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Abstract

Over the past two decades, the biomechanical properties of cells have emerged as key players in a
broad range of cellular functions, including migration, proliferation, and differentiation. Although
much of the attention has focused on the cytoskeletal networks and the cell’s microenvironment,
relatively little is known about the contribution of the cell nucleus. Here, we present an overview
of the structural elements that determine the physical properties of the nucleus and discuss how
changes in the expression of nuclear components or mutations in nuclear proteins can affect not
only nuclear mechanics but also modulate cytoskeletal organization and diverse cellular functions.
These findings illustrate that the nucleus is tightly integrated into the surrounding cellular
structure. Consequently, changes in nuclear structure and composition are highly relevant to
normal development and physiology and can contribute to many human diseases, such as
muscular dystrophy, dilated cardiomyopathy, (premature) aging, and cancer.
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INTRODUCTION

The nucleus is the hallmark of eukaryotic cells. It is generally the largest subcellular
organelle (~5-20 um in diameter) and houses the genetic information that directs the activity
of the entire cell. The structural organization of the nucleus and its mechanical properties are
critical for a variety of cellular functions and processes. The nuclear envelope, in particular
the nuclear lamina, protects the nuclear interior in cells subjected to physical stress (e.g., in
muscle tissues) (1, 2); the nuclear envelope can also modulate important signaling pathways
by interacting with transcription factors that shuttle between the nucleus and the cytoplasm
(3-7). In the nuclear interior, DNA and chromatin occupy well-defined chromosome
territories that are often conserved over several generations (8, 9), and the localization of
genes within the nucleus can determine their transcriptional activity (10). Importantly, the
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influence of nuclear structure and mechanics extends beyond the nucleus: Nuclear envelope
proteins that physically interface with the cytoskeleton can affect cytoskeletal organization,
cell polarization, adhesion, and migration (11-13). The importance of nuclear composition
and organization has recently received increasing prominence as mutations in nuclear
envelope proteins, such as lamins or emerin, were identified as causing a perplexing number
of human diseases, including Emery-Dreifuss muscular dystrophy (EDMD), dilated
cardiomyopathy, familial partial lipodystrophy (FPLD), and the premature aging disease
Hutchinson-Gilford progeria syndrome (HGPS) (14). In the following, we provide a concise
overview of normal nuclear structure and mechanics and the physical interplay between the
nucleus and the surrounding cytoskeleton. Subsequently, we discuss how changes in nuclear
structure and compasition, such as those resulting from mutations in nuclear envelope
proteins or changes in expression, can contribute to a variety of human diseases and
pathological conditions.

NORMAL NUCLEAR STRUCTURE AND MECHANICAL PROPERTIES

The Nuclear Envelope

The nucleus can be divided structurally and functionally into two distinct compartments: the
nuclear envelope and the nuclear interior (Figure 1). The nuclear envelope physically
separates the cell’s genetic material from the cytoplasm. It is composed of two phospholipid
bilayers, namely the inner and the outer nuclear membranes, and the underlying nuclear
lamina, a dense protein network that dominates the physical properties of the nuclear
envelope (1, 15).

The nuclear membranes—The inner and outer nuclear membranes encapsulate the
approximately 30- to 50-nm-wide perinuclear space, which is contiguous with the
endoplasmic reticulum. The nuclear envelope is punctuated by nuclear pore complexes,
which provide means of nucleocytoplasmic trafficking of macromolecules above the nuclear
size exclusion limit. Small molecules less than 40 kDa in size can passively diffuse through
the nuclear pores, but macromolecules of more than ~40 to 60 kDa require energy- and
signal-dependent transport processes, which are mediated by nuclear import and export
proteins (16). The nuclear membranes contain at least 50 to 100 specific membrane proteins,
many of which remain uncharacterized (17). Importantly, inner and outer nuclear
membranes are joined at nuclear pores, so that small membrane proteins can shuttle between
the inner and outer nuclear membrane and into the endoplasmic reticulum, provided that
they can pass the nuclear pore. Therefore, inner nuclear membrane proteins, such as emerin,
lamin B receptor (LBR), lamina associated proteins (LAPs) and Sad1p/UNC-84 (SUN)
proteins (18), are thought to be retained at the inner nuclear membrane by interacting with
lamins, chromatin, or other proteins in the nuclear interior (7, 18). Similarly, outer nuclear
membrane proteins, e.g., large nesprin isoforms, are prevented from diffusing laterally into
the endoplasmic reticulum by interacting with specific inner nuclear membrane proteins.
Consequently, loss of protein interaction at the nuclear envelope can lead to functional loss
of the associated proteins. For example, loss of lamins A/C also causes mislocalization of
emerin into the endoplasmic reticulum, and saturation or depletion of available binding sites
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of SUN proteins at the inner nuclear membrane results in functional loss of nesprins (19—
21).

The nuclear lamina—The nuclear lamina is mainly comprised of lamins, i.e., type V
intermediate filaments specific to the nucleus. Mammalian somatic cells express two types
of lamins, A-type (lamins A and C, resulting from alternative splicing of the LMNA gene)
and B-type lamins (lamins B1 and B2/B3, encoded by LMNB1 and LMNB2, respectively).
Although the expression of A-type lamins is developmentally regulated and mostly
restricted to differentiated cells, at least one B-type lamin is constitutively expressed in all
cells (22). Mutations in A-type lamins cause a broad spectrum of human diseases,
collectively referred to as laminopathies (14). These diseases include EDMD, dilated
cardiomyopathy, Dunnigan-type FPLD, Charcot-Marie-Tooth disorder (Type II), and HGPS
(reviewed in 14), which are discussed in more detail below. Mice lacking lamins A and C
develop severe muscular dystrophy and dilated cardiomyopathy and die prematurely at 4 to
8 weeks of age (23). In contrast to A-type lamins, no human mutations have been identified
in B-type lamins, except for duplications of LMNB1 associated with leukodystrophy (24)
and leukoencephalopathy (25). Because lamin B1- and B2-deficient mice die at birth (26—
28) and knockdown of B-type lamins is lethal in cultured cells (29), these findings suggest
that B-type lamins are essential. A- and B-type lamins form distinct but overlapping
networks at the nuclear envelope (30). While B-type lamins have permanent farnesylation
which anchors them tothe nuclear envelope, lamins A and C exist in dynamic exchange
between the nuclear lamina and the nuclear interior (31, 32). Electron micrographs reveal a
regular lattice structure of lamins in Xenopus oocytes (33, 34); however, in somatic cells, the
structural configuration of lamins remains unclear, and electron micrographs often show
only a dense, poorly defined protein network. Nonetheless, it is now well established that A-
type lamins play a key role in the maintenance of nuclear shape (35-37), structure (13, 37,
38), and stability (1, 37, 38). In addition to their structural role, A-type lamins have been
linked to changes in gene expression, as they can interact with numerous transcriptional
regulators, including retinoblastoma protein (Rb), c-Fos, or sterol response element binding
protein-1 (SREBP-1) (5, 7, 39-41).

The Nuclear Interior

Chromatin and chromosome territories—Encapsulated within the nucleus, DNA is
wrapped around histones and other chromosomal proteins to form nucleosomes, which are
then assembled into ~30-nm-thick chromatin fibers. In interphase nuclei, chromatin can be
found in two configurations: heterochromatin and euchromatin. The highly condensed
heterochromatin is predominantly silent and, in the case of constitutive heterochromatin,
often consists of gene-poor regions of DNA. Conversely, euchromatin is typically gene rich,
transcriptionally active, and exists in a more relaxed and accessible configuration. These two
forms of chromatin occupy distinct regions inside the nucleus. Euchromatin is found toward
the nuclear interior and near nuclear pores, whereas heterochromatin is often found at the
nuclear periphery, possibly because of direct interaction with the nuclear lamina. (10).
Chromosomes occupy discrete and nonrandomly distributed regions, so-called chromosome
territories, in the interphase nucleus, and the positions of these territories are, in part,
heritable through mitosis (9). Recent computational and experimental analysis suggests that
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chromatin organization resembles a fractal, knot-free globule that enables dense packing (in
humans, ~2 m of total DNA are packaged into each nucleus), while allowing rapid folding
and unfolding of specific genomic loci (42).

