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Mechanics of the Nucleus
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Abstract

The nucleus is the distinguishing feature of eukaryotic cells. Until recently, it was often
considered simply as a unique compartment containing the genetic information of the cell and
associated machinery, without much attention to its structure and mechanical properties. This
article provides compelling examples that illustrate how specific nuclear structures are associated
with important cellular functions, and how defects in nuclear mechanics can cause a multitude of
human diseases. During differentiation, embryonic stem cells modify their nuclear envelope
composition and chromatin structure, resulting in stiffer nuclei that reflect decreased
transcriptional plasticity. In contrast, neutrophils have evolved characteristic lobulated nuclei that
increase their physical plasticity, enabling passage through narrow tissue spaces in their response
to inflammation. Research on diverse cell types further demonstrates how induced nuclear
deformations during cellular compression or stretch can modulate cellular function. Pathological
examples of disturbed nuclear mechanics include the many diseases caused by mutations in the
nuclear envelope proteins lamin A/C and associated proteins, as well as cancer cells that are often
characterized by abnormal nuclear morphology. In this article, we will focus on determining the
functional relationship between nuclear mechanics and cellular (dys-)function, describing the
molecular changes associated with physiological and pathological examples, the resulting defects
in nuclear mechanics, and the effects on cellular function. New insights into the close relationship
between nuclear mechanics and cellular organization and function will yield a better
understanding of normal biology and will offer new clues into therapeutic approaches to the
various diseases associated with defective nuclear mechanics.
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The nucleus is the largest organelle in most cells. In addition to housing the genetic
information and serving as the site of DNA and RNA synthesis, transcription, and
processing, it plays an important role in coordinating the intricate cellular architecture (112).
In differentiated cells, the nucleus is approximately 5 to 10 times stiffer than the surrounding
cytoskeleton; based on its size and stiffness, the mechanical properties of the nucleus will
often dominate the overall cellular behavior during physiological deformations, for example
during cell migration or perfusion through narrow capillaries. The mechanical properties of
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the nucleus are defined by its unique structure and architecture, particularly the nuclear
envelope, consisting of nuclear membranes and the nuclear lamina, and the nuclear interior,
mostly comprised of chromatin and the nucleoskeleton. Consequently, changes in nuclear
stiffness often reflect structural changes in the nuclear envelope, the chromatin organization,
or both. For example, stem cells increase the expression of specific nuclear envelope
proteins during differentiation and modify their chromatin structure, resulting in a 5-fold
increase of nuclear stiffness (146). On the other hand, changes in the nuclear envelope
composition during granulopoiesis are responsible for the characteristic lobulated nuclei in
neutrophils that are ideally suited to pass through narrow spaces during transendothelial
migration and tissue infiltration (140). Nuclear structure and mechanics are also altered in a
variety of human diseases, with much of the research focused on determining the functional
relationship between altered nuclear morphology and cellular dysfunction. For example,
mutations in the LMNA gene encoding the nuclear intermediate filament proteins lamin A
and C cause at least 10 different human diseases, including muscular dystrophies,
cardiomyopathies, lipodystrophies and progerioid phenotypes (202). In at least some of
these diseases, defects in nuclear mechanics are thought to contribute to the disease
progression (107). Other disorders associated with abnormal nuclear architecture include
Pelger-Huet anomaly, caused by mutations in the lamin B receptor (LBR) protein, and
cancer, which is often recognized by pathologists based on characteristic defects in nuclear
morphology. The plethora of human diseases and the multitude of tissues affected in these
diseases suggests that nuclear mechanics are not only relevant for direct structural functions
such as protecting the genomic information, particularly in mechanically stressed tissues
such as muscle, but could also contribute to other cellular functions such as cell signaling
and migration. Abnormal activation of mechanosensitive genes has been reported in lamin
AJC—deficient-fibroblasts (107) and in mice with reduced levels of lamin A/C (35, 136),
suggesting a role of nuclear mechanics in mechanotransduction signaling.

In the following, we present a detailed overview of nuclear structure and organization under
normal and pathological conditions, describe the relevance of nuclear deformations in vivo
and in vitro, including a brief overview of experimental techniques to probe nuclear
mechanics, and finally discuss the role of nuclear mechanics during stem cell differentiation
and in various diseases associated with changes in nuclear structure and mechanics.

Nuclear structure and organization

The nucleus is the distinguishing feature of eukaryotic cells, separating the genome and
transcriptional machinery from the cytoplasm. Most mammalian cells have a single ovoid or
spherically shaped nucleus with a diameter of 5 to 20 um, making it the largest cellular
organelle. Cardiac myocytes and skeletal muscle cells are often multi-nucleated, whereas
mature red blood cells no longer contain a nucleus. The nuclear shape and size within a
given cell depends on the cell type and also varies with the particular morphology of the cell
(99). For example, the nucleus of a fibroblast grown under standard (i.e., 2-dimensional) cell
culture conditions resembles a flat disk with a diameter of 10 to 20 um and a height of only
3to 6 um (Fig. 1). In contrast, cells imaged in vivo or cultured in 3-dimensional collagen
gels typically have spherical (Fig. 2) or ovoid nuclei with a diameter of 6 to 10 pum.
Irrespective of the exact shape and size of the nucleus, the nuclear structure can be generally
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divided into two distinct compartments: (i) The nuclear envelope, consisting of the inner and
outer nuclear membrane, the nuclear pores, and the nuclear lamina, and (ii) the nuclear
interior, comprised of chromatin, the nucleoskeleton, and other intranuclear structures such
as the nucleolus and PML bodies (Fig. 2).

The nuclear envelope

Nuclear membranes and membrane proteins—The nuclear envelope is comprised of
two lipid bilayers, the inner and the outer nuclear membranes, which enclose the
approximately 30 to 50 nm wide perinuclear space. The outer nuclear membrane is
continuous with the endoplasmic reticulum (ER) and joins the inner nuclear membrane at
the nuclear pores. As a result, nuclear membrane proteins can diffuse laterally between the
inner nuclear membrane, the outer nuclear membrane, and the ER, with some restrictions
imposed on the size of the inner nuclear membrane proteins by the necessity to pass by the
nuclear pores. Proteins specific to the inner nuclear membrane are thought to be retained
there through interaction with other inner nuclear membrane proteins or interactions with the
underlying nuclear lamina or chromatin (diffusion-retention model). Consequently,
disruption of these interactions, for example through loss of nuclear lamina proteins or
dominant negative mutants, can cause mislocalization of these proteins away from the inner
nuclear membrane to the ER. Based on a recent proteomic analysis, the inner and outer
nuclear membranes are home to at least 50 to 100 specific membrane proteins (165), with
many of the proteins still incompletely characterized. Examples of inner nuclear membrane
proteins include emerin, lamin B receptor (LBR), SUN1 and SUNZ2, and several isoforms of
the lamina-associated proteins (LAP), with the exception of LAP2a, which is
nucleoplasmic. Outer nuclear membrane proteins include the large nesprin isoforms, which
play a prominent role in nuclear cytoskeletal coupling (see below).

Among the inner nuclear membrane proteins, emerin has received special attention, as
mutations in the EMD gene cause X-linked Emery-Dreifuss muscular dystrophy (134).
Emerin has been shown to promote actin polymerization (85) and could, together with all-
spectrin (206) and 4.1R (102), form stable networks at the nuclear envelope, similar to the
cortical network found in erythrocytes (84, 85).Emerin can also directly interact with
nuclear myosin I (87), which could be involved in intranuclear movement. Fibroblasts from
emerin-deficient mice have abnormally shaped nuclei, which undergo dynamic fluctuations
in nuclear shape (106), and have altered nuclear mechanics when probed in micropipette
aspiration experiments (161); however, nuclear deformations were normal when emerin-
deficient cells were subjected to substrate strain (106), suggesting that loss of emerin may
cause localized defects in nuclear envelope mechanics without affecting overall nuclear
stiffness. The effect of emerin is not limited to the nuclear interior; emerin has also been
proposed to participate in linking microtubules to the nuclear envelope (163), and lack of
emerin results in the detachment of centrosomes from the nucleus and the prevention of
centrosome polarization in living cells in response to fluid shear stress (69).

