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Abstract

The nuclear lamina is a proteinaceous structure located underneath the inner nuclear membrane (INM), where it associates with the
peripheral chromatin. It contains lamins and lamin-associated proteins, including many integral proteins of the INM, chromatin modify-
ing proteins, transcriptional repressors and structural proteins. A fraction of lamins is also present in the nucleoplasm, where it forms
stable complexes and is associated with specific nucleoplasmic proteins. The lamins and their associated proteins are required for most
nuclear activities, mitosis and for linking the nucleoplasm to all major cytoskeletal networks in the cytoplasm. Mutations in nuclear
lamins and their associated proteins cause about 20 different diseases that are collectively called ‘laminopathies’. This review concen-
trates mainly on lamins, their structure and their roles in DNA replication, chromatin organization, adult stem cell differentiation, aging,
tumorogenesis and the lamin mutations leading to laminopathic diseases.
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The lamin molecule organization of a central « helical rod domain, flanked by a short
head and a longer tail domains (Fig. 1A). The rod domain is

) L ) made of four coiled-coil segments: 1A, 1B, 2A and 2B, each of
Domain organization of lamins which is made of heptad repeats. The coiled-coil segments are
linked by three linkers termed L1, L12 and L2, which are con-

Lamins are type V intermediate filaments (IFs) and like all mem-  served in length and sequence among lamins [1, 2]. The end
bers of the IF family of proteins, they have the tripartite domain  segments of the central rod domain (~30 amino acids on both
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Fig. 1 Schematic representation of the structure of lamin proteins. (A) The lamin monomer. The lamin is divided into three domains, head, rod and a
globular tail. The rod domain is composed of four coiled-coil regions (1A, 1B, 2A, 2B) that are connected through three short linkers (L1, L12, L2).
Marked on the scheme are the Ig globular domain in the tail and the stutter (a discontinuity of the heptad repeat) in coil 2B. Also shown by colour code
are the positions of the CDK-1 recognition site (absent in Ce-lamin), the sumoylation site in human lamin A, the nuclear localization signal (NLS) and
the CAAX motif. (B) A model of lamin dimers. A pair of parallel coiled-coil rods forms the lamin dimer (yellow). The non-a-helical head and tail domains
are coloured green and pink, respectively. The different sub-domains are indicated. In coil 2B the stutter leads to a local unwinding.

sides) are similar among lamins, as well as in all IF proteins.
When mutated or deleted, they affect the assembly of dimers
into higher-order structures [1]. Coil 1B in all lamins is similar to
invertebrate cytoplasmic IFs and is 42 amino acids (6 heptads)
longer than vertebrate cytoplasmic IFs [2]. The lamin tail domain
contains a ~120-residue immunoglobulin (lg) fold [3]. Between
the rod domain and the Ig fold there is an unfolded region con-
taining a nuclear localization signal (NLS). The carboxy tail
domain of all B-type lamins and lamin A (but not lamin C) pro-
teins contains a CAAX motif, which undergoes post-translational
modifications (see below, Fig. 2).

Lamins are divided to type A and type B

Lamins are divided into A and B type according to their expression
patterns, behaviour during mitosis and biochemical characteris-
tics. Distinct genes encode A- and B-type lamins. All metazoan
cells express B-type lamins, whereas A-type lamins are expressed
only in differentiated cells of higher complex organisms (see
below). B-type lamins have an acidic isoelectric point, whereas
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A-type lamins have a neutral isoelectric point. During mitosis
B-type lamins remain associated with membranes, whereas
A-type lamins become solubilized [4].

Post-translational processing of lamin molecules

With the exception of the mammalian and the Drosophila lamin C,
all lamins undergo a process of maturation involving the CAAX box
at their carboxy terminus. At the first stage of maturation farnesyl
transferase adds a farnesyl group to the cysteine. Next, either Rcel
(FACE2 in human beings) or Zmpste24 (FACE1 in human beings)
cleave the last three amino acids (AAX). At the next stage the iso-
prenylcysteine methyltransferase methylates the farnesylated C-ter-
minal cysteine. Although B-type lamins remain carboxy farnesylated
and methylated, lamin A undergoes another cleavage event of the
last 15 C-terminal amino-acids by Zmpste24, which removes the
carboxy farnesylated and methylated cysteine [5] (Fig. 2). It was
recently shown that blocking farnesylation of lamin A by farnesyl
transferase inhibitors (FTIs) causes an alternative prenylation of
geranylgeranylation by geranylgeranyl transferase [6].
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Other known post-translational modifications of lamins include
phosphorylation and sumoylation. Relatively little is known about the
phosphorylation of lamins during interphase. The Drosophila
B-type lamin (lamin Dmg) contains at least three interphase phos-
phorylation sites at Seros in the head domain at a molar ratio of 0.3
(phosphate/protein), at Thrasz or at Thrass (TRAT sequence) in the
tail domain at a molar ratio of 0.2 and at Sersgs in the tail domain at
a molar ratio of 0.5 [7]. These molar ratios suggest that interphase
phosphorylation of lamins is dynamic. Indeed, the phosphorylation
of the TRAT sequence modulates the interaction between lamin Dmg
and the histone H2A/H2B dimer in vitro [8]. The mitotic phosphory-
lation of lamins was studied in more detail. Mammalian lamins
contain a mitotic cyclin-dependent kinase (CDK)-1 recognition
sequences flanking both sides of the rod domain. These sites are
required for lamin disassembly into dimers during mitosis because
mutations within these CDK1 sites inhibited lamina disassembly both
in vivo [9] and in vitro [10-12]. The potential roles of other mitotic
phosphorylation sites are discussed in [1]. Mammalian lamin A
also undergoes sumoylation at Lyso1 [13]. Mutation in the Gluzgs,
which inhibits sumoylation, causes aggregation of lamin A and
increased cell death, suggesting that sumoylation regulates lamin
A assembly [13].

Lamin molecules in evolution

Lamins are detected in all metazoan cells. In contrast, lamins are
absent in single cell organisms or in plants. Although lamins from
vertebrates and invertebrates differ significantly in their primary
sequence [14], the general structural organization of lamins is
evolutionarily conserved with a few exceptions. Tunicate lamins
are the only known lamins that have a deletion of 90 amino acids
in the region of the Ig fold [15]. Caenorhabditis elegans single
lamin protein (Ce-lamin) contains a Coil 2B that is shorter by
14 amino acids (two heptads), a tail domain that is shorter by
~25 amino acids as compared to Drosophila and vertebrate
lamins. It also lacks the conserved CDK1 sites [16]. Evolution
trees of lamins can be found in [1, 14].

The supramolecular assembly of lamins

From lamin monomer to lamin dimer

During mitosis lamin molecules are disassembled into monomers
[4]. Following mitosis they reassemble into higher-order struc-
tures. The smallest subunit detected in vitro is a dimer, where the
two central «-helical rod domains within a lamin dimer form a
coiled coil around each other in a parallel, unstaggered fashion [1]
(Fig. 1B). The coiled-coil interactions are due to the heptad
repeats; lower case letters (a through g) commonly denotes the
positions within the heptad repeat. Although hydrophobic residues
are usually occupying positions a and d, the e and g positions are
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Fig. 2 Prelamin A processing. Premature lamin A is going through four
processing steps until it becomes a mature lamin A, including farnesyla-
tion of the cysteine at the carboxy terminus, cleavage of the three car-
boxy-terminal amino acids (aaX) by either ZMPSTE24 or Rcel, car-
boxymethylation of the farnesylated cysteine by isoprenylcysteine
methyltransferase and cleavage of the 15 terminal amino acids, including
the farnesylated and carboxymethylated cysteine, by ZMPSTE24.

usually being charged [2]. Electron microscope analysis showed a
52-55-nm-long rod-like shape of the lamin dimer with two globu-
lar domains representing the two tails [17].

From dimers to filaments

In the second step of assembly in vitro the lamin dimers elongate
longitudinally in a polar fashion to form ~2-nm-wide head-to-tail
polymers with an axial repeat of 48-50 nm [17]. The difference
between the length of the rod domain and the axial repeat represents
an overlap between adjacent rod domains [18]. In the next step of
assembly the head-to-tail polymers assemble laterally to form
supramolecular structures. Most lamins form paracrystalline fibres
with a latitudinal alternating light and dark banding pattern with
24-25 nm axial repeat, which is about half the repeating length of a
lamin rod domain [1, 2]. These structures are unique to lamins,
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because they do not appear in an in vitro assembly of cytoplasmic
IFs, which form 10-nm filaments in vitro [2]. It is noteworthy that
except for the case of overexpression of lamins in insect cells, lamin
paracrystalline fibres were never seen in vivo, which is likely due to
the presence of lamin binding proteins in normal nuclei that are
involved in the organization and regulation of lamin assembly [19].

In contrast to vertebrate and Drosophila lamins that form only
paracrystalline fibres in vitro, Ce-lamin, can assemble into stable
10 nm filaments. Under different conditions containing divalent
ions it can also form paracrystalline fibres [20-22]. Ciona lamin is
also assembled into filaments, but with a smaller average diame-
ter of 5.4 nm [20]. Recently, it has been shown that the IF-like fil-
aments of the C. elegans lamin are composed of 3 and 4
tetrameric protofilaments, each of which contains two partially
staggered anti-parallel head-to-tail polymers. The lamin filaments
are beaded due to the paired globular tail domains, which are reg-
ularly spaced, alternating between 21 and 27 nm [18].

The roles of the different domains
in the assembly of lamins

The head and tail domains of lamins play a significant role in regulat-
ing the assembly of lamins. Chicken lamins A and B2 cannot assem-
ble into head-to-tail polymers unless they have the head domain [23].
Similarly, headless Xenopus lamin A or Drosophila lamin Dmg do not
form head-to-tail polymers and Xenopus lamin A expressed in Sf9
insect cells can be easily extracted with physiological buffers contain-
ing Triton X-100 [19, 24]. In contrast, headless human lamin C and
human lamin A lacking its 18 last amino acids form paracrystals with
the same axial repeat as the wild-type protein (21 nm). Ce-lamin lack-
ing its head domain also forms filaments and paracrystalline fibres
with the same axial repeat as the wild-type protein, whereas muta-
tions in the head domain can cause abnormal filament assembly
(N.W.M. and Y.G., unpublished observation). The involvement of the
head domain in lamin assembly in vivo was demonstrated by the
dominant-negative effect of headless human and Xenopus lamins on
the endogenous lamins. Ectopic expression of headless human lamin
A in Chinese hamster ovary (CHO) cells caused aggregation of the
endogenous lamins A and C, but not lamins B1 or B2 [25]. Headless
human lamin A or Xenopus lamin LB3 caused aggregate formation of
lamin LB3 in the nucleoplasm of nuclei assembled in vitro in Xenopus
extracts [26, 27]. Taken together, the current data suggest a function
for the head domain in regulating lamin filament assembly, which is
evolutionarily conserved. It also suggests that the head domain inter-
acts with specific sequences in the rod domain and interfering with
these interactions can inhibit lamin polymerization.