Nuclear bodies and intranuclear structures—In addition to chromatin, the nuclear
interior contains several distinct structures and features. The most prominent, and visible
even by phase contrast microscopy, are nucleoli, which are the sites of ribosome biogenesis.
Although nucleoli are distinct structures within the nucleoplasm, nucleolar proteins are
constantly exchanged with the nucleoplasm, with transition times on the order of seconds
(43). Nuclear speckles, named after the irregular and punctuate appearance in the
nucleoplasm when fluorescently labeled, are dynamic structures enriched in premessenger
RNA splicing factors. On electron micrographs, nuclear speckles appear as clusters of
interchromatin granules (44). As described for nucleoli, the protein and RNA components of
nuclear speckles continuously cycle between the speckles and the nucleoplasm. Cajal
bodies, also known as coiled bodies, are associated with small nuclear ribonucleoproteins
and nucleoli (45). These dynamic structures are regulated by cellular stress conditions, such
as heat shock and DNA damage (46, 47).

Promyelocytic leukemia bodies—Promyelocytic leukemia (PML) bodies are thought
to be associated with transcriptional regulation (48) and changes in chromatin structure (e.g.,
during senescence) (49). In cells exposed to mechanical stress, PML bodies respond by an
increase in number and size (46, 50). For most of these intranuclear structures, their precise
function and organization remains the focus of intense research.

The nucleoskeleton—Although the structural and functional aspects of the cytoskeleton
are well established, the existence and configuration of a stable nucleoskeleton is still a
subject of scientific debate. Numerous structural proteins commonly associated with the
cytoskeleton have been found in the nuclear interior, including actin, myosin, spectrin, and
titin (51-56). Most nuclear actin is found in the form of G-actin monomers; however, it can
also form (presumably short) oligomers (57-59). Together with nuclear myosin, nuclear
actin could contribute to dynamic rearrangements of chromatin (60), and recent experiments
suggest that nuclear actin may also be involved in DNA transcription (61).

Apart from their localization at the nuclear lamina, A-type lamins also exist in the nuclear
interior, where they form stable structures (32). The role of these intranuclear lamins is not
completely understood; recent reports suggest that they could function in chromatin
organization, DNA repair, and transcriptional regulation, for example, by forming a complex
with LAP2a and Rb (3, 23, 62—64). This hypothesis is supported by data from lamin A/C-
deficient (Lmna™~) mice and patients with EDMD that reveal abnormal chromatin
organization and impaired transcriptional regulation in response to mechanical strain or
chemical stimulation (2, 23, 65). Furthermore, lamin A/C speckles in the nuclear interior
colocalize with RNA splicing factors (66), and the expression of a dominant negative lamin
mutant can inhibit RNA polymerase Il-dependent transcription (67), confirming a role of A-
type lamins in nuclear organization and DNA transcription.
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Mechanical Properties of the Nucleus

Although many biology textbooks depict the nucleus as a static structure containing
chromosomes and other intranuclear domains, it is important to realize that in living cells,
the nucleus and its contents are continuously subjected to mechanical forces, which result in
dynamic nuclear deformations and rearrangements. These forces can originate from the
nuclear interior, for example, through transcriptional events and DNA synthesis; from
cytoskeletal processes; or from the cellular environment, i.e., neighboring cells or the
extracellular matrix. Experiments on - various cells using diverse experimental techniques,
such as a micropipette aspiration, atomic force microscopy (AFM), compression with
microplates, particle tracking, or cellular strain application, consistently find that the
interphase nucleus is approximately 2 to 10 times stiffer than the surrounding cytoplasm,
although the reported values for nuclear stiffness vary from 0.1 kPa to 10 kPa, depending on
the type of cell and the experimental method employed (68-71). The mechanical properties
of the nucleus are primarily determined by the nuclear interior and the nuclear lamina. The
relative contribution between nuclear interior, i.e., chromatin, and nuclear lamina were
recently determined by micropipette aspiration of nuclei isolated from African green
monkey kidney epithelium cells that were either osmotically swollen or condensed
(reference #72: Dahl et al. BiophysJ 2005). In swollen nuclei, which resemble the nuclear
morphology in intact cells, the nuclear lamina is the major load-bearing element; in the
condensed state, overall nuclear stiffness increases 10-fold, and the condensed chromatin
becomes the major contributor to nuclear stiffness (ref #72). The nuclear membranes do not
contribute significantly to nuclear stiffness or shape stability, regardless of the nuclear
condition, as they exhibit fluid-like behavior and deform at energies typical for lipid bilayers
(15).

Mechanical contributions from the nuclear lamina—Studies on nuclei from
Xenopus oocytes, which are significantly larger than mammalian cells and thus more
amendable to physical manipulation, have greatly contributed to our current understanding
of the mechanical properties of the nucleus. These studies suggest that the nuclear lamina
acts as an elastic, load-bearing element that provides structural integrity to the nucleus, in
particular under tensile load application (1, 72, 73). Consequently, nuclei assembled in
Xenopus egg extracts depleted for lamin are highly fragile (74), confirming the importance
of lamins on nuclear mechanics. In mammalian somatic cells, which express A-type and B-
type lamins, lamin A and-to a lesser extent-lamin C are the major contributors to nuclear
stiffness: Lmna™'~ mouse embryo fibroblasts (MEFs) and myoblasts have significantly more
deformable nuclei than wild-type controls; cells expressing only lamin C but not lamin A
have an intermediate phenotype (37, 75). In contrast, cells lacking functional lamin B1 have
normal nuclear mechanics (37). Consistent with these findings, only expression of lamin A,
but not lamins B1, B2, or C, restores nuclear stiffness in Lmna™~ MEFs (37). These
observations of distinct mechanical functions of A- and B-type lamins are consistent with
recent reports that A- and B-type lamins form separate structures and networks at the
nuclear envelope (30, 34, 73). In addition to lamins, other nuclear envelope proteins such as
emerin, nesprins, or SUN proteins may contribute toward nuclear stability by forming
additional structural networks (e.g., in combination with nuclear actin) or by crosslinking the
nuclear lamina to the nuclear membrane and chromatin structures. Furthermore, as the
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nuclear lamina mediates nucleocytoskeletal coupling (see the following sections), mutations
in lamins or other nuclear envelope proteins could alter force transmission between the
nucleus and the cytoskeleton.