In addition to its structural role, emerin binds to a number of important nuclear factors such
as the transcriptional repressor Btf, the transcription factors germ-cell-less (gcl) and Lmo7,
the DNA-binding protein barrier-to-autointegration factor (BAF), and the splicing associated
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factor YT521-B (7, 73, 86, 162, 197, 199), suggesting an important role of emerin in gene
regulation.

The nuclear lamina—Underlying the inner nuclear membrane is the nuclear lamina, a
dense protein network mainly comprised of lamins, type V intermediate filaments specific to
the nucleus. Lamins act as major “guardians” to the structural organization and function of
the nucleus. Similar to other intermediate filaments, lamins can assemble into approximately
10 nm thick filaments in vitro; similar sized fibers have been imaged in vivo by electon-
microscopy in Xenopus oocytes (1, 61). However, no such structures have been observed to
date in somatic cells, and the precise assembly and higher order organization of lamins
within the nuclear lamina remain incompletely understood. In addition to their structural
role, lamins are directly implicated in DNA replication, DNA repair, RNA synthesis, and
chromatin folding (103, 172, 180). Consequently, lamins play a dynamic role in several cell
processes, including cell division, differentiation, migration, aging, and apoptosis(45).

Somatic mammalian cells contain two types of lamins, A-type (mainly lamins A and C) and
B-type lamins (lamin B1 and B2), each having tissue-specific expression patterns. At least
one B-type lamin is constitutively expressed in all cells, while expression of A-type lamins
is developmentally regulated and generally restricted to differentiated cells. Based on
microscopic observations of fluorescently-tagged lamins and immunofluorescence labeling,
A- and B- type lamins form distinct, albeit overlapping, stable networks (170).

A-type lamins are encoded by a single gene, LMNA, and result from alternative splicing. A-
type lamins are developmentally regulated, beginning midway through embryonic
development (177), and are abundantly expressed in most differentiated cells, but not in
embryonic stem cells (166). Lamins A and C provide structural support to the nuclear
envelope, are critical for correct spacing of nuclear pore complexes, and interact with
chromatin and a variety of inner nuclear membrane proteins such as emerin, SUN1, and
some shorter nesprin isoforms (208). While lamins were initially identified as structural
proteins, it has now become apparent that they also play important roles in cell signaling.
Lamins A and C can directly interact with several transcription factors such as the adipocyte
differentiating factor sterol response element binding protein 1 (SREBP1) (119), MOK?2
(49), c-Fos (62), and retinoblastoma (pRb) protein (142), modulating their nuclear activity
by, for example, sequestering certain proteins at the nuclear envelope or protecting them
from degradation. Recently, A-type lamins have gathered increased attention in the
biological and clinical sciences as more than 300 different disease-causing mutations have
been identified in the LMNA gene. These diseases, collectively referred to as laminopathies,
include Emery-Dreifuss muscular dystrophy, dilated Cardiomyopathy with conduction
defects, Dunnigan-type familial partial lipodystrophy, Charcot-Marie-Tooth disorder (Type
I1), and Hutchinson-Gilford progeria syndrome (reviewed in (202)). Mice deficient for lamin
A/C (Lmna~'") appear normal at birth but subsequently develop severe muscular dystrophy
and dilated cardiomyopathy and die between 4 to 8 weeks of age. Cells derived from these
animals have significantly softer and more fragile nuclei and impaired mechanotransduction
signaling, thereby providing a potential mechanism for the muscle-specific phenotypes of
many laminopathies (107). Interestingly, experiments on fibroblasts derived from mice
lacking lamins A and/or C, or lamin B1 indicate that lamins A and C are the main
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contributors to nuclear stiffness (105). Importantly, loss of lamins A/C results in
mislocalization of emerin to the ER (179) and increases the mobility of SUN proteins on the
inner nuclear membrane (141), thereby affecting the function of these proteins. Furthermore,
loss of lamin A/C has consequences beyond the nucleus itself. Lamin A/C—deficient cells
have abnormal cytoskeletal organization and decreased cytoskeletal stiffness, resulting in
disturbed nuclear orientation and migration (89, 107, 112).

Lamin B1 and B2, the major B-type lamin isoforms, are encoded by two separate genes,
LMNB1 and LMNB?2, respectively. In contrast to A-type lamins, B-type lamins are expressed
in all cells, although the relative expression between lamins B1 and B2 varies between
tissues. The only known diseases associated with B-type lamins are autosomal dominant
leukodystrophy caused by duplication of the LMNB1 gene (143) and acquired partial
lipodystrophy linked to mutations in the LMNB2 gene (77). The absence of known human
mutations, along with the findings that lamin B1 and lamin B2-deficient mice die at birth
(190)(Coffinier, in press HMG2010) and that knockdown of B-type lamins is lethal in
cultured cells (74), suggest that B-type lamins are critical for survival. While B-type lamins
contribute little to the elasticity of the nucleus (105), they are important in anchoring the
nucleus to the cytoskeleton. Nuclei in cells lacking functional lamin B1 undergo
spontaneous and sustained nuclear rotation (95), and mice lacking lamin B2 have severe
brain development defects do to impaired neuronal migration and nuclear movement (29).

interior

Chromatin and chromosome territories—Most of the nuclear interior is occupied by
densely packed chromatin, i.e., DNA wrapped around histones and other chromosomal
proteins to form nucleosomes and higher order structures such as the typical 30 nm
chromatin fibers. Within the nucleus, chromatin can be found in two distinct configurations:
Heterochromatin is condensed, often transcriptionally inactive, and often consists of gene-
poor regions. Heterochromatin is mostly found at the nuclear periphery, and targeting genes
to the nuclear periphery can be sufficient to reduce their expression (184). Euchromatin has
a less compact (extended) configuration, promoting access to transcription factors and DNA
binding proteins, and is typically comprised of transcriptionally active genes. Euchromatin is
found in the nuclear interior and near nuclear pores. Recent experiments based on
fluorescence in-situ hybridization (FISH) against various chromosomes revealed that during
interphase, chromatin is organized into discrete chromosome territories with only limited
overlap, and that the position of these chromosome territories can, at least in part, be passed
on to daughter cells (123). The large scale organization of chromatin has been hypothesized
as a fractal, knot-free globule that provides maximally dense packing while enabling easy
folding and unfolding of specific genomic loci (116).

Intranuclear structures - the nucleoskeleton—The existence of a stable
nucleoskeleton comparable to the cytoskeleton has been debated for several decades. While
the organization of chromatin into discrete chromosome territories does not require a stable
nucleoskeleton (116), stable intranuclear structures could serve as scaffolds in
transcriptional regulation and DNA synthesis and transcription. To date, a number of
structural proteins have been identified to exist in the nuclear interior, including actin, all-
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spectrin, myosin, lamins and even the giant molecule titin (83, 206, 207). The presence of
actin in the nucleus is now widely accepted (8, 58, 151); in the nucleus actin is
predominantly in the G-actin state, but can form at least two presumably short oligomers
that are not detected by phalloidin (96, 150, 152, 168). In addition to a possible role as a
“nuclear cortex” at the nuclear periphery, recent data suggest that nuclear actin maybe be
involved in transcription(153), and electron microscopy of Xenopus oocyte nuclei shows
actin oligomers interacting with nuclear pores and Cajal bodies at the nuclear
periphery(101). Myosin, recently identified in the nucleus, (83) might be implicated in
movement of DNA within the nucleus.