Tailless Xenopus lamin A forms filament bundles lacking the
24-nm repeats seen in normal paracrystals [28]. Similarly, tailless
Ce-lamin formed paracrystalline fibres that lost the characteristics
axial repeats [18]. In contrast, tailless chicken lamin B2 enhances
paracrystalline fibres assembly with normal axial repeats [23] and
tailless Drosophila lamin Dmp, cannot form normal head-to-tail
polymers, but surprisingly forms paracrystalline fibres without the
normal axial repeats [29]. Tailless human lamin C formed 15-30 nm
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filaments instead of paracrystals. Taken together, these and other
data [24, 25, 30] suggest that the tail domain of lamins is also
involved in regulating lamin assembly and that lateral assembly of
head-to-tail filaments depends in some lamins on interactions
between the tail domain of one head-to-tail polymer and the rod
domain of the other. Support for this conclusion comes from exper-
iments in which the isolated tail domain of Xenopus lamin B3 inhib-
ited the polymerization of lamin B3 in vitro and prevented the
assembly of nuclei in Xenopus egg interphase extracts [31]. The Ig-
fold motif in the lamin tail domain was sufficient to inhibit lamin
polymerization and nuclear assembly in vitro [31].

Laminopathic mutations affect lamin filament
assembly

There are an unprecedented number of disease-causing heritable
mutations in the human LMNA gene (see below) [32]. Many of the
mutated residues are evolutionarily conserved in Ce-lamin. A recent
study has analysed the effects of 14 different disease-causing mis-
sense mutations on the assembly of Ce-lamin into 10-nm filaments or
paracrystalline fibres [22]. Six of the 14 tested mutations interfered
with the assembly of Ce-lamin filaments or paracrystalline fibres
in vitro. The R64P or Q159K (R50P or E145K in human lamin A, caus-
ing Emery Dreifuss muscular dystrophy [EDMD] and Hutchison
Gilford progeria syndrome [HGPS], respectively) mutations affected
assembly of both filaments and paracrystalline fibres. The R64P
mutant Ce-lamin assembled into very short (between 50 nm and sev-
eral hundred nm long) 20-nm-wide filaments, suggesting that the
mutation interferes with efficient assembly of head-to-tail polymers.
This result also showed that lateral association of lamin dimers
occurs in parallel to the elongation of the head-to-tail filament. Mutant
Q159K was assembled into ‘striped’ filaments and paracrystals, due
to abnormal lateral association of molecules within the filament [18].
The Y59C or D217K (Y45C or E203K in human lamin A, causing
EDMD and dilated cardiomyopathy (DCM), respectively) formed
wider filaments, but had no apparent effect on paracrystalline fibres
assembly. Likewise, whereas none of the tested Ce-lamin tail muta-
tions caused abnormal filament assembly, under the standard assem-
bly conditions two of these mutations: R460W or L535P (R453W or
L530P in human lamin A, respectively, both causing EDMD) affected
the assembly of paracrystalline fibres, although having no apparent
effect on lamin filament assembly. Taken together, these data suggest
common assembly steps for lamin filament and paracrystalline fibres,
which probably differ at their final stage of assembly. The observation
that 8 of 14 of the missense mutations have no visible effects on the
assembly suggests that defects in lamin filament assembly cannot be
the only mechanism leading to laminopathic diseases (see below).

Lamin assembly in vivo

In most somatic cells the nuclear lamina appears as a thin layer
between the nuclear membrane and the peripheral chromatin. In
other cases, including old rat liver cells, it appears as a thick dense
layer [33]. In all cases distinct filamentous structures were
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Fig. 3 Schematic view of the nuclear envelope, lamina and chromatin. The inner nuclear membrane (INM) and the outer nuclear membranes (ONM) are
joined at the nuclear pore complexes and separated by the nuclear lumen. The ONM and lumen are continuous with the endoplasmic reticulum (ER). Lamins
(both A- and B-types) are shown as orange filaments; thicker at the nuclear periphery and thinner filaments in the nucleoplasm. However, the filamentous
nature of the lamins, especially within the nucleus, remains hypothetical. Also shown are selected proteins of the INM including LEM-domain and SUN-
domain proteins, LAP-1, Nurim and LBR (boudreaux). These proteins represent only a small fraction of proteins of the INM. Also shown few examples of
non-integral proteins that interact with lamins or with their associated proteins including actin, HP1, HA95, germ cell-less and BAF. The nucleoplasmic
lamins also form specific protein complexes (not shown). INM SUN-domain proteins interact with outer nuclear membrane (ONM) KASH-domain proteins,
thus bridging between the nucleus and cytoplasmic structures including, actin (green), tubulin (yellow) and intermediate filament (not shown) networks

and the centrosome (MTOC).

not visible. In CHO cells there was a complex network of
10-500-nm-wide fibres that were thicker when attached to the under-
lying chromatin and in the area of nuclear pore complexes (NPC) [33].

The only cell type in which distinct 10-nm lamin filaments were
detected in vivo is the amphibian germinal vesicle containing lamin
LB3 [34, 35]. The ability to detect 10-nm-wide filaments in this cell
could be due to the ability to isolate nuclear envelope free of chro-
matin and other adhering material, the reduced number and com-
plexity of lamin binding proteins (see below) or to a unique ability of
lamins to form 10-nm filaments in these cells. Electron microscopy
of detergent extracted nuclear envelopes derived from Xenopus ger-
minal vesicle showed a meshwork of filaments that were 10-nm thick
[34]. A similar arrangement was detected using field emission scan-
ning electron microscope (feSEM) and in another amphibian
species, Necturus, using cryo-electron microscope [1].

In a recent study, isolated and fixed nuclear envelope of the
Xenopus germinal vesicle was examined by feSEM. The results of
this study suggest presence of one set of parallel 10-12-nm-wide
filaments with distinct irregular ~5-nm-wide cross-connections
[35]. The Xenopus germinal vesicle was further used to assemble

© 2009 The Authors

ectopically expressed A- and B-type lamins. All these lamins were
assembled on top of the existing lamin filaments. Ectopically
expressed lamin B3 filaments were similar to the endogenous lamin,
whereas lamin B2 assembled into filaments that were organized less
precisely and lamin A formed thicker filaments that increased
mechanical rigidity of the nuclear envelope [35].

Lamin-binding proteins

The many roles of lamins are mediated by interactions with
numerous lamin-binding proteins both at the nuclear periphery
and in the nucleoplasm (Fig. 3). There is increasingly growing
number of mammalian inner nuclear membrane (INM) proteins
[36], and most of these proteins probably bind lamins either
directly or indirectly. For example, lamins bind in vitro to INM pro-
teins: emerin, MAN-1, lamin B receptor — LBR, lamina-associated
polypeptides-1 and -28 (LAP-1, LAP-28), nesprin-1a, otefin,
Young arrest (YA) and SUN-1. Lamins can also bind non-integral
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proteins including the chromatin proteins histone H2A/H2B
dimers, retinoblastoma protein (pRb), barrier-to-autointegration
factor (BAF), as well as LAP-2q, sterol response element binding
protein (SREBP), Kruppel-like protein (MOK-2), extracellular signal-
regulated kinase (ERK)-1/2, c-Fos, nuclear actin, proliferating cell
nuclear antigen (PCNA) and proteins of the NPC [reviewed in 37-39].

Lamins, chromatin and epigenesis

In most cells the peripheral chromatin, which includes a large
fraction of the heterochromatin, is associated with the nuclear
lamina [33, 40]. Electron microscopic tomography analysis
showed that lamin B associates with the underlying chromatin in
CHO cells [41]. In Drosophila cells the centromeres, telomeres
and intercalary heterochromatin are almost always associated
with the nuclear lamina [42]. The telomeres and centromeres also
associate with nuclear lamina in plants, budding yeast, fission
yeast and mouse meiotic cells, but not in somatic mammalian
nuclei [reviewed in 14]. In addition, in both Drosophila and mam-
malian cells the B-type lamins interact in higher frequencies with
gene-poor regions of the genome [43, 44].

Lamin binding to DNA

Lamins bind directly to nucleic acids and chromatin. Drosophila
interphase lamins, but not mitotic lamins can be cross-linked to
nucleic acid in vivo [45]. In vitro, lamins bind matrix attachment/
scaffold associated regions [46], single-stranded DNA [47] and
centromeric and telomeric sequences [48, 49]. The binding of the
Drosophilalamin Dmo to DNA is mediated through the rod domain
and requires its polymerization [50]. The significance of lamin
binding to DNA is currently unclear, because regions that interact
with lamins are mostly silent and therefore their compact
chromatin makes the DNA less accessible.

Lamin binding to chromatin

C. elegans, Drosophila, Xenopus and mammalian lamins inter-
act with decondensed sperm chromatin, assembled chromatin
or isolated mitotic chromosomes from different species in vitro
[8, 51-56], suggesting that lamin—chromatin interactions are
conserved in evolution. Lamins can also bind polynucleosomes
and isolated mammalian or Xenopus histones [8, 53, 57]. The
major binding site of the Drosophila lamin Dmg to mitotic chro-
mosomes, polynucleosomes and isolated histones involves
residues 425-473, which is an unstructured region located
between the rod domain and the Ig fold in the tail domain. A
similar region is required for the chromatin binding of human
A-type lamins [57] and Xenopus lamin B2 [54]. This region
binds chromatin in vitro via the histone H2A/H2B dimer [53].
The binding of lamin Dmo to chromatin requires the conserved
NLS and a sequence composed of the amino acids TRAT, which
is partially phosphorylated in Drosophila interphase cells [58]
on either or both threonine residues. Substituting either one of
the threonine residues in the TRAT sequence with negatively
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charged residues decreases the binding to chromatin, suggest-
ing that phosphorylation regulates this binding. Both Drosophila
lamin Dmo and C. elegans Ce-lamin bind directly to histone H2A
in vitro and this binding requires the NLS. The amino and car-
boxyl histone tails mediate this binding [8]. A weaker binding
site in lamin Dmo is located in residues 572-622 that follow
the Ig fold.

The binding affinity of the human lamin A tail for both polynu-
cleosomes and purified core histones is 0.12-0.3 wM. The bind-
ing affinity of Drosophilalamin Dmg to the histone H2A/H2B dimer
is ~1 wM [53, 57]. The relatively low affinity of lamins binding to
chromatin and the possible effect of phosphorylation on that bind-
ing suggest that the direct association of lamins with chromatin is
a dynamic process. It remains to determine why heterochromatin
and gene-poor regions tend to associate more frequently with
lamins.