Mechanical contribution from the nuclear interior—In addition to the nuclear
lamina, the nuclear interior also plays a key role in determining the mechanical properties of
the nucleus. The major constituent of the nuclear interior is chromatin. As a consequence,
modifications in chromatin structure and organization, for example, during differentiation,
treatment with histone deacetylase inhibitors, upregulation of heterochromatin proteins, or
changes in divalent salt concentration, can directly affect the mechanical properties of the
nucleus (72, 76, 77). In contrast to the elastic nuclear lamina, interphase chromatin is more
viscoelastic in nature, meaning that it undergoes plastic deformation and flow in response to
applied mechanics stress, such as during micropipette aspiration (77, 78). Micropipette
aspiration experiments also reveal that the sponge-like chromatin is initially quite
compressible but resists further deformations once it has been compacted beyond a certain
degree (15, 72). Not surprisingly, heterochromatin and euchromatin display distinct
differences in their physical behavior (79). In addition to chromatin, nuclear bodies and
nucleoskeletal structures could further contribute to the effective stiffness of the nucleus. For
example, AFM measurements suggest that nucleoli are stiffer than the surrounding
nucleoplasm, and during micropipette aspiration, nucleoli deform as cohesive, viscous
structures that display permanent (i.e., plastic) deformations under high stress (77, 80).
Nuclear lamins, in particular lamins A and C, form stable structures in the nuclear interior
that could further increase the stability of the nucleus or aid in chromatin organization (38,
81). The relative contribution between lamins at the nuclear interior and those located at the
nuclear envelope remains unclear, but the lower mobility of lamins within the nuclear
lamina (38) and the-judged by electron micrographs-thicker lamin network at the nuclear
envelope suggest that the lamins within the nuclear lamina predominantly provide the
structural stability to the nucleus.

NUCLEAR MECHANICS IN THE CONTEXT OF CELLULAR MECHANICS

Nucleocytoskeletal Coupling

It is now well established that externally applied force can be transmitted from the cell
surface through the cytoskeleton to the nucleus (82). However, the molecular players
responsible for coupling the nucleus to the cytoplasm only recently have begun to emerge.
Studies on Caenorhabditis elegans, Drosophila melanogaster, and mammalian cells have
identified two new families of nuclear envelope proteins that are ideally suited to carry out
the task of force transmission across the nuclear envelope, connecting the cytoskeleton to
the nuclear interior (reviewed in 83). These studies have resulted in the current model of
nucleocytoskeletal coupling, in which large nesprin isoforms located in the outer nuclear
membrane bind to cytoskeletal F-actin, intermediate filaments (via plectin), or microtubules
and the centrosome (via dynein and kinesin) (84-89). At the nuclear envelope, nesprins
interact across the perinuclear space with inner nuclear membrane proteins, called SUN
proteins, which in turn bind to lamins, nuclear pore complexes, chromatin, and possibly
other, unidentified proteins, thereby completing the physical link between the cytoskeletal
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networks and the nucleus (90-94). This physical interaction at the nuclear envelope is now
commonly referred to as the linker of nucleoskeleton and cytoskeleton (LINC) complex
(91).

Nesprins—Nesprins, which stand for nuclear envelope spectrin repeat (also known as
Syne, Myne, Enaptin, or Nuance) form the prototype of outer nuclear envelope components
that link the nuclear envelope to the cytoskeleton. Nonetheless, smaller nesprin isoforms can
also be located on the inner nuclear membrane, and some nesprin isoforms are found
entirely outside the nucleus (95). Mammals have four nesprin genes, which give rise to
multiple nesprin isoforms through alternative splicing and transcription initiation (96).
Common to all nesprins genes (but not all isoforms) is the highly conserved C-terminal
KASH (Klarsicht/ANC-1/Syne homology) domain. The KASH domain, consisting of a
transmembrane domain and a short luminal domain, mediates localization of nesprins to the
nuclear envelope and is required for their interaction with SUN proteins (91, 94). The genes
encoding nesprin-1 and —2 express numerous isoforms; the largest of each can bind actin via
their actin-binding domains at the —N terminus (97, 98). Nesprin-3 connects to cytoplasmic
intermediate filaments via plectin (87), whereas nesprin-4 binds kinesin, a plus-end-directed
microtubule-dependent motor protein (84). Similarly, UNC-83, a C. elegans KASH-domain
protein, interacts with kinesin-1 and dynein to move nuclei during nuclear migration in the
forward and backward directions, respectively (86, 99).

SUN proteins—SUN-domain proteins are conserved from yeast to humans. Mammals
have four genes for SUN proteins: SUN1 and SUN2, and testis-specific SUN3 and Spag4,
with only SUN1 and SUN2 found in the nucleus (91, 100, 101). SUN proteins are defined
by a conserved 120-residue SUN motif located in the nuclear envelope luminal space. SUN1
and SUNZ2 contain three putative transmembrane domains and are localized in the inner
nuclear membrane, with their C-terminal SUN domain spanning the perinuclear space
between the inner and outer nuclear membrane (91, 98, 102). Their N-terminal domain is
required for direct interaction with A-type lamins, whereas the coiled-coil domains are
predicted to mediate homo- and heterodimerization (91, 103). Recent experiments suggest
that SUN1 and SUN2 have distinct, albeit overlapping, roles (104, 105). For example, SUN1
is required for spacing of nuclear pore complexes and preferentially binds the precursor of
lamin A (i.e., prelamin A), implying a role in lamin A maturation or assembly (106, 107). In
contrast, SUNZ2 is not associated with nuclear pore complexes and binds equally well to both
precursor and mature forms of lamin A (106). In addition, SUN1 and SUN2 also bind to
emerin, implicating a role for emerin as a LINC complex component (90).

Linker of nucleoskeleton and cytoskeleton complex function—LINC complexes
play crucial roles in many aspects of cellular structure. They determine the spacing between
the inner and outer nuclear membrane (91), prevent clustering of nuclear pore complexes
(106), are critical for nuclear positioning and anchorage, control nuclear size and
architecture (109), and even affect cytoskeletal organization (12, 110). LINC complex
proteins are also important for many cellular functions such as migration (20), polarization
(12, 94), and differentiation (111). For example, nesprin-2 giant, but not nesprin-1, is
required for the rearward nuclear movement in fibroblasts that initiates polarization and
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migration in a scratch-wound assay (20). This suggests that different combinations of
nesprins and SUN proteins may mediate different functions; for example, in muscle fibers,
synaptic nuclei that are normally anchored to neuromuscular junctions specifically express
nesprin-1. Loss of nesprin-1, SUN1, or lamins A/C results in (partial) mislocalization of
synaptic nuclei away from the neuromuscular junctions, causing dystrophic muscles (112—
114). However, it remains unclear how the specific functions and interactions of SUN and
KASH proteins are regulated, as biochemical assays suggest that nesprins and SUN proteins
interact promiscuously through their luminal domains (94). Thus, it is likely that differential
expression of specific isoforms are responsible for the particular nuclear envelope
composition; another possibility is that interactions with other nuclear envelope proteins
such as lamins, nuclear pore complex components, the ATPase torsin A, or emerin are
required to target specific SUN or nesprin isoforms to the nuclear envelope. For example,
torsin A detaches LINC complexes formed by SUN2 and nesprins-2 and —3 but does not
affect the localization of SUN1 (115), suggesting a mechanism by which LINC complexes
undergo active and selective assembly and retention at the nuclear envelope.

Nuclear Mechanics in Migration

When discussing nuclear mechanics, it is important to keep in mind that the nucleus exists in
the context of the surrounding cytoplasm. Furthermore, the cell is anchored to neighboring
cells and the extracellular matrix through integrins and other transmembrane receptors that
connect to the actin and intermediate filament networks. The cytoskeleton in turn is
physically linked to the nucleus, as discussed in the preceding sections. Consequently, intra-
and extracellular forces and externally applied tissue strain can result in significant nuclear
deformations. These nuclear deformations are relevant to many cellular processes, for
example, migration or perfusion through narrow spaces. In normal cells, the nucleus is 2 to
10 times stiffer than the surrounding cytoskeleton (68, 69, 116). On the basis of its size and
stiffness, the mechanical properties of the nucleus restrict the overall ability of cells to
deform. Therefore, in the absence of proteolytic activity, the ability of cells to pass through
narrow openings is limited by the size and deformability of their nucleus. Intact
nucleocytoskeletal coupling is another requirement for effective cell migration, as nuclear
movement must be precisely coordinated with the motion of the cell body. In migrating
epithelial, neuronal, and mesenchymal cells, the nucleus is typically located toward the rear
of the cell, with the centrosome, endoplasmic reticulum, and Golgi apparatus facing the
leading edge (117). In other cell types, such as white blood cells, the nucleus can be located
toward the leading edge during migration, with the centrosome positioned behind the
nucleus (118). Importantly, disruption of nucleocytoskeletal coupling can interfere with this
polarization and result in impaired cell mobility (11, 12, 20).

