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Lamins and Other Nuclear Architectural Proteins: Emerging
Roles in the Spatial Organisation of Nuclear Events
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Eukaryotic nuclei have discrete compartments or domains enriched for specific proteins involved in specialised
functions such as DNA replication, transcription and RNA splicing. Chromosomes are also organised into
defined domains or territories in the nucleus. A major issue concerning nuclear organisation is the identity of
the underlying structure or nucleoskeleton and the extent to which the components of this structure are
involved in nuclear functions. Important advances have been made in the past few years in understanding
the functions of the major architectural proteins in the nucleus. The lamins play essential roles in DNA
replication and transcription. Other structural proteins such as nuclear actin are components of chromatin
remodelling complexes and mRNA processing complexes. These recent findings open up the exciting
possibility that lamins and actin might act to modulate the organisation and functions of nuclear activities.
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Introduction

In the eukaryotic nucleus crucial functions such as DNA
replication and RNA transcription are performed in a
highly organised and efficient manner despite the
tremendous complexity of the genome. In studies
carried out primarily with mammalian cells, molecules
involved in the above processes have been localised in
spatially distinct nuclear domains or compartments,
such as transcription sites, DNA replication centres,
speckled domains enriched in RNA splicing factors
termed splicing factor compartments or interchromatin
granule clusters (IGCs), Cajal bodies (CBs), and many
others. Nuclear compartments contain a distinct set of
proteins, can be visualised by microscopic techniques,
and have been purified in some cases. These domains
are not membrane-bound, unlike cytoplasmic
organelles. The association of proteins with specific
compartments can be highly dynamic, and the
compartmentalisation of nuclear factors represents a
steady state rather than a static situation. A
consideration of the functions of nuclear compartments
must necessarily include information on the spatial
organisation of the genome.

Interestingly, the majority of nuclear compartments
are resistant to extraction by detergents and nucleases -
treatments which remove membranes, soluble proteins
and chromatin and leave behind a nucleoskeletal

substructure. Based on ultrastructural studies carried
out over the past forty years, this substructure has been
viewed as a nucleoplasmic network of branched 10-nm
filaments that connect to the nuclear lamina that lies
just beneath the inner nuclear membrane. The major
components of the nuclear lamina are a group of
proteins called the lamins which belong to the
intermediate filament superfamily of proteins
(reviewed in Goldman et al. 2002). However, the
proteins that comprise the internal nucleoskeleton
have not been definitively identified. Recent reports
suggest that nucleoskeletal proteins such as lamins as
well as nuclear actin have important functional roles in
various nuclear processes including DNA replication
and transcription.

In this article, I will first briefly review information
aboutnuclear compartments, chromosome positioning
and the nucleoskeleton, and then highlight new
findings on the functions of lamins, lamin-binding
proteins and nuclear actin, especially with respect to
their role in organisation of nuclear events. This review
is not an exhaustive coverage of the literature, and [
recommend some excellent recent reviews for detailed
information as well as citations to the original
literature on nuclear compartments (Lamond &
Earnshaw 1998, Misteli 2000, Spector 2003, Jackson
2003), chromosome territories (Cremer & Cremer 2001,
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Parada & Misteli 2002, Chubb & Bickmore 2003), and
the nucleoskeleton (Nickerson 2001). Although the
focus of this review is on the mammalian cell nucleus,
other organisms are mentioned wherever appropriate.

Nuclear Compartments

The Nucleolus

The most obvious compartment of the nucleus that can
be visualised by light microscopy alone is the nucleolus,
which is formed by clustering of repeats of ribosomal
RNA genes from several chromosomes. The nucleolus
is the site of transcription and processing of 28 S, 18 S
and 5.8 SrTRNAs by RNA polymerase I and the site of
biosynthesis of the precursor particles for ribosomes,
termed the pre-90S, pre-60S and pre-40S ribosomal units
(reviewed in Shaw & Jordan 1995, Scheer & Hock 1999).
The nucleolus itself is spatially organised into the
fibrillar centre and dense fibrillar component where pre-
rRNAs are synthesised, processed and modified, and a
granular component which is the site of ribosome
assembly. Like most other compartments, the nucleolus
is a dynamic structure that is disassembled during entry
into mitosis and reassembled upon exit from mitosis in
higher eukaryotes.

RNA Polymerase II Transcription Sites

Eukaryotic gene expression is a complex process
involving several steps such as chromatin remodelling,
transcription, 5’ capping of mRNA, pre-mRNA
splicing and 3’ processing, mRNA export and
translation in the cytoplasm. In classical studies, Fakan
and his colleagues showed by *H-uridine incorporation
into nascent mRNA that non-nucleolar transcription
occurred throughout the nucleoplasm (reviewed in
Fakan 1994). Using shorter pulses of precursor
labelling in actively transcribing HeLa cells, Cook
and coworkers showed that RNA polymerase II (pol
II) transcription occurred at approximately 1000-2000
discrete sites, and at each active centre or transcription
site, groups of genes were transcribed and processed
(Iborra et al. 1996). The authors proposed that a
transcription site or factory was composed of the gene
template and RNA pol II together with associated
transcription factors, and was attached to the
nucleoskeleton. A typical pattern of RNA pol II
transcription sites is shown in figure 1. Several studies
have reported that active genes and many
transcription factors are bound to the nuclear
substructure in mammalian cells (reviewed in Stein
et al. 1995). But as transcription factors are likely to
diffuse throughout the nucleus, is their association
with immobile transcription sites dynamic in nature,
and how is this regulated? To address this issue, the
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localisation of the runt-related transcription factors
(RUNX1 and RUNX2) that play important roles in cell
differentiation and fetal development was studied in
living cells, and the RUNX proteins were observed to
be dynamically localised to discrete immobile foci,
most of which coincided with active transcription sites
(Harrington et al. 2002). Removal of the domain
responsible for the association of RUNX proteins with
subnuclear foci led to lethal abnormalities, indicating
that this association was crucial for RUNX proteins to
be functionally active. In studies on the distribution of
estrogen receptor, it has been shown that upon ligand
binding, transcriptionally active receptor exhibits a
dynamic association with the nucleoskeleton in living
cells (Stenoien et al. 2000). Transcription inevitably
needs to be examined in the context of the chromatin
template and this is discussed in the section on
chromosome positioning and gene regulation.

Nuclear Speckles or Splicing Factor Compartments

RNA splicing factors are present in high concentrations
in compartments or speckles that correspond at the
electron microscopic level to interchromatin granule

Splicing factor compartments DNA replication factories

COILIN

Figure 1: Examples of nuclear compartments in HeLa cells
viewed by confocal laser scanning microscopy. Splicing
factor compartments, stained with antibody to the non-
snRNP splicing factor SC-35; DNA replication factories,
labeled with antibody to bromodeoxyuridine (BrdU) to mark
nascent DNA that has incorporated bromodeoxyuridine;
Cajal bodies, stained with anti-coilin antibody (coilin in green
and nucleus filled in grey); transcription sites, labeled with
an antibody to the active hyperphosphorylated form of RNA
pol I termed pol IIO. Bar, 5 mm.
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clusters (IGCs), and are also dispersed in the
nucleoplasm on perichromatin fibrils which contain
nascent transcripts (reviewed in Spector 1993, Fakan
1994, Lamond & Spector 2003). Approximately 20-50
nuclear speckles of varying size (0.5-3 jum) are found in
a mammalian cell nucleus, and each is comprised of
clusters of discrete particles with dimensions of 20-25
nm. HeLa cell nuclei stained with an antibody to the
splicing factor SC-35 are shown in figure 1. Biochemical
purification of IGCs and identification of their
constituent proteins by mass spectrometry has indicated
that this compartment contains about 150 proteins
(Mintz et al. 1999). These include pre-mRNA splicing
factors, small nuclear ribonucleoproteins (snRNPs),
transcription factors and 3’-processing factors, as well as
putative structural proteins. The splicing of some pre-
mRNAs occurs concomitantly with transcription on
perichromatin fibrils, and away from or at the periphery
of splicing factor domains (Wansink et al. 1993, Jackson
et al. 1993, Cmarko et al. 1999). However,
cotranscriptional splicing is unlikely to occur for all
genes, especially those with large introns or genes
undergoing alternative splicing (Neugebauer 2002). In
a landmark study, Misteli et al. (1997) directly
demonstrated that splicing factors could be recruited
from splicing factor compartments to transcription sites,
by using time-lapse microscopy to visualise pre-mRNA
splicing factors in living cells. The association and
dissociation of splicing factors from their compartments
are controlled by phosphorylation-dephosphorylation
of splicing factors. These compartments are dynamic
and their size can change depending on RNA splicing
or transcription levels in the cell; for example, they
become considerably enlarged due to reduced
dissociation of splicing factors in the presence of
transcriptional inhibitors, in pathological conditions or
upon inhibition of splicing. The exact functions of
splicing factor compartments are not clear. In addition
to their importance in the storage and recruitment of
splicing factors, these domains may be required for the
recycling of splicing factors (by phosphorylation) or for
selection of alternative splice sites for specific
transcripts. An interesting observation is that
components of phosphoinositide signalling pathways
such as phosphatidylinositol phosphate kinases and
phosphatidylinositol bisphosphate have been located in
these domains (Boronenkov et al. 1998), but their precise
role has not yet been elucidated.