It is important to recognize that lamins, particularly A-type lamins, are not restricted to the
nuclear lamina, but also form stable intranuclear structures as evidenced by the long
fluorescence recovery time during photobleaching experiments (129). These intranuclear
lamins, along with other nucleoskeletal structures, could be implicated in chromatin
organization and transcription. Interestingly, cells derived from Emery-Dreifuss muscular
dystrophy patients and from lamin A/C-deficient mice have severe changes in chromatin
organization that could affect gene regulation (55, 179). Furthermore, lamin A/C speckles
have been proposed to mediate spatial organization of splicing factor compartments and
RNA polymerase Il transcription (103), and disrupting the normal organization of nuclear
lamins by expression of a dominant-negative lamin mutant inhibits RNA polymerase I1—
dependent transcription in mammalian cells and in active embryonic nuclei from Xenopus
laevis (172).

Nuclear cytoskeletal coupling

The first direct evidence that externally applied forces could be transmitted from the cell
surface to the nucleus was provided by Ingber and colleagues (120). They coated the tip of
micropipette with extracellular matrix protein fibronectin and placed the tip on top of the
cell apical surface (or alternatively within the cytoskeleton). After allowing the focal
adhesion to form around the pipette tip, the pipette was moved away from the cell surface
laterally for specified distances (10-20 um) while simultaneously measuring the movement
of the nucleus and nuclear structures such as the nucleolus. They found that extracellular or
cytoskeletal strain application with the microneedle was transmitted through the
cytoskeleton to the nucleus, resulting in significant induced nuclear deformations and
occasional evagination of the nuclear envelope towards the force application site. Despite
this direct evidence for nuclear-cytoskeletal coupling, the molecular mechanism by which
the nucleus is connected to the cytoskeleton has puzzled researchers for many years, as it
was unclear how forces could be transmitted across the 30 to 50-nm wide perinuclear space.
Recent work in C. elegans, Drosophila melanogaster, and mammalian cells led to the
discovery of two new families of nuclear envelope proteins that are ideally suited to transmit
forces from the cytoskeleton across the nuclear envelope to the nuclear interior (33, 70, 115,
132, 144, 145, 148, 193, 203, 211). These findings have shaped the current model of
nuclear-cytoskeletal coupling (Fig. 3), in which large nesprin isoforms located on the outer
nuclear membrane can bind to cytoskeletal F-actin or, via plectin, intermediate filaments.
Additional interactions of nesprins with microtubules and the centrosome, via dynein/
dynactin and kinesin complexes, have also been reported (213). At the nuclear envelope,
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nesprins interact across the perinuclear space with SUN proteins, which are located at the
inner nuclear membrane. There, SUN proteins can bind to lamins, inner-membrane-localized
nesprin isoforms, nuclear pore complex proteins, chromatin, and other, yet-to be identified
nuclear envelope proteins, thereby creating a physical link between the cytoskeleton and the
nucleus (48, 71, 167, 204). Because of this function, the nesprin/SUN protein complex is
referred to as the LINC complex (Linker of Nucleoskeleton and Cytoskeleton) (33). The
molecular components of the LINC complex are described in more detail below.

Nesprins—Nesprins are a novel family of spectrin-repeat proteins anchored at the nuclear
envelope. To date, four nesprin genes (nesprin-1, -2, and -3, and -4) have been identified
(21). As a result of multiple initiation and splicing sites, many of the nesprins are expressed
in multiple isoforms that vary in length, domain composition, and expression patterns. For
nesprin-1 and nesprin-2, the exact localization and function of specific isoforms is not
always clear, as most isoforms remain uncharacterized, and many antibodies recognize more
than one isoform. However, there is convincing evidence that the largest isoforms
(Nesprin-1 Giant and Nesprin-2 Giant), which are more than 800 kD in size and are
predicted to be up to 0.4 um long, are located in the outer nuclear membrane and can bind to
the actin cytoskeleton (211). The giant nesprin isoforms consist of a central rod domain with
a variable number of spectrin repeats that is flanked by a cytoplasmic, N-terminal actin
binding domain and a C-terminal KASH (Klarsicht/ANC-1/Syne-1 homology) domain
(211). The highly conserved KASH domain consists of a transmembrane domain and a
luminal SUN-binding motif. Interaction of the highly conserved KASH domain with the C-
terminal SUN-protein domain is required for localization of all nesprins to the nuclear
envelope (33, 70, 145)

Nesprin-1 (also known as Syne-1, Myne-1, or Enaptin) isoforms can directly bind to lamin
AJC and emerin at the nuclear envelope; the largest isoform can also interact with F-actin in
the cytoplasm through its N-terminal actin binding domain (128, 144). Nesprin-1 might also
interact with the kinesin 11 subunit KIF3B, suggesting a potential link between the nuclear
envelope and the microtubule network (52). In addition to these cytoskeletal proteins,
nesprin-1 also binds to the neuromuscular junction specific kinase MusK and the scaffold
protein muscle A Kinase Anchoring Protein (MAKAP) (4, 148). Another reason that
nesprins are so relevant for the muscular laminopathies is the fact that heart and skeletal
muscle are among the tissues with the highest expression levels of nesprin-1 (4, 144), and
some isoforms (e.g. nesprin-1ay) are only found in skeletal, cardiac, and smooth muscle (4,
212). The importance of nesprins for muscular function is further illustrated by the
discovery that nesprin-1 is required for nuclear positioning at neuromuscular junctions (4,
64, 209). Thus, tissue-specific effects caused by mutations in the ubiquitously expressed
lamin A/C could arise from its interaction with tissue-specific nesprin isoforms.

Similar to nesprin-1, the larger nesprin-2 isoforms (also known as Syne-2, Myne-2, or
Nuance) localize to the outer nuclear membrane and contain an N-terminal actin binding
domain (211, 214), although Western analysis suggests that additional, shorter isoforms may
exist that also contain the actin-binding domain (211). The smaller nesprin-2 isoforms bind
directly to lamin A and emerin at the inner nuclear envelope. Importantly, lamin A/C is
necessary for the correct localization of nesprin-2 to the nuclear envelope (115, 211), either
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through direct interaction or by affecting SUN2 localization. Depletion of SUN1 and SUN2
or expression of the luminal SUN1 domain (that acts as a dominant-negative mutant) result
in mislocalization of nesprin-2 Giant away from the nuclear membrane and expansion of the
perinuclear space to 100 nm or more (33). Similar to nesprin-1, nesprin-2 also expresses
muscle-specific isoforms (e.g. nesprin-2a); and during differentiation of C2C12 myoblasts,
nesprin-2 relocalizes from the nuclear envelope to the sarcomeres (211). In adult skeletal
muscle, nesprin-2 is present at the Z-line and the sarcoplasmic reticulum (211).

Nesprin-3 was discovered as a ubiquitously expressed third member of the mammalian
nesprin family that is located in the outer nuclear membrane (196). Nesprin-3 lacks an actin-
binding domain but contains an N-terminal plakin-binding domain that can interact with
plectin (196). Plectins are important crosslinkers for actin filaments, microtubules, and
intermediate filaments and can also bind to integrin f4 subunits, thus establishing a direct
connection between the nucleus and the extracellular matrix (194, 196).

Most recently, nesprin-4 was identified as an outer nuclear envelope protein in secretory
epithelial cells based on sequence homology with the nesprin-2 KASH domain (158).
Nesprin-4 binds to kinesin-1; expression of nesprin-4 is sufficient to cause dramatic
relocalization of the centrosome and Golgi complex relative to the nucleus, implicating this
nesprin isoform in cell polarization in secretory cells.