Lamins are also associate with chromatin indirectly, through
their binding to different lamin-associated proteins [reviewed in
38, 59]. One of the best-studied examples is the lamins associa-
tion to chromatin through BAF [reviewed in 60].

Lamins affect chromatin organization and epigenesis

Genetic analysis in C. elegans, Drosophila, mice and human
cells expressing mutant lamins A and C revealed that lamins
are required for normal chromatin organization. Loss of or
mutations in lamins cause dissociation of heterochromatin
from the nuclear periphery and its redistribution [61-64].
Mutations in the lamin A processing enzyme ZMPSTE24/FACE-1
cause similar changes in chromatin organization [65]. The
redistribution of heterochromatin is accompanied with major
changes in histone modifications. The best-studied model sys-
tem is human fibroblasts expressing the progerin/LAA50
mutant isoform of lamin A (see lamin diseases section). In
these cells the heterochromatin protein HP1« is reduced at
least two fold and the heterochromatin marker tri-methyl lysine
9 on core histone H3 (H3K9me3) is reduced or completely lost
[66, 67]. In addition, the facultative heterochromatin marker
tri-methyl lysine 27 on core histone H3 (H3K27me3) is reduced
and is lost from the inactive X chromosome, whereas there is
an increase in the amounts of the constitutive heterochromatin
marker tri-methyl lysine 20 on core histone H4 (H4K20me3)
and up-regulation of the pericentric satellite 3 repeat [68].
These changes in chromatin organization can be reversed
either following the removal of the toxic progerin isoform by
morpholino anti-sense oligonucleotides [66] or by treating the
cells with FTIs, which cause dissociation of progerin from the
nuclear periphery [reviewed in 5].

It is currently unknown how lamins regulate the epigenetic
state of chromatin. Most likely they do it through associated pro-
teins that require lamins for their normal localization or activity
and have histone acetylase, deacetylase or methylase activities.
For example, LAP-2B binds and regulates the activity of histone
deacetylase 3 (HDAC-3) [69] and emerin is found in protein com-
plexes with several HDACs [70].

© 2009 The Authors
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Lamins are involved in many nuclear functions

Lamins and their associated proteins are involved in maintaining
the shape and mechanical strength of the nucleus. They are also
involved in most nuclear activities, including chromatin organiza-
tion, DNA replication, transcription regulation, RNA processing,
linking the nucleus to all major cytoskeleton networks, apoptosis,
meiosis and mitosis. Details on the roles of lamins in some of
these functions are described below.

Lamins determine the shape and stiffness of the nucleus

Two of the main components that determine the shape and pro-
vide the strength to the nucleus are the nuclear lamina and chro-
matin. A third component is the nuclear scaffold, which most likely
contains lamins. However, the specific components of the nuclear
scaffold are largely unknown. The cytoplasmic filaments also help
determining the shape of the nucleus [71], either directly or via
their interactions with the SUN-/KASH-domain protein complexes,
which bind the nuclear lamins [72].

In C. elegans down-regulation of the single lamin protein
caused continuous rapid changes in nuclear shape [73]. Changes
in nuclear shape that include membrane invagination and forma-
tion of nuclear blebs were also observed in Drosophila adult cells
devoid of lamin Dmg [74], in mouse cells lacking lamins A and C
[75, 76] and in human cells carrying disease-causing mutations in
lamin A [reviewed in 77, 78].

Lamins probably provide the main mechanical support of the
nucleus and changes in nuclear lamina composition have major
effects on the mechanical response of both the nucleus and the
cytoplasm. /n vitro assembly of nuclei in Xenopus oocyte extracts
depleted of most lamins resulted in fragile nuclei [79], and overex-
pression of lamin A in the Xenopus germinal vesicle resulted in
increased rigidity of the nuclei [35]. Studies in mouse embryonic
fibroblasts (MEFs) lacking lamins A and C showed defective shape
and decreased stiffness of nuclei [76, 80, 81]. MEFs lacking lamin A
and expressing lamin C had only slight alterations in nuclear
shape and stiffness, suggesting that lamin C can complement for
lamin A role in the mechanical support of the nucleus. In contrast,
while MEFs lacking lamin B1 showed alteration in nuclear shape,
there was no change in nuclear stiffness [82]. The latter results sug-
gest either an overlapping role of lamin B2 or that nuclear stiffness
is determined solely by A-type lamins. Dramatic changes in nuclear
shape were observed in cells overexpressing B-type lamins, which
were attributed to membrane proliferation caused by the presence
of the farnesy! group at the carboxy terminus [83, 84].

Cells lacking emerin or LEM2 occasionally showed changes in
nuclear shape. These emerin-null cells retain their normal nuclear
mechanics, whereas the mechanical properties of the LEM2 cells
were not examined [85, 86]. In C. elegans, down-regulation of either
Ce-emerin or LEM-2 apparently does not affect nuclear morphology.
However, down-regulation of both proteins caused nuclear lobula-
tion and membrane invagination [87]. Similar changes in nuclear
shape were observed following down-regulation of BAF-1 [88], sug-
gesting that lamin, LEM-domain proteins and BAF probably interact
within the same protein complexes in vivo.

© 2009 The Authors
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Changes in the composition of the nuclear lamina can also
result in mechanically induced changes in gene expression. In
response to mechanical stress, MEFs lacking lamins A and C have
abnormal signalling leading to attenuate NF-kB-regulated tran-
scription and impaired mechanically activated gene transcription
[76]. Impaired cellular signalling in response to mechanical stim-
ulation was also observed in mouse cells lacking emerin, where
the expression of the NF-kg-regulated genes was impaired in
response to mechanical stimulation [85].

Lamin A is permanently farnesylated in cells either devoid of
the lamin A processing enzyme Zmpste24 (FACE1 in human
beings) or expressing the progerin/LAA50 lamin A isoform. The
shape and the stiffness of these cells change dramatically with
increased amounts of the farnesylated lamin and can be reversed
when these cells are treated with either FTIs or with a combination
of statins and aminobisphosphonates [5, 6]. However, FTIs had no
effect of the cellular sensitivity to mechanical strain demonstrating
that lamin-related effects of nuclear stiffness and mechano-sensi-
tivity can be separated [89].

Lamins and DNA replication

There are several lines of evidence that lamins are required for
DNA replication. (i) In early S phase lamin A co-localizes with sites
of DNA replication [90], and in late S phase lamin B1 co-localizes
with PCNA at sites of DNA synthesis [91]. (i) MEFs that are null
for lamins A and C replicate their DNA at a slower rate compared
to MEFs derived from wild-type mice. Expression of lamin A in the
mutant cells restore the normal rate of DNA replication [92]. (i)
Immuno-depletion of the soluble lamin LB3 from Xenopus nuclear
assembly extracts results in nuclei that are not able to replicate the
assembled DNA [79, 93]. Adding LB3 back to the depleted extracts
restore the ability of these nuclei to replicate their DNA [94]. (iv)
Expression of human lamin A or Xenopus lamin LB3 lacking their
N-terminal (head) causes lamin aggregation and inhibition of the
chain elongation phase of DNA replication [26, 27]. The resulting
lamin aggregate contains PCNA and replication factor complex
(RFC), which are required for the elongation phase of DNA replica-
tion, and did not contain XORC-2, XMCM-3 or DNA polymerase «,
which are required for the initiation phase of DNA replication [27].
(E) A recent study demonstrated a potential direct role for lamins in
DNA replication [95]. In nuclei assembled in vitro in Xenopus
extracts lamin LB3 is closely associated with PCNA after nuclear
envelope assembly. Addition of the carboxy tail domain of lamin LB3
to replicating nuclei inhibits DNA replication and causes PCNA dis-
placement from the chromatin. Moreover, the Ig fold within the tail
domain of Xenopus lamin LB3, human lamin A or human lamin B1
binds directly to PCNA in vitro, suggesting that PCNA binding to the
Ig fold of lamins is required for lamin activity in DNA replication.

Lamins in transcription and splicing

In Drosophila interphase and polytene nuclei, regions of con-
densed chromatin with low levels of transcription are associated
with the nuclear lamina [42]. In female mammalian cells the inac-
tive X chromosome is closely associated with the nuclear lamina.
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In addition, gene-poor chromosomes are peripherally located,
whereas gene-rich chromosomes are more centrally located [96,
97]. By expressing Drosophilalamin Dmo fused to the dam methy-
lase, Pickersgill et al. have identified approximately 500 genes that
were more frequently associated with lamin Dmg. These genes are
clustered, transcriptionally silent and late replicating [44].
Similarly, expressing a fusion protein between the dam methylase
and human lamin B1 or human emerin revealed more than 1300
large domains of 0.1-10 megabases in size that are more fre-
quently associated with lamin B1 and emerin. These domains are
gene-poor and the insulator protein CTCF separates their borders
[43]. Several studies directly addressed the effects of lamins or
their associated proteins on gene silencing using lacO arrays that
were detected by Lacl fused to either a fluorescence protein or to
a myc-tag. Targeting a transcriptional activator to a nuclear
periphery locus caused its migration roughly perpendicular to the
nuclear envelope. The migration occurred within 1-2 hrs after
transcription induction and was dependent on actin/myosin [98].
Tethering genes to the INM of mouse fibroblasts by fusing GFP-
Lacl to emerin lacking its LEM domain caused gene repression
and accumulation of lamins A and B1 and LAP2 proteins to the
chromatin domain [99]. Similarly, expressing Myc-tag Lacl fused
to LAP-2 caused tethering a LacO array on human chromosomes
4 and 11 to the nuclear periphery and reduction in the expression
of some, but not all, genes. This repression of gene expression
was dependent on HDACs activity [100]. In contrast, targeting
genes to the human nuclear lamina by fusion of mCherry-Lacl to
lamin B1 did not affect their activity, and the kinetics of transcrip-
tional induction at the nuclear lamina was similar to that observed
at an internal nuclear region [101]. Possible explanations for the
differences between these studies are the use of different promot-
ers and cell culture systems, recruitment of different lamins
(lamins B1 plus A versus lamin B1) or the recruitment of HDAC by
the emerin and LAP-2R genes, which may affect gene expression
regardless of lamins or nuclear position [69, 70].

Lamins are directly involved in regulating RNA polymerase I
activity. Overexpression of lamins A or C in human Hela cells
causes reduction of RNA polymerase ll-dependent expression
in these cells [102]. Expression of human lamin A lacking their
N-terminal (head) domain in BHK 21 cells or adding the mutant
lamin A to an extract containing transcriptionally active Xenopus
embryonic nuclei caused nucleoplasmic aggregation of A- and
B-type lamins and specific inhibition of RNA polymerase I, but not
RNA polymerase | or Ill [103].