Cajal Bodies and Nuclear Gems

The Cajal bodies (CBs) are a highly conserved nuclear
domain, ranging from 0-10 bodies per mammalian cell
nucleus with an approximate size of 0.1 — 2 pm in
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diameter. CBs were originally called coiled bodies
but have been recently renamed Cajal bodies in
honour of Ramoén y Cajal, a Spanish cytologist who
discovered these structures in 1903. A specific marker
for the CB is the protein coilin (CBs stained with anti-
coilin antibody are shown in figure 1). CBs contain a
large number of nuclear factors such as snRNPs and
small nucleolar RNPs (snoRNPs), certain nucleolar
proteins and pol II transcription factors (Gall 2000).
The presence of CBs is correlated with gene expression,
and pol II inhibitors can disrupt the structure of CBs.
But as CBs do not contain DNA or non-snRNP splicing
factors they are unlikely to be sites of transcription or
pre-mRNA splicing. Recent evidence suggests that
CBs play an important role in the biogenesis and
maturation of snRNPs and snoRNPs (reviewed in Ogg
& Lamond 2002). CBs have been suggested to have
dynamic interactions with chromatin and possibly
with specific gene loci, although their movements
appear to be restricted due to interactions with
subnuclear structures. The survival-of-motor-neurons
(SMN) protein is an important nucleocytoplasmic
shuttling protein that is involved in the biogenesis of
snRNPs, and is localised in nuclear ‘gems’ which are
bodies that coincide with CBs in many cell types
though they are kinetically independent structures, as
shown by studies in living cells (Dundr et al. 2004).

Promyelocytic Leukemia Nuclear Bodies, OPT
Domains, Stress Granules, Omega Speckles
Promyelocytic leukemia (PML) bodies were first
identified by autoantibodies recognizing the Sp100
transcription factor. PML bodies have been suggested to
have roles in growth control, suppression of
transformation, apoptosis and senescence (reviewed in
Borden 2002). In studies on acute PML, it was observed
that these bodies were disrupted due to the formation of
a fusion protein by a chromosomal translocation between
the PML protein and the retinoic acid receptor a. PML
bodies are also disrupted in certain cases of viral infection.
PML bodies have been found to contain specific
transcription factors, and in a recent study these domains
have been localised near transcriptionally active gene
loci, though their exact role is not clear (Wang et al. 2004).
Other nuclear domains thathave been identified are
the Oct1/PTF transcription domain or OPT domain
observed in certain mammalian cell types, which is
enriched for the transcription factors Octl and PTF
(PSE-binding transcription factor) involved in
transcription of snRNA and related genes (Pombo et al.
1998), and stress granules which are formed upon heat
stress and are enriched in the heat shock factor HSF1
(Jolly etal. 1997, Chiodi et al. 2000). Novel compartments
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termed omega speckles contain hnRNPs associated
with noncoding hsr-omega RNA in Drosophila, and
have been observed to coalesce into large clusters upon
heat stress (Prashanth et al. 2000). Some of these
domains associate with specific chromosomes and
might be involved in gene-specific transcription.

DNA Replication Factories

Sites of DNA replication in the eukaryotic nucleus are
termed DNA replication factories. Using
immunochemical detection of the DNA precursor
bromodeoxyuridine or of replication proteins, it has
been observed that DNA synthesis in S-phase occurs at
discrete foci which correspond to clusters of replication
forks containing nascent DNA (Nakamura et al. 1986,
Nakayasu & Berezney 1989). The number and pattern
of foci gradually change as S phase proceeds. Initially
few small, discrete foci are observed in euchromatic
regions which rapidly increase in number and
intensity till mid-S phase. At this stage, the foci become
larger and fewer in number and are localised towards
the nuclear periphery. In late S phase few large
domains are seen in the interior of the nucleus. A
typical mammalian cell nucleus that has incorporated
bromodeoxyuridine at DNA replication sites is shown
in figure 1. In live cell imaging studies with green
fluorescent protein (GFP) fused to the replication
protein proliferating cell nuclear antigen (PCNA),
which is a component of DNA polymerase 8 and
colocalises with DNA replication sites, changes in the
pattern of foci have been attributed to a gradual
assembly and disassembly of foci as S phase proceeds
(Leonhardt et al. 2000, Somanathan et al. 2001). There
are several studies which indicate that DNA replication
sites are attached to the nuclear substructure (reviewed
in Berezney et al. 1995, Cook 1999), the role of lamins
in DNA replication is discussed in a later section.

Chromosome Positioning and Gene Regulation

Interphase chromatin is not randomly organised but
occupies distinct and exclusive positions which are
termed chromosome territories. The organisation of
chromosomes into distinct territories was proposed by
Rabl and Boveri more than a century ago, and elegantly
established in the 1980s (reviewed in Manuelidis 1990,
Cremer & Cremer 2001). The territories occupied by
specific chromosomes have been confirmed by
fluorescent in situ hybridisation (FISH) techniques using
chromosome-specific painting probes. There is a strong
evolutionary conservation of chromosome positions,
suggesting a functional role for chromosome
organisation. Generally the more gene-dense
chromosomes are towards the interior of the nucleus.
The preferred arrangement observed in some cell types
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appears to be a radial positioning of chromosomes
(reviewed in Parada & Misteli 2002, Chubb & Bickmore
2003). But the above features do not hold good for all
organisms or all cell types in a given organism.
Chromosome positioning is probably initiated in the
later stages of mitosis and chromosomes appear to be
free to move to some extent till early G1 when chromatin
decondenses; thereafter only limited motion occurs
(Walter et al. 2003, Gerlich et al. 2003, Thomson et al.
2004). A possible consequence of the specific positioning
of chromosomes relative to each other is that
chromosomal translocations might occur more
frequently between gene loci of chromosomes in close
proximity and this has been observed with specific
translocations in certain leukemias (Roix et al. 2003).
Chromosome positioning and its functional
significance for gene expression are current topics of
considerable interest. Studies on the location of active
genes in a territory using FISH suggest that active
transcription sites are scattered throughout a territory
and not always limited to the surface of the territory,
and certain transcribing gene loci are presented in
“holes” in the chromosome territory which are likely
to represent regions of decondensed chromatin (Mahy
et al. 2002). A major advance in analysis of
chromosome dynamics in living cells by Belmont and
colleagues has been the development of the lac
operator-GFP-lac repressor gene array for tagging
chromosomes and directly viewing chromatin
dynamics. Using this system large scale chromatin
decondensation has been observed when strong
transcriptional activators are targeted to the lac
operator domain (Tumbar et al. 1999). Spector and
coworkers have recently described an elegant system
to study events during gene activation at a single locus
in live cells, and they have visualised decondensation
of the transgene array, depletion of heterochromatin
protein 1, histone exchange and progressive mRNA
synthesis in real time (Janicki et al. 2004).
Chromosomes are constrained in their motion by
interactions with structural proteins such as lamins as
well as proteins of the inner nuclear envelope, and
have been observed to be organised into loops that
are anchored to the nuclear matrix or chromosome
scaffold in mammalian nuclei (Ma et al. 1999). In a
distinct example of chromosomal organisation, the
ends of chromosomes termed telomeres are
positioned near the nuclear envelope in yeast. This
clustering of telomeric chromatin in foci near the
envelope is thought to facilitate transcriptional
silencing of these regions by a family of proteins
called silent information regulators (SIR) (Palladino
et al. 1993). As yeast lack a nuclear lamina, it has been
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suggested that yKu and SIR proteins mediate
telomere attachment, though other mechanisms
might also operate (Laroche et al. 1998, Andrulis
et al. 1998, Taddei et al. 2004). Further studies on gene
silencing and chromatin structure have been
reviewed earlier (Spector 2003).

The dynamic nature of nuclear organisation is
emphasised in studies on the positioning of nuclear
compartments with respect to chromosomes. A distinct
case of chromosome organisation leading to efficient
gene expression is that of the nucleolus where the
TDNA repeats of different chromosomes are brought
together in a domain with high local concentration of
necessary factors to ensure rapid processing of these
genes. A physical proximity of nuclear domains to
specific chromosomal sites has been observed with the
OPT domain which is often found in association with
chromosomes 6 and 7 (Pombo et al. 1998), the heat
shock granules that are found near chromosomes 9, 12
and 15 (Denegri et al. 2002), the CBs that are often
associated with U2 and histone genes (Ogg & Lamond
2002), and PML bodies which are localised near the
major histocompatibility locus on chromosome 6
(Borden et al. 2002). It has been suggested that gene-
rich regions might cluster around splicing factor
compartments to form local “euchromatic
neighbourhoods” (Shopland et al. 2003).

The Nucleoskeleton

The nucleoskeleton was originally defined by Fawcett
as the non-chromatin structures of the nucleus readily
observed in unextracted cells under the electron
microscope, which were predominantly composed of
a fibrogranular ribonucleoprotein network (Fawcett
1966). Berezney and Coffey isolated a proteinaceous
matrix that was stable to nucleases (Berezney & Coffey
1974), thus revealing an RNase-resistant scaffolding
beneath the fibrogranular ribonucleoprotein network.
Electron microscopic studies have shown that this
nucleoskeletal structure is connected to the nuclear
lamina towards the periphery of the nucleus and a
branched network of 10-nm fibres in the interior of the
nucleus (He et al. 1990, Nickerson et al. 1997,
Nickerson 2001). Interestingly, removal of chromatin
by electroelution of intact cells also yields a structure
of underlying filaments that is similar to the matrix
(Jackson & Cook 1988). The groups of Penman and
Cook have defined the nuclear matrix as an underlying
network of branched 10-nm filaments that are
connected to the peripheral lamina, and other proteins
including RNPs are attached to this matrix by direct or
indirect interactions. Nuclear domains such as
speckles, CBs and replication factories are retained
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upon extraction of cells, and are observed in a precise
spatial relationship with respect to each other,
suggesting their attachment to an underlying structure
(Nickerson et al. 1997). Though the ultrastructure of
the nucleoskeleton has been relatively well
characterised, a major shortcoming in the field has
been an insufficient biochemical characterisation of
matrix components, primarily due to problems
associated with matrix isolation procedures. This has
led to skepticism about whether the nuclear matrix
fraction is truly representative of the in vivo structure
(Pederson 2000). Due to the controversies in the field
I'will generally refer to the nuclear substructure as the
nucleoskeleton. Although the protein components of
the internal nucleoskeleton have not been definitively
identified, the major candidate proteins are the lamins
and nuclear actin. Various aspects of their functions in
relation to nuclear organisation will be considered in
the following sections.