Nuclear Mechanics in Mechanosensing

Nucleocytoskeletal connection also may be relevant to cellular mechanosensing. Cells
constantly rely on physical feedback from their microenvironment, including neighboring
cells and the extracellular matrix. These interactions are crucial throughout development,
differentiation, aging, and everyday function (119). In many of these processes, actin-
associated molecular motors such as myosin adjust the cytoskeletal tension to the stiffness of
the surrounding extracellular matrix, which in turn can reinforce or weaken focal adhesions,
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resulting in a dynamic feedback loop that modulates cytoskeletal tension, cell shape, cell
adhesion, motility, and even differentiation (120-123). Because disruption of the LINC
complex results in impaired cytoskeletal organization and reduced cytoskeletal stiffness (12,
75, 94, 110), it could also disturb cytoskeleton-mediated mechanosensing. Furthermore,
researchers speculate that the nucleus could act as a cellular mechanosensor, detecting
applied forces by induced intranuclear deformations, which may modulate transcriptional
activity, for example by modulating the accessibility of transcription factor binding sites or
transcriptional complexes. Supporting a role of the nucleus in mechanosensing, nuclear
deformations in chondrocytes subjected to compressive loads closely correlate with resulting
changes in cartilage composition and density (69), and disruption of the LINC complex
perturbs mechanotransduction in C2C12 myoblasts (111). Nonetheless, more studies are
necessary to elucidate further the function of the nucleus in cellular mechanotransduction.

NUCLEAR MECHANICS IN DEVELOPMENT, DIFFERENTIATION, AND

AGING

Stem cells display functional and developmental plasticity in that they are fully able to
differentiate into multiple lineages and activate diverse gene expression profiles (124). This
property of stem cells has been linked to changes in chromatin structure and regulation by
epigenetic mechanisms, which could make chromatin in stem cells more accessible to
transcription factor binding (76, 125). Recent biophysical measurements have demonstrated
that nuclei from stem cells also have greater mechanical plasticity (i.e., deformability) than
those from differentiated cells (77, 126). For example, nuclear stiffness increases
significantly (~six fold) during induced terminal differentiation of human adult stem cells
and hematopoietic stem cells (77). Similarly, mouse embryonic stem cells show significantly
more dynamic nuclear deformations in time-lapse imaging studies than MEFs (77). What
mechanisms could contribute to these changes in nuclear deformability? One factor appears
to be chromatin structure and organization. In differentiated cells, core histones form stable
complexes with chromatin; in contrast, the mobility of these nucleosomal proteins is
significantly increased in embryonic stem cells (76, 126). Furthermore, expression of A-type
lamins is confined mostly to differentiated cells and is absent in embryonic stem cells (22).
Given that lamins A and C are the main determinants of nuclear stiffness (37), this disparity
in expression of A-type lamins between stem cells and differentiated cells may account for
the observed softer nuclei in stem cells. In support of this idea, knockdown of A-type lamins
in human epithelial cells results in nuclear deformability that is comparable to that measured
in hematopoietic stem cells (77). Further evidence for the importance of lamins in (stem
cell) differentiation comes from a recent report that sSiRNA-mediated knockdown of lamins
A and C in mesenchymal stem cells inhibits cells from entering the osteoblast lineage and
instead promotes adipogenic differentiation (247).

Changes in Nuclear Shape During Granulopoiesis

Neutrophils represent a striking example of the effect of changes in nuclear envelope
composition on nuclear shape and mechanics. During granulopoiesis, i.e., the differentiation
process that results in mature neutrophils, promyelocytes develop increasingly lobulated
nuclei (Figure 2) (127, 128). This change in nuclear morphology is correlated with a
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downregulation of A-type lamins, increased expression of LBR, and additional alterations in
nuclear envelope composition such as downregulation of many other stabilizing nuclear
envelope proteins (i.e., emerin, B-type lamins, LAP2f) and LINC complex components,
which cooperatively lead to decreased nuclear stiffness resulting in more malleable nuclei
(105, 127-130). Under these circumstances, microtubules can exert the force necessary to
produce nuclear distortions, but the detailed molecular mechanism underlying nuclear
lobulation remains incompletely understood. Studies on human and mouse hematopoietic
cell lines indicate that expression of LBR is one of the most important factors for nuclear
lobulation (129, 131-135). The N-terminal domain of LBR faces the nucleoplasm and
interacts with both B-type lamins and chromatin (136-139), as well as with chromatin-
associated proteins such as heterochromatin protein 1 (HP1), HA95, and the methyl-CpG-
binding protein MeCP2, suggesting that LBR plays a pivotal role in heterochromatin
assembly and maintenance (140-142). The C-terminal domain of LBR has a primary
sequence highly homologous to a family of sterol reductases (143), enzymes involved in the
cholesterol biosynthesis pathway; recent experiments have confirmed that LBR is a
functional sterol reductase (144, 145). The molecular mechanism by which LBR influences
nuclear morphology is still unclear, and LBR’s bifunctional structure gives rise to different
speculations on whether the N-terminal B-type lamin and chromatin-binding domain or the
C-terminal sterol reductase domain is responsible for nuclear shape changes (146, 147). Our
own unpublished observations indicate that overexpression of human LBR in any tested cell
type induces nuclear hyperlobulation (Figure 3).

What is the purpose of the highly unusual nuclear morphology in neutrophil granulocytes?
Most likely, it supports the function of neutrophils as key components in the fast innate
immune response against bacterial and fungal infections. Mature peripheral neutrophils
make up approximately 60% of all white blood cells. The average life span of the mature,
peripheral neutrophil is only 6-12 h. Upon activation by inflammatory stimuli, the
circulating neutrophils leave the capillary beds to reach sites of infection (148). This process
requires neutrophils to squeeze through tight tissue with spaces only a few micrometers
wide, i.e., smaller than the nuclear diameter (127, 149). The lobulated nuclear shape and the
downregulation of A-type lamins and other nuclear envelope proteins is thought to facilitate
this migration process and allow the cells to rapidly reach infected sites. Evidently, the
lobulated nuclear morphology of neutrophil granulocytes represents an evolutionary
adaptation of nuclear mechanics to cellular function to optimize (temporally) the immune
response against invading pathogens, highlighting the role of nuclear mechanics in
physiology and disease.

Dynamic Changes in Nuclear Shape in Neurons

Changes in nuclear shape not only occur during development and cellular differentiation but
can also represent adaptation to alterations in intrinsic or extrinsic signaling. As an
intriguing example, Wittmann and coworkers reported dramatic and very rapid changes of
nuclear morphology in response to neuronal activity (150). In particular, they observed that
action potential bursting in hippocampal neurons dramatically increased the number of
nuclei with large invaginations and inward-directed folding of the nuclear envelope. These
nuclei usually displayed distinct nuclear subcompartments because of numerous nuclear
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envelope infoldings, a larger surface area, an increased number of nuclear pore complexes,
and changes in chromatin structure, as compared with nonactivated, near-spherical nuclei.
These findings match previous reports on neurons in the frontal cortex of hamsters that
develop increasingly deeper and more frequent nuclear invaginations during development
and adulthood (151). The precise role of the substantial and rapid nuclear shape changes in
neuronal function remains unclear, but notably these cells represent an additional example
for the adaptation of nuclear morphology to the specific functions of a cell.

