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SUMMARY

The nucleoskeleton is an important structural feature of the metazoan nucleus and is involved
in the regulation of genome expression and maintenance. The nuclear lamins are intermediate
filament proteins that form a peripheral nucleoskeleton in concert with other lamin-associated
proteins. Several other proteins normally found in the cytoskeleton have also been identified in
the nucleus, but, as will be discussed here, their roles in forming a nucleoskeleton have not
been elucidated. Nevertheless, mutations in lamins and lamin-associated proteins cause a
spectrum of diseases, making them interesting targets for future research.
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1 INTRODUCTION

Over the past 30 years, the organization of the eukaryotic
nucleus has been extensively investigated, leading to our
current understanding of the nuclear interior as a highly
organized collection of chromosomes, transcription prod-
ucts, and protein assemblies (Austin and Bellini 2010).
Numerous nuclear subcompartments, or nuclear bodies,
have been identified, and the roles of some of these in
nuclear processes such as gene expression and genome
maintenance have been well described and characterized
(Sleeman and Trinkle-Mulcahy 2014). The roles for cyto-
skeletal structures in organizing the cytoplasm and reg-
ulating cellular functions such as mechanics, cellular
locomotion, and distribution of cytoplasmic organelles
are well known and have been extensively reviewed. In con-
trast, the possible existence of a nuclear skeleton, or nucle-
oskeleton, which could provide mechanical support and
functional organization to the nucleus, emerged as a fully
formed hypothesis only as recently as the 1970s.

As long ago as the 1940s, it was observed that the ex-
traction of nuclei with high-salt solutions to remove chro-
matin left behind a residual protein structure. A subsequent
study in the 1960s identified a nuclear ribonucleoprotein
network in the nuclei of Walker tumor cells that had been
extracted with high salt (Pederson 2000). Further refine-
ment of these salt extraction methods to produce residual
nuclear protein fractions led to the concept of a “nuclear
matrix” in the 1970s, which, it was suggested, was respon-
sible for organizing the genome in the nuclear volume and
regulating gene expression (Berezney and Coffey 1974).
However, as this nuclear matrix was the product of rather
harsh extraction conditions that could induce artifactual
protein or ribonucleoprotein precipitation, its very exis-
tence has proven to be controversial. The nuclear matrix
has been described as an extensive and highly branched
anastomosing network of fine filaments when viewed by
electron microscopy of critical-point-dried matrices in
whole-mount specimens. However, numerous studies on
the topography of chromosomes and the wide array of
nuclear bodies in the nucleus support the idea that each
chromosome occupies a unique “territory,” with little in-
tertwining of different chromosomes. The chromatin fibers
themselves occupy a volume of the nucleus, and the spaces
in between chromatin fibers form a sinusoidal intercon-
nected network, the boundaries of which are formed by
the chromatin itself. This network—the interchromatin
space—is filled with ribonucleoproteins and other protein
complexes forming the nuclear bodies. Therefore, it is diffi-
cult to imagine how a dense, highly branched nuclear matrix
could accommodate the observed structures of chromo-
somes, chromatin fibers, and nuclear bodies in the nucleus.

The only bona fide nucleoskeleton present in animal
cells lies at the periphery of the nucleus at the outer
boundary of the chromatin mass. The nucleus is bordered
by a complex organelle called the nuclear envelope (NE),
which physically and functionally separates the nuclear
and cytoplasmic compartments. Macromolecular move-
ment between the cytoplasm and nucleus is restricted by
a double-membrane bilayer structure—the nuclear mem-
brane—the outer nuclear membrane is continuous with
the endoplasmic reticulum (ER), whereas the inner nu-
clear membrane closely surrounds the chromatin. Punctu-
ating the nuclear membranes are large protein structures
known as nuclear pore complexes (NPCs), which are the
sites of most macromolecular traffic between the nucleus
and cytoplasm. The nuclear lamina is a complex protein
network comprising the nuclear lamins and associated pro-
teins, and lying between the chromatin and the inner mem-
brane to form a peripheral nucleoskeleton. The lamina
provides a structural framework to support nuclear shape
and mechanics and to position NPCs in the NE. The nu-
cleus also is linked to different elements of the cytoskeleton
through transmembrane complexes in the NE, thus linking
the cytoskeleton to the nucleoskeleton (Stancheva and
Schirmer 2014).