Nuclear Architectural Proteins

Lamins

Lamins are the major components of a filamentous
network underlying the inner nuclear membrane
termed the nuclear lamina, and have more recently been
observed in the interior of the nucleus also (Goldman
et al. 1992, Bridger et al. 1993, Hozdak et al. 1995,
Jagatheesan et al. 1999, Barboro et al. 2002). The lamina
plays an essential role in maintaining the integrity of the
nuclear envelope and provides anchoring sites for
chromatin, and is hence considered to be an important
determinant of interphase nuclear architecture
(reviewed in Stuurman et al.1998). Recent evidence
indicates that lamins have additional functions in the
organisation of DNA replication, transcription and
RNA splicing, as well as in apoptosis (reviewed in
Goldman et al. 2002). Two major kinds of lamins are
present in vertebrate cells: B-type lamins (B1 and B2)
that are found in nearly all somatic cells, and A-type
lamins (A and C) which are expressed primarily in
differentiated cells. The lamin genes are highly
conserved across species. Lamins A and C are
alternatively spliced products of the lamin A gene,
LMNA, whereas lamins Bl and B2 are coded by two
separate genes, LMNBI1 and LMNB2. Additional splice
variants are germ cell-specific lamins C2 and B3 which
are encoded by LMNA and LMNB? respectively. Their
differential expression suggests tissue-specific functions
for the lamins. Drosophila melanogaster has two lamin
genes, lamin Dm0, which is expressed in most cells and
lamin C, whose expression is developmentally
regulated. Caenorhabditis elegans has only one lamin gene
which is expressed in all cells except for mature sperm.
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Genome sequence analysis of yeast and Arabidopsis
indicates that these species do not have lamins and,
though functional homologs are likely to exist, these
have not yet been definitively identified. Thus lamins
appear to have evolved in animal cells.

Lamins belong to the intermediate filament family
of proteins and contain a characteristic central
o helical rod domain, flanked by relatively flexible
N-terminal and C-terminal segments. In vitro studies
have shown that all three domains are essential for
lamin assembly and functions. The rod domains of two
lamin monomers associate to form a two-stranded
coiled-coil o-helix, which is the basic dimeric subunit
involved in formation of the higher order structure of
the lamin filament. Head-to-tail interactions of lamin
dimers lead to the formation of protofilaments which
can associate laterally in different configurations such
as parallel, staggered or half-staggered to give rise to
the 10-nm lamin filament (Stuurman et al. 1998). As the
formation of the 10-nm filament has not been observed
in vitro, it has been suggested that higher order lamin
assembly might require interactions with other
molecules in vivo. Lamins interact with inner nuclear
membrane proteins such as the lamina- associated
polypeptides (LAPs)1 and 2B and emerin, as well as
intranuclear LAP2o (Gerace & Foisner 1994, Dechat
et al. 2000, Zastrow et al. 2004).

Assembly and Disassembly of Lamins

During mitosis, phosphorylation of essential serine
residues on either end of the rod domain by p34/cdc2
kinase results in depolymerisation of the lamina into
dimers and tetramers. The lamina is reassembled
towards late telophase and in early G1 phase of the cell
cycle; lamin B appears to be incorporated when the
nuclear membranes and pores are assembling in the
nascent nuclear envelope, whereas lamin A is
imported through the nuclear pores towards the end
of cytokinesis (reviewed in Gant & Wilson 1997).
However the stage of lamina reformation appears to
vary in different species or cell types. Genetic and
biochemical evidence indicate thatlamins are essential
for the reformation of the nuclear envelope, but their
precise role has not been clearly defined. In addition to
the typical nuclear rim pattern, lamin A and B tagged
with GFP have been observed to form a veil of
fluorescence in the nucleoplasm of interphase cells,
which is a relatively stable structure (Broers
et al. 1999, Moir et al. 2000b); and more sensitive
nucleoplasmic structures, likely to be assembly
intermediates, have been identified in early G1 cells by
FRAP analysis (Moir et al. 2000b). We have isolated
and characterised a monoclonal antibody LA-2F9
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produced against recombinant rat lamin A which
predominantly stains a G1 subpopulation of various
cell types in a pattern of small nucleoplasmic foci (see
figure 2) that are unusually susceptible to mild
detergent/salt extraction and might represent
assembly intermediates (Muralikrishna et al. 2004).
The detection of these unstable structures following G1
phase suggests that a population of lower order lamin
filaments might persist in interphase. In agreement
with this view, Barboro et al. (2002) have observed 3
nm and 4 nm lamin protofilaments as constituents of
a thin fibrillar web within the nuclei of rat hepatocytes,
which are non-dividing cells. Ithas been proposed that
the assembly states and functions of the lamins at the
nuclear periphery and in the nucleoplasm may be
different (Moir et al. 2000b). Although the elements
that control the different polymeric states of lamins are
not known at present, their identification would be
important for understanding the role of lamins in
many nuclear processes.

Lamins and DNA Replication

Several studies indicate that a normal lamina
organisation is required for DNA replication in intact
nuclei. When assembly of nuclei was carried out in vitro
in lamin-depleted Xenopus interphase extracts, the
resulting nuclei were unable to replicate their DNA
(Newport et al. 1990, Meier et al. 1991). Although it has
been possible to replicate DNA in vitro with purified

A LA-2B3 LA-2H10

LA-2F9

LA-2H10

Figure 2: A, Different structural aspects of lamins A /C in HelLa
cells. Typical nuclear rim (mAb LA-2B3), lamin speckles (mAb
LA-2H10), and detergent-susceptible lamin foci (mAb LA-
2F9); B, Colocalisation of lamin speckles with splicing factor
compartments (SFCs) viewed by confocal laser scanning
microscopy. Dual staining of a HeLa nucleus with anti-SC-35
antibody and mAb LA-2H10. The yellow spots in the Merge
panel indicate colocalised speckles. Bar, 5 um.
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factors in the absence of lamins (Walter et al. 1998), an
intact lamina is essential for DNA replication in
assembled nuclei and cells. When dominant negative
lamin mutants obtained by deletion of the N-terminal
domain of human lamin A (Spann et al. 1997, Moir
et al. 2000a) or Xenopus lamin B1 (Ellis et al. 1997) were
added to assembled nuclei, they disrupted lamin
organisation and inhibited DNA synthesis. A direct role
forlamins in the spatial organisation of DNA replication
has been suggested by evidence of colocalisation of
lamin B with replication foci and replication factors such
as PCNA in NIH 3T3 cells (Moir et al. 1994), and lamin
Awith replication factors at specific stages of S phase in
primary mammalian cells (Kennedy et al. 2000).
Although precise colocalisation between lamins and
replication foci has not been observed in other studies
(Dimitrova & Berezney 2002), this could be due to the
different cell lines or lamin antibodies that have been
used. Hence the majority of the evidence suggests that
the lamina provides a platform for regulating the
sequence of events in S phase in mammalian cells.

Lamins and Organisation of Transcription and
Splicing

The developmental and tissue-specific expression of
A-type lamins in mouse and Drosophila points to a
possible involvement of lamins in transcription (R6ber
et al. 1989, Riemer et al. 1995). A role for lamins in
controlling gene expression in muscle precursors has
been proposed (Wilson 2000). The binding of lamin A to
the retinoblastoma protein, an important transcriptional
regulator, supports a function for lamins in gene
regulation (Mancini et al. 1994, Ozaki et al. 1994). Direct
evidence of a role in transcription has been provided by
studies with an N-terminal deletion mutant of lamin A,
ANLA. The expression of this mutant in cells led to
disruption of the lamina and inhibition of RNA pol II
transcription, without affecting pol I or pol III
transcription (Spann et al. 2002).

We have identified a novel structural aspect of the
internal lamina in the form of lamin A /C speckles (see
figure 2) using a monoclonal antibody (mAb) raised to
recombinant rat lamin A that has certain unique
properties (Jagatheesan et al. 1999). This antibody,
mAb LA-2H10, exclusively stains intranuclear
speckles in interphase cells without labeling the
peripheral lamina, and these speckles have been
observed to colocalise with splicing factor
compartments in a variety of cell types. MAb LA-2H10
specifically recognises only lamins A and C in
immunoblots of cellular fractions and does not cross-
react with other proteins. As the exclusive reactivity of
mADb LA-2H10 towards speckles is retained when cells
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are detergent and nuclease-treated to reveal the
nucleoskeletal framework, we have attributed this
reactivity to differences in lamin protofilament
interactions at the periphery and at internal sites. But
as lamin speckles are highly insoluble structures they
do not copurify with IGCs in stoichiometric amounts,
and only small quantities of lamins have been detected
in purified IGCs by mass spectrometry (Mintz et al.
1999). The possibility of a direct correlation between
the organisation of lamin A /C speckles, splicing factor
compartments and transcriptional events has been
investigated (Kumaran et al. 2002). In the presence of
transcriptional inhibitors, both lamin A /C speckles
and splicing factor domains were reorganised to form
coincident large foci; removal of inhibitor resulted in
rapid, synchronous redistribution of lamin A/C
speckles and splicing factors with reactivation of
transcription. Furthermore, overexpression of lamins
A/C was observed to disrupt lamin speckles and
splicing factor compartments, accompanied by
inhibition of transcription, without discernible effects
on the incorporation of lamin A /C into the nuclear
periphery or disruption of the endogenous lamina at
the nuclear rim. These results suggest a close
association between the internal lamin A /C network
and spatial organisation of splicing factors and
transcriptional events, and also imply that lamin
speckles might play a structural role in assembly of
splicing factor compartments. At present we do not
have ultrastructural data for lamin speckles and are
unable to comment on whether speckles are
interconnected by filamentous lamin or other
structural proteins. However, lamin speckles are
redistributed to form a disperse, insoluble
nucleoplasmic network during muscle differentiation
(Muralikrishna et al. 2001) or upon treatment of cells
with the phosphatase inhibitor okadaic acid
(unpublished observations); we speculate that such a
structure might be a component of the nucleoskeleton.
Itis clear that a substantial amount of work needs to be
carried out on the structure, dynamics and regulation
of lamin speckles.