Altered Nuclear Mechanics in Aging

Several recent studies suggest that abnormal nuclear shape and mechanics may also
contribute to the normal aging process. In C. elegans, most nonneuronal cells display
progressive age-dependent changes in nuclear structure, including abnormal nuclear shape
and loss of peripheral heterochromatin (152). Many of these changes are reminiscent of the
nuclear defects observed in HGPS, a segmental premature aging disease caused by
mutations in the LMNA gene (discussed in more detail below). Accumulation of progerin,
i.e., the mutant lamin A, which results from abnormal splicing of prelamin A and is
responsible for HGPS, has recently been detected in blood vessels (153), skin (154, 155),
and skin fibroblasts (35) from normally aged individuals, implicating disturbed lamin A
processing in normal aging. This idea is further supported by a recent study that found
accumulation of farnesylated prelamin A in vascular smooth muscle cells (VSMCs) from
normally aged individuals, whereas prelamin A was undetectable in cells from young donors
(156). It remains unclear whether the low levels of progerin detected in elderly individuals
are sufficient to cause cellular dysfunction and contribute to the aging process. Studies on
HGPS patients with atypical mutations and on a mouse model of HGPS suggest that
progerin exerts dose-dependent effects (157-159); thus, future experiments should be aimed
at determining whether expression of progerin above a critical threshold is necessary to
cause functional defects and whether accumulation of incompletely processed prelamin A
may cause similar defects as progerin.

CHANGES OF NUCLEAR STRUCTURE AND MECHANICS IN
PATHOLOGICAL CONDITIONS AND IMPLICATIONS FOR DISEASE
MECHANISMS

Nuclear Mechanics in Laminopathies

Ever since the discovery that mutations in the inner nuclear membrane protein emerin cause
EDMD, numerous other nuclear envelope proteins have been linked to a broad spectrum of
human diseases (14, 160). A large subset of these nuclear envelopathies comprises the
laminopathies, which are caused by mutations in the genes encoding lamins. To date, at least
344 different LMNA mutations have been identified, resulting in 266 protein variants (see
online database at http://www.umd.be/LMNA/). In contrast, mutations in the human B-type
lamins are rare, and only a complete duplication of the LMNBL gene and two amino acid
substitutions in human lamin B2 have been described: Duplication of LMNBL is associated
with autosomal dominant leukodystrophy (24) and adult-onset leukoencephalopathy (25),
whereas LMNB2 mutations result in acquired partial lipodystrophy (161). As discussed
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above, these findings strongly suggest that B-type lamins are essential for cell viability (see
online database at http://www.interfil.org).

LMNA mutations can cause at least 11 different diseases, although it has been suggested that
the laminopathies often represent a spectrum of overlapping diseases rather than distinct
diseases (14). Laminopathies include (a) premature aging syndromes such as HGPS ; (b)
striated muscle diseases such as autosomal dominant EDMD, limb-girdle muscular
dystrophy, and dilated cardiomyopathy 1A; (c) lipodystrophy syndromes such as familiar
partial lipodystrophy (FPLD) type 2 (also known as Dunnigan type); and (d) a peripheral
neuropathy (reviewed in 14). One of the most puzzling questions in the nuclear envelope
field is how mutations in a single, nearly ubiquitously expressed gene, LMNA, can cause
such a variety of disease phenotypes, with many mutations specifically affecting striated
muscle tissue, whereas others have little or no effect on muscles. The broad range of
phenotypes suggests that LMNA mutations may interfere with basic cellular mechanisms as
diverse as replication, gene expression, proliferation, or stem cell differentiation, and the
molecular mechanism(s) underlying the various laminopathies remains a topic of debate and
intense research (162, 163). Two hypotheses explain some of the tissue-specific phenotypes.
The structural hypothesis proposes that mutations in A-type lamins cause a loss of structural
function, mechanically weakening the nucleus and rendering it more fragile. These defects
result in cell death in mechanically stressed tissues such as muscle and lead to the
progressive disease phenotypes observed in many laminopathies. The gene-regulation
hypothesis proposes that mutations in lamins result in perturbed gene regulation, which
might be the underlying cause for the development of different disease phenotypes (164).
Additional variations of these basic concepts relate to alterations in DNA repair
mechanisms, disturbed stem cell differentiation, and disruption of nucleocytoskeletal
coupling (92, 165-167). Importantly, these hypotheses are not mutually exclusive. Most
likely, a combination of molecular disturbances determines the disease outcome of specific
LMNA mutations, which may be further modulated by the genetic background and/or
epigenetic factors (168). In the following sections, we focus on the role of disturbed physical
properties of the nucleus in laminopathies and discuss how alterations in nuclear stiffness
may contribute to the disease phenotypes. For a detailed overview of laminopathies and the
diverse cellular defects associated with lamin mutations (e.g., impaired signaling pathways,
DNA repair, and differentiation), the reader is referred to some excellent recent reviews (14,
169-171).

Decreased nuclear stiffness and impaired nucleocytoskeletal coupling in
muscular laminopathies—EDMD is a rare skeletal and cardiac muscle condition, which
is inherited in either an X-linked (i.e., through mutations in the EMD gene encoding emerin
located on the X-chromosome) or autosomal manner (i.e., mutations in the LMNA gene on
chromosome 1) (172, 173). Symptoms include contractions of tendons, typically starting in
the first decade of life, and slow progressive skeletal muscle weakness and wasting at the
onset of disease that is later accompanied by a life-threatening cardiac disease with
conduction defects and congestive heart failure (174).

Skeletal muscle fibers from EDMD patients often contain fragmented nuclei, lending
support to the structural hypothesis (65, 175, 176). Similarly, mouse models expressing
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human mutations that cause dilated cardiomyopathy or EDMD display disorganized and
fragile nuclei, and mechanical load results in increased physical damage (177-179). Further
support for the structural hypothesis comes from studies on mice and cells that completely
lack A-type lamins. Lmna™~ mice develop severe muscular dystrophy and dilated
cardiomyopathy and die at 4-8 weeks of age (23). Importantly, biomechanical studies on
cultured MEFs show that A-type lamins, and in particular lamin A, are the primary
contributors to nuclear mechanics (37). Accordingly, MEFs from Lmna™~ mice have
significantly decreased nuclear and cytoskeletal mechanical stiffness, more fragile nuclei,
impaired activation of mechanosensitive genes, and reduced viability under mechanical
strain compared with MEFs from wild-type littermates (2, 180). These studies indicate a
direct influence of lamins A/C on the physical properties of nuclei and the structural support
of cells; furthermore, the finding that mechanotransduction is impaired in Lmna™~ MEFs
illustrates how tightly the structural and the gene regulation hypothesis are interrelated. The
collective results of cellular and animal models as well as those obtained from laminopathy
patients indicate that specific LMNA mutations can increase the cells’ susceptibility to
mechanical stress. This structural defect is most likely accompanied by further defects in
nucleocytoskeletal coupling (see below), mechanotransduction signaling, tissue
regeneration, cell proliferation, and cell differentiation (2, 110, 179, 181-183), resulting in a
dual disease mechanism where physically more fragile cells are lost in mechanically stressed
tissues and defects in mechanotransduction signaling, gene regulation, and stem cell
differentiation, cause insufficient repair and maintenance of the tissue.