Importantly, mutations in nesprins-1 and -2 have been recently mapped to cause Emery-
Dreifuss muscular dystrophy (210), suggesting that disruption of nuclear cytoskeletal
coupling could be sufficient to cause neuromuscular defects. Supporting this notion, two
independent mouse models demonstrate that disruption of nesprin-1 function causes an
Emery-Dreifuss muscular dystrophy-like phenotype and defects in nuclear positioning at
neuromuscular junctions (156, 209). Similarly, mutations of the nesprin ortholog ANC-1
lead to abnormal positioning of nuclei and mitochondria in C. elegans (174), and the
Drosophila ortholog MSP-300 is required for embryonic muscle morphogenesis and
formation of embryonic muscle attachments (157).

SUN proteins—SUN proteins are inner nuclear membrane proteins oriented with their N-
terminal domain facing the nucleoplasm and the large C-terminal domain extending into the
perinuclear space (33, 70, 78). Based on their highly conserved C-terminal SUN (Sadl/
UNC-84 homology) domain, five mammalian SUN proteins have been identified to date,
with two of them (SUN1 and SUNZ2) located at the nuclear envelope. SUN1 and SUN2 are
retained at the inner nuclear membrane by interaction of their N-terminal domain with
chromatin or other INM proteins, not all of which are known (48, 70, 75, 167, 204). While
localization of SUN2 is (at least in part) dependent on lamins A/C, SUNL1 localization does
not require lamins A/C or lamin B1 (33, 70, 75, 145), even though both SUN1 and SUN2
can directly bind to these lamin isoforms (33). Consequently, depletion of lamins does not
increase the lateral mobility of SUN1 in fluorescence recovery after photobleaching (FRAP)
experiments (75). This latter report is in contrast to more recent findings that lack of lamin
AJC increases mobility of SUN1 and 2 and that A-type lamins, together with SUN2, anchor
nesprin-2 at the nuclear membrane (141). Haque and colleagues (71) recently identified a
novel binding region with SUN1 responsible for the association with the nuclear lamina that
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does not interact significantly with known binding partners, suggesting additional, yet to be
identified binding partners. These could include nuclear pore complex proteins (118).
Overexpression of SUN1 reveals that binding sites for SUN1 at the nuclear envelope are
easily saturated, resulting in mislocalization to the endoplasmic reticulum and the cytoplasm
(70). Taken together, this studies help form an evolving picture of the nuclear envelope, and
how nuclear envelope proteins closely cooperate to facilitate nuclear-cytoskeletal coupling.
At the same time, it is apparent that this image is still incomplete. Many important binding
partners are yet to be identified, and even for the already discovered proteins, their function
and interaction maps often remain incompletely defined, stimulating further research in this
exciting area.

Nuclear deformations under physiological stress/strain

As illustrated in the sections above, the nucleus is tightly coupled to the surrounding
cytoskeleton, which in turn is physically connected to the extracellular matrix and
neighboring cells through integrins and other cell surface receptors. Therefore, mechanical
deformations of the tissue are directly transmitted to the nucleus, with the potential to result
in significant nuclear deformations. Such induced nuclear deformations can have important
consequences on cellular functions. Through mechanisms yet incompletely understood,
changes in nuclear shape are often directly correlated with altered gene expression in cells.
For example, studies with micropatterned surfaces to modulate the cellular environment
revealed that collagen synthesis correlated more strongly with nuclear shape than with cell
shape (182). Similarly, changes in nuclear organization can modulate cellular and tissue
phenotype in mammary epithelial tissue morphogenesis (113), and compression-induced
shapes changes in chondrocyte nuclei closely correlate with changes in cartilage
composition and density (67). These examples highlight the importance of nuclear
mechanics and mechanically induced deformations on cell and tissue function. Before we
discuss examples of nuclear deformations under mechanical stress in vivo and in vitro in
more detail, it is helpful to briefly highlight the mechanical properties of the (interphase)
nucleus, as these properties determine the extent of induced deformations when the nucleus
is subjected to physical forces.

Mechanical properties of the interphase nucleus

Experiments on a wide variety of cells have shown that the interphase nucleus is
significantly stiffer than the surrounding cytoskeleton. Most experiments yield values for the
nuclear stiffness (i.e., elastic modulus) of 1 — 10 kPa (1 kPa = 1,000 N/m?), with exact
results depending on the examined cell type and the experimental technique used to obtain
the measurements. (25, 67, 98, 188); overall, the measurements consistently demonstrate a 2
to more than 10-fold higher stiffness of the nucleus compared to the cytoskeleton. For
example, measuring nuclear and cytoskeletal deformations in endothelial cells compressed
between two parallel plates suggests an effective elasticity of the nucleus of 8 kPa compared
to 0.5 kPa for the cytoplasm (25). Similar results were obtained in cells subjected to uniaxial
strain (24) or in micropipette aspiration experiments of chondrocyte nuclei (67). In these
experiments, the nucleus often behaves as a viscoelastic material, i.e., it displays a
combination of instantaneous, elastic deformations and time-dependent, often plastic
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deformations (36, 67, 159). In most cases, this time dependent behavior reaches a stable
equilibrium with a few seconds (46, 161), while other experiments show continued nuclear
deformation under an applied stress (36, 37, 146), possibly reflecting differential nuclear
organization, such as altered lamin A/C densities at the nuclear envelope or interior and/or
changes in chromatin organization.

Detailed analysis of nuclear deformations under applied stress reveals that the overall
mechanical behavior of the nucleus is determined by the nuclear lamina and the nuclear
interior; the lipid nuclear membranes that behave as a 2-dimensional fluid are considered to
play only a minimal role in nuclear stiffness (160). The specific contribution of the nuclear
lamina vs. the nuclear interior will depend on the given mechanical stimulation (e.g.,
stretching vs. compressing the cell), the particular cell type, differentiation state, and nuclear
organization.

The nuclear lamina—Experiments on nuclei from Xenopus oocytes that enable
researchers to separately determine the contributions of the nuclear lamina and chromatin to
nuclear stiffness, have provided the base for our current understanding that the nuclear
lamina acts as an elastic, load-bearing element that provides the majority of structural and
mechanical support to the nucleus, particularly under tensile load application (36, 37, 164).
Accordingly, nuclei assembled in lamin-depleted Xenopus egg extracts are highly fragile
(135) and nuclei from lamin A/C—deficient mouse embryo fibroblasts and myoblasts cells
are significantly softer than nuclei from wild-type controls (105, 107). As reported above,
nuclear strain experiments performed on a variety of mouse embryo fibroblast lines lacking
different lamin isoforms or overexpressing these lamins indicate that lamins C and
particularly lamin A are the main contributors of nuclear stiffness (105). Whereas lamin B1
deficient cells have normal nuclear mechanics, nuclei in cells lacking lamin A and C deform
significantly more under strain application; cells lacking lamin A, but not lamin C, have
only modestly impaired nuclear mechanics, whereas cells expressing only lamin A, but not
lamin C, have in fact even stiffer nuclei than cells from wild-type littermates (J
Lammerding, unpublished observation). These findings are consistent with recent reports
that A and B-type lamins form separate networks at the nuclear lamina (170) with distinct
structural organization (47, 61). When human B-type lamins are ectopically expressed in
Xenopus oocytes, they form a thin network of 8-10 nm fibers underlying the inner nuclear
membrane; in contrast, ectopically expressed A-type lamins assemble thicker structures on
top of the B-type lamin network (Fig. 4) and cause a dramatic stiffening of the oocyte
nucleus (60, 164). Importantly, as the nuclear lamina is involved in nuclear-cytoskeletal
coupling, mutations in lamins or other nuclear envelope proteins could alter force
transmission between the nucleus and the cytoskeleton and thereby further affect nuclear
deformation under externally applied loads.