Lamins in Disease and Stress

Inherited disorders are generally caused by a specific
mutation in a gene. It is rare to find different mutations
in the same gene giving rise to distinct, possibly
unrelated, diseases. Different mutations in human
LMNA cause atleast 8 debilitating diseases that affect
specific tissues. Most mutations affect skeletal and
cardiac muscle, causing autosomal dominant Emery-
Dreifuss muscular dystrophy (EDMD), dilated
cardiomyopathy and limb-girdle muscular dystrophy.
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Other mutations cause Dunnigan’s familial partial
lipodystrophy (FPLD) leading to loss of white fat, also
seen in the bone disorder mandibular dysplasia, and a
peripheral neuropathy termed Charcot Marie tooth
neuropathy type II (reviewed in Hutchison 2002,
Mounkes et al. 2003a). The majority of mutations are
missense mutations; those affecting muscle tissue occur
throughout the gene whereas mutations causing
abnormalities in fat tissue tend to be clustered towards
the carboxy terminus. A recently described conservative
mutation at the 3’ end of human LMNA results in
aberrant splicing and removal of about 50 amino acid
residues, and has been linked to the premature ageing
disease, Hutchinson-Gilford progeria syndrome (De
Sandre-Giovannoli et al. 2003, Eriksson et al. 2003,
Mounkes et al. 2003b). Valuable insights into lamin A
function have been obtained by the knockout of mouse
LMNA (Sullivan et al. 1999). Mice that lack LMNA
develop severe muscle wasting similar to human
EDMD, and also loss of white fat, by 3-4 weeks and die
by 8 weeks after birth. Furthermore, mutations in
emerin, an inner nuclear membrane protein that
associates with lamin A also result in EDMD of the
X-linked form. It is not clear why lamin A or emerin
mutations should predominantly affect muscle tissue
when emerin is ubiquitously expressed and lamin A is
present in almost all differentiated cells. It has been
suggested that the forces generated during muscle
contraction might exacerbate physical damage to
muscle cell nuclei (Sullivan et al. 1999), or that lamins
might influence gene expression in progenitor cells
(Wilson 2000). Examination of cells cultured from
disease samples in a recent report suggests that lamin
deficiency is associated with defective nuclear
mechanics as well as impaired gene transcription
(Lammerding et al. 2004). An important possibility that
needs to be examined is whether lamins play an active
role in regulatory events during muscle differentiation.

Differentiation of myoblasts into myotubes is
coordinated by two families of transcription factors,
MyoD, which includes the muscle-specific transcription
factors MyoD, Myf5, myogenin, and MRF4 (Rudnicki
&Jaenisch 1995), and the MEF2 family of transcription
factors (Black & Olson 1998). Muscle differentiation
follows a highly ordered, temporally distinct sequence
of events. Myoblasts are first committed to the
differentiation pathway in a step marked by the
expression of the transcription factor myogenin, which
is followed by expression of cell cycle regulators such as
the inhibitor p21 and irreversible, asynchronous cell
cycle withdrawal (Andrés & Walsh 1996). The cells then
differentiate phenotypically, express contractile genes
and finally fuse into multinucleated myotubes. In order
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to explore the possibility of changes in internal lamin
organisation during muscle differentiation, we have
examined the appearance of A-type lamin speckles in
C2C12 mouse myoblasts and myotubes. Lamin speckles
were observed in dividing myoblasts but disappeared
early during the course of differentiation in postmitotic
myocytes and were absent in myotubes and muscle
fibres. However, the typical organisation of peripheral
lamins A/C and B1, and splicing factor domains was
preserved. Lamin speckles were also absent in
quiescent myoblasts but reappeared as cells were
reactivated to enter the cell cycle. These changes were
not observed in other quiescent cell types. When
myotube or quiescent myoblast nuclei were extracted
with nucleases and detergent, a uniformly stained
internal lamina was revealed, indicating that lamins
A/C were antigenically masked in these cells, probably
due to structural reorganisation of the lamina during
differentiation or quiescence. These studies suggest that
muscle cell differentiation is accompanied by regulated
rearrangements in the organisation of the A-type lamins
that are likely to be controlled by key muscle regulatory
factors (Muralikrishna et al. 2001, Mariappan & Parnaik
submitted). These rearrangements in the internal lamina
might be part of the overall process of nuclear
architectural changes during muscle differentiation. If
this is hindered by mutant lamins or absence of lamins,
it could lead to muscle-specific disease symptoms.
Upon ectopic expression in cultured cells, certain
lamin mutant proteins cause gross defects in the
peripheral lamina and also assemble aberrantly
(Ostlund et al 2001, Raharjo et al. 2001, Vigouroux
etal. 2001). In a recent report, ectopic expression of a
mutant lamin A bearing the R453W mutation, which
is known to cause EDMD in humans, has been shown
to inhibit differentiation of C2C12 myoblasts and lead
to apoptosis (Favreau et al. 2004). Interactions
between lamin A and sterol response element binding
protein 1 have been reported to be reduced in vitro in
lamin mutants found in FPLD (Lloyd et al. 2002). In
fibroblasts from FPLD patients carrying the R482L
mutation, abnormal lamin aggregates were observed
that partially colocalised with lamin speckles and
resulted in decreased transcription together with
absence of interaction with emerin (Capanni et al.
2003). These studies collectively point to the
conclusion that mutations in LMNA might block
critical nuclear functions in a tissue-specific manner.
During apoptosis, lamins are cleaved by caspases
at a single site mapped to asp230 (Takahashi et al.
1996), and this may help to disassemble the lamina and
allow the nuclear events of apoptosis such as reduction
in nuclear size and chromatin condensation to
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proceed. In light of recent findings that specific
mutations in human LMNA lead to premature ageing
syndromes (De Sandre-Giovannoli et al. 2003, Eriksson
et al. 2003, Mounkes et al. 2003b, Chen et al. 2003) it
would be worthwhile to determine whether the
lamina plays a more direct role in the cellular response
to DNA damage or stress. Levels of lamin B have been
found to increase upon heat stress (Dynlacht et al.
1999). In studies on the effects of heat stress in mouse
myoblasts we have observed that the integrity of lamin
speckles appears to be maintained during heat:stress
by association with small heat shock proteins
(Adhikari, Rao, Rangaraj, Parnaik & Rao submitted).
Mice that are deficient in the enzyme Zmpste24, which
is a metalloproteinase involved in processing of
prelamin A, also exhibit pathologies that are similar to
the lamin-deficient mice (Pendéas et al. 2002).

Lamin-Binding Proteins and Gene Regulation
The majority of proteins associated with the inner
nuclear membrane interact with lamins and/or
chromatin. Prominent lamin-binding proteins are
emerin, lamin B receptor, and LAPs 1 and 2 family
members. Emerin, LAP2 and another envelope protein
MANI possess a 40-residue folded motif called the
LEM domain (derived from LAP, emerin, MAN1) that
binds directly to barrier-to-autointegration factor
(BAF), a conserved DNA binding protein that is
involved in higher-order chromatin structure and is
important for nuclear assembly (reviewed in Zastrow
etal. 2004). LAP20 is an important binding partner for
lamin A in the interior of the nucleus (Dechat et al.
2000, Markiewicz et al. 2002). These findings suggest
that interactions between lamins and its binding
partners might influence chromatin structure and gene
activity. Moreover, many of the mutations that cause
laminopathies also result in reduced amounts of
emerin at the nuclear envelope.

There is evidence that localisation of specific genes
at the nuclear periphery may lead to transcriptional
silencing, which is in addition to studies on telomeric
silencing in yeast discussed in an earlier section. In
Drosophila, insertion of the gypsy insulator into a gene
sequence causes its translocation to the nuclear
envelope (Gerasimova & Corces 1998). Association of
the transcription factor Oct-1 with lamin B1is correlated
with its repressor activity (Imai et al. 1997). The nuclear
envelope protein LAP2J interacts with germ-cell-less
transcriptional repressor and their association with
E2F-DP can downregulate its activity (dela Lunaetal.
1999, Nili et al. 2001).

A newly described class of proteins termed the
nesprins (also called Syne/ANC-1 proteins) span the
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nuclear envelope and are able to bind to lamin A as well
as emerin. The nesprins are large proteins with several
spectrin repeats, and exist in many forms with tissue
specific expression patterns due to alternate splicing
(Mislow et al. 2002, Zhang et al. 2002). Some of the
nesprins contain a calponin homology domain which is
known to bind to actin. Genetic studies suggest that the
nesprins are required for the anchorage of the nucleus
to the cytoskeleton (Starr & Han 2002), and may thus be
involved in correct nuclear positioning as well as
transmission of regulatory signals from the cell surface
to the nucleus. Loss-of-function mutations in
Drosophila lamin Dm0 suggest that lamins might be
involved in additional functions such as cytoplasmic
organisation and cell polarity (Guillemin et al. 2001).