In contrast to the peripheral nucleoskeleton, the exis-
tence of an internal nucleoskeleton has remained a contro-
versial idea. Over the past 40 years, advances in molecular
methods and microscopy systems have allowed for the
identification of several cytoskeletal proteins in the nucleus
involved in organizing the genome and regulating gene
expression. This review discusses the potential roles for
these proteins as internal nucleoskeletal structures and
their interactions with the peripheral nuclear lamina
(Fig. 1). One should keep in mind that the identification
of potential nucleoskeletal proteins has included many dif-
ferent cell types or metazoan model systems. The expres-
sion or nuclear localization of some of these proteins might
be restricted to certain cell types to form cell type–specific
nucleoskeletons.

2 THE NUCLEAR LAMINS

The nuclear lamina was originally observed as an electron-
dense layer or fibrous lamina underlying the inner nuclear
membrane in electron photomicrographs of vertebrate
cells (Fawcett 1966). Subsequent biochemical fractionation
of rat liver nuclei into a pore-complex–lamina fraction
with NPCs linked by a protein network structure led to
the identification of three major proteins—the nuclear
lamins—and several minor proteins (Gerace et al. 1978).
Numerous other nonskeletal proteins have also been shown
to localize to or associate with the lamina in most cell types
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(Simon and Wilson 2013). In addition, other proteins that
have structural roles in the cytoskeleton or at the plasma
membrane have also been suggested to interact with the
lamina to form a nucleoskeleton (Zhong et al. 2010).

The lamins are classified as type V intermediate fila-
ment proteins, based on biochemical analysis and structural
studies (for further information, see Herrmann and Aebi
2016). They are the only nuclear localized members of the
intermediate protein family and are present only in meta-
zoans. Lamins are classified as A- or B-type based on their
amino acid sequences and biochemical characteristics. In
mammalian cells, four A-type lamin proteins can be pro-
duced from the LMNA gene by alternative splicing: the
predominant isoforms lamin A (LA) and lamin C (LC), a
minor isoform LAD10, and a germ-cell-specific isoform
LC2. Two B-type lamin proteins are produced from separate
genes: lamin B1 (LB1) from LMNB1, and lamin B2 (LB2)
from LMNB2. There are no known splice isoforms of the
B-type lamins. In invertebrates, only a single lamin gene
is present, a B-type lamin, with the exception of the fruitfly
Drosophila, which expresses a single B-type gene (lamin
Dm0) and a single A-type lamin (LC). Lamin isoforms
are not uniformly expressed in all cell types. Most cells

express both A- and B-type lamins, but some cells, for ex-
ample, some T and B cells, express only B-type lamins. In-
terestingly, LC is expressed in the brain at high levels,
but LA is expressed very poorly if at all. Embryonic stem
cells express both B-type lamins, but A-type lamins are
only expressed as the cells begin to differentiate (Adam
and Goldman 2012). The differential expression of lamins
in certain cell types suggests that there are unique roles
for each lamin isoform. Indeed, the creation of LMNB1
and LMNB2 knockout mice has identified nonredundant
roles for each B-type lamin in brain development (Lee
et al. 2014).

Similar to all cytoskeletal IF proteins (reviewed in Herr-
mann and Aebi 2016), lamins have an a-helical central rod
domain flanked by short globular amino-terminal “head”
and long carboxy-terminal “tail” domains (Parry et al.
1986). In vitro, lamins form coiled-coil dimers through
interactions of their central rod domains, which further
associate end-to-end to form polar head-to-tail polymers
(Heitlinger et al. 1991; Stuurman et al. 1996). These head-
to-tail polymers associate laterally in a half-staggered anti-
parallel fashion to form apolar tetrameric filaments that
ultimately interact to form paracrystalline arrays (Heitlin-

Cytoplasm

Nucleus

ChromatinActin

Spectrin

PLF

Lamins
TitinNuMa

Connections to cytoskeleton

Nesprins

NPC NM

Lamina

SUN
LINC

Figure 1. Schematic diagram of the nucleoskeleton and its relationships to the nuclear envelope and cytoskeleton. The
proposed major components of the vertebrate nucleoskeleton are illustrated. The lamina comprises polymers of A-
and B-type lamins. A fraction of lamins are also present in the nuclear interior, possibly associated with chromatin,
but not demonstrably in a polymerized form. Short filaments of actin are illustrated, although monomeric actin
might also be present. Nuclear spectrin is indicated as associated primarily with the nuclear envelope/lamina. A
nuclear isoform of titin also occurs in most eukaryotic cell nuclei and associates with both chromosomes and the
lamina. Pore-linked filaments (PLFs) associated with nuclear pore complexes (NPCs) might interact with chromatin
and other nucleoskeletal components. The nucleoskeleton is linked to the cytoplasmic skeletal components through
LINC (links the nucleoskeleton and cytoskeleton) complexes comprising SUN (Sad1p–UNC-84)-domain proteins
and nesprins (nuclear envelope spectrin-repeat proteins). NM, nuclear membrane (nuclear envelope).
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ger et al. 1991; Stuurman et al. 1996; Ben-Harush et al.
2009). Although in vitro assembly experiments have
provided important information related to the possible
mechanisms of lamin assembly and lamin structure, para-
crystalline arrays of lamins are not observed in cells, and
the physical structure of lamins in cells has yet to be deter-
mined. The amount of each lamin present in a lamina
could have important implications for the mechanical
properties of the structure (Funkhouser et al. 2013; Koster
et al. 2015). Lamins A and C are thought to be responsible
for the stiffness of the nucleus, and the loss of their expres-
sion makes nuclei more susceptible to damage on mechan-
ical stress (Sullivan et al. 1999; Lammerding et al. 2006).
In contrast, changing the levels of B-type lamins has little
or no effect on the mechanical properties of the nucleus.

