterations

is influenced by the insulin/IGF-1-like signaling pathway,

which plays a major role in regulating the lifespan of

worms [49]. For example, short-lived or long-lived insu-

lin/IGF-1 mutants exhibited faster or slower rates of

change in nuclear architecture, respectively [50].

Conclusions
It is clear that nuclear lamins are essential components of

nuclear architecture. Studies of their structure and func-

tion are now being facilitated through insights into the

mechanisms causing the laminopathies known to be

caused by a large number of mutations in LMNA.

Many interesting properties of the lamins remain to be

determined. These include the structure of the different

types of lamin assemblies both within the lamina and

throughout the nucleoplasm, and the precise roles of the

lamins in DNA replication and repair, in transcription, in

the regulation of euchromatin-heterochromatin transi-

tions, and in aging.

Update
A recent study [52] provides surprising experimental

evidences that mice lacking lamin A and prelamin A

are entirely healthy. These mice generate lamin C only,

have normal emerin localization, and exhibit very slight

nuclear shape alterations. Therefore, both prelamin A and

lamin A appear to be dispensable, at least in mice. The

authors of this study speculate that this finding opens up

new possibilities for treating human laminopathies, such

as progeria. In another recent study [53], a transgenic
www.sciencedirect.com
mouse carrying a human bacterial artificial chromosome,

which expresses LAD50, was generated. This mouse

develops progressive loss of vascular smooth muscle cells

in the medial layer of large arteries, in a pattern very

similar to that seen in children with HGPS. This is in

agreement with the recent finding that an LAD50-specific

antibody exhibits the strongest immunoreactivity in

smooth muscle and endothelial cells of the vascular

system of an HGPS patient [54]. Most recently it has

been reported that lamin B is required for the formation of

a matrix-like network essential for the assembly of the

mitotic spindle [55��]. The formation of this lamin B

containing mitotic spindle matrix was shown to depend

upon RanGTP, but not on the assembly of microtubules.

Interestingly, several spindle assembly factors (SAFs)

appear to associate with the spindle matrix in a lamin-

B-dependent fashion.
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