The importance of nucleocytoskeletal coupling has been emphasized by observations in
human patients and animal disease models. Recently, mutations in the genes encoding
nesprins-1 and -2 have been linked to EDMD (184), and disruption of the KASH domain in
the nuclear envelope proteins nesprin-1 and —2 cause muscular dystrophy in mice (112). In
Lmna~’~ mice, synaptic muscle fiber nuclei are mislocalized from the neuromuscular
junction (114), and cardiac myocytes have disturbed organization of desmin filaments at the
nuclear surface (179). MEFs derived from Lmna™~ animals have impaired organization of
the perinuclear actin and vimentin networks (180, 185) and significantly reduced
cytoskeletal stiffness (2, 110). A possible explanation may be that loss of lamins A/C results
in increased mobility of SUN1/2 and nesprin-2 (19). Interestingly, the microtubule
organizing center is often detached from the nucleus in Lmna™~ and emerin-deficient cells
(12, 110, 186). These latter findings have led to speculation that emerin, which is
responsible for the X-linked form of EDMD, may constitute an active component of the
LINC complex, where it may mediate interaction with microtubules and the centrosome by
directly interacting with B-tubulin (186). As a whole, these studies indicate substantial and
intricate physical interactions between the nucleoskeleton and the cytoskeleton components
and the effect mutations in nuclear envelope proteins can have on nucleocytoskeletal
coupling.

Nuclear stiffening in Hutchinson-Gilford progeria syndrome—Although very rare
(affecting 1 in 4 to 8 million newborns), HGPS, is one of the most dramatic laminopathies.
Children with HGPS appear normal at birth but fail to thrive shortly thereafter and die in
their early teens from myocardial infarctions or stroke (187). Clinical symptoms include
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alopecia (i.e., hair loss), beaked nose, sclerodermatous skin, dwarfism, lipodystrophy,
osteoporosis, and progressive arteriosclerotic disease that is ultimately responsible for more
than 90% of all deaths (187-189). HGPS is typically caused by a de novo mutation, c.
1824C>T (p.G608G), in the LMNA gene (190, 191). The mutation activates a cryptic splice
site, resulting in a truncated form of prelamin A, referred to as progerin. Progerin lacks 50
amino acids near its C terminus and remains-unlike mature lamin A-permanently
farnesylated, and therefore stays tightly associated with the inner nuclear membrane.
Importantly, the G608G mutation is located in an exon specific to lamin A, so that lamin C
is not affected by this mutation. Several recent studies on skin fibroblasts from HGPS
patients have revealed important insights into the morphologic, structural, and mechanical
alterations of the nucleus that result from progerin expression and how these alterations may
contribute to the disease mechanism.

Fibroblasts from HGPS patients are characterized by specific changes in nuclear shape and
organization, including lobulation of the nuclear envelope, thickening of the nuclear lamina,
and loss of peripheral heterochromatin (192). These structural defects accumulate with
increasing passage number as HGPS cells age in cell culture (192); concomitantly, HGPS
fibroblasts develop progressively stiffer nuclei with increasing passage number, possibly
owing to accumulation of progerin at the nuclear envelope or through secondary changes in
nuclear organization (193). Interestingly, a recent study found that cells from a mouse model
of HGPS have impaired nucleocytoskeletal coupling, similar to the defects reported in
Lmna~'~ mice (12), providing an additional aspect of impaired nuclear mechanics in HGPS.

Because progerin remains permanently farnesylated, farnesyl-transferase-inhibitors (FTIs)
have been proposed as therapeutic agents for HGPS, as they might block accumulation of
progerin at the nuclear envelope. Treatment of cells from HGPS patients and mouse models
of the disease reduces the localization of progerin to the inner nuclear membrane and
improves the nuclear abnormalities induced by the progerin expression (158, 194-197),
indicating that part of the disease mechanism results from abnormal membrane association
of the mutant protein. However, completely eliminating progerin farnesylation in a mouse
model of HGPS does not completely eliminate the disease phenotype, although it
significantly extends the life of the animals and ameliorates several disease aspects (159).

Despite recent advances, the relevance of altered nuclear structure and increased nuclear
stiffness to the disease mechanism of HGPS remains unclear. Cells from HGPS patients
have an increased sensitivity to mechanical strain, resulting in increased cell death when
subjected to repetitive mechanical strain (193). We recently observed similar results in
VSMCs from a mouse model of HGPS and in VSMCs expressing human progerin (J.
Lammerding, unpublished data). Because large blood vessels are continuously subjected to
repetitive vessel strain, the increased mechanical sensitivity of HGPS cells could provide a
potential mechanism for the progressive loss of VSMCs in the medial layer of major arteries
and their replacement by fibrous material observed in HGPS patients (198, 199) and
recapitulated in two mouse models of HGPS (200, 201). So far, the molecular mechanism
responsible for the increased sensitivity to mechanical strain remains elusive. In experiments
on human HGPS fibroblasts, cells underwent increased cell death in response to mechanical
strain even at early passages when nuclear stiffness was still normal, and treatment of later
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passage cells with FTIs restored nuclear stiffness but did not improve the mechanical
sensitivity (193). These findings suggest that changes in nuclear stiffness are not directly
responsible for the increased mechanical sensitivity; instead, disturbed extracellular matrix
synthesis could render HGPS cells more sensitive (153, 202). This idea is supported further
by the fact that in contrast to patients with EDMD, patients with HGPS have normal muscle
function.

Correlation between abnormal nuclear mechanics and various laminopathies
—Despite extensive research, the question remains why some LMNA mutations result in the
progressive loss of muscle cells and an impaired ability to repair muscular damage, whereas
other, often similar, mutations have no effect at all on muscle tissue and involve, for
example, only adipose tissue. One striking example for the diverging phenotypes caused by
similar mutations is amino acid T528 of the human lamin A/C proteins: Mutating this
position to lysine (T528L) causes EDMD, whereas a mutation to methionine (T528M)
results in minor symptoms of FPLD without skeletal muscle involvement (203, 204). In
addition, a compound heterozygous missense mutation involving T528M and M540T causes
atypical HGPS (205).

To gain better insight into genotype-phenotype correlations of laminopathies, several studies
have compared the effect of different lamin A mutations on nuclear structure and mechanics.
One report demonstrated a link between protein mobility as analyzed by fluorescence
recovery after photobleaching experiments in human cells expressing GFP-tagged lamin A
variants: Mutations causing EDMD displayed increased protein movement, whereas an
FPLD-associated lamin A mutant was indistinguishable from wild-type lamin A (206).
Similarly, in another study, a subset of lamin A mutations causing EDMD displayed
dramatically abnormal intranuclear localization when expressed in C2C12 cells, whereas
mutations causing FPLD did not (207). Despite these reports, consistent evidence for a
correlation between altered nuclear mechanics and striated muscle diseases is still lacking;
for example, a study of nuclear shape and organization in skin fibroblasts from a panel of
human laminopathy patients found no correlation between nuclear shape abnormalities and
disease (208).

The analysis of mutation-specific effects is further complicated because mutations that cause
striated muscle diseases are distributed throughout the entire LMNA gene, although the
majority affects the central rod domain (173, 209, 210). In contrast, mutations found in
FPL D patients are all found in the C-terminal domain of the protein that displays a
conformation similar to that of an immunoglobulin fold (211-213), and the mutations
localize to more external regions of the lamin molecule. These findings have led to
speculations that mutations associated with FPLD do not significantly perturb the overall
structure or assembly of lamins A/C, but instead result in disturbed interaction of the lamin
Ig-fold with specific proteins, such as SREBP-1. In contrast, mutations that involve
muscular phenotypes are thought to result in major structural perturbations of lamins or
improper higher-order lamin assembly that could destabilize the nucleus (210, 214).
Although this appears to be the case for at least some of the mutations involving striated
muscle, it does not fit for all the reported mutations, suggesting additional molecular
mechanisms (210), such as impaired nucleocytoskeletal coupling or impaired muscle
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regeneration. In HGPS, the majority of cases is caused by the G608G mutations near the
lamin A/C-terminus, but atypical HGPS can also result from lamin A/C rod domain
mutations (S143F, E145K), homozygous recessive mutations (K542N), or compound
mutations (T528M and M540T), and in some cases without affecting the farnesylation of the
mutant protein (205, 215-217). As mentioned above, there are many examples where
genetic background and/or epigenetic factors modulate disease outcome, and intrafamilial
and interfamilial clinical heterogeneity are clearly a hallmark of laminopathies (218).