Lamins are unique among the intermediate filament
protein family in that they are posttranslationally modified
by the addition of a 15-carbon lipid—farnesyl—at their
carboxyl terminus by the enzyme farnesyltransferase 1
(protein farnesyltransferase type 1) (Fig. 2). LA, LB1, and
LB2 are translated as preproteins with a carboxy-terminal
CAAX motif that is a consensus motif for the addition of
farnesyl to the proteins. LC lacks a CAAX sequence and is
not further processed after translation. Following addition
of farnesyl to the cysteine of the CAAX motif, the –AAX
residues are proteolytically removed from pre-LA by the
zinc metalloprotease ZMPSTE24 (CAAX prenyl protease
1 homolog) and from pre-LB1 and pre-LB2 by the endo-
peptidase Rce1 (CAAX prenyl protease 2). The free-peptide
backbone carboxyl of the farnesyl-cysteine is methylated by
isoprenyl carboxymethyltransferase (protein-S-isoprenyl-
cysteine O-methyltransferase) to complete the processing
of the CAAX motif. The B-type lamins remain farnesylated
for the life of the protein, but the terminal 15 amino acids,
including the farnesyl-cysteine, are removed from pre-LA
by the protease Zmpste24/FACE1 to produce mature LA
(Adam and Goldman 2012). Farnesylation of the lamins is
not required for their assembly into the lamina, but might
affect the structure of the lamina (Adam et al. 2013; Jung
et al. 2013). Interestingly, mice expressing nonfarnesylat-
able pre-LA or pre-LB2 are normal, but mice expressing
pre-LB1 with a mutated CAAX motif die shortly after birth
owing to abnormal brain development. Lamins are also
posttranslationally modified by several types of modifica-
tions, including phosphorylation, acetylation, and sumoy-
lation (Simon and Wilson 2013).

The lamins form a dense structure in the lamina com-
prising meshworks created by the apparent homotypic po-
lymerization of each lamin isoform, although some degree
of heteropolymer formation cannot be excluded based on
available data (Delbarre et al. 2006; Kolb et al. 2011). Using
superresolution microscopy, lamin meshworks formed by

the four major lamin isoforms have been visualized, reveal-
ing that each lamin forms a distinct meshwork (Fig. 3)
(Shimi et al. 2015). Owing to the resolution limitations
of light microscopy, it has not been determined whether
these meshworks comprise individual 10-nm lamin fibers
or bundles of fibers. Also, because of the high density of
chromatin, lamins, and other proteins at the inner face
of the NE, it has not been possible to obtain high-resolu-
tion images of the endogenous lamin filaments by using
electron microscopy in somatic cells. However, using man-
ually isolated NEs from Xenopus oocyte germinal vesicles,
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Figure 2. Carboxy-terminal processing of lamins. The flow diagram
illustrates the sequential processing steps necessary to convert pre-
lamin A, prelamin B1, and prelamin B2 to mature proteins. Each
successive step requires the completion of the previous modification.
Lamins B1 and B2 do not undergo the final protease cleavage step
and remain permanently farnesylated and carboxymethylated. The
fate of the 15-amino-acid farnesylated peptide removed from pre-
lamin A is unknown, but the peptide is thought to be degraded.
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regions of the lamina have been visualized by whole-mount
EM. In these cells, the lamina appears as a network of 10-
nm filaments, with small areas of the lamina arranged in an
orthogonal lattice or meshwork pattern (Aebi et al. 1986).
In somatic cells, the lamin meshworks are quite stable, with
little if any subunit exchange into and out of the lamin
polymers and very slow or small-scale diffusion of the
meshworks within the plane of the NE. Although the mesh-
works appear to be largely separate, they must interact in
some fashion because the introduction of a mutant lamin,
or loss of expression for one type of lamin, affects the
structure of the other meshworks (Goldman et al. 2004;
Muchir et al. 2004; Shimi et al. 2008). A small population
of each lamin also exists in the nuclear interior, or nu-
cleoplasm. The A-type lamins in the nuclear interior are
fairly mobile, suggesting that either they do not form ex-
tensive polymeric structures or any structures are much
more transient than the lamin polymers in the lamina. In
contrast, the B-type lamins show very slow mobility in the
nuclear interior, but no filamentous structures containing
A- or B-type lamins have yet been detected by light or
electron microscopy (Shimi et al. 2008).