Lamins also regulate specific transcription factors either by
direct or indirect interaction through their binding partners.
Lamins bind BAF both directly and through LEM domain proteins
[60]. The lamin-LEM domain proteins-BAF complexes are required
for nuclear assembly and chromatin organization [88]. However,
recent studies suggest that BAF also functions as transcriptional
repressor, where it binds specific promoters [104, 105]. The rod
domain of human lamins A and C also binds directly to the tran-
scription factor MOK-2 [106], and MOK-2 localization depends on
lamins A and C [107]. Human lamin A also binds the SREBP-1
in vitro and this interaction is reduced when lamin A has a mutation
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in the Ig fold that causes familiar partial lipodystrophy [108]. The
POU-domain protein OCT-1 is associated with the nuclear lamina
and represses the collagenase gene. Interestingly, in aging cells
OCT-1 dissociates from the nuclear lamina allowing the activation
of the collagenase gene [109]. Another transcription factor that is
confined to the nuclear lamina is insulin promoter factor-1 (IPF-1)/
pancreatic and duodenal homeobox-1 (PDX-1) [110]. At stimuli
levels of glucose concentrations IPF-1/PDX-1 redistributes in the
nucleoplasm. Lamin A also binds c-Fos transcription factor. The
binding of Fos/Jun (AP-1) to DNA and its transcriptional
activity are inhibited by its binding to lamin A in vitro. Lamin A
suppresses the AP-1 complex in mammalian cells in vivo. The
suppressed form of AP-1 is localized to the nuclear periphery and
is misplaced in Lmna-null cells [111].

The pRb regulates both the entry into S-phase and terminal dif-
ferentiation of cells. A-type lamins form protein complexes with
LAP-2«, pRb and PP2A phosphatase. These complexes associate
with E2F-dependent promoter sequences and regulate their tran-
scription [112, 113]. Coil 2 in the rod domain of A-type lamins
binds pocket C domain in the hypophosphorylated (repressive)
form of pRb in vitro. Overexpression of lamin A mutants in cul-
tured cells form aggregates that contain pRb, suggesting interac-
tion between lamin protein complexes and pRb in vivo [114]. This
interaction with A-type lamins stabilizes pRb, because in Lmna-
null mouse cells and in liver cells of Zmpste24-null mice, pRb is
rapidly degraded by the proteosomes, in a process that does not
require the pRb degradation pathway of gankyrin and MDM2 [92,
115, 116]. Because lack of A-type lamins or the expression of
disease-causing mutant lamin A affect the cell cycle, as well as dif-
ferentiation of myocytes and adipocytes [117-119], it has been
proposed that lamins A and C-LAP-2a complexes also control the
balance between proliferation and differentiation of adult stem
cells in tissue homeostasis and regeneration (see below) [120,
121]. Interestingly, while mouse fibroblasts derived from Lmna-
null or LAP-2a-null cells showed accelerated proliferation, human
dermal fibroblasts down-regulation of either lamins A and C or
LAP-2a showed G1 cell cycle arrest [122]. Further studies are
required to understand these differences.

Lamins also interact indirectly through lamin-associated pro-
teins with many other transcription regulators. Some of the more
studied interactions include lamin Dmo and YA in Drosophila,
which is required for the transition between meiosis and mitosis
[reviewed in 15]. LAP-2p interacts with the transcription repres-
sor germ cell-less [123] and HDAC-3 [69]. MAN-1 interacts with
the receptor regulated SMADs (R-SMADSs) in the transforming
growth factor-g (TGF-B)/BMP pathway through the rSMAD
RNA recognition motif, which inhibits rSMAD phosphorylation
[reviewed in 124, 125].

The roles of lamins in RNA splicing are in debate. Using a spe-
cific lamin A antibody that preferentially binds lamin speckles, it
has been shown in human and rat cells that both lamin A and
lamin B colocalize with the splicing factors SC35 and U5-116 kD
[126]. The size of the lamin-splicing factor speckles depended on
the level of transcriptional activity and their formation occurred at
anaphase [102]. In contrast, MEFs lacking lamins A and C have
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normal cellular distribution and morphology of splicing factor
complexes and they retain their association with the nuclear
matrix. In addition, the exchange rate of splicing factors
between speckles and nucleoplasm remained unchanged, sug-
gesting that the formation and maintenance of intra-nuclear
splicing factor compartments is independent of lamins A and C
[127]. Because lamins are thought to be a major constituent of
the yet mysterious nuclear matrix, the potential roles of B-type
lamins in formation and association of splicing factor com-
plexes remain to be addressed.

Lamins and aging

In adult C. elegans the somatic cells stop dividing and the nuclear
architecture in most non-neuronal cell types undergo progressive
and stochastic age-dependent alterations [128]. These changes
include deformation of nuclear shape, loss of peripheral hete-
rochromatin and changes in localization of nuclear envelope pro-
teins. At early days, nuclei appear round with nuclear envelope
proteins (Ce-lamin, Ce-emerin and the NPC protein NPP-11)
evenly distributed around the periphery. At later days, nuclei
become convoluted and a fraction of these nuclear envelope pro-
teins started to appear in foci. Over time there is a decrease in
nuclear peripheral lamin, an increase in intra-nuclear lamin and in
nuclei showing abnormal shape, extensive stretching and frag-
mentation (Fig. 4 shows data for Ce-lamin and Ce-emerin).
Interestingly, although the classical aging pathway of the
insulin/IGF-1-like/daf signalling probably does not affect the ear-
lier changes in nuclear shape and re-distribution of nuclear lamina
proteins, the later changes depend on this pathway where short-
lived mutants are converted to the late phase at earlier days and
long-lived mutant are converted to the late phase at later days
[128]. Lamins are probably directly involved in determining lifes-
pan in C. elegans, because lack of lamin activity at the adult stage,
when somatic cells stop dividing, led to shortening of lifespan with
the aging phenotypes appearing earlier. Interestingly, down-regu-
lation of the two C. elegans INM LEM-domain proteins Ce-emerin
and LEM-2/MAN-1 also causes reduced life span, suggesting that
at least part of the effects of lamins on aging is mediated by LEM-
domain proteins [128]. Because lifespan in C. elegans also
depends on several other pathways [129], a goal for future stud-
ies would be to determine the epistasis relationships between the
aging pathways and the nuclear lamina. The mutant fibroblasts in
culture undergo age-dependent progressive changes in nuclear
architecture, which are correlated with accumulation of the mutant
lamin A isoform and are similar to changes observed in aging C.
elegans adult cells [62].

Another strong connection between lamins and aging was
found when several premature aging diseases, including HGPS,
atypical Werner syndrome and mandibuloacral dysplasia (MAD)
were found to be the result of specific mutations in the LMNA gene
(see below) [65].
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day 5

day 10

Fig. 4 The nuclear lamina undergoes progressive changes in aging C.
elegans. The nuclear lamina morphology in live C. elegans animals
expressing GFP:Ce-lamin (upper panels) and Ce-emerin::GFP (lower
panels) on days 5, 8 and 10 of development using a fluorescence micro-
scope. Notice the folding and aggregations of the nuclear lamina in later
days. Animals used in this experiment were grown at 20°C. Scale bar at
the upper right corner is 10 wm and applies to all panels.

Most HGPS cases are due to the silent mutation 1824C>T
(G608G) in the LMNA gene. This mutation enhances a cryptic
splice site, which results in LMNA mRNA lacking 150 bp and lamin
A lacking 50 residues (progerin/LAA5Q). The missing residues
include the second (more N-terminally) Zmpste24 cleavage site
(Fig. 2), leaving the mutant protein permanently carboxy farnesy-
lated and methylated. Progerin/LAA50 tends to accumulate in the
nuclear periphery at later cell passages [130]. On the cellular level,
the HGPS cells develop abnormal chromatin organization, a delay in
nuclear assembly, binucleated cells and defects in chromosome
segregation [130, 131]. Down regulating progerin with specific mor-
pholino oligonucleotides reverses these cellular phenotypes [66].

Human beings with mutations in the ZMPSTE24 gene, as well
as Zmpste24-null mice, develop early aging diseases, suggesting
that the carboxy farnesylated and methylated prelamin A plays a
major role in the pathogenesis of these diseases [132—134]. Based
on these data, FTIs, originally developed to inhibit Ras farnesylation
in cancer cells, were used to test the effects of farnesylation in
HGPS or Zmpste24-null cells [115, 135]. Indeed, treating cell lines
expressing progerin or lacking Zmpste24 activity with FTIs restore
their shape and reverse the changes in heterochromatin markers.
In addition, treating 5-week-old Zmpste24-null mice with FTIs
improved their growth, body weight, life span and bone defects
compared to untreated littermates [136-138]. These results have
led to an ongoing clinical trial of the FTI Lonafarnib in HGPS chil-
dren (see http://www.progeriaresearch.org/clinical_trial.ntml).

Interestingly, inhibiting farnesylation by FTIs causes geranyl-
geranylation of the CAAX motif by geranylgeranyl transferase.
Inhibition of both prenylations by a combination of statins and
aminobisphosphonates in Zmpste24"‘ mice increased median life
span by 77%. Also the clinical features, including body weight and
bone to tissue ratio, showed improvement [6]. In addition, down
regulation of p53 targets, which are up-regulated in the mutant
mice, was observed both in the liver and the heart. These data
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inspired another clinical trial in HGPS patients using the combina-
tion of statins and aminobisphosphonates. However, it remains to
be seen whether the combination of the statin pravastatin and the
aminobisphosphonate zoledronate will have similarly beneficial
effects in the animal expressing progerin [6].

Recently, it has been shown that progerin is also expressed
both at the mRNA and protein levels in cultures obtained from
healthy human dermal fibroblasts and tends to accumulate in cells
obtained from old individuals [139]. The accumulation of progerin
is detected in cells with nuclear defects, similar to cells from
HGPS patients or cells ectopically expressing progerin, and it is
present in all binucleated cells [131]. The expression of progerin
is also detected in skin biopsies from healthy individuals and the
mutant protein tends to accumulates when people age [140].
Together with the results in C. elegans, it is likely that lamins play
a key role in the aging process, which is conserved in evolution.

Lamins and laminopathies

Mutations in lamins and their associated proteins causing
‘laminopathies’

Most laminopathic diseases are caused by mutations in the LMNA
gene including, (1) the muscle diseases autosomal dominant and
recessive EDMD, limb girdle muscular dystrophy 1B, dilated car-
diomyopathy 1A, (2) the adipocyte diseases autosomal dominant
Dunnigan type familiar partial lipodystrophy with insulin resistance
(with or without diabetes), a general lipodystrophy syndrome and
type A insulin resistance syndrome without lipodystrophy, (3) the
peripheral neuronal disease autosomal dominant Charcot-Mary-Tooth
type 2B1 and (4) the accelerated aging diseases autosomal recessive
MAD, the autosomal dominant HGPS, autosomal dominant atypical
Werner syndrome and the recessive restricted dermopathy.