The nuclear interior—The nuclear interior acts as a compressible, aqueous, sponge-like,
viscoelastic material that increases in stiffness as it becomes compressed (36, 160). The
majority of the nuclear interior is comprised of chromatin, and modifications of chromatin
structure have been demonstrated to directly influence the physical properties of nuclei in
micropipette aspiration experiments (146). Similarly, alterations in chromatin by divalent

Compr Physiol. Author manuscript; available in PMC 2015 October 11.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lammerding

Page 11

salts (36) or upregulation of heterochromatin proteins (127, 146) reduce chromatin
movements inside the nucleus and stiffen the chromatin. In addition to chromatin, proposed
nucleoskeletal structures could also contribute to the mechanical behavior of the nuclear
interior. Nuclear lamins, particularly lamins A and C, form stable structures in the nuclear
interior and are in constant exchange with the nuclear lamina (20). The presence of these
internal lamins and lamin binding proteins such as LAP2a, could provide structure and
organization within the nucleoplasm. Importantly, it appears that there is significant
interplay between the diverse components of the nuclear interior and periphery. For
example, loss of lamins A and C or lamin A mutations associated with Hutchinson-Gilford
progeria syndrome cause significant alterations in chromatin organization, characterized by
a loss of peripheral heterochromatin, which could in turn affect nuclear mechanics.
Similarly, the nucleoplasmic protein LAP2a has been shown to modulate localization of
lamin A/C between the nuclear periphery and interior, thereby modulating nuclear
organization and cellular function (63, 133).

Nuclear deformations in vivo and in vitro

Researchers have long recognized the strong dependence of nuclear shape and cellular
morphology in vivo and in vitro. For the most part, these observations have been/are derived
from images of fixed tissues and cells; however, more recently, live cell imaging has
enabled the observation of nuclear deformations in real time, giving researchers an
opportunity to study the dynamic processes of nuclear deformations in cells and tissues
under an applied mechanical load. Much of the in vivo and in situ observations have
traditionally focused on nuclear deformations in chondrocytes and in cancer cells;
nonetheless, considerable research has been carried out in vitro on cells highly relevant to
respiratory physiology, including airway and vascular smooth muscle cells and endothelial
cells.

Nuclear deformations in vivo and in situ—While changes in nuclear shape are
routinely used in the analysis of fixed tissues by pathologists, measuring dynamic nuclear
deformations in vivo remains extremely challenging. Langevin and colleagues have provided
stunning observations from subcutaneous tissue in mice that had been mechanically
stretched in vivo or locally stimulated by inserting and rotating acupuncture needles,
resulting in localized application of large tissue strain (108, 109, 178). Their data reveal
mechanically induced spreading of fibroblasts associated with flattening of the nucleus and
formation of nuclear invaginations containing alpha smooth muscle actin (Fig. 5). Recently,
real-time in vivo imaging has found increased application in elucidating the cellular
processes underlying metastasis. By using GFP fused to histones and applying multi-photon
imaging, researchers have succeeded in visualizing nuclear deformations during migration
of cancer cells in living mice (79). Nuclei could be observed to elongate to squeeze through
narrow blood vessels and to deform during extravasation, suggesting a potential role of
nuclear mechanics in cancer progression.

Some of the most detailed studies of nuclear deformations have been obtained from in situ
experiments of chondrocytes in articular cartilage explants. During compression,
chondrocyte nuclei undergo a significant decrease in height and volume (Fig. 6), which was
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at least in part mediated by the actin cytoskeleton (66, 67, 110), and changes in nuclear
shape could directly contribute to expression of cartilaginous genes (88).

Nuclear deformations during strain application in vitro—In contrast to the above
experiments, studying cells cultured in vitro allows for imaging of nuclear dynamics with
high temporal and spatial resolution. Studying the cellular/nuclear response to mechanical
strain application is highly relevant to the respiratory system. During respiration, cells lining
the airways are regularly exposed to significant circumferential tissue strain; similarly,
airway smooth muscle cells, vascular smooth muscle cells, and vascular endothelial cells are
subjected to repetitive vessel strain; in addition, intercoastal muscles involved in inhalation
and expiration, rhythmically contract and relax during inhalation and expiration, subjecting
nuclei in these muscles to significant physical stress. Substrate strain experiments provide a
useful model to mimic these physiological conditions. In these experiments, cells are plated
on thin, transparent substrates (e.g., silicone membranes) and imaged before, during, and
after application of uniaxial or biaxial strain to the elastic substrate. The cytoskeleton, which
is tightly coupled to the substrate via cell adhesion receptors, is stretched to similar extent
(~80-100%) as the underlying substrate; in contrast, the stiffer nucleus, which is surrounded
by the cytoplasm, deforms much less. In the case of endothelial cells or fibroblasts, the
nuclear deformation is on the order of 10-30% of the applied substrate strain, again
demonstrating that the nucleus is significantly stiffer than the surrounding cytoskeleton (24,
25, 59, 105, 107). Nonetheless, assuming physiological relevant tissue/substrate strains of 10
to 20%, this corresponds to nuclear elongation of 1 to 6%, which could be sufficient to cause
substantial deformations within the nuclear interior. Inhomogeneous distribution of the
nuclear strain throughout the nucleus could result in locally even higher strain values,
possibly causing changes in chromatin structure and altered accessibility to transcription
factors.

As an alternative to globally applied substrate strain, forces can be applied locally to the cell
surface via beads or microneedles covered with extracellular matrix molecules (90, 120).
Experiments on airway vascular smooth muscle cells revealed that the induced nuclear
deformations are highly dependent on the cytoskeletal pre-stress, i.e., the contractile status
of the cells: Increased cellular pre-stress resulted in increased induced nuclear deformations,
indicating improved stress propagation, while reduced pre-stress caused an abolished
response (90).

Nuclear changes in response to shear stress—In addition to repetitive vessel strain,
vascular endothelial cells are exposed to varying levels of fluid shear stress. Endothelial
cells have been long known to be exquisite mechanosensors, responding to variations in
fluid shear stress with activation of biochemical pathways and activation of
mechanosensitive genes (41). Many of these signals, including the release of nitric oxide
(NO) or expression of specific cell surface receptors, are used to communicate with
underlying smooth muscle cells or to allow circulating cells such as leukocytes to bind to
endothelial cells and exit the blood vessel. This mechanotransduction response is a critical
protective mechanism against atherosclerosis and important for the normal maintenance of
blood vessels (41, 68). The molecular mechanisms by which cells sense their physical

Compr Physiol. Author manuscript; available in PMC 2015 October 11.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lammerding

Page 13

environment and transducer it into biochemical signals, generally referred to as
mechanotransduction, have been the focus of intense research over the past decades, and
while much progress has been made, many unknowns remain. It is now well established that
many of the cellular processes involved in this mechanotransduction process originate in the
cytoskeleton or on the cell surface, including stretch sensitive ion channels, the glycocalyx,
and cell adhesion sites (41, 68); on the other hand, involvement of the nucleus in the
mechanotransduction process has often been proposed, but never firmly documented (39).
Nonetheless, the importance of nuclear mechanics to the physiological response to shear
stress is supported by recent findings that nuclei of endothelial cells subjected to fluid shear
stress show persistent changes in shape and stiffness, acting as a stress-bearing organelle
(37, 46, 122). In endothelial cells exposed to fluid shear stress, the nucleus itself is subjected
to significant amounts of force. It was proposed that alignment of vascular endothelial cells
in the direction of flow, as consistently seen in vitro and in vivo, could be explained by cells
trying to minimize the force acting on the nucleus (76). Consequently, alterations in nuclear
structure and stiffness due to mutations or disease could have significant affects on
endothelial mechanotransduction and cell function (38).