Differences in the A- and B-type lamins are especially
evident during mitosis. At the onset of mitosis, the nuclear
lamina disassembles along with the other components of
the NE, coincident with their phosphorylation by mitotic
kinases (Fields and Thompson 1995). Disassembled A-type
lamins diffuse throughout the cell. In contrast, the disas-
sembled B-type lamins are dispersed with the nuclear
membranes into the ER, presumably because their attached
farnesyl lipid allows them to be retained at the membrane.
This idea is supported by the observation that a perma-
nently farnesylated form of LA that is mutated in the pre-
mature-aging disease Hutchinson–Gilford progeria (see
following section) also partitions into the ER during mi-
tosis (Dechat et al. 2007). A fraction of B-type lamins also
accumulate in a poorly defined collection of membranes
that cluster within and around the mitotic spindle (Zheng
and Tsai 2006). This structure, known as the spindle ma-
trix, is essential for the correct orientation of microtubules
in the spindle. Although the exact roles of lamins in the
spindle matrix remain to be resolved, LB has been shown to
bind, and possibly regulate the activity of, at least one mi-
totic kinesin and dynein (Ma et al. 2009). At the conclusion
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Figure 3. Visualization of the lamin meshworks in the lamina of mouse embryo fibroblasts. Lamin A (LA) and lamin
B1 (LB1) were detected by indirect immunofluorescence and visualized using three-dimensional structured illu-
mination microscopy (Shimi et al. 2015). The LA and LB1 proteins form separate structures, seen by the lack of
overlap between the red and blue colors. The upper left panel is an image of the bottom surface of a fibroblast nucleus.
The white box is magnified in the image to the right, and the contribution of each lamin is shown in the lower two
panels. Scale bar, 5 mm. OL, overlay.
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of mitosis during telophase, the B-type lamins along with
the nuclear membranes associate with the chromosome
mass before assembly of A-type lamins into the reforming
NE. In some cell lines, A-type lamins only accumulate ap-
preciably in the reformed NE after the chromosomes are
completely enclosed by the NE (Moir et al. 2000).

The close association of chromatin, especially hetero-
chromatin, with the nuclear lamina led to speculation
that lamins might regulate chromatin structure, transcrip-
tion, DNA replication, and DNA repair. A-type lamins
interact with sites of active DNA replication and might
be involved in stabilizing the replication fork (Singh et al.
2013; Butin-Israeli et al. 2015). Cells expressing perma-
nently farnesylated LA owing to mutations or deletion
of the Zmpste24 protease also show defects in the repair
of double-stranded DNA lesions (Liu et al. 2005). The
partial loss of LB1 expression in tumor cells leads to de-
fects in the elongation phase of DNA replication and in
several DNA repair processes, although these effects are
likely to be indirect as LB1 does not appear to interact
with sites of replication or repair (Butin-Israeli et al.
2015). Lamins have also been suggested to be important
organizers of chromatin in the nucleus. Using techniques
such as proximity labeling of chromatin and chromatin
immunoprecipitation, lamins have been shown to be
bound to specific regions of chromatin in association
with specific subsets of epigenetic histone modifications
(Amendola and van Steensel 2014). LB1 interacts with re-
gions of chromatin that bind genomic domains of 50–
100 Mb in size, which typically are gene poor and enriched
in heterochromatin. Some of these regions are also associ-
ated with LA, but other LA-binding regions of chromatin
are more “open” and enriched in active genes (Lund et al.
2015). The differences in LA- and LB1-bound regions of
chromatin might in part explain differences in gene-ex-
pression profiles in cells that express varied amounts of
each lamin. Although it is likely that at least some structural
features of the lamins are important for regulating chro-
matin structure and function, direct evidence for this is
currently lacking.