Mutations in the lamin A processing enzyme ZMPSTE24 also
cause progeria syndrome and restrictive dermopathy. Interestingly,
some patients with a single mutation in the LMNA gene suffer
multiple laminopathies [reviewed in 32].

Duplication of LMNBT gene causes adult-onset autosomal
dominant leukodystrophy. The LMNB2 gene is associated with
acquired partial lipodystrophy/Barraquer-Simons syndrome,
because three nucleotide variants (including one in the first intron)
were found in four patients, with a higher frequency than in the
control population [141]. However, the evidence showing the rela-
tionship between mutations in LMNB2 and the disease are still too
weak to fully establish the etiology of this disease. Mutations in
lamin associated proteins also cause several heritable diseases.
Loss of one copy of LBR causes Pelger-Huet anomaly and loss of
both alleles of causes HEM/Greenberg dysplasia. Mutations in
emerin, Nesprin-1 and Nesprin-2 cause EDMD, mutations in
MAN-1 cause Buschke—Ollendorff syndrome, mutations in the LAP2
gene cause cardiomyopathy. Mutations in Nesprin-1 also cause
cerebellar ataxia [reviewed in [32].

There are over 330 different disease-causing mutations in
LMNA, which probably makes it the most mutated gene in the
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human genome. The mutations are spread throughout the gene
with somewhat higher incidents in the head domain, coil 1A in the
rod domain and the Ig fold in the tail domain and fewer incidents
in the region between the end of the rod domain and the Ig fold,
which is the region that binds to chromatin in vitro [142]. The only
LMNA disease for which mutations appear to cluster in the Ig fold
is partial lipodystrophy. In addition, although there are several
mutations in LMNA leading to HGPS, most patients have a
1824C>T mutation (Gly608Gly) that creates an ectopic mRNA
splicing site leading to the expression of progerin/LAA50 protein
that contains eight residues of pre-lamin A and is permanently far-
nesylated (see section 5d).

Animal models for laminopathies

There are several animal models developed to study laminopathies.
The most studied animals are mouse, C. elegans and Drosophila.
Mouse with a knockout in Lmna proved to be a powerful tool in
studying EDMD, cardiomyopathy and spermatogenesis [75, 135,
143]. The mouse containing the autosomal recessive mutation
N195K is used as a model animal for cardiomyopathy [144] and
mouse with the autosomal recessive mutation H222P is used as a
model animal for both EDMD and cardiomyopathy. Several mice
models were developed to study HGPS [145]. Homozygous dele-
tion of exon 9 in Lmna causes early aging symptoms that resem-
ble HGPS symptoms [146], and replacement of the two normal
copies of Lmna with copies of the progerin isoform caused
retarded post-natal growth, whereas the heterozygous mutation
cause death at 6 months with osteoporosis and hair loss
[147-149]. However, mouse with one copy of Lmna develops car-
diomyopathy only after 12 month [150]. Similarly, while most
human LMNA mutations have a dominant effect, the mouse Lmna
mutations show similar phenotypes only when recessive or, in
some cases, when the mice are aging. Zmpste24-null mice suffer
from rib fractures, osteoporosis and muscle weakening and they
die after 7 months. A gene trap in Lmnb7 results in partial or com-
plete loss of lamin B1 activity. Mice homozygous for the deletion
have respiratory failure and die [151].

Mouse models were also generated for lamin-associated pro-
teins. Loss of the emr-1 gene resulted in apparently normal mice
with minimal motor and cardiac dysfunctions that probably result
from retarded muscle regeneration [152, 153]. Mutations in the
mouse LBR gene result in ichthyosis [154]. The LBR-null mouse
show changes in the granulocyte nuclear shape similar to changes
in human granulocytes Pelger-Huet anomaly [154, 155]. A gene
trapping in the MAN-1 gene causes early embryonic lethality by
day 10.5 [156]. Abnormal TGF-B signalling pathway probably
causes defective vascularization of the yolk sac, which is probably
the cause of death. Many other mouse models for the human
laminopathic disease are currently being developed around the
world and should be useful for understanding the mechanisms
and for developing drugs to treat these diseases.

The simple, yet evolutionarily conserved, composition of the
nuclear lamina in C. elegans makes this organism an attractive
model for studying the basic functions of nuclear lamina genes, as
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well as understanding the mechanisms behind the laminopathic
diseases. C. elegans has a single lamin gene that behaves both as
B- and A-type lamin [16, 73]. Mutations in conserved residues of
the rod and tail domains known to cause various laminopathies in
human were introduced into Ce-lamin and their effects at cellular
level in vivo and on lamin filament assembly in vitro were studied
(see above) [22]. Transgenic animals expressing laminopathic
mutations showed abnormal lamin distribution, abnormal nuclear
shape or change in lamin mobility in some or all cells of the ani-
mal, similar to the phenotypes of laminopathic mutations in
human cells [22]. Down-regulation or deletion mutations in
emerin and LEM-2/MAN-1 homologues in C. elegans revealed
overlapping functions for these LEM-domain proteins. Further
analyses of these mutants revealed age-dependent muscle deteri-
oration, similar to the EDMD disease in human (R.B. and Y.G.,
unpublished observations).

Drosophila is the only known invertebrate with separate genes
encoding both A- and B-type lamins. Expression of lamin C con-
structs containing evolutionary conserved disease-causing muta-
tions, led to phenotypes that resemble laminopathies [157]. Flies
containing a P-element insertion in the Drosophila B-type lamin
showed many different phenotypes including an impaired locomo-
tion [74]. Induced expression of the Drosophila B-type lamin caused
aberrant nuclear shapes and reduced the lifespan of adult flies,
which correlates with an early decline of locomotion activity [158].

Molecular models for laminopathies

It is still an enigma why mutations in LMNA cause many diverse
diseases. Four different, not mutually exclusive, models attempt to
explain the mechanisms leading to these diseases. The first model
suggests that changes in nuclear mechanics and mechano-trans-
duction response contribute to the laminopathic diseases. Lamins
A and C were shown to be important for the mechanical properties
of the nucleus. For example mouse cells lacking lamins A and C
have increased nuclear deformation, their viability under mechan-
ical strain is reduced and their mechanical stress-dependent gene
expression is impaired [76, 80]. In addition, lack of lamins A and C
affects the interactions between the nucleus and the cytoskeleton
networks [159]. In many laminopathic diseases cells have
increased nuclear deformation. In HGPS cells the nuclear lamina
has a significantly reduced ability to rearrange following mechan-
ical stress and nuclei become progressively stiffer with increasing
passage number [89, 160]. However, in contrast to the mice cells
lacking lamins A and G, HGPS cells show similar resistance to
acute mechanical stress [160]. Treating these cells with FTIs restored
nuclear stiffness and accelerated the wound healing, but did not
restore cellular sensitivity to mechanical strain [89].

The second model proposes that lamins A and C are involved
in regulating cell type-specific gene expression [161]. According
to this model mutations in lamins A and C cause misregulation
of different tissue-specific genes, either directly or at the epige-
netic level. Indeed, the activity of many different regulatory pro-
teins depend on their interactions with lamins A and C including
pRb, OCT-1, MOK-2, SREBP-1 and others [reviewed in 162, 163].
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In addition, complete loss or mutations in lamins A and C or loss
of C. elegans Ce-lamin cause significant changes in chromatin
and heterochromatin organization. Recently, it has been shown
that there are changes in the mitogen-activated protein kinase
(MAPK) signalling cascade in the mouse model for cardiomy-
opathy in which lamins A and C have the H222P mutation [164].
In these mice ERK and Jun N-terminal kinase (JNK) are activated
prior to the onset of cardiomyopathy. Ectopic expression of the
mutant lamins A and C in cultured cells causes the activation of
ERK and JNK signalling. Activation of ERK was also found in the
heart of mice lacking emerin [164]. Systemic treatment of H222P
mice with an ERK inhibitor delayed cardiomyopathy and the
mutant mice were indistinguishable from wild-type mice [165].

The third model also suggests that lamins A and C are involved
in regulating cell type-specific gene expression affecting adult
stem cells differentiation [166]. Evidence for this model appears
below in the ‘Lamins and stem cells’ section.

The last model suggests that mutations in ZMPSTE24 or in
LMNA cause permanent farnesylation of lamin A that is toxic to
cells (see above). The toxic lamin A causes changes in nuclear
morphology, chromatin organization and gene expression. In sup-
port of this model, treating HGPS fibroblast cells or mouse mod-
els for the HGPS disease ameliorate the phenotypes (see above).

Lamins and stem cells

Unlike B-type lamins which are ubiquitously expressed in all mam-
malian cells and tissues throughout development, lack of lamins A
and C expression is one of the defining factors of undifferentiated
embryonic stem cells (ESCs) of both mouse and human origin
[167]. This could provide one explanation for the diffuse and dis-
persed nuclear lamina structure observed in undifferentiated ESCs
as compared to partially differentiated cells, which express lamins
Aand C [168]. Although the exact regulation of lamin A deposition
in the nuclear lamina during ESC differentiation has not been stud-
ied, there is a growing body of evidence linking lamin A to somatic
stem cell regulation and differentiation.

Somatic (or adult) stem cells are tissue-specific stem cells
that, unlike the highly proliferative and pluripotent ESCs, are usu-
ally slowly self-renewing or quiescent. They are more restricted
than ESCs in their differentiation capacity, and often give rise to
specific lineages of usually only one germ layer origin. Somatic
stem cells can either replenish tissues constantly, such as the sit-
uation in the gut, or can be maintained as a small slowly prolifer-
ating reservoir that, when needed, provides a source of tissue
replenishment and maintenance, especially following damage.
Somatic stem cells were identified in a wide and growing number
of tissues, such as blood, bone, intestine, muscle, skin, brain and
hair, to name a few, and they seem to be highly dependent on their
niche, from which they receive signals influencing their fate [169].
Interestingly, the signalling pathways that operate in the different
stem cell niches converge to four main pathways, namely Notch,
Wnt, TGF-g and Sonic hedgehog [170], suggesting common
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mechanisms for the regulation and maintenance of adult stem
cells of different origins [171].