In summary, although there is ample evidence that increased sensitivity to mechanical strain
contributes to at least some laminopathies, either by direct damage to more fragile nuclei or
by modulating mechanosensitive signaling pathways, more work is needed to fully elucidate
the complex interplay between altered nuclear mechanics and their contribution to
laminopathies.

Altered Nuclear Structure in Pelger-Huét Anomaly

Another nuclear envelope protein that can dramatically affect nuclear shape is the LBR, a
multifunctional inner nuclear membrane protein (135). As discussed in the sections above,
induction of LBR expression is important for the development of hyperlobulated nuclei
during granulopoiesis. This role of LBRs in nuclear morphology first became evident when
Hoffmann and coworkers linked mutations in the LBR gene to a benign autosomal dominant
hematologic trait termed the Pelger-Huét anomaly (134). In heterozygous carriers of the
associated LBR mutations, peripheral blood smears reveal neutrophils with bilobulated
nuclei and coarse chromatin, instead of the highly lobulated nuclear morphology seen in
normal neutrophils (Figure 2) (128, 219). Besides hypolobulated granulocytes, no other
clinical symptoms occur, and individuals are phenotypically healthy. Rare homozygous
carriers, however, have neutrophils with completely ovid nuclei, and these individuals
display varying degrees of developmental delay, epilepsy, and skeletal abnormalities (134).

As discussed above, the normally hyperlobulated nuclear shape is thought to facilitate this
migration process of neutrophils and allow the cells to rapidly reach infected sites. In
accordance with this view, neutrophils from individuals with the Pelger-Huét anomaly show
impaired ability to traverse filters with small pore size (5 pm) during chemotaxis (149). In
addition, in vitro differentiated neutrophils from LBR knockout mice revealed that, in
addition to lack of nuclear lobulation, loss of LBR results in significant retardation of
transmembrane migration (131). Thus, the incompletely segmented neutrophil nuclei may be
less malleable and less deformable than are those of healthy individuals, which results in
mechanical hindrance during migration through tight tissue. Nonetheless, individuals with
the Pelger-Huét anomaly do not display significantly compromised immune responses (220,
221). In addition, other granulocytic cells, the eosinophils and basophils, have to traverse
tissue and display only bi- or trilobed nuclei. However, these cells fulfill different functions
in immune defense, and the pressure for rapid defense against the invading pathogens is not
as demanding as on neutrophil granulocytes.
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Nuclear Structure and Mechanics in Cancer Cells

Abnormal nuclear shape and structure remains one of the gold standards for histological
diagnosis and characterization of cancer, for example, in the Pap test for detection of
potentially precancerous or cancerous cells in the cervix (222). Aberrations in nuclear
structure and morphology associated with cancer include irregular nuclear shape, nucleolar
alterations, loss of nuclear domains, and changes in chromatin organization. In histological
preparations, nuclei from cancer cells often appear lobulated, folded, more malleable, and
more fragile compared with nuclei from noncancer cells (222, 223). The molecular changes
underlying these characteristic changes in nuclear morphology, such as altered nuclear
envelope composition or changes in chromatin structure, are incompletely understood, and
the relationship between morphological features of cancer cells and their role in cancer
progression remains mostly descriptive.

Over the past few years, increasing evidence has accumulated to suggest that changes in
nuclear structure and protein composition are directly linked to the malignant transformation
and metastatic potential of cells. For example, nuclear matrix proteins, such as NMP22
(NUMA) or PC1 (B23) have the potential to serve as cancer biomarkers in prostate, bladder,
and breast cancer (224-226), and lamins are differentially expressed in many cancers. In
prostate cancer, upregulation of B-type lamins strongly correlates with tumor differentiation
(227), and in hepatocellular carcinoma, the expression level of lamin B1 correlates
positively with tumor stages, tumor sizes, and humber of nodules (228, 229).Conversely,
downregulation of lamin B is observed in gastrointestinal and lung cancer (230, 231). A-
type lamins are upregulated in skin or ovarian cancers (232, 233) but are reduced in
leukemias and lymphomas (234, 235). Notably, A-type lamin expression can vary within
some cancer subtypes; for example, colorectal and basal cell carcinomas can be positive,
reduced, or negative for lamin A/C expression (236). In gastric carcinoma, the presence of
cells with reduced expression of A-type lamins correlates with a poorer prognosis (237),
whereas patients with colorectal cancer tumors have significantly poorer prognosis when
lamins A/C are expressed (238). These studies illustrate that lamins and other nuclear
proteins may serve as valuable prognostic biomarkers; however, the particular modulation,
i.e., whether expression of specific nuclear proteins increase or decrease in cancer cells, is
strongly dependent on the given cancer type, tumor subtype, and stage, which complicates
the interpretation of the above findings. Furthermore, it remains unclear whether the
disturbed nuclear structure is merely a consequence of other molecular events occurring
during tumor initiation and progression or whether it directly contributes to the disease
mechanism. How could disturbed nuclear structure contribute to cancer progression? That so
many cancers display distinct nuclear morphologic characteristics indicates that changes in
nuclear structure and organization-including possible changes in the physical properties of
the nucleus-may confer a selective advantage to these cells during cancer progression. From
a biophysical point of view, changes in nuclear stiffness and plasticity could enhance the
ability of metastatic cancer cells to invade neighboring tissues, enter and exit the blood
stream or lymphatic system, and spread to other parts of the body. For example, during
invasion, breast cancer cells degrade the basement membrane and form invasive protrusion
(invadopodia), resulting in microscopic openings in the basement membrane only a few
micrometers in diameter through which the cells squeeze into the underlying tissue, and the
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deformation of the nucleus is a rate-limiting factor (239). Similarly, within the tissue and
during transendothelial migration (intravasation), migrating cells have to pass though narrow
spaces in the extracellular matrix and blood or lymphatic vessels, where deformations of the
normally stiff nucleus can be one of the rate-limiting steps during amoeboid migration (240,
241). During these processes, more deformable nuclei might facilitate passage through
narrow capillaries and promote wider distribution. In this setting, downregulation of A-type
lamins in cancer cells would parallel the physiological modulation in nuclear envelope
composition during granulopoiesis, whereas downregulation of lamins and nesprins and
upregulation of LBR is thought to enhance rapid transendothelial migration and passage
through narrow tissue spaces (127).