3 NUCLEAR ACTIN

Actin is found in all eukaryotic cells and is one of the most
highly conserved components of the cytoskeleton, with
roles in many biological processes (for reviews, see Bachir
et al. 2016; Pollard 2016; Svitkina 2016; Titus 2016).
In mammals, six isoforms of actin are expressed from dis-
tinct genes. Four of the isoforms are mainly expressed in
muscle cells, whereas the other two—b-actin andg-actin—
are expressed universally. After many years of controversy,
roles for nuclear b-actin, actin-related proteins (Arps) and

other actin-associated proteins have been established (de
Lanerolle and Serebryannyy 2011). Actin shuttles between
the cytoplasm and nucleus in complexes with actin-bind-
ing proteins, entering the nucleus in a complex with cofilin,
and returning to the cytoplasm in a complex with profilin,
directed by two nuclear export sequences in actin (Pendle-
ton et al. 2003). One reason why the acceptance of a nuclear
role for actin took so long is that nuclear actin does not
form conventional actin filaments that can be labeled by
phalloidin. Most nuclear actin is probably in the form of
G-actin, and only a minor fraction is polymeric, which
can be detected with a nuclear-actin-specific monoclonal
antibody (Schoenenberger et al. 2005). It has also been
speculated that nuclear actin polymers might comprise
nonclassical conformations of actin or actin modified co-
valently with one of the small ubiquitin modifiers (SUMO2
or SUMO3) (Hofmann et al. 2009).

The many roles that have been ascribed to nuclear actin
include facilitating the transcription, processing and export
of messenger RNAs (mRNAs), as well as chromatin re-
modeling. Actin has been reported to associate with and
stimulate all three RNA polymerases (de Lanerolle and Ser-
ebryannyy 2011). A nuclear form of myosin, myosin 1, has
also been described. Some evidence suggests that nuclear
actin and myosin 1 cooperate to position and move chro-
mosomes in the nucleus to regulate gene expression (de
Lanerolle and Serebryannyy 2011). How this occurs is un-
known as the nature of actin filaments in the nucleus re-
mains obscure and attachment sites for actin filaments,
against which forces could be generated, have not been
identified. One intriguing possibility is that actin fila-
ments might connect to the peripheral lamina (Zastrow
et al. 2004). Actin-binding sites in lamins have been de-
scribed, and LA can bundle F-actin in vitro. The inner nu-
clear membrane protein emerin binds to LA directly and
can act as a pointed-end F-actin capping protein in vitro
(Bengtsson and Wilson 2004).

4 OTHER NUCLEOSKELETAL CANDIDATES

A number of other cytoskeletal proteins have also been
implicated as components of a nucleoskeleton. A family
of giant elastic proteins, known as titins, function as mo-
lecular springs to provide elasticity to vertebrate striated
muscle cells (reviewed by Sweeney and Hammers 2016).
A nuclear isoform of titin has been reported to exist in
most eukaryotic cell nuclei, and associates with both chro-
mosomes and the lamina (Machado and Andrew 2000;
Zastrow et al. 2006). The loss of nuclear titin expression
is associated with defects in chromosome condensation at
mitosis and missegregation. Notably, titin is also an actin-
binding protein and can bind lamins in vitro (Zastrow et al.
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2006). A large elastic protein such as titin could provide
long-range organization and elastic stability for nuclei, but
these possibilities have not been tested.

Nuclear mitotic apparatus protein 1 (NuMa) is a 238-
kDa protein that forms long coiled-coil homodimers.
NuMa can form three-dimensional space-filling structures
in vitro, lending weight to the speculation that it might
form a space-filling soft scaffold throughout the nucleus
that could organize chromosomes (Harborth et al. 1999).
As NuMa is nearly as abundant as the lamins in nuclei, it is
potentially an important component of an internal nucle-
oskeleton. The altered expression of NuMa, or expression
of fragments of the protein, leads to changes in chromatin
organization and nuclear shape, further supporting its pro-
posed role as an organizer of the nuclear volume (Gueth-
Hallonet et al. 1998).

The NPC has a basket structure on its nucleoplasmic
side comprising, in part, the conserved nucleoporin pro-
teins nucleoporin 153 (Nup153) and translocated pro-
moter region (TPR) (Hase and Cordes 2003). The latter
protein is required to maintain the heterochromatin-free
channel near the nuclear pore. In amphibian oocytes, lacy
open filament channels extend from the nuclear baskets
of the NPC and connect to various nuclear bodies (Arlucea
et al. 1998). These “pore-linked filaments,” or PLFs, are
thought to contain TPR or a related protein, but it is not
clear at this stage what comprises the backbone of the PLFs.
It has been suggested that the PLFs form chromatin-free
channels to facilitate the diffusion or transport of large
macromolecules within the nucleus to the NPC (Arlucea
et al. 1998). Filamentous networks containing TPR have
also been reported in cultured mammalian tumor cells
(Cordes et al. 1993). In Drosophila, the ortholog of TPR,
Megator, colocalizes with another large Drosophila-specific
protein, EAST, in filamentous structures between chromo-
somes (Wasser and Chia 2000). In turn, EAST promotes the
accumulation of actin in the Drosophila cell nucleus and has
been proposed to be part of an expandable interchromo-
somal matrix. The connections between intranuclear fila-
ments and NPCs might be the metazoan equivalent of the
linkage of actively transcribed genes and NPCs seen in yeast
(Ibarra and Hetzer 2015).