The first hint that lamin A has a role in cellular differentiation
and commitment came from work on muscle progenitor cells,
demonstrating that the R453W EDMD lamin A mutation interferes
with muscle progenitor differentiation [117]. Mouse C2C12 cells
are capable of differentiation from myoblasts to myotubes, and
expression of a R453W mutant lamin A significantly inhibited dif-
ferentiation. Overexpression of wild-type lamin A also caused a
partial delay in C2C12 differentiation. The effects of mutations in
lamin A were also tested in the mouse 3T3-L1 cells that are capa-
ble of differentiation from fibroblasts to adipocytes [119]. Lipid
accumulation was inhibited by expression of the familiar partial
lipodystrophy mutations R482Q or R482W, as well as overexpres-
sion of wild-type lamin A. The role of lamin A in adipocyte differen-
tiation was also observed in Lmna™~ fibroblasts, as these cells dif-
ferentiated more readily to fat-containing cells. Therefore, lamins A
and C seem to be effective inhibitors of adipocyte differentiation.
Similar results were obtained from lamins A and C knockdown in
human mesenchymal stem cells (MSCs). Lack of lamins A and C
inhibited osteoblast differentiation and facilitated the differentiation
of MSCs into adipocytes [172]. Collectively, these results highlight
the connection between lamins, especially lamin A, and somatic
stem cells, and demonstrate that mutations in lamin A cause
somatic stem cell dysfunction. We will now turn to examine more
closely the specific molecular pathways that are involved.

The Notch pathway

Notch is a highly conserved and ubiquitous cell-signalling path-
way operating through four different transmembrane Notch recep-
tors (Notch1-4). Ligand binding to the extracellular domain of
Notch induces proteolytic cleavage of Notch and release of Notch
intracellular domain (NICD) to exert changes in gene expression in
the nucleus of Notch target genes. Conspicuous activation of the
Notch signalling pathway was found in stable cell lines carrying
inducible forms of progerin/LAA5Q [173]. This effect was specific
to the Notch pathway and seemed to be induced by the Notch co-
activator Ski-interacting protein. Because the main tissues
affected in progeria are of mesenchymal origin, the authors turned
to examine human MSCs. Once again, when progerin/LAA50 was
introduced into the MSCs, the Notch pathway was activated and
the cells spontaneously differentiated along all three germ layers.
When the cells were subjected to directed differentiation along the
mesenchymal lineages, osteogenesis was enhanced, adipogenesis
was inhibited and chondrogenesis was unperturbed. These results
demonstrate the involvement of MSC regulation in the pathology
of HGPS through aberrant Notch signalling.

The Wnt/B-catenin pathway

The other major pathway implicated in the stem cell-lamins A and
C connection is Wnt signalling pathway. Although the Wnt path-

1070

way involves a very large number of different proteins, the canon-
ical Wnt pathway involves binding of Wnt proteins to cell-surface
receptors of the Frizzled family, causing the receptors to activate
dishevelled family proteins, resulting in regulation of the concen-
tration of B-catenin inside the nucleus. The Wnt pathway was pre-
viously found to be a master regulator of stem cell self-renewal
and cancer [174] and has been studied extensively in well-charac-
terized stem cell niches, including the intestine, blood, brain and
epidermis, where it normally promotes stem cell proliferation
[170]. The Wnt signalling pathway was shown to regulate hair fol-
licle stem cells residing in the hair bulge in a mouse model of
progeria [175]. Zmpst624"/"mice, which display age-related
nuclear lamina defects and progeroid-like symptoms [176], exhib-
ited a significantly increased number of resident hair bulge stem
cells and decreased proliferative potential. These cells further
accumulated unprocessed prelamin A and displayed altered
nuclear architecture [175]. Analysis of the signalling pathways in
these cells revealed an almost complete absence of both the tran-
scriptionally active form of B-catenin as well as Mitf, which is
known to bind B-catenin and regulate melanocyte stem cells.
Thus, the decreased epidermal stem cell proliferation observed in
the Zmpste24'/‘ mice is likely a result of the absence of Wnt
signalling in these cells. In Zmpste24'/‘ Lmna*/~ mice, no accu-
mulation of prelamin A was observed, and all of the aberrant
phenotypes at the cellular and organismal levels were rescued,
suggesting that the anomalous signalling pathways and stem cell
dysfunction are mediated largely, if not solely, by prelamin A
and/or defects in the nuclear lamina, directly linking disease
genetics and phenotypes with stem cell function.

Other pathways

The TGF-g/Smad pathway is another important regulator of mes-
enchymal tissue homeostasis [177]. Similar to Wnt and Notch,
TGF-g pathway operates through a transmembrane receptor
which, when bound to extracellular TGF-B, releases intracellular
Smad proteins, regulating gene expression in the nucleus. A-type
lamins have been found to repress TGF-B/Smad-dependent gene
expression in MEFs [113] and a decrease in the expression of
TGF-g signalling in MSCs of aged mice induces depletion of
osteoblasts in the bone matrix [178]. This mode of regulation
resembles the situation in MSCs of Lmna-deficient mice and
Lmna-knockdown human MSCs, discussed above, where differen-
tiation was inhibited.

The Rb pathway can also cooperate with a number of tissue-
specific transcription factors in order to regulate tissue-specific
differentiation. The Rb/MyoD pathway has a well-established role
in myogenesis of satellite myoblasts whereby the interaction of
pRb with the myogenic transcription factor MyoD leads to the acti-
vation of MyoD-dependent target genes and initiation of muscle
differentiation [179]. The effects of lamins A and C, which interact
with pRb (see above) on muscle progenitor differentiation were
verified in mice lines that are heterozygous or homozygous for a
deletion in the Lmna gene. These mice displayed delayed muscle
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Table 1 Lung cancer: nuclear expression patterns [a—d] of lamins (positive samples/total number of tested samples)

Tumour/method Lamins A and C Lamin B-type
Lung adenocarcinoma/IPO 5/10 (a) 3/10 (a)
710 (c)

Lung squamous cell carcinoma/IPO 8/13 (a) 913 (a)
1/13 (¢) 4/13 (c)

Lung non-small cell carcinoma/IPO* 0/3 (a) 1/3 (a)
1/3 (¢) 0/3 (c)
2/3 (d) 2/3 (d)

Lung small cell carcinoma/IPO 1/15 (a) 15/15 (a)
7/15 (c)

Lung carcinoids/IPO 2/6 (a) 6/6 (a)
2/6 (c)

Lung non-small cell carcinoma cell lines/IB 4/4 (a) 4/4 (a)

Lung small cell carcinoma cell lines/IB 5/5 (c) 5/5 (a)

Lung small cell carcinoma cell lines/IPO 10/16 (¢) 16/16 (a)
6/16 (d)

Lung adenocarcinoma cell lines/IPO 3/4 (a) 4/4 (a)
1/4 (c)

Lung squamous cell carcinoma cell line/IPO 11 (a) 11 (a)

Lung large cell carcinoma cell line/IPO 11 (a) 11 (a)

IPO — Immunoperoxidase, IB — Western/immunoblotting,

() positive staining, (b) elevated staining/levels, (c) reduced staining/levels (d) no staining.

*Lamin B1 only was evaluated.

stem cell differentiation kinetics while ectopic expression of MyoD
in the mutant lines partially restored the differentiation defects
[118]. Similarly, two further studies have implicated a deregulated
Rb/MyoD pathway as a cause of decreased differentiation poten-
tial in A-type lamin or emerin null regenerating muscle using
mRNA expression profiling [152, 180].

Although the connection between lamin A and stem cells is
only beginning to emerge, the examples discussed above strongly
implicate lamin A and prelamin A in regulating stem cell mainte-
nance and differentiation by influencing key signalling pathways in
stem cells.

Lamins and cancer

Malignant transformation is a multi-step process of sequential
alterations in the critical genes involved in cancer regulating
pathways and the various mediators, which conduct the ‘cross-
talk’ between them. These molecular events are accompanied,
among others, by nuclear structural alterations, which differen-
tiate cancer cells from normal cells. Alterations of the nuclear
lamina are currently emerging as an additional event involved in
malignant transformation. The presumed association is multi-
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factorial and affects tumorigenesis from its initial step to its
advanced stage of metastatic spread. Lamins involvement in
cancer-associated processes has been related, mainly, to their
role as guardian of the nuclear architecture, their role in regulat-
ing basic nuclear activities that are implicated in tumorigenesis,
their multiple interactions with major cancer gene pathways and
their role in chromosomal segregation control with its resultant
impact on aneuploidy.

Lamins as hiomarkers for cancer

The expression of lamins in haematological malignancies has
been recently reviewed [181]. Here we review the current knowl-
edge on lamins expression patterns in non-haematological malig-
nancies (Tables 1-4), which include, mainly, altered expression
(reduced, undetectable, or elevated) and/or aberrant localization of
lamins A and C. Although changes in B-type lamin expression
have been observed in some cancer subtypes, one or both B-type
lamins are always present in every human cell, including cancer
cells. Various correlations were found between altered lamins
expression and tumour subtypes and characteristics, as will be
detailed below. Thus, lamins expression in tumour cells may
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potentially serve as a cancer-related biomarker for diagnosis,
prognosis and surveillance.

Altered lamin expression in cancer cells contributes, presum-
ably, to the characteristic changes in nuclear architecture, includ-
ing alterations of nuclear structure and chromatin texture, which
occur in all cancer subtypes. Because lamins interact with chro-
matin, changes in nuclear contour might contribute to heterochro-
matin re-organization. Morphologically these pathognomonic
changes manifest, among others, as alterations in nuclear size and
shape, and in frequent appearance of irregular nuclear borders
which are observed along with altered heterochromatin organiza-
tion. It is of note that the morphological evaluation of tissues and
cells has indeed remained the ‘gold standard’ for cancer diagno-
sis, providing, occasionally, even prognostic clues [182].

Lung cancer

Lamins expression has been evaluated in three major sub-types of
human lung cancer: small cell lung cancer (SCLC), non-small cell
(non-SCLC) squamous and adenocarcinoma (Table 1). In SCLC cell
lines lamins A and C levels diminished by =80%, whereas in non-
SCLC cell lines lamins A and C were readily detected. The levels of
B-type lamins were roughly equal in both cell lines [183, 184]. In the
latter study A-type lamins were absent or only weakly expressed in
almost all SCLC cell lines, and expressed in all non-SCLC cell lines
(Table 1). Similar patterns of expression were reported in SCLCs and
non-SCLCs pathological sections. Frozen sections of lung cancer
showed that most SCLC cells are either null or weakly expressing
A-type lamins, whereas frozen sections of non-SCLC samples always
expressed A-type lamins. Noteworthy, in some samples lamins A and
C were detected also in the cytoplasm (Table 1). Decreased expres-
sion of B-type lamins was found in non-SCLC sections, particularly
in adenocarcinoma [184] (Table 1). An additional study evaluating
only three tissue samples has found reduced expression of lamins A,
C and B1 in the non-SCLC tissue samples [185].