Nuclear Actin and Actin-Binding Proteins

Actin is amajor component of the cytoskeletal network
in most cells. The presence of actin in the nucleus in
association with chromatin remodelling complexes,
hnRNPs and mRNA has now been established by
extensive experimentation (reviewed in Rando et al.
2000). The association of actin with hnRNPs as well as
mRNA suggests that actin might play a role in mRNA
processing and transport. Important insights have
been obtained in recent studies on the mechanism of
RNA export, but these are outside the scope of the
present review. The demonstration of actin in
chromatin remodelling complexes provides strong
evidence for a role for actin in gene regulation. A direct
role for actin in transcription has been suggested in a
recent study describing the involvement of an actin-
myosin complex in TRNA transcription (Fomproix &
Percipalle 2004). Anumber of studies have shown that
actin-binding proteins are also present in the nucleus.
A noteworthy finding is the identification of the RN A-
binding protein hrpé5 as an actin-binding protein, and
its association with actin has been suggested to be
important for RNA pol Il transcription in the dipteran
Chironomus tentans (Percipalle et al. 2003). Actin-
binding proteins generally mediate the nucleation and
branching of actin filaments; their exact role in
chromatin remodelling is not clear, though it has been
suggested that these proteins might be involved in
binding to the nuclear matrix; moreover, actin might
not be present in the filamentous form in the nucleus
(Pederson & Aebi 2002). Profilins , which are involved
in actin polymerisation, have been detected in nuclear
gems (Giesemann et al. 1999), and more recently
profilin I has been localised in splicing factor
compartments and CBs, suggesting that it might have
arole in pre-mRNA splicing or recruitment of splicing
factors (Skare et al. 2003). Proteins containing both
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actin-binding and lamin-binding domains might be
able to mediate functional interactions or crosstalk
between lamins and actin (Shumaker et al. 2003).
Moreover, direct binding of the carboxy terminal
domain of lamin A to actin has been shown in vitro
(Sasseville & Langelier 1998).

Spatial Coordination of Transcription and Splicing
A close coordination between the processes of RNA
splicing and transcription is indicated by several lines of
evidence such as the cotranscriptional splicing of
nascent transcripts and the association of the carboxy
terminal domain of the largest subunit of RNA pol II
with a number of multiprotein complexes involved in
transcription and pre-mRNA splicing (reviewed in
Hirose & Manley 2000, Neugebauer 2002). In this
sectionI would like to discuss the available evidence for
the spatial coordination of these processes in vivo and
the role of the nucleoskeletal framework in its
organisation. Lawrence and colleagues have observed
a clustering of select groups of active genes and their
nascent transcripts around specific splicing factor
compartments while inactive genes are mostly situated
towards the nuclear rim away from these domains
(Smith et al. 1999). In the case of muscle-specific genes,
myogenin and myosin heavy chain become
repositioned at the periphery of a compartment
concomitant with or before initiation of mRNA
synthesis in terminally differentiated muscle nuclei, but
not in myoblasts or non-muscle cells where these genes
are not expressed (Moen et al. 2004). The authors
propose that the specific positioning of active genes with
respect to splicing factor compartments would allow
access to large amounts of RNA splicing factors,
especially important for processing of abundant
transcripts during differentiation and development. It
may be noted that there were no significant changes in
the positions of these genes from the periphery of
chromosome 14 territory in which they were located in
non-expressing and expressing cells.

The movement of splicing factor assemblies from
splicing factor compartments towards specific
transcription sites upon viral gene activation is suggestive
of a directed targeting of the splicing machinery to
required locations in vivo (Misteli et al. 1997). When
transcription is inhibited there is a decrease in speckle
dynamics, and budding and transport of smaller
domains derived from speckles areno longer seen. There
is a concomitant reorganisation of speckles to larger and
more spherical foci. Removal of a reversible
transcriptional inhibitor causes restoration of
transcription by pol II, and simultaneously splicing
factors such as SC-35 redistribute within the nucleus to
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their normal organisation. A coordinate redistribution of
lamin A /C and SC-35 has been observed on reactivation
of transcription beginning within minutes of removal of
the inhibitor. Thus lamins in association with splicing
factor compartments can move relatively rapidly in
response to signals that also cause relocalisation of
splicing factors to sites of transcription, and might be
regulated by similar signalling events. Overexpression of
Clk/STY, a cdc-like protein kinase, has been shown to
disperse IGCs under conditions where splicing factors
were phosphorylated, leading to a block in splicing but
not transcription, thus affecting the coordination between
these two processes (Sacco-Bubulya & Spector 2002).
Lamin A and actin also dissociate from IGCs under these
conditions, and the authors interpret this to mean that
lamin and actin do not represent underlying architectural
proteins in IGCs and may play an alternate role.

Substantial mobility of GFP-tagged nuclear proteins
within the nucleoplasm of live cells is indicated by
fluorescence recovery after photobleaching and
fluorescence loss in photobleaching techniques, and is
indicative of the dynamic nature of the exchange between
proteins in the nucleoplasm and in compartments (Phair
& Misteli 2000, Kruhlak et al. 2000). Kruhlak et al. (2000)
suggest that splicing factor-containing domains behave
as though they are physically impeded by frequent and
transient associations with structural elements. This
conclusion is supported by single particle tracking
studies with the splicing factor Ul snRNP whose
dynamics within splicing factor compartments is much
slower than in aqueous solution, suggesting transient
binding to immobile sites (Kues et al. 2001). Moreover,
Hendzel et al. (1999) have demonstrated, by energy
transmission electron microscopy in intact cells, the
presence of an underlying protein architecture in IGCs
that physically connects the relatively dispersed granules
within the cluster.

Inlight of the above evidence and our data on lamin
speckles, we propose that lamin A/C speckles are
part of a dynamic structure that can be rapidly
modulated by specific signalling events to spatially
coordinate mRNA splicing and RNA pol II
transcription. In the putative model presented in figure
3, upon gene activation the decondensed genomic locus
binds to chromatin remodelling complexes and
transcriptional activators; concomitantly there is a
repositioning of splicing factor compartments and
lamin speckles near the locus to facilitate splicing. We
propose that lamins provide a platform for this process
as the association of factors with a structural framework
would undoubtedly allow for greater coordination of
regulatory events. At present we can only speculate
that specific targeting of a splicing factor compartment
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Figure 3: A hypothetical model for the spatial coordination
of transcription and splicing. For an inactive gene, the ge-
nomic locus is in a condensed state. Upon gene activation,
the locus is decondensed and binds to chromatin remodel-
ling complexes and transcriptional activators; concomitantly
there is a repositioning of splicing factor compartments
(SFCs) and lamin speckles near the locus to facilitate splic-
ing and might involve direct or indirect interactions of
lamins (through lamin-binding proteins) with actin and
actin-binding proteins in chromatin remodelling complexes.

to a genomic locus might involve direct or indirect
interactions of lamins with actin and actin-binding
proteins in chromatin remodelling complexes and
definitive proof of this is needed. Interactions of lamins
with lamin-binding proteins such as LAP2a (Dechat
et al. 2000, Markiewicz et al. 2002) might facilitate this
process. The role of A-type lamins is likely to be more
important in differentiated cells where there is
coordinate regulation of groups of genes. Other
structural proteins might perform functions similar to
those proposed for lamins A /C; for example, lamin B
might compensate for the lack of A-type lamins in
undifferentiated cells, under pathological conditions, or
in situations where lamin A /C expression has been
knocked down. A crucial requirement to support the
above model is a system to study the dynamics of lamin
speckles in living cells; this has not been feasible so far
as GFP-lamin A does not form speckles.

Conclusions and Future Perspectives

The organisation of the nucleus into defined
compartments involved in specific functions is now
clearly established. New insights into roles for
nucleoskeletal proteins such as lamins in DNA
replication and transcription have been obtained. The
detection of actin and actin-binding proteins in the
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nucleus bring up the exciting possibility of functional
interactions between nucleoskeletal elements. Studies
with lamin speckles, a novel structural aspect of
internal lamins, suggest that the nuclear framework
can be dynamic and sensitive to cell-type specific
signalling pathways. This has significant implications
for understanding the tissue-specific roles of A-type
lamins. An important organism which has been
minimally exploited to understand tissue-specific
lamin functions is Drosophila and further work in this
area should be forthcoming. Functional studies on
Drosophila lamin Dm0 suggesting the involvement of
lamins in cytoplasmic organisation and the
identification of nesprins as lamin-binding proteins
present the possibility of cross-talk between the
cytoplasm and the nucleus via the lamina. A related
aspect which needs detailed investigation is the role of
phosphoinositide signalling components that are
present in splicing factor compartments. Insights into
normal lamin functions will undoubtedly have
important implications for understanding the complex
diseases resulting from mutations in LMNA.
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Note added in proof

Goldman and colleagues have recently shown that cells
expressing mutant lamin A from Hutchinson-Gilford
progeria syndrome patients display significant
alterations in nuclear architecture, including loss of
peripheral heterochromatin (Goldman RD, Shumaker
DK, Erdos MR, Eriksson M, Goldman AE, Gordon LB,
Gruenbaum Y, Khuon S, Mendez M, Varga R and
Collins FS 2004 Accumulation of mutant lamin A
causes progressive changes in nuclear architecture in
Hutchinson-Gilford progeria syndrome; Proc. Natl.
Acad. Sci. USA 101 8963-8968). The paper referred to as
Adbhikari, Rao, Rangaraj, Parnaik & Rao, submitted, is
now in press as Adhikari A S, Rao K S, Rangaraj N,
Parnaik V K and Rao C M 2004 Heat stress-induced
localization of small heat shock proteins in mouse
myoblasts: intranuclear lamin A /C speckles as target
for alpha B-crystallin and Hsp 25; Exp. Cell Res.