Techniques to measure nuclear mechanics

Early experimental techniques to probe the physical properties of the nucleus and the effect
of disease causing mutations included observing nuclear fragility after heat-shocked
treatment (147, 192) or studying nuclear deformations in adherent cells as they detached
from their substrate (94), but neither method can produce consistent mechanical loading
conditions. Consequently, these techniques have given rise to more sophisticated
experimental assays specifically designed or adapted to measure nuclear mechanics,
including micropipette aspiration, atomic force microscopy, or substrate strain experiments.
As a general principle, these techniques use various means to mechanically perturb intact
cells or isolated nuclei with a known force or applied deformation while simultaneously
visualizing the induced nuclear deformation. The mechanical properties of the nucleus can
then be inferred from the relationship between applied force and induced deformation.
Alternatively, the effects of biochemically modifications, e.g., mutations in nuclear envelope
proteins or reduced expression of these proteins, can be directly determined by comparing
the induced nuclear deformation between various cell lines under the same applied
mechanical load or deformation. Overviews of the most commaonly used techniques are
summarized below and in Fig. 7. For a more detailed review, the reader is referred to (104).

Isolated nuclei vs. intact cells—As described in more detail in the following sections,
experimental techniques to measure nuclear mechanics vary between studying nuclei in
intact, living cells and probing isolated nuclei. The major advantage of studying nuclei
within living cells is that normal nuclear and cytoskeleton architecture as well as the
chemical composition of the nucleoplasm and cytoplasm, are preserved, thereby assuring to
reflect physiological conditions. The major limitation of working with intact cells is that
measurements of the physical properties of the nucleus may be influenced by the
surrounding cytoskeleton, as the nucleus is not directly accessible to the probe. In contrast,
experiments on isolated nuclei can directly apply precisely controlled forces to the nucleus,
for example through micropipette aspiration or atomic force microscopy, and measure
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induced nuclear deformations with high precision. The trade off is that nuclei may be
damaged during the isolation procedure, particularly when examining more fragile nuclei as
seen with certain lamin mutations, and that intracellular conditions, including the correct
biochemical environment, are difficult to maintain. In particular, chromatin structure and
configuration are very sensitive to concentrations of divalent cations such as Ca2* and Mg?*,
so that nuclear shape and mechanics dramatically change depending on the particular buffer
used (36).

Micropipette aspiration—One of the most frequently used techniques to probe nuclear
mechanics is micropipette aspiration (36, 37, 40, 46, 67, 146, 159, 161). This technique can
be applied to isolated nuclei and to living cells in which the cytoskeletal structure has been
disrupted by cytochalasin treatment, allowing the nucleus to be partially drawn into the
micropipette. Common to all nuclear micropipette aspiration experiments is that the nucleus
is gently aspirated into a glass micropipette with an inner diameter of ~3 to 6 um. Using
precisely controlled aspiration pressure (typically 1-7 kPa), parts of the nucleus are further
drawn into the micropipette opening. During this process, nuclear deformations are
monitored by videomicroscopy. Assuming that the nucleus can be modeled as a (visco-)
elastic solid, the creep compliance, J(t), of the nucleus (i.e., the inverse of the nuclear
stiffness) can be calculated from the aspirated tongue length, the applied aspiration pressure,
and some geometrical factors such as the micropipette diameter based on the following
equation:

In this equation, & denotes a shape factor that depends on the micropipette wall thickness
(here, #=2.1; (181)), P is the applied aspiration pressure, AL(t) is the aspirated length at
time, and Ry is the pipette radius (36, 181).

Micropipette aspiration can be supplemented by imaging fluorescently labeled components
of the nucleus, e.g., lamins, histones, or the nucleolus, with a confocal microscope. For
example, imaging nuclei with GFP-lamins incorporated into the nuclear lamina enables
quantification of the nuclear strain distribution during micropipette aspiration, as the
fluorescence intensity decreases with strains due to the increased spacing between
fluorophores stably incorporated into the lamina (Fig. 8) (161). Furthermore, micropipette
aspiration can be easily applied to the enormous Xenopus oocytes, in which chromatin
comprises only a small fraction of the total volume, thereby enabling direct measurements of
the contributions from the nuclear lamina and the chromatin to nuclear stiffness (37).

Micropipette aspiration offers the advantage to directly probe the physical properties of the
nucleus. The main limitations of this technique are that it requires isolated nuclei or at least
cytoskeletal disruption when studying nuclei in intact cells, and that the force application
may not adequately resemble physiological conditions, where tensile forces are transmitted
to the nucleus through the cytoskeleton.
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Atomic force microscopy and micro-indentation—Atomic force microscopy (AFM)
and microindentation experiments are routinely used to study the mechanical properties of
adherent cells, and have recently found application in measuring nuclear stiffness. In these
experiments, isolated nuclei attached to a rigid substrate are (locally) indented with a
microscopic probe, while simultaneously measuring the applied force and the indentation
depth. In the case of AFM, the probe is a cantilever with a conical, pyramid shaped, or
spherical tip, and the resulting forces are calculated from the deflection of the cantilever. In
the case of microindentation, the cell or nucleus is probed with a cylindrical probe (with a
diameter of a few micrometer) or a flexible plate, and the forces measured by sensitive force
transducer attached to the probe (19).

The interpretation of AFM or microindentation experiments often requires the use of
analytical models to infer material parameters such as the apparent Young’s modulus, E,
from the force-indentation curves. Even though these models typically make simplifying
assumptions of the nuclear structure and material (e.g., assuming homogeneous, isotropic,
linear, elastic behavior), the predicted curves often match the experimental data quite well
(164). Furthermore, force-indentation curves can be directly compared between different
cell lines or conditions (e.g., knock-out vs. control) without modeling to infer stiffness
parameters, provided that probe and sample geometries are comparable. To date, AFM and
cellular compression devices have been successfully used to study nuclear deformations in
chondrocytes (66, 67), fibroblasts (19, 183), kidney epithelial cells (36), endothelial cells
(25), and nuclei isolated from Xenopus oocytes (164).

The great advantage of the AFM technique is that it provides direct high resolution
measurements of the applied forces and the induced deformations in isolated nuclei.
Limitations of this technique include the interpretation of the results, which often requires
simplifying assumptions on the nuclear structure and geometry, the dependence of the
chosen probe, which might measure local as opposed to global nuclear stiffness, possible
effects of the underlying stiff substrate in case of large indentations, and the requirement to
use isolated nuclei.

One advantage of the cell compression or micro-indentation method compared to AFM
experiments is that is uniformly applies a compressive force to the entire nucleus or cell,
whereas AFM experiments utilizing conical or pyramid shaped tips apply a highly localized
force (this can be overcome by using “tip-less” AFM probes or large microscopic beads
attached to the AFM tip). Furthermore, the microindentation technique is suitable to probe
nuclear mechanics in intact cells in their normal cellular environment and even works on
suspension cells and only weakly adherent cells. However, the nuclear deformations
observed within intact cells are affected by the cytoskeleton surrounding the nucleus,
complicating the analysis of the results.