Spectrins are a family of large flexible proteins that
crosslink actin and protein 4.1 to membrane-associated
proteins to form a membrane skeleton (see Liem 2016).
These networks are highly elastic, allowing for the deforma-
tion of the membrane and return to normal shape when the
deforming force is removed. Nuclear isoforms of spectrin
and protein 4.1 have been identified, leading to the proposal
of the existence of a complex cortical skeleton in the nucle-
us, with lamins being the major components anchoring
these other accessory skeletal elements (Sridharan et al.

2006). Complexes containing lamins, spectrin isoforms,
protein 4.1, and some of the other proposed nucleoskeletal
proteins described here have been isolated biochemically
from cells. However, a convincing localization and visuali-
zation of a membrane-associated skeleton containing these
proteins by microscopy is lacking.

In addition to the structural proteins in the nucleus
discussed here that could form a nucleoskeleton, it is pos-
sible that nonprotein elements could also provide crucial
components of a complete functional nucleoskeleton. For
example, the chromatin itself could provide a bridge be-
tween small isolated regions of internal nucleoskeleton to
form an interacting network. In addition, the identification
of expressed long noncoding RNAs with no obvious func-
tion opens up the intriguing possibility that RNA could be
part of a dynamic and flexible nucleoskeleton (Bergmann
and Spector 2014).

5 NUCLEAR MOTOR PROTEINS

One surprising result of recent research on the nucleoske-
leton has been the discovery of at least six different nuclear
myosin isoforms and four nuclear kinesins, despite the lack
of conventional tracks for these motors to move along (Si-
mon and Wilson 2013). The only suggested “motor” activ-
ity for any of these motors is the rapid relocation of
chromosome territories in interphase cells in conjunction
with alterations in gene activity (Mehta et al. 2008). Al-
though the evidence for polymerized actin in the nucleus is
scant, it is possible that local polymerization of a small
number of unconventional actin filaments could be suffi-
cient for chromosome movement during interphase. It
is also possible that some or most of these motors have
nonmotor functions in the nucleus as regulatory proteins.
Nuclear myosin, along with nuclear actin, interacts with
both ribosomal and polymerase-II-transcribed genes and
evidence suggests that they are important for regulating
transcription from these genes (Simon and Wilson 2013).
The potential activity of kinesins in the nucleus is even
more elusive. The lack of any tracks for kinesins in the
interphase nucleus suggests that their roles there are to
regulate the activity of other factors. Currently, the best
evidence suggests that some nuclear kinesins interact
with various factors to regulate some types of DNA repair,
although this is likely distinct from any motor activity (Si-
mon and Wilson 2013).

6 CONNECTING THE NUCLEOSKELETON
TO THE CYTOSKELETON

Cells can change their patterns of gene expression when
exposed to external mechanical forces from outside
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the cell, a phenomenon called mechanotransduction.
Although some of these changes could be due to the
activation of signal transduction pathways arising from
mechano-sensitive receptors in the plasma membrane,
cytoskeletal connections between the plasma membrane
and nucleus can also transmit information to the genome.
The transmission of mechanical signals from the cyto-
skeleton to the nucleoskeleton is mediated by a family
of protein complexes anchored in the NE collectively
called LINC (links the nucleoskeleton and cytoskeleton)
complexes.