234

References

Andrés V and Walsh K 1996 Myogenin expression, cell
cycle withdrawal, and phenotypic differentiation are
temporally separable events that precede cell fusion
upon myogenesis; J. Cell Biol. 132 657-666

Andrulis E D, Neiman A M, Zappulla D C and Sternglanz
R 1998 Perinuclear localisation of chromatin facilitates
transcriptional silencing; Nature 394 592-595

Barboro P, D' Arrigo C, Diaspro A, Mormino M, Alberti I, Parodi
S, Patrone E and Balbi C 2002 Unraveling the organisation
of the internal nuclear matrix: RNA-dependent anchoring
of NuMA to a lamin scaffold; Exp. Cell Res. 279 202-218

Berezney R and Coffey D S 1974 Identification of a nuclear
protein matrix; Biochem. Biophys. Res. Commun. 60
1410-1417

-------—-——, Mortillaro M J, Ma H, Wei X Y and Samarabandu
J 1995 The nuclear matrix: a structural milieu for
genomic function; Int. Rev. Cytol. 162A 1-65

Black B L and Olson E N 1998 Transcriptional control of
muscle development by myocyte enhancer factor-2
(MEF2) proteins; Annu. Rev. Cell Dev. Biol. 14 167-196

Borden K L B 2002 Pondering the promyelocytic leukemia
protein (PML) puzzle: Possible functions for PML
nuclear bodies; Mol.Cell Biol. 22 5259-5269

Boronenkov I'V, Lojjens ] C, Umeda M and Anderson R A
1998 Phosphoinositide signaling pathways in nuclei
are associated with nuclear speckles containing pre-
mRNA processing factors; Mol. Biol. Cell 9 3547-3560

Bridger ] M, Kill I R, O’Farrell M and Hutchison C J 1993
Internal lamin structures within G1 nuclei of human
dermal fibroblasts; J. Cell Sci. 104 297-306

Broers] L, Machiels BM, van Eys G J, Kuijpers HJ, Manders
E M, van Driel R and Ramaekers F C 1999 Dynamics
of the nuclear lamina as monitored by GFP-tagged A-
type lamins; J. Cell Sci. 112 3463-3475

Capanni C, Cenni V, Mattioli E, Sabatelli P, Ognibene A,
Columbaro M, Parnaik V K, Wehnert M, Maraldi N M,
Squarzoni S and Lattanzi G 2003 Failure of lamin A/C
to functionally assemble in R482L mutated familial
partial lipodystrophy fibroblasts: Altered intermolecular
interaction with emerin and implications for gene
transcription; Exp. Cell Res. 291 122-134

Chen I, Lee I, Kudlow B A, Dos Santos H G, Stervoid O,
Shafeghati Y, Botha E G, Garg A, Hanson N B, Martin
G M et al. 2003 LMNA mutations in atypical Werner’s
syndrome; Lancet 362 440-445

Chiodi I, Biggiogera M, Denegri M, Corjoni M, Weighardt
F, Cobianchi F, Riva S and Biamonti G 2000 Structure
and dynamics of hnRNP-labeled nuclear bodies
induced by stress treatments; J. Cell Sci. 113 4043-4053

Chubb J R and Bickmore W A 2003 Considering nuclear
compartmentalization in the light of nuclear dynamics;
Cell 112 403-406

Cmarko D, Verschure PJ, Martin T E, Dahmus M E, Krause S, Fu
XD, van Driel R and Fakan S 1999 Ultrastructural analysis
of transcription and splicing in the cell nucleus after bromo-
UTP microinjection; Mol. Biol. Cell. 10 211-223

Veena K Parnaik

Cook P R 1999 The organisation of replication and
transcription; Science 284 1790-1795

Cremer T and Cremer C 2001 Chromosome territories,
nuclear architecture and gene regulation in
mammalian cells; Nat. Rev. Genetics 2 292-301

De la Luna S, Allen K E, Mason S L and La Thangue N B
1999 Integration of a growth-suppressing BTB/POZ
domain protein with the DP component of the E2F
transcription factor; EMBO ]. 18 212-228

De Sandre-Giovannoli A, Bernard R, Cau P, Navarro C,
Amiel J, Boccaccio I, Lyonnet S, Stewart C I, Munnich
A, Le Merrer M and Levy N 2003 Lamin A truncation
in Hutchinson-Gilford progeria; Science 300 2055

Dechat T, Korbei B, Vaughan O A, Vlcek S, Hutchison C ] and
Foisner R 2000 Lamina-associated polypeptide 2o binds
intranuclear A-type lamins; J. Cell Sci. 113 3473-3484

Denegri M, Moralli D, Rocchi M, Biggiogera M, Raimondi
E, Cobianchi F, De Carli L, Riva S and Biamonti G 2002
Human chromosomes 9, 12, and 15 contain the
nucleation sites of stress-induced nuclear bodies; Mol.
Cell Biol. 13 2069-2079

Dimitrova D S and Berezney R 2002 The spatio-temporal
organisation of DNA replication sites is identical in
primary, immortalized and transformed mammalian
cells; J. Cell Sci. 115 4037-4051

Dundr M, Hebert M D, Karpova T S, Stanek D, Xu H,
Shpargel K B, Meier U T, Neugebauer K M, Matera A
G and Misteli T 2004 In vivo kinetics of Cajal body
components; J. Cell Biol. 164 831-842

Dynlacht J R, Story M D, Zhu W and Danner ] 1999 Lamin B
is a prompt heat shock protein; J. Cell. Physiol. 178 28-34

Ellis D ], Jenkins H, Whitfield W G F and Hutchison C |
1997 GST-lamin fusion proteins act as dominant
negative mutants in Xenopus egg extract and reveal
the function of the lamina in DNA replication; J. Cell
Sci. 110 2507-2518

Eriksson M, Brown W T, Gordon L B, Glynn M W, Singer J,
Scott L, Erdos M R, Robbins C M, Moses T'Y, Berglund
P et al. 2003 Recurrent de novo point mutations in lamin
A cause Hutchinson-Gilford progeria syndrome; Nature
423 293-298

Fakan S 1994 Perichromatin fibrils are in situ forms of
nascent transcripts; Trends Cell Biol. 4 86-90

Favreau C, Higuet D, Courvalin J C and Buendia B 2004
Expression of a mutant lamin A that causes Emery-
Dreifuss muscular dystrophy inhibits in vitro
differentiation of C2C12 myoblasts; Mol. Cell. Biol. 24
1481-1492

Fawcett D W 1966 On the occurrence of a fibrous lamina
on the inner aspect of the nuclear envelope in certain
cells of vertebrates; Am. . Anat. 119 129-145

Fomproix N and Percipalle P 2004 An actin-myosin complex
on actively transcribing genes; Exp. Cell Res. 294 140-148

Gall J G 2000 Cajal bodies: the first 100 years; Ann. Rev.
Cell Dev. Biol. 16 273-300

Gant T M and Wilson K L 1997 Nuclear assembly; Ann.
Rev. Cell Dev. Biol. 13 669-695



Lamins and other Nuclear Architectural Proteins

Gerace L and Foisner R 1994 Integral membrane proteins
and dynamic organisation of the nuclear envelope;
Trends Cell Biol. 4 127-131

Gerasimova T I and Corces V G 1998 Polycomb and
trithorax group proteins mediate the function of a
chromatin insulator; Cell 92 511-521

Gerlich D, Beaudouin J, Kalbfuss B, Daigle N, Eils R and
Ellenberg ] 2003 Global chromosome positions are
transmitted through mitosis in mammalian cells; Cell
112 751-764

Giesemann T, Rathke-Hartlieb S, Rothkegel M, Bartsch ] W,
Buchmeier S, Jockusch BM and Jockusch H 1999 A role
for polyproline motifs in the spinal muscular atrophy
protein SMN. Profilins bind to and colocalize with SMN
in nuclear gems; J. Biol. Chem. 274 37908-37914

Goldman R D, Gruenbaum Y, Moir R D, Shumaker D K
and Spann T P 2002 Nuclear lamins: Building blocks
of nuclear architecture; Genes Dev. 16 533-547

Goldman A E, Moir R D, Montag-Lowy M, Stewert M and
Goldman R D 1992 Pathway of incorporation of
microinjected lamin A into the nuclear envelope; J. Cell
Biol. 119 725-735

Guillemin K, Williams T and Krasnow M A 2001 A nuclear
lamin is required for cytoplasmic organisation and egg
polarity in Drosophila; Nat. Cell Biol. 3 848-851

Harrington K S, Javed A, Drissi H, McNeil S, Lian J B, Stein
J L, van Wijnen A J, Wang Y-L and Stein G S 2002
Transcription factors RUNX1/AML1 and RUNX2/
Cbfal dynamically associate with stationary subnuclear
domains; J. Cell Sci. 115 4167-4176

He D C, Nickerson J A and Penman S 1990 Core filaments
of the nuclear matrix; J. Cell Biol. 110 569-580

Hendzel M J, Boisvert F and Bazett-Jones D P 1999 Direct
visualisation of a protein nuclear architecture; Mol.
Biol. Cell. 10 2051-2062

Hirose Y and Manley J L 2000 RNA polymerase II and the
integration of nuclear events; Genes Dev. 14 1415-1429