Although this biophysical approach provides a strong argument for a selective advantage of
reduced expression of A-type lamins and other modulations in nuclear envelope composition
that could enhance nuclear deformability, it is insufficient to explain fully the variable
changes in lamin expression reported across the different cancers. In this context, it is
important to consider the various functions of A-type lamins and how they could contribute
to tumorigenesis and cancer progression. As illustrated above, lamins are important
structural components supporting nuclear stiffness and maintaining the LINC complex;
nonetheless, they are also implicated in various nuclear functions such as DNA replication,
repair and genome stability, transcriptional regulation, and gene expression (171).
Moreover, they play a dynamic role in several cell processes, including cell division,
differentiation, migration, aging, and apoptosis (242, 243). Lamins A and C are expressed in
differentiated cells (181), and may play a role in controlling stem cell self-renewal and
differentiation (167). In general, the poorer the differentiation state of a given tumor type,
the worse the prognosis (236). Thus, downregulation of A-type lamins and the consequences
on chromatin distribution and gene expression may contribute to adjusting a more stem cell-
like character to tumor cells and to regaining the characteristic functional plasticity.
Noteworthy are also the multiple interactions of A-type lamins with major cancer gene
pathways such as tumor suppressor pathways that control cell proliferation, including Rb,
p53, and SMADs, and with pathways that trigger apoptosis or senescence (7). In addition,
A-type lamins interact (directly or indirectly) with nuclear components involved in
epigenetic modifications, such as histone deacetylases , Rb, and HP1. Altered expression of
A-type lamins may thus have a variety of effects on cells, including procancerous and
anticancerous, and depending on the primary tumor cell type, malignant transformation, as
well as differentiation stage, overexpression, or silencing of A-type lamins, may promote
tumor growth, invasion, and metastasis (244, 245).

CONCLUSIONS

Recent experiments identify the nucleus as a critical cellular element that is fully integrated
with the surrounding cytoskeleton. Consequently, changes in nuclear structure and
composition can have dramatic consequences on cellular polarization, cytoskeletal
organization, and function. In return, forces from the extracellular matrix and the
cytoskeleton are transmitted across the nuclear envelope to the nuclear interior, where they
can result in significant nuclear deformations. These nuclear deformations factor into several
important cellular processes. During cell migration in three-dimensional environments, the
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mechanical properties of the large and, compared with the surrounding cytoskeleton, stiff
nucleus can present a rate-limiting step in the ability of cells to squeeze through narrow
pores. At the same time, the nucleus must be able to withstand significant forces in
mechanically active tissues such as muscle, and mutations that impair the structural stability
of the nucleus can result in muscular dystrophies and cardiomyopathies. Despite the
impressive recent advances, several open questions remain. The functions of many nuclear
envelope proteins are incompletely defined, and the structural organization within the
nucleus, or the nuclear lamin network, continue to puzzle researchers. One challenge is the
multifaceted function of many nuclear proteins; for example, lamins act as intranuclear
structural elements but also interact with transcriptional regulators. Targeted engineering of
select domains or analysis of specific mutations will be necessary to separate these
functions. Ultimately, a better understanding of the molecular components governing
nuclear shape, deformability, and linkage to the cytoskeleton, as well as their interplay with
diverse cellular signaling pathways, may provide further insight into the role of nuclear
mechanics under physiological conditions and its contribution to human disease and
stimulate new therapeutic approaches.
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SUMMARY POINTS

The nucleus is physically coupled to the surrounding cytoskeleton, and, via cell-
cell junctions and transmembrane receptors, to the cellular microenvironment.
Thus, mechanical forces are transmitted throughout the cytoskeletal networks
and to the nucleus via LINC complexes found at the nuclear envelope,
consisting of nesprins, SUN proteins, and other nuclear envelope proteins.

The elastic nuclear lamina, composed of a fibrous lamin network, and
viscoelastic components of the nuclear interior, including chromatin and other
intranuclear structures, predominantly determine the mechanical properties of
the nucleus.

Nuclear shape alterations, typically associated with modulations in nuclear
envelope composition, frequently occur as part of the normal development and
differentiation process and may contribute to aging; likewise, dynamic changes
in nuclear shape can also result from intrinsic or extrinsic cell signaling.

The nuclear envelopathies and, more specifically, laminopathies often involve
dramatic changes in nuclear shape and mechanics, including altered nuclear
stiffness and impaired nucleocytoskeletal coupling, which may further impact
mechanotransduction and gene regulation processes.

The size and stiffness of the nucleus can impose a rate-limiting step in cells
migrating through narrow tissue spaces. Changes in nuclear envelope
composition that result in more deformable nuclei can be found in physiological
processes (granulopoiesis), but may also contribute to cancer progression, as
cancer cells often have altered nuclear shape and lamin expression.
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FUTURE ISSUES

What is the function of the many nuclear membrane proteins that remain
incompletely characterized? To what extent do they contribute to nuclear
organization, nuclear stiffness, or nucleocytoskeletal coupling.

What is the structural organization of nuclear lamins, both at the nuclear
envelope and the nuclear lamina? And what are the functional effects of specific
lamin mutations that result in different diseases?

How can nuclear structure and mechanics modulate cellular signaling and
function? Can lamins and other nuclear proteins act as signaling scaffolds or
sequester transcriptional regulators? And can physical deformations of nuclear
elements, for example, opening of chromatin under mechanical stress, contribute
to mechanotransduction signaling?

What is the role of abnormal nuclear shape and structure in cancer? Cancer cells
often display characteristic nuclear abnormalities, but it remains unclear whether
such changes can functionally contribute to cancer initiation and progression.
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Figure 1. Overview of nuclear structureand itsinterplay with the cytoplasm
(A) Outline of a cell depicting the nucleus and its physical connections to cell-cell junctions

and focal adhesions via cytoskeletal filaments. The rectangle marks the area depicted in the
second panel. (B) Close up of the nuclear envelope and nuclear interior. The nuclear
envelope is composed of the inner and outer nuclear membranes, nuclear pore complexes,
and the nuclear lamina. Depicted is only a small subset of nuclear membrane proteins, which
are described in further detail in the manuscript. These include the inner nuclear membrane
proteins emerin, MAN1, SUN1 and SUN2, Lamin B receptor (LBR), and various lamina-
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associated polypeptide (LAP) isoforms. On the outer nuclear membrane, nesprins-1 and -2
interact with actin microfilaments and microtubules (via motor proteins such as dynein)
whereas nesprin-3 binds to intermediate filaments via the adaptor protein plectin. The
nuclear lamina consists of A-type lamins (which are also found in the nuclear interior) and
B-type lamins, which form separate but overlapping networks. Chromatin, present as
condensed heterochromatin or more loosely organized euchromatin, is the major constituent
of the nuclear interior, which also includes other intranuclear structures such as the
nucleolus, Cajal bodies and Promyelocytic Leukaemia (PML) bodies. Nuclear actin exists
predominantly in monomeric, globular form, but may also organize into short, phalloidin-
negative oligomers.
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Figure 2. Lamin B receptor (LBR) influences nuclear mor phology in matur e neutrophils
Wright-Giemsa stained blood smears showing the dosage effect of 0 to 3 functional (i.e.,

wild-type) LBR copies on nuclear segmentation in neutrophils. Samples were derived from
(A) an individual homozygous for the splice mutation 1VS12-5-10del, (B) an individual
heterozygous for the splice mutation 1\VVS12-5-10del, (C) a healthy control, and (D) an
individual with a duplication of a segment of chromosome 1 (dup(1)(q32qg44)) expressing
three functional LBR copies. Nuclear lobulation highly correlates with LBR expression
levels. Images were reprinted with kind permission from Sophia Gravemann (246).
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Figure 3. Abnormal nuclear shapein cancer cells
(A) Histology sections from normal bronchial cells (left), small-cell lung carcinoma (center),

and large-cell lung carcinoma (right). Cancer cells show distinct abnormalities in chromatin
distribution (center panel; heterochromatin aggregates are visible as dark-violet patches) or
nuclear shape (right panel, arrows). (B) Stable overexpression of lamin B receptor (LBR) or
knockdown of A-type lamins in human breast epithelial cells (MCF10) results in lobulated
and irregularly shaped nuclei that resemble the nuclear abnormalities often found in cancer
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cells. Nuclei were stained with DAPI. Scale bar: 10um. Images in panel A reprinted from
Zink et al. (222) with permission from Nature Reviews Cancer
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