Making connections between the cytoskeleton and the
nucleoskeleton is complicated by the fact that the NE con-
tains a double-bilayer membrane system that must be
bridged. LINC complexes are built from KASH (Klarischt,
ANC-1, and SYNE homology) domain-containing pro-
teins called nesprins (nuclear envelope spectrin-repeat
proteins) embedded in the outer nuclear membrane, and
the SUN (Sad1p–UNC-84) proteins embedded in the
inner nuclear membrane. Four full-length nesprins and
several shorter isoforms have been identified, although
potentially dozens more could be produced by alternative
expression (Rajgor and Shanahan 2013). The SUN protein
family consists of SUN1 and SUN2. The linkage between
the outer-nuclear-membrane-associated nesprin and in-
ner-nuclear-membrane-associated SUN proteins occurs
when the carboxy-terminal KASH domain of a nesprin
binds to the carboxy-terminal end of a SUN protein within
the lumen of the NE. SUN-domain proteins and nesprins
can form both homo-oligomers and hetero-oligomers,
suggesting that the diversity of the types of connections
formed is quite complex and specific to particular cell
types. The amino-terminal tails of SUN1 and SUN2 project
to the nuclear side of the NE and interact with the lamina,
completing the connection of the cytoskeleton (actin,
microtubules, and intermediate filaments) to the nucleo-
skeleton (lamins). Short isoforms of nesprin-1 and ne-
sprin-2—nesprin-1a and nesprin-2b—localize to the
inner nuclear membrane and have been proposed to in-
teract with lamins and other lamin-associated pro-
teins. In skeletal and smooth-muscle cells, nesprin-1a is
enriched and has been proposed to provide additional
structural reinforcement to the lamina structure in cells
exposed to higher levels of mechanical stress. The full-
length isoforms of nesprin-1 and nesprin-2, also known
as giant nesprins, can dimerize with nesprin-3 at the outer
nuclear membrane to form a meshwork that surrounds
the nucleus. This meshwork could act to buffer mechani-
cal forces on the LINC complexes and the nucleus during
periods of exceptional force on the nucleus, such as dur-
ing nuclear migration, or in cells that undergo large stretch-
ing forces.

7 THE NUCLEOSKELETON AND DISEASES

Much of the interest in diseases related to the nucleoskele-
ton has centered on the lamins and lamin-associated pro-
teins. This interest is due to the seemingly ever-increasing
number of mutations identified primarily in the LMNA
gene encoding lamins A and C linked to a spectrum of
15 different diseases collectively known as laminopathies.
A few rare diseases caused by mutations in LMNB1 or
LMNB2 have been identified, including autosomal domi-
nant leukodystrophy for LMNB1 (Giorgio et al. 2015) and
acquired partial lipodystrophy for LMNB2 (Hegele et al.
2006). The laminopathies include accelerated-aging disor-
ders (progerias), lipodystrophies, muscular dystrophies
affecting striated muscle, and peripheral neuropathies
(Box 1) (Maraldi et al. 2011). It should be noted that, al-
though mutated lamins are expressed in most tissues, only
those cells of mesenchymal origin appear to be affected.
Mutations are found throughout the LMNA gene, with
the majority being autosomal-dominant missense muta-
tions, although nonsense mutations, compound-heterozy-
gous recessive mutations, deletions, and mutations causing
alternative splicing have also been identified. The presence
of mutations in all parts of the protein suggests that indi-
vidual mutations could affect folding (Bollati et al. 2012),
assembly (Bank et al. 2012), or interactions with lamin-
associated proteins (Krimm et al. 2002). In-depth dis-
cussions on the implications of lamin mutations in many
laminopathies have been published elsewhere (Gruenbaum
and Foisner 2015), and so this review will consider, in
more detail, two of the best-studied diseases, the premature
aging ailment known as Hutchinson–Gilford progeria syn-
drome (HGPS) and Emery–Dreifuss muscular dystrophy
(EDMD). These two diseases provide some of the best ev-
idence that structural defects in the nucleoskeleton could be

BOX 1. LAMINOPATHIES ATTRIBUTABLE TO
MUTATIONS IN LMNA

Hutchinson–Gilford progeria syndrome (HGPS)
Atypical progerias
Dilated cardiomyopathies
Cardiac conduction defects
Limb girdle muscular dystrophy
Dunnigan-type familial partial lipodystrophy
Mandibuloacral dysplasia
Charcot–Marie–Tooth type 2
Atypical Werner syndrome
Restrictive dermopathy (also mutations in ZMPSTE24)
Autosomal-dominant and autosomal-recessive

Emery–Dreifuss muscular dystrophy (EDMA)
Heart–hand syndrome

S.A. Adam
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involved in the disease pathology (Davidson and Lammerd-
ing 2014).