Substrate strain experiments—When cells are stretched, the resulting forces are
transmitted through the cytoskeleton to the nucleus. For an elastic material, the induced
strain is inversely proportional to the material stiffness (Young’s modulus) and increases
linearly with the applied stress, i.e., the force per area (Hooke’s law). Within the cell, near
the nucleus, the same force acts on the cytoskeleton and nucleus; as the nucleus is typically
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much stiffer than the surrounding cytoskeleton, the induced nuclear deformations are
expected to be much smaller than those of the cytoskeleton. Thus, even without knowing the
exact force levels transmitted through the cytoskeleton, one can determine the relative
stiffness of the nucleus to the cytoskeleton from the induced nuclear and cytoskeletal strain
under a given applied substrate strain. In a typical strain experiment, cells are cultured on
thin, elastic, transparent substrates coated with extracellular matrix molecules to promote
cell spreading and adhesion. Uniform uniaxial or biaxial strain is subsequently applied to the
substrate while monitoring induced nuclear and cellular deformations before, during, and
after strain application on a microscope. Nuclear stiffness can then be inferred from the
induced nuclear strain relative to the applied substrate strain (which closely matches the
cytoskeletal strain).

Substrate strain experiments were first applied by Caille and colleagues (24, 25) to quantify
nuclear stiffness relative to the surrounding cytoskeleton (24, 25). Recently, these
experiments have found extensive use in evaluating the importance of nuclear envelope
proteins for nuclear stiffness (105-107, 191). Compared to micropipette aspiration and AFM
experiments that work one cell at a time, cellular strain experiments allow simultaneously
probing of many cells at once. As a consequence, the same experimental technique can be
used to collect cell lysates or mMRNA to study mechanotransduction events in cells exposed
to mechanical strain. This is particularly relevant as uniaxial or biaxial strain application
closely resemble the physiological loading conditions found in muscle, vascular or airway
smooth muscle cells, or tissue fibroblasts, thereby allowing important insights into the
consequences of altered nuclear mechanics in these tissues. Another advantage of this
technique is that it is performed on intact cells under physiological conditions, thereby
maintaining the normal cellular and nuclear structure and architecture. The main limitations
are that nuclear deformations depend on cell adhesion and cytoskeletal structure, requiring
careful evaluation of each cell, and that experiments are limited to well adherent cells that
can withstand significant strain application (typically 5-25%).

Nuclear microrheology—Common to all of the approaches discussed above is that they
rely on external force application to the nucleus, resembling the typical loading conditions in
most cells. As these experiments interpret the induced nuclear deformations, they provide
important information on the overall mechanical behavior of the nucleus. However,
occasionally, it can be desirable to probe the physical properties of the nuclear interior, for
example to measure the stiffness of chromatin in situ, which is not possible with the
aforementioned techniques. In this case, active and passive microrheology can be used to
study the local mechanical (rheological) properties of the nuclear interior. In active
microrehology, a magnetic bead is inserted into the nucleus and subjected to precisely
controlled forces from magnetic or optical tweezers (44). The rheological properties of the
surrounding nucleoplasm can then be inferred from the induced bead displacement under a
given force. In passive microrheology, submicrometer-sized beads are injected into the
nucleus; the stiffness of the nucleoplasm surrounding the bead is then inferred from the
thermal fluctuation (mean-squared displacement) of the beads undergoing Brownian motion
(185).
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Active microrheology provides a powerful combination of precisely controlled force
application and high resolution imaging of the induced bead deflection. The major
limitations are the disruptive insertion of the relatively large magnetic bead into the nucleus
and the fact that the stiffness measurement is obtained at only a single spot, making it
subject to local variations. Compared to active microrheology, which uses beads of ~500-
1,000nm diameter, passive microrheology offers the advantage that the smaller bead size
(~100nm) used in these experiments causes less perturbation to the cell or the nucleus.
However, results from this technique can be very sensitive to bead size: Beads that are not
sufficiently entangled in the surrounding nuclear matrix/chromatin can move more freely,
resulting in apparently lower nuclear stiffness values that represent the viscosity of the
nucleoplasm rather than that of the surrounding matrix. A common limitation of both
techniques is that the act of microinjecting foreign bodies into the nucleus could perturb
nuclear structure and integrity and thereby affect experimental results.

Nuclear mechanics in development and differentiation

Stem cells

In cell and developmental biology, stem cells and their nuclei are often described as
“plastic”, referring to their ability to differentiate into multiple lineages and activate diverse
gene expression profiles (13). This plasticity in gene expression in (embryonic) stem cells is
associated with distinct chromatin structure and epigenetic modifications compared to
differentiated cells (10, 127). Only recently has it become apparent that these changes are
also reflected in altered mechanical properties of stem cell nuclei (9, 146).

While nucleosomal proteins, particularly core histones (i.e., H2A, H2B, H3, H4), form
stable complexes with chromatin in differentiated cells, the mobility of these nucleosomal
proteins is significantly increased in embryonic stem cells (9, 127), suggesting a more
accessible chromatin structure that could facilitate transcriptional activation. Micropipette
aspiration experiments on human adult stem cells and hematopoietic stem cells demonstrate
that nuclear stiffness dramatically increases during induced neurectodermal differentiation
of these cells (146). Within 6 days of differentiation, the nuclear stiffness of human
embryonic stem cells increases 6-fold, reaching values typical for fully differentiated cells
such as embryonic fibroblasts (146). Time-lapse imaging of mouse embryonic stem cells
and primary mouse embryonic fibroblasts reveals that embryonic stem cells show severe
dynamic fluctuations in nuclear shape, again suggesting that stem cell nuclei also have
increased physical plasticity. Interestingly, the stiffness of human hematopoietic stem cells,
which have lower developmental plasticity than embryonic stem cells, falls between that of
undifferentiated embryonic stem cells and fibroblasts (146). As discussed in more detail
below, the reduced nuclear stiffness of embryonic and hematopoietic stem cells can most
likely be attributed to two distinct contributions: (i) Changes in lamin expression and (ii)
altered chromatin structure

Altered lamin expression in embryonic stem cells—In contrast to most
differentiated cells, embryonic stem cells do not express any A-type lamins, and
hematopoietic stem cells express only lamin C, not A (166, 177). As lamins A and C are the
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main contributors to nuclear stiffness, particularly lamin A (105), these differences in lamin
expression alone could be sufficient to explain the reduced nuclear stiffness in embryonic
and hematopoietic stem cells. Supporting this idea is the finding that reducing lamin A/C
expression in human epithelial cells by sShRNA mediated RNA interference resulted in
nuclear stiffness comparable to that of hematopoietic stem cells (146).

Altered chromatin mechanics in embryonic stem cells—Embryonic stem cells
have an increased mobility of core nucleosomal proteins, possibly reflecting a more
accessible chromatin configuration (10, 127). Detailed analysis of intranuclear deformations
during micropipette aspiration of epithelial cells in which lamin A/C expression had been
reduced by RNA interference revealed that chromatin has fluidic-like viscoelastic properties
consistent with the compliance of single chromatin fibers (146). It will be interesting to
conduct a direct comparison between the viscoelastic properties of embryonic stem cells and
terminally differentiated cells in future experiments.

Importantly, the contribution of lamins and chromatin organization might not be
independent factors, as loss of A-type lamins results in loss of peripheral heterochromatin,
suggesting a direct involvement of A-type lamins in chromatin organization.

Granulocytes—While most differentiated cells express at least one of the A-type lamins,
neutrophils stand out as an example of differentiated cells that reduce the expression of A-
type lamins and other nuclear envelope proteins to optimize nuclear shape and structure for
their cellular function. Neutrophils are recruited to sites of infections, where they exit the
bloodstream to enter the affected tissue. These processes require neutrophils to squeeze
through narrow openings only a few micrometers wide, i.e., smaller than the nuclear
diameter. During granulopoiesis, i.e., the differentiation of promyelocytes into mature
neutrophils, cells develop increasingly lobulated nuclei; this modulation in nuclear
morphology is associated with almost complete loss of lamin A/C expression and increased
expression of lamin B receptor (LBR)(82, 140, 205). These adaptations result in a highly
malleable nucleus, making it ideally suited for transendothelial migration and passage
through narrow tissue spaces (140). Recent findings suggest that the cellular plasticity might
be further enhanced by the downregulation of cytoskeletal proteins such as vimentin and
proteins involved in nuclear-cytoskeletal coupling (139). As in the case of embryonic stem
cells, these changes are also associated with alterations in chromatin structure (138), again
suggesting a tight mechanistic link between nuclear envelope composition and chromatin
organization.