Hozék P, Sasseville AM-J, Raymond Y and Cook P R 1995
Lamin proteins form an internal nucleoskeleton as
well as a peripheral lamina in human cells; J. Cell
Sci. 108 635-644

Hutchison C J 2002 Lamins: Building blocks or regulators
of gene expression? Nat. Rev. Mol. Cell Biol. 3 848-858

Iborra FJ, Pombo A, Jackson D A and Cook P R 1996 Active
RNA polymerases are localised within discrete
transcription ‘factories” in human nuclei; J. Cell Sci.
109 1427-1436

Imai S, Nishibayashi S, Takao K, Tomifuji M, Fujino T,
Hasegawa M and Takano T 1997 Dissociation of Oct-
1 from the nuclear peripheral structure induces the
cellular aging-associated collagenase gene expression;
Mol. Biol. Cell 8 2407-2419

Jackson D A 2003 The anatomy of transcription sites; Curr.
Opin. Cell Biol. 15 311-317

————————— —- and Cook P R 1988 Visualisation of a filamentous
nucleoskeleton with a 23 nm axial repeat; EMBO J. 7
3667-3677

235

Jackson D A, Hassan A B, Errington R J and Cook P R 1993
Visualisation of focal sites of transcription within human
nuclei; EMBO (Eur. Mol. Biol. Organ) ]. 12 1059-1065

Jagatheesan G, Thanumalayan S, Muralikrishna Bh,
Rangaraj N, Karande A A and Parnaik V K 1999
Colocalisation of intranuclear lamin foci with RNA
splicing factors; J. Cell Sci. 112 4651-4661

Janicki S M, Tsukamoto T, Salghetti S E, Tansey W P,
Sachidanandam R, Prasanth K V, Ried T, Shav-Tal Y,
Bertrand E, Singer R H and Spector D L 2004 From
silencing to gene expression: Real-time analysis in single
cells; Cell 116 683-698

Jolly C, Morimoto R, Robert-Nicoud M and Vourc’h C 1997
HSF1 transcription factor concentrates in nuclear foci
during heat shock: relationship and transcription sites;
J. Cell Sci. 110 2935-2941

Kennedy BK, Barbie D A, Classon M, Dyson N and Harlow
E 2000 Nuclear organisation of DNA replication in
primary mammalian cells; Genes Dev. 14 2855-2868

Kruhlak M J, Lever M A, Fischle W, Verdin E, Bazett-Jones
D P and Hendzel M J 2000 Reduced mobility of the
alternate splicing factor (ASF) through the nucleoplasm
and steady state speckle compartments; J. Cell Biol. 150
41-51

Kues T, Dickmanns A, Lithrmann R, Peters R and
Kubitscheck U 2001 High intranuclear mobility and
dynamic clustering of the splicing factor U1 snRNP
observed by single particle tracking; Proc. Natl. Acad.
Sci. 98 12021-12026

Kumaran R I, Muralikrishna Bh and Parnaik V K 2002
Lamin A/C speckles mediate spatial organisation of
splicing factor compartments and RNA polymerase
II transcription; J. Cell Biol. 159 783-793

Lammerding J, Schulze P C, Takahashi T, Kozlov S, Sullivan
T, Kamm R D, Stewart C L and Lee R T 2004 Lamin
A/C deficiency causes defective nuclear mechanics
and mechanotransduction; J. Clin. Invest. 113 370-378

Lamond Aland Earnshaw W C 1998 Structure and function
in the nucleus; Science 280 547-553

—————————— --and Spector D L 2003 Nuclear speckles; a model for
nuclear organelles; Nat. Rev. Mol. Cell. Biol. 4 605-612

Laroche T, Martin S G, Gotta M, Gorham H C, Pryde FE,
Louis E ] and Gasser S 1998 Mutation of yeast Ku genes
disrupts the subnuclear organisation of telomeres;
Curr. Biol. 8 653-656

Leonhardt H, Rahn H P, Weinzierl P, Sporbert A, Cremer T,
Zink D and Cardoso M C 2000 Dynamics of DNA
replication factories in living cells; J. Cell Biol. 149 271-280

Lloyd D J, Trembath R C and Shackleton S 2002 A novel
interaction between lamin A and SREBP1: implications
for partial lipodystrophy and other laminopathies;
Hum. Mol. Genet. 11 769-777

Ma H, Siegel A J and Berezney R 1999 Association of
chromosome territories with the nuclear matrix.
Disruption of human chromosome territories
correlates with the release of a subset of nuclear matrix
proteins; J. Cell Biol. 146 531-542



236

Mancini M A, Shan B, Nickerson J A, Penman S and Lee W
H 1994 The retinoblastoma gene product is a cell cycle-
dependent, nuclear matrix-associated protein; Proc.
Natl. Acad. Sci. USA 91 418-422

Mahy N L, Perry PE, Gilchrist S, Baldock R A and Bickmore
W A 2002 Spatial organisation of active and inactive
genes and noncoding DNA within chromosome
territories; J. Cell Biol. 157 579-589

Manuelidis L 1990 A view of interphase chromosomes;
Science 250 1533-1540

Markiewicz E, Dechat T, Foisner R, Quinlan R A and
Hutchison C ] 2002 Lamin A /C binding protein LAP2a
is required for nuclear anchorage of retinoblastoma
protein; Mol. Biol Cell 13 4401-4413

Meier J, Campbell K H, Ford C C, Stick R and Hutchison C
J 1991 The role of lamin LIII in nuclear assembly and
DNA replication, in cell free extracts of Xenopus eggs;
J. Cell Sci. 98 271-279

Mintz P J, Patterson S D, Neuwald A F, Spahr C S and
Spector D L 1999 Purification and biochemical
characterisation of interchromatin granule clusters;
EMBO ]. 18 4308-4320

Mislow J MK, Kim M S, Davis D B and McNally E M 2002
Myne-1, a spectrin repeat transmembrane protein of
the myocyte inner nuclear membrane interacts with
lamin A/C; J. Cell Sci. 115 61-70

Misteli T 2000 Cell biology of transcription and pre-mRNA
splicing: nuclear architecture meets nuclear function;
J. Cell Sci. 113 1841-1849

----------- , Caceres ] F and Spector D L 1997 The dynamics
of a pre-mRNA splicing factor in living cells; Nature
387 523-527

Moen P T Jr, Johnson C V, Byron M, Shopland LS, de la Serna
I'L, Imbalzano AN and Lawrence ] B2004 Repositioning
of muscle-specific genes relative to the periphery of SC-
35 domains during skeletal myogenesis; Mol. Biol. Cell
15 197-206

Moir R D, Montag-Lowy M and Goldman R D 1994 Dynamic
properties of nuclear lamins: lamin B is associated with
sites of DNA replication; J. Cell Biol. 125 1201-1212

————,Spann T P, Herrmann H and Goldman R D 2000a
Disruption of nuclear lamin organisation blocks the
elongation phase of DNA replication; J. Cell Biol. 149
1179-1192

————————————— , Yoon M, Khuon S and Goldman R D 2000b
Nuclear lamins A and B1: Different pathways of
assembly during nuclear envelope formation in living
cells; J. Cell Biol. 151 1155-1168

Mounkes L, Kozlov S, Burke B and Stewart C L 2003a The
laminopathies: nuclear structure meets disease; Curr.
Opin. Genetics Dev. 13 223-230

Mounkes I C, Kozlov S, Hernandez I, Sullivan T and
Stewart C I 2003b A progeroid syndrome in mice is
caused by defects in A-type lamins; Nature 423 298-301

Muralikrishna Bh, Dhawan J, Rangaraj N and Parnaik VK
2001 Distinct changes in intranuclear lamin A/C
organisation during myoblast differentiation; J. Cell
Sci. 114 4001-4011

Veena K Parnaik

Muralikrishna Bh, Thanumalayan S, Rangaraj N, Karande A
Aand Parnaik V K 2004 Immunolocalisation of detergent-
susceptible nucleoplasmic lamin A/C foci by a novel
monoclonal antibody; J. Cell. Biochem. 91 730-739

Nakamura H, Morita T and Sato C 1986 Structural organisations
of replicon domains during DNA synthetic phase in the
mammalian nucleus; Exp. Cell Res. 165 291-297

Nakayasu H and Berezney R 1989 Mapping replicational
sites in the eucaryotic cell nucleus; J. Cell Biol. 108 1-11

Neugebauer K M 2002 On the importance of being co-
transcriptional; J. Cell Sci. 115 3865-3871

Newport ] W, Wilson K L and Dunphy W G 1990 A lamin-
independent pathway for nuclear envelope assembly;
J. Cell Biol. 111 2247-2259

Nickerson J A 2001 Experimental observations of a nuclear
matrix; J. Cell Sci. 114 462-474

————— Krockmalnic G, Wan K M and Penman S 1997 The
nuclear matrix revealed by eluting chromatin from a cross-
linked nucleus; Pro.c Nat. Acad. Sci. USA 94 4446-4450

Nili E, Cojocaru G S, Kalma Y, Ginsberg D, Copeland N G,
Gilbert D J, Jenkins N A, Berger R, Shaklai S, Amariglio
N, Brok-Simoni F, Simon AJ and Rechavi G 2001 Nuclear
membrane protein LAP2B mediates transcriptional
repression alone andtogether with its binding partner
GCL (germ-cell-less); J. Cell Sci. 114 3297-3307

Ogg S C and Lamond A I 2002 Cajal bodies and coilin —
moving towards function; J. Cell Biol. 159 17-21

Ostlund C, Bonne G, Schwartz K and Worman H J 2001
Properties of lamin A mutants found in Emery-Dreifuss
muscular dystrophy, cardiomyopathy and Dunnigan-
type partial lipodystrophy; J. Cell Sci. 114 4435-4445