Gastrointestinal cancer

Studies in gastrointestinal neoplasms have found reduced or no
expression of lamins A and C in all specimens (17 of 17) of pri-
mary colon adenocarcinomas, and in 7 of 8 primary gastric ade-
nocarcinoma specimens [185]. Lamin B1 expression was reduced
in all the 17 colonic specimens and in 6 of 8 of the gastric speci-
mens. Aberrant cytoplasmic expression of lamins A and C
occurred, occasionally, in both colonic and gastric specimens
(12% and 38%, respectively). Aberrant lamin B1 expression
occurred occasionally in the colonic specimens (18%) [185]. In
contrast, a recent large-scale study in colorectal cancer patients
showed conflicting results where lamins A and C expression was
found in 463 out of 656 evaluated patients (70%). Interestingly,
the expression of lamins A and C in the tumours correlated signif-
icantly with colorectal cancer related deaths [186] (Table 2).
Expression of lamins A and G and B1 has been found to be
reduced in most pre-malignant samples examined, such as gas-
tric dysplasia and colonic adenoma [185].
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In a small cohort of patients with oesophageal squamous and
adenocarcinoma there was reduced expression of both lamins A
and C and B1 [185] (Table 2). Recently, a proteomic-based tech-
nology was applied for detecting malignant-related proteins in
oesophageal squamous cell carcinoma (SGC) cell lines. Lamins A
and C were detected among the up-regulated proteins, with more
than fivefold differences between oesophageal cancer cell lines
and an immortal cell line [187] (Table 2). Further studies are war-
ranted to elucidate these findings.

Reduced lamins expression is not present in all gastrointesti-
nal cancers. In numerous specimens of pancreatic and hepatocel-
lular tumours, the expression of lamins A, C and B1 lamins was
found to be normal [185, 188] (Table 2).

Skin cancer

Reduced or null expression of lamins A and C in basal cell carci-
nomas (BCC) was correlated with a rapid growth rate within the
tumour, whereas absence of lamin C only was correlated with a
slow growth rate within the tumour [189, 190]. In contrast,
another study has found the presence of significant amounts of
lamins A and C in proliferating BCC cells [191]. Methodological
differences between the two studies may account for these diverse
results. Lamins B1 and B2 were expressed in almost all BCCs
specimens in all three studies [189] (Table 3).

In SCC the expression of lamins A and C was greatly reduced
in some specimens of poorly and moderately differentiated SCCs
[190]. In another study, lamins A and C were detected in all SCC
specimens evaluated, though the stages of differentiation were not
specified [191]. Lamins B1 and B2 were expressed at high or
medium levels in poorly and moderately differentiated SCC and
were reduced in well-differentiated SCCs [190] (Table 3).

Genitourinary cancer

Evaluation of lamins expression in testicular germ cell tumours
is currently based on a single large scale study [192]. The can-
cers evaluated were seminomas and non-seminoma tumours
including embryonal carcinoma (EC), teratoma (TE), yolk sac
(YS) and choriocarcinoma (CH). In testicular germ cell tumours,
expression of lamins A and C was found to be dependent on the
degree of differentiation, whereas B-type lamins were always
expressed. Carcinomas in situ were most often negative for
lamins A and C. Differentiated non-seminomas were positive for
lamins A and C, whereas EC were positive for lamin C and negative
for lamin A. Seminomas were found to be negative for lamins A
and C [192] (Table 4).

Evaluation of lamins expression in prostate cancer was
addressed by two studies. The first study used immunohistochem-
istry techniques and found reduced expression of lamins A, C and
B1 in three out of four patients with prostatic cancer [185]. The
other study used immunoblot assays and reported 37 prostatic can-
cer patients with a significant increase in lamin B1 and no significant
change in lamins A and C [193]. The increase in lamin B was
strongly correlated with the Gleason prognostic score (Table 4).
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Table 2 Gastrointestinal cancer: nuclear expression patterns [a-d] of lamins (positive samples/total number of tested samples)

Tumour/method Lamins A and C Lamin B1
Oesophageal cancer: squamous/IPO 3/6 (a) 3/6 (a)
0/6 (c) 3/6 (c)
3/6 (d) 0/6 (d)
Oesophageal cancer: adenocarcinoma/IPQ 0/2 (a) 1/2 (a)
1/2 (c) 0/2 (c)
1/2 (d) 1/2 (d)
Oesophageal cancer cell lines/PM 3/3 (b) nr
Gastric adenocarcinoma/IPO 1/8 (a) 2/8 (a)
3/8 (c) 2/8 (c)
4/8 (d) 4/8 (d)
Colonic adenocarcinoma/IPO 0/17 (a) 0/17 (a)
3/17 (c) 10/17(c)
14/17(d) 717 (d)
Colorectal cancer/IPO 463/656 (a) nr
193/656 (d)
Pancreatic cancer/IPO 3/3 (a) 3/3 (a)
Hepatocellular cancer/IPO* 5/5 (a) 5/5 (a)

IPO — Immunoperoxidase, PM — Protein microarrays.

(@) positive staining, (b) elevated staining/levels, (c) reduce staining/levels (d) no staining.

*B type lamins were evaluated.

Gynaecological cancers

In cervical and uterine cancers lamins A and C expression was not
detected. Lamin B1 expression was reduced in two out of three
cervical and uterine cancer specimens [185] (Table 4). High-den-
sity protein microarrays demonstrated an increased expression of
lamins A and C, with no change in their cellular localization in
ovarian cancer specimens. This study also found an increased
expression of lamins A and C in other cancers tissues, e.g. breast
and lungs (with no subtype specification), and even in a subset of
healthy tissues, e.g. renal and liver specimens [194] (Table 4).

Breast cancer

Several groups evaluated lamins expression in breast cancer. An
immunohistochemistry assay found reduced expression of lamins A,
C and B1 in breast cancer specimens of three patients [185], while a
microarray assay detected increased expression of lamins A and C in
patients with breast cancer [194]. Recently, an interesting study has
used immunostaining of lamin B and emerin to identify irregular fold-
ing and deep invaginations in the nuclear envelope in breast cancer
tissue. An increase in the degree of folding and invagination was well
correlated with an increased grade of the breast cancer [195].

Thyroid carcinoma
Papillary thyroid carcinoma (PTC) has characteristic nuclear shape
irregularities appearing in conjunction with loss of heterochromatin.
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Surprisingly, in a single reported study of 14 PTC patients no change
was found in the expression or localization of lamins A, C and B1, or
LAP2 and LBR. Similar results were found in 4 patients with follicu-
lar thyroid carcinoma. The authors suggested that changes in the
nuclear morphology in PTC cells is a consequence of disrupted bal-
ance between forces exerted on the nuclear envelope from the inside
(chromatin or nuclear matrix) and the outside (cytoskeleton) [196].
The complex and diverse findings presented above still support
the correlation between altered lamins A and C expression and
various types of human cancer. Moreover, the altered expression
was found to be correlated with tumour subtype and proliferation
rate, e.g. lung cancer; tumour subtype and differentiation, e.g. tes-
ticular cancer, SCC of the skin; and with an increased invasive
potential of the tumour, e.g. colorectal cancer. Expression of lamin
B was even correlated with the Gleason’s grading score of prosta-
tic cancer. The medical value of these correlates has to be
evaluated in further large-scale clinical studies. Nevertheless, as
proliferation rate of a tumour, its differentiation status, invasive
potential and grade, define, in clinical terms, its aggressiveness —
altered lamins expression, correlating with these parameters, may
potentially serve as an additional significant cancer biomarker.

Lamins and cancer regulating pathways

The process of tumorigenesis is initiated when a replication-
competent cell acquires a mutation in a gate-keeping pathway
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Table 3 Skin cancer: nuclear expression patterns [a-d] of lamins (positive samples/total number of tested samples)

Tumour/method Lamin A Lamin C Lamins A and C Lamin B1 Lamin B2
BCC/ IF 3/16 (a) 7/16 (a) 7/16 (a) 16/16 (a) 15/16 (a)
3/16 (b) 4/16 (b) 7116 (b) 0/16 (b) 0/16 (b)
3/16 (c) 0/16 (c) 1/16 (c) 0/16 (c) 1/16 (c)
7/16 (d) 5/16 (d) 1/16 (d) 0/16 (d) 0/16 (d)
BCC/IPO nr nr 0/10 (a) 9/10 (a) 10/10 (a)
1/10 (b) 1/10 (b) 0/10 (b)
8/10 (c) 0/10 (c) 0/10 (c)
110 (d) 0/10 (d) 0/10 (d)
BCC/IPO 15/15 (a) 0/15 (a) nr 0/15 (a) 15/15 (b)
14/15 (b) 14/15 (b)
1/15 (c) 115 (c)
0/15 (d) 0715 (d)
Bowen’s carcinoma/IPO nr nr 0/6 (a) 5/6 (a) 3/6 (a)
5/6 (b) 1/6 (b) 2/6 (b)
1/6 (c) 0/6 (c) 1/6 (c)
0/6 (d) 0/6 (d) 0/6 (d)
SCC well diff/IPO 411 (a) 111 (a) 0/11 (a)
nr nr 7/11 (b) 411 (b) 0/11 (b)
0/11 (c) 6/11 (c) 711 (¢)
0/11 (d) 0/11 (d) 4/11 (d)
SCC moderate diff/IPO 4/7 (a) 3/7 (a) 0/7 (a)
nr nr 117 (b) 3/7 (b) 5/7 (b)
2/7 (c) 117 (¢) 117 (¢)
0/7 (d) 0/7 (d) 1/7 (d)
SCC poorly diff/IPO 117 (a) 417 (a) 5/7 (a)
nr nr 2/7 (b) 3/7 (b) 2/7 (b)
3/7 () 0/7 (c) 0/0 (c)
1/7 (d) 0/7 (d) 0/0 (d)
SCC of lips well diff/ IPO 3/5 (a) 0/5 (a) 0/5 (a)
nr nr 0/5 (b) 1/5 (b) 0/5 (b)
1/5 (c) 4/5 (c) 4/5 (c)
1/5 (d) 0/5 (d) 1/5 (d)
SCC/IPO 10/10 (a) 10/10 (b) nr 10/10 (b) 10/10 (b)

BCC - basal cell carcinoma, SCC — squamous cell carcinoma, IF — immunofluorescence, IPO — immunoperoxidase.
(a) positive staining in all cells, (b) positive staining in most cells, (c) positive staining in part of the cells, (d) no staining.
nr —not reported.
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Table 4 Genitourinary, gynaecologic and breast cancer: nuclear expression patterns [a-d] of lamins (positive samples/total number of tested samples)

Tumour/method Lamin A Lamin C Lamins A and C Lamin B1 Lamin B2
Testicular Seminoma/IPO 2/16 (a) nr *1/16 (a) 16/16 (a) *14/15 (a)
14/16 (d) *15/16 (d) 0/16 (d) *1/15 (d)

**6/16 (a) **16/16 (a)

**10/16 (d) **0/16 (d)

Testicular embryonal carcinoma/IPO 0/7 (a) nr *9/10 (a) 717 (a) *10/10 (a)
7/7 (d) *1/10 (d) 0/7 (d) *0/10 (d)