8 HGPS

Patients with HGPS display a wide array of symptoms,
encompassing the spectrum of the laminopathies affect-
ing primarily tissues of mesenchymal origin, including
adipose, skin, bone, teeth, and hair. Premature death oc-
curs in the teenage years from heart attack or stroke ow-
ing to the formation of atherosclerotic plaques in the
coronary and cerebral vasculature. A small number of
studies suggests that defective tissue renewal from adult
stem cells or increased deposition of extracellular matrix
proteins might be responsible for many of the phenotypes
in the disease (Prokocimer et al. 2013). HGPS is caused
by a dominant silent mutation in exon 11 of LMNA,
leading to the activation of a cryptic alternative splice
junction. Transcripts with this mutation can splice either
to a normal mRNA or to a mRNA missing 150 nucleo-
tides encoded by exon 11. The shorter mRNA encodes
prelamin A that cannot be correctly processed, leaving a
permanently farnesylated protein, progerin, because the
50-amino-acid segment lost contains the protease cleav-
age site that is normally used to remove the carboxy-
terminal farnesylated peptide during processing. Progerin
accumulates at the NE, causes the nucleus to become
misshapen (Goldman et al. 2004), and increases the
mechanical stiffness of the NE (Dahl et al. 2006). It
has been well established that the permanent farnesyla-
tion of truncated lamin A is the causative agent in the
disease. Expression of progerin in normal cells causes the
same changes to the nucleus as it does in the cells of
patients, and these effects can be ameliorated by the in-
hibition of farnesylation using farnesyltransferase inhibi-
tors. In addition, a progeria mouse model that does not
express the protease necessary for prelamin A process-
ing—Zmpste24—displays phenotypic features similar to
those of several laminopathies, including HGPS (Pendas
et al. 2002). Owing to the misshapen appearance of the
nucleus and increased mechanical stiffness of nuclei in
cells of HGPS patients or in normal cells expressing pro-
gerin, it has been suggested that mechanical changes in
the lamina might be involved in the disease (Davidson
and Lammerding 2014). In this respect, it has been re-
ported that segregation of the lamin isoforms into dis-
crete regions in the lamina can occur in cells expressing
progerin (Goldman et al. 2004). In addition, the struc-
ture of progerin paracrystals assembled from purified
protein in vitro shows subtle, yet important, differences
from that of the wild-type protein (Taimen et al. 2009).
However, progerin expression also has been reported

to result in changes to genome organization, epigenetic
modification patterns of histones, gene expression, DNA
repair pathways, and telomere maintenance (Prokocimer
et al. 2013). Some of these changes have been shown to
occur before obvious changes in nuclear shape, and so
progerin might express its effects in other ways, such as
altered interaction with LA-binding proteins (Dittmer
et al. 2014).

9 EDMD

EDMD is the third most common form of muscular dys-
trophy. Most patients with EDMD are normal at birth, but
develop contractures of the elbow or ankle during the sec-
ond decade of life. A slowly progressive muscle weakening,
primarily of the peroneal and humeral muscles, typically
follows, along with muscle wasting. Variable in age of onset
and severity, some patients eventually lose the ability to
walk and have difficulty moving their extremities owing
to contractures. In some, but not all patients, variable de-
grees of cardiomyopathy have also been described. The
autosomal-dominant and -recessive forms of EDMD
(AD-EDMD and AR-EDMD, respectively) are caused by
mutations in LMNA, whereas X-linked EDMD is caused by
mutations in the lamin-A-interacting inner nuclear mem-
brane protein emerin (Puckelwartz and McNally 2011).
Patients with mutations in the LINC-complex-associated
nesprins also display EDMD-like phenotypes, and so it
seems that the disease might be related to dysfunction of
the NE and its connections to the cytoskeleton (Mejat and
Misteli 2010).

The expression of LMNA EDMD mutations in cultured
cells causes changes to the lamina structure (Ostlund et al.
2001; Raharjo et al. 2001) that are similar to lamina changes
seen in EDMD patient fibroblasts (Muchir et al. 2004).
Some mutations also result in the loss of emerin from the
NE (Ostlund et al. 2001). However, the only obvious nu-
clear alterations that have been observed in muscle biopsies
of patients are the loss of peripheral heterochromatin in a
small percentage of cells (Bonne et al. 1999; Sabatelli et al.
2001). Mouse models expressing mutant lamin A/C to
phenocopy the disease must be homozygous rather than
the heterozygous state usually found in the human disease.
Models expressing different mutations in LMNA show
some features of the disease, including muscle wasting,
cardiomyopathy, and altered nuclear morphology (David-
son and Lammerding 2014).

Although any of the effects of expressing mutant
lamin A/C in HGPS, EDMD, or any other laminopathy
could be due to changes in the structure of the lamina
nucleoskeleton, any direct evidence for such a linkage is
lacking.

The Nucleoskeleton
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10 CONCLUSION

The nucleoskeleton is an important regulator of nuclear
structure and functions. The peripheral lamina is the
only bona fide nucleoskeleton described to date, but several
other cytoskeletal proteins are also found in nuclei and
might function as part of the lamina and internal nucleos-
keleton. The mechanisms that the nucleoskeleton provides
for the regulation of chromatin and gene expression remain
to be identified.
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