Ozaki T, Saijo M, Murakami K, Enomoto H, Taya Y and
Sakiyama S 1994 Complex formation between lamin A
and the retinoblastoma gene product: identification of
the domain on lamin A required for its interaction;
Oncogene 9 2649-2653

Palladino F, Laroche T, Gilson E, Axelrod A, Pillus L and
Gasser SM 1993 SIR3 and SIR4 proteins are required
for the positioning and integrity of yeast telomeres; Cell
75 543-555

Parada L A and Misteli T 2002 Chromosome positioning in
the interphase nucleus; Trends Cell Biol. 12 425-431

Pederson T 2000 Half a century of ‘the nuclear matrix’; Mol.
Biol. Cell 11 799-805

--——--—--—-and Aebi U 2002 Actin in the nucleus: what form
and what for? J. Struct. Biol. 140 3-9

Pendds A M, Zhou Z, Cadifianos J, Freije ] M P, Wang J,
Hultenby K, Astudillo A, Wernerson A, Rodriguez E,
Tryggvason K and Lépez-Otin C 2002 Defective
prelamin A processing and muscular and adipocyte
alterations in Zmpste24 metalloproteinase-deficient
mice; Nat. Genet. 31 94-99

Percipalle P, Fomproix N, Kylberg K, Miralles F, Bjorkroth B,
Daneholt B and Visa N 2003 An actin-ribonucleoprotein
interaction is involved in transcription by RNA
polymerase II; Proc. Natl. Acad. Sci. USA 100 6475-6480




Lamins and other Nuclear Architectural Proteins

Phair R D and Misteli T 2000 High mobility of proteins in
the mammalian cell nucleus; Nature 404 604-609

Pombo A, Cuello P, Schul W, Yoon J, Roeder R G, Cook PR
and Murphy S 1998 Regional and temporal
specialization in the nucleus : a transcriptionally-active
nuclear domain rich in PTF, Octl and PIKA antigens
associates with specific chromosomes early in the cell
cycle; EMBO |. 17 1768-1778

Prashanth KV, Rajendra T K, Lal AK and Lakhotia S C 2000
Omega speckles — a novel class of nuclear speckles
containing hnRNPs associated with noncoding hsr-
omega RNA in Drosophila; J. Cell Sci. 113 3485-3497

Raharjo W H, Enarson P, Sullivan T, Stewart C L and Burke
B 2001 Nuclear envelope defects associated with
LMNA mutations cause dilated cardiomyopathy and
Emery-Dreifuss muscular dystrophy; J. Cell Sci. 114
4447-4457

Rando OJ, Zhao K and Crabtree G R 2000 Searching for a
function for nuclear actin; Trends Cell Biol. 10 92-97

Riemer D, Stuurman N, Berrios M, Hunter C, Fisher P A
and Weber K 1995 Expression of Drosophila lamin C
is developmentally regulated: analogies with
vertebrate A-type lamins; J. Cell Sci. 108 3189-3198

Rober R A, Weber K and Osborn M 1989 Differential timing
of nuclear lamin A /C expression in the various organs
of the mouse embryo and the young animal: a
developmental study; Development 105 365-378

Roix ] J, McQueen P G, Munson P ], Parada L A and Misteli
T 2003 Spatial proximity of translocation-prone gene
loci in human lymphomas; Nat. Genet. 34 287-291

Rudnicki S J and Jaenisch R 1995 The MyoD family of
transcription factors and skeletal myogenesis;
Bioessays 17 203-209

Sacco-Bubulya P and Spector D L 2002 Disassembly of
interchromatin granule clusters alters the coordination
of transcription and pre-mRNA splicing; J. Cell Biol.
156 425-436

Sasseville AM and Langelier Y 1998 In vitro interaction of
the carboxy-terminal domain of lamin A with actin;
FEBS Lett. 425 485-489

Scheer U and Hock R 1999 Structure and function of the
nucleolus; Curr. Opin. Cell Biol. 11 385-390

Shaw P J and Jordan E G 1995 The nucleolus; Annu. Rev.
Cell Biol. 11 93-121

Shopland L S, Johnson C V, Byron M, McNeil | and
Lawrence ] B 2003 Clustering of multiple specific genes
and gene-rich R-bands around SC-35 domains:
evidence for local euchromatic neighbourhoods; J. Cell
Biol. 162 981-990

Shumaker D K, Kuczmarski E R and Goldman R D 2003
The nucleoskeleton: lamins and actin are major players
in essential nuclear functions; Curr. Opin. Cell Biol.
15 358-366

Skare P, Kreivi J-P, Bergstrom A and Karlsson R 2003 Profilin
I colocalises with speckles and Cajal bodies: A possible
role in pre-mRNA splicing; Exp. Cell Res. 286 12-21

237

Smith K P, Moen P T, Wydner K L, Coleman J R and
Lawrence ] B 1999 Processing of endogenous pre-
mRNAs in association with SC-35 domains is gene
specific; J. Cell Biol. 144 617-629

Somanathan S, Suchyna T M, Siegel A J and Berezney R
2001 Targeting of PCNA to sites of DNA replication
in the mammalian cell nucleus; J. Cell Biochem. 81
56-67

Spann T P, Goldman A E, Wang C, Huang S and Goldman
R D 2002 Alteration of nuclear lamin organisation
inhibits RNA polymerase II-dependent transcription;
J. Cell Biol. 156 603-608

----—------—, Moir R D, Goldman A E, Stick, R and Goldman
R D 1997 Disruption of nuclear lamin organisation
alters the distribution of replication factors and inhibits
DNA synthesis; J. Cell Biol. 136 1201-1212

Spector D L 1993 Macromolecular domains within the cell
nucleus; Annu. Rev. Cell Biol. 9 265-315

S 2003 The dynamics of chromosome organisation
and gene regulation; Ann. Rev. Biochem. 72 573-608

Starr D A and Han M 2003 ANChors away: an actin-based
mechanism of nuclear positioning; J. Cell Sci. 116 211-216

Stein G S, van Wijnen A J, Stein ], Lian ] B and Montecino
M 1995 Contributions of nuclear architecture to
transcriptional control; Int. Rev. Cytol 162A, 251-278

Stenoien D L, Mancini M G, Patel K, Allegretto E A, Smith
C L and Mancini M A 2000 Subnuclear trafficking of
estrogen receptor-alpha and steroid receptor
coactivator-1; Mol. Endocrinol. 14 518-534

Stuurman N, Heins S and Aebi U 1998 Nuclear lamins :
Their structure, assembly and interactions; ]. Struc.
Biol. 122 42-46

Sullivan T, Escalante-Alcade D, Bhatt H, Anver M, Bhat N,
Nagashima K, Stewart C L and Burke B 1999 Loss of A-
type lamin expression compromises nuclear envelope
integrity leading to muscular dystrophy; J. Cell Biol.
147 913-920

Taddei A, Hediger F, Neumann F R, Bauer C and Gasser S
2004 Separation of silencing from perinuclear anchoring
functions in yeast Ku80, Sir4 and Escl proteins; EMBO
J. 23 1301-1312

Takahashi A, Alnemri E S, Lazebnik Y A, Fernandes-
Alnemri T, Litwack G, Moir R D, Goldman R D,
Poirier G G, Kaufmann S H and Earnshaw W C 1996
Cleavage of lamin A by Mch2a but not CPP32;
Multiple interleukin 1b-converting enzyme-related
proteases with distinct substrate recognition
properties are active in apoptosis; Proc. Natl. Acad.
Sci. 93 8395-8400

Thomson I, Gilchrist S, Bickmore W A and Chubb J R 2004
The radial positioning of chromatin is not inherited
through mitosis but is established de novo in early
G1; Curr. Biol. 14 166-172

Tumbar T, Sudlow G and Belmont A 5 1999 Large-scale chro-
matin unfolding and remodelling induced by VP16
acidic activation domain; J. Cell Biol. 145 1341-1354



238

Vigouroux C, Auclair M, Dubosclard E, Pouchelet M,
Capeau J, CourvalinJ C and Buendia B 2001 Nuclear
envelope disorganisation in fibroblasts from
lipodystrophic patients with heterozygous R482Q/W
mutations in the lJamin A/C gene; J. Cell Sci. 114 44594468

Walter J, Schermelleh L, Cremer M, Tashiro S and Cremer T
2003 Chromosome order in HeLa cells changes during
mitosis and early G1, but is stably maintained during
subsequent interphase stages; J. Cell Biol. 160 685-697

------------- , Sun L and Newport ] 1998 Regulated
chromosomal DNA replication in the absence of a
nucleus; Mol. Cell 1 519-529

Wang ], Shiels C, Sasieni P, Wu P ], Islam S A, Freemont P
S and Sheer D 2004 Promyelocytic leukemia nuclear
bodies associate with transcriptionally active genomic
regions; J. Cell Biol. 164 515-526

Veena K Parnaik

Wansink D G, Schul W, van der Kraan I, van Steensel B, van
Driel R and de Jong L 1993 Fluorescent labeling of
nascent RNA reveals transcription by RNA polymerase
I in domains scattered throughout the nucleus; J. Cell
Biol. 122 283-293

Wilson K 2000 The nuclear envelope, muscular
dystrophy and gene expression; Trends Cell Biol.
10 125-129

Zastrow M S Vicek S and Wilson K L 2004 Proteins that
bind A-type lamins: integrated isolated clues; J. Cell
Sci. 117 979-987

Zhang Q, Ragnauth C, Greener M J, Shanahan C M and
Roberts R G 2002 The nesprins are giant actin-binding
proteins, orthologous to Drosophila melanogaster
muscle protein MSP-300; Genomics 80 473-481