**8/10 (a) **10/10 (a)

**2/10 (d) **0/10 (d)
Testicular yolk sac tumour/IPO 5/5 (a) nr * 5/5 (a) 5/5 (a) *6/6 (a)
0/5 (d) *0/5 (d) 0/5 (d) *0/6 (d)

**6/6 (a) **6/6 (a)

**0/6 (d) **0/6 (d)
Testicular choriocarcinoma/IPO 5/5 (a) nr *5/5 (a) 5/5 (a) *5/5 (a)
0/5 (d) *0/5 (d) 0/5 (d) *0/5 (d)

**4/5 (a) **5/5 (a)

**1/5 (d) **0/5 (d)
Testicular teratoma/IPO 4/4 (a) nr *4/5 (a) 4/4 (a) *5/5 (a)
0/4 (d) *1/5 (d) 0/4 (d) *0/5 (d)

**4/4 (a) **6/6 (a)

**0/4 (d) **0/6 (d)

Carcinoma in situ: seminoma_ /IC 0/4 (a) nr *0/6 (a) 8/8 (a) *710 (a)
4/4 (d) *6/6 (d) 0/8 (d) *3/10 (d)

**2/6 (a) **6/9 (a)

**416 (d) **3/9 (d)

Carcinoma in situ: non-seminoma__/IC 0/5 (a) nr *0/8 (a) 6/9 (a) *11/11 (a)
5/5 (d) *8/8 (d) 3/9 (d) *0/11 (d)

**0/7 (a) **8/9 (a)

**7/7 (d) **1/9 (d)

Continued
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Table 4 Continued

Tumour/method Lamin A Lamin C Lamins A and C Lamin B1 Lamin B2
Prostate cancer/IPO nr nr 1/4 (a) 1/4 (a) nr
3/4 (c) 3/4 (c)
0/4 (d) 0/4 (d)
Prostate cancer/IB nr nr 32/32 (c) 37/37 (b) nr
Cervical squamous cancer/IPO nr nr 0/3 (a) 1/3 (a) nr
0/3 (c) 2/3 ()
3/3 (d) 0/3 (d)
Uterine adenocarcinoma/IPO nr nr 0/3 (a) 1/3 (a) nr
0/3 (c) 1/3 (c)
3/3 () 1/3 (d)
Ovarian cancer/PM and IB nr nr 30/30 (b) nr nr
Breast adenocarcinoma/IPO nr nr 0/3 (a) 0/3 (c) nr
3/3 (c) 3/3 (¢)
0/3 (d) 0/3 (d)
NT2/D1 cell line/IB nr nr present present nr
Hela cell line/IB present present present present present

*/** Evaluation of lamins A/C and B2 was done by two different
antibodies-yielding two results

_ Carcinoma in situ adjacent either to seminoma or __ non-seminoma
IPO — Immunoperoxidase, IB — Western/immunaoblotting,

PM - Protein microarrays.

NT2/D1 - Testicular embryonal cell carcinoma cell line.

Hela — Cervial cancer cell line.

(a) positive staining, (b) elevated staining/levels,

(e) reduced staining/levels, (d) no staining.

controlled by tumour suppressor gene such as pRb or
Ademomatous Polyposis Coli (APC). The nuclear lamins ‘protect’
both pathways, thus yielding an anti-cancerous effect (see above).
Nuclear lamins are also involved in tumour suppressive pathways
that trigger apoptosis or senescence. Thus, lamins alterations
allow cancer cells to escape the normal control of cell proliferation
and cell death yielding a pro-cancerous effect (Fig. 5) [197].
Another level of lamins involvement in malignant transformation
relates to epigenetic changes regarding DNA hypermethylation
and heterochromatin reorganization. Epigenetic silencing of the
lamins A and C gene by CpG island promoter hyper-methylation,
has been found to be responsible for the loss of expression of A-
type lamins in leukemia and lymphoma and to be associated with
poor outcome in diffuse large B-cell lymphomas [198]. Lamins
associated changes in pRb-dependent heterochromatin organiza-
tion contribute to the permanent silencing of genes that promote
proliferation, and might therefore be important for limiting the
development of malignant tumours [182]. Finally, lamin A
plays an intriguing role in seeding and growth of satellite
cancer lesions, e.g. colon cancer. Presumably, lamin A causes a
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downstream up-regulation of T-plastin, which in turn leads to
down-regulation of E-cadherin. Plastins are a recently described
family of actin-bundling proteins, which have been implicated in
invasion and metastasis [186, 199]. The complex interactions of
lamins with the pRb, p53, SMAD and APC pathways (see above)
and with their ‘cross-talk’ mediators (e.g. Wnt, E-cadherin) are
the basis for the presumed intersections between nuclear lamina
defects, cell cycle misregulation, and malignant transformation
(Fig. ). The up-regulation of p53 pathway in lamin mutant cells
of HGPS patients suggests that these cells would be more cancer
resistant, and promote senescence and shortened lifespan. The
presence of cancer in two sporadic cases of HGPS patients
reported to be suffering from osteosarcoma [200] can be
explained on the basis of a rearranged p53 gene, as has been
found in osteosarcoma cells [201]. Mutations in SMAD4 occur in
50% of human pancreatic cancers. SMADS are also involved in
many other types of cancer and in the metastatic and angio-
genetic processes [202-204].

APC is a tumour suppressor gene. In APC mutant cells,
B-catenin binds to the sequence-specific DNA-binding proteins of
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Fig. 5 A proposed model for the involvement of the nuclear lamina in tumorigenesis. Nuclear lamins and lamin-associated proteins (green boxes) interact
with major cancer-regulating pathways and their target proteins (orange boxes), mediating cell-fate decisions (blue boxes). This substantial cross-talk may
yield anti-cancerous or pro-cancerous effects. The disparate net results, which have been found in various tumours, may be tissue, organ and/or tumour
specific. Positive regulatory directions are denoted by arrowheads, negative regulatory by bars and ambiguous regulatory directions by straight lines.

the TCF/LEF family, thereby activating transcription of Wnt target
genes involved in proliferation and invasion [205]. The repression of
TCF-mediated transcription by APC is thought to be a main event in
preventing tumorigenesis. Aberrant Wnt/B-catenin signalling has
been found in various epithelial and haematological tumours [206].

Recently the INM lamin-binding protein, emerin, emerged as
an additional negative regulator of the Wnt pathway [207]. The
binding of emerin to B-catenin via an APC-like domain inhibits
[-catenin activity by preventing its accumulation in the nucleus.
Absence of emerin increases B-catenin accumulation in the
nucleus followed by an up-regulation of its target genes. Emerin is
anchored in the nucleus through interactions with lamins A and C.
In cells lacking lamins A and C, overexpression of emerin does not
inhibit B-catenin, indicating that this interaction is required for
inhibiting B-catenin activity [207].

Lamins and cancer related aneuploidy

Present-day knowledge on the nuclear lamins sheds new light on
the issue of aneuploidy and cancer. Aneuploidy, which is consis-
tently observed in almost all cancers, is often caused by chromo-
somal instability, reflecting defects in mitotic segregation in
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cancer cells [208]. The nuclear lamins, which have recently
emerged as pivotal participants in chromosomal segregation con-
trol, appear to have a crucial role in maintaining chromosomal sta-
bility, thus preventing cancer progression. There are several lines
of evidence suggesting that lamins are required for normal segre-
gation of chromosomes. (1) Assembly of BAF, LEM-domain pro-
teins and lamins during cell division is required for proper chro-
mosome segregation and cell cycle progression [209]. (2) Lamin
Aand LAP-2« prevent pRb degradation. Loss of Rb protein results
in chromosomal instability by inducing defects during replication
and abnormal chromosome segregation in mitosis [210]. (3)
Expression of progerin/LAA50Q leads to mitotic defects comprising
delays in cytokinesis and nuclear reassembly, abnormal chromo-
some segregation, and binucleation [130, 131]. The presence of
lamins at the centrosome during mitosis is likely to be involved in
these defects [211].

Lamin and viruses

The viral cycle in the host cell includes adsorption, penetration,
uncoating, viral genome replication, maturation and release of
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new particles from the host cell. In animal DNA viruses, transcrip-
tion and translation are not coupled. Except for poxviruses,
transcription occurs in the nucleus and translation in the cyto-
plasm. Viruses have developed different strategies for subverting,
and even bypassing, host-cell nuclear transport pathways.

Herpes simplex virus (HSV) capsids are assembled in the
nucleoplasm and then exit the nucleus by budding through the
lamina and INM into the perinuclear space [reviewed in 212].
The HSV-1 UL34 protein targets the virus to the nuclear membrane
and is essential for nuclear export of nucleocapsids. The localiza-
tion of UL34 protein depends on the kinase US3 that phosphory-
lates both UL34 and lamins A and C. Phosphorylation of lamins by
US3 alters their distribution, and allows exit of the capsids from
the nucleus [213]. In vitro studies revealed that the lamins became
solubilized due to the phosphorylation by US3. In addition, the
UL34 protein binds specifically to lamin A and lamin B1. A recent
study shows that lamin A interferes with viral infectivity and that
US3 kinase activity partially inhibits this interference. Lamin B1,
on the other hand, is necessary for optimal viral replication [214].
However, at least in MEFs derived from Lmna'~ mice, viral gene
expression, DNA replication, and growth are reduced [215].

The human cytomegalovirus (HCMV) is a member of the her-
pesviridae family. Infection of human lung fibroblasts with HCMV
induces mislocalization of nuclear lamins allowing virions exit
from the nucleus [216]. The viral pUL50 and pUL53 proteins are
required for nuclear exit. At late stages of infection both lamins A
and C and lamin B show an irregular distribution at the nuclear
rim, coincident with areas of pUL53 accumulation. The virions
nuclear lamina localization requires co-expression of pUL53 and
pUL50, which are sufficient for nuclear rim localization and
lamins disorganization [216]. Another member of the herpesviri-
dae family that its replication affects lamin A is varicella-zoster
virus. During varicella-zoster virus infection the amount of lamin
A mRNA decreases but the cellular content of the protein appears
to remain stable at 48 hrs after infection [217].

Most retroviruses enter the nucleus only after the nuclear
envelope breakdown. The retrovirus HIV-1 does not require
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mitosis to enter the nucleus. After more than a decade of intense
research, there is still no consensus on the regulation of the entry
of HIV-1 pre-integration complex into the nucleus through the
NPC [218]. The exit of HIV-1 components from the nucleus to the
cytoplasm involves both nuclear export signals that allow proteins
to exit through the NPC and disruption of the nuclear lamina
[219]. Expression of the Vpr protein suspends the cell cycle of
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