Altered nuclear mechanics in disease

The discovery that mutations in the LMNA gene and associated nuclear envelope proteins
are responsible for a wide range of human diseases collectively called laminopathies—or
more generally nuclear envelopathies—has propelled research on the nuclear envelope to the
forefront of scientific interest, documented by a steep increase in publications over the past
10 years. Despite many advances in the field, the molecular mechanisms underlying the
multifaceted disease phenotypes remain unclear, in part because the multiple functions of
nuclear envelope proteins are still incompletely defined.
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This knowledge gap also factors into a second class of human diseases that could be linked
to changes in nuclear envelope composition: Cancer. While it is well established that cancer
cells are characterized by nuclear shape abnormalities 225) and recent reports suggest that
various cancers are associated with altered expression levels of nuclear lamins (2, 31, 91,
189, 198), it remains unclear whether such changes in nuclear shape and organization can
directly contribute to cancer progression.

Nuclear envelopathies

In the broadest definition, nuclear envelopathies are human diseases caused by mutations in
nuclear envelope proteins such as lamins, emerin, or lamin B receptor (LBR). In the 1990°s,
mutations in the genes encoding emerin (Emd) and A-type lamins (LMNA) were first
identified to cause the X-linked and autosomal form of Emery-Dreifuss muscular dystrophy,
respectively (11, 15, 134). Subsequently, a plethora of additional mutations have been
identified in the LMNA gene, causing a wide spectrum of diseases referred to as
laminopathies (reviewed in (202)). The laminopathies can be broadly grouped into four
groups based on the affected tissues, with at times significant overlap between them. The
first group, diseases affecting skeletal and cardiac muscle, includes autosomal dominant
Emery-Dreifuss muscular dystrophy (15), X-linked Emery-Dreifuss muscular dystrophy (11,
134), limb-girdle muscular dystrophy type 1B (131), dilated cardiomyopathy with
conduction defects (53), and—to a lesser extent—Charcot-Marie-Tooth disorder (43).
Laminopathies affecting adipose tissue are Dunnigan-type familial partial lipodystrophy (26,
169) and Mandibuloacral dysplasia (137). The third group, comprised of diseases affecting
the central or peripheral nervous system, includes Charcot-Marie Tooth disorder (43), adult-
onset autosomal dominant leukodystrophy, which is caused by a duplication of the LMNB1
gene (143), and autosomal recessive cerebellar ataxia, which is linked to mutations in the
nesprin-1 (SYNE1) gene (65). Finally, the fourth group consists of laminopathies with a
progeroid phenotype, affecting multiple tissues. Hutchinson-Gilford progeria syndrome and
atypical Werner’s syndrome fall into this category (28, 42, 51). To date, more than 300
different mutations have been identified in the LMNA gene, with new mutations frequently
added to the list. The latest updates can be found at the LMNA mutations database at http://
www.umd.be/LMNA/. Interestingly, the phenotype and severity of laminopathies can vary
extensively, even for identical mutations and among siblings (16). The majority of the
mutations identified so far are linked to Emery-Dreifuss muscular dystrophy (57). Recently,
it was shown that Emery-Dreifuss muscular dystrophy can also be caused by mutations in
the nuclear envelope proteins nesprin-1 and nesprin-2 (156, 210), suggesting that defects in
nuclear-cytoskeletal coupling could contribute to the disease mechanism. This notion is
further supported by findings that mice lacking A-type lamins (Lmna™") or expressing a
mutation linked to Emery-Dreifuss muscular dystrophy (LmnaH222P/H222Py fai] to properly
recruit and anchor myocyte nuclei at the neuromuscular junctions (124) and also display
defects in nuclear-cytoskeletal coupling in vitro (69).

Pelger-Huet Anomaly is a separate disorder caused by autosomal dominant mutations in the
lamin B receptor (LBR) gene (80). Individuals affected by Pelger-Huet anomaly have
neutrophils with hypolobulated nuclei and abnormal chromatin organization, but lack a
clinical phenotype (Fig. 9). In the rare cases of homozygous expression of the mutant LBR
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protein, neutrophils have ovoid shaped nuclei (as opposed to the normally highly lobulated
shape in these cells) and display varying degrees of developmental delay, epilepsy, and
skeletal abnormalities (80).

Abnormal nuclear mechanics in muscular laminopathies—Despite the fact that A-
type lamins are expressed in almost all differentiated cells, many of the laminopathies have
tissue-specific phenotypes, with the majority of the mutations affecting striated muscle.
Furthermore, several other laminopathies have skeletal or cardiac muscle involvement in
addition to their primary phenotype, e.g., lipodystrophies that are associated with cardiac
and skeletal muscle alterations (186) or a phenotype combining progeria and myopathy
(100). Two hypotheses, neither mutually exclusive, have emerged to explain how mutations
in lamin proteins could cause the diverse disease phenotypes reflected in the laminopathies
(18, 22, 93). The “gene-regulation hypothesis™ proposes that perturbed gene regulation
may underlie the development of different disease phenotypes, while the “structural
hypothesis” proposes that mutations in the lamin proteins render the nucleus more fragile,
causing cell death and eventually disease in mechanically stressed tissues such as skeletal or
cardiac muscle (18, 22, 92). Most ongoing research on the nuclear envelope continues to
revolve around these two broad hypotheses, which are based on the following observations.

Mutations that cause muscular laminopathies often encode internal residues that result in the
disruption of the protein structure, affecting the ability of lamins to dimerize, polymerize,
extend filaments, or to interact with other nuclear proteins (18, 195). Evidence of
fragmented nuclei has been reported in skeletal muscle fibers from Emery-Dreifuss
muscular dystrophy patients (55, 56, 192) and in fibroblasts from laminopathy patients
following heat-shock treatment (147, 192). In lamin A/C—deficient (Lmna~~) mice, cardiac
myocytes have significantly increased ultrastructural nuclear damage compared to
hepatocytes (136, 179), and Lmna/~ fibroblasts have decreased nuclear stability and
increased nuclear fragility (19, 107). Importantly, the structural role of lamin A/C is not
limited to the nucleus itself. Desmin filaments are often disrupted and detached from the
nuclear surface in Lmna™~ cardiac myocytes (136), and Lmna™~ mouse embryo fibroblasts
have decreased cytoskeletal stiffness and apparently defective nuclear-cytoskeletal
connections (19, 107). Similarly, emerin-deficient mouse embryo fibroblasts have abnormal
nuclear envelope mechanics in micropipette aspiration experiments (161), even though
overall nuclear stiffness and fragility appear normal in these cells (106). Muscle biopsies
from Emery-Dreifuss muscular dystrophy patients show that almost 25% of the nuclei have
structural abnormalities or are damaged (55), and ~0.5% of cardiac myocytes stain positive
for apoptotic markers in 6-week old Lmna~~ mice (136). Experiments on mouse embryonal
fibroblasts and myoblasts from Lmna™~ animals show that these cells have decreased
nuclear stiffness (Fig. 10), increased nuclear fragility, and an increased sensitivity to
mechanical strain (17, 107). Importantly, functional loss of lamin A/C also causes defects in
cell signaling, proliferation, and differentiation. As described in previous sections, A-type
lamins and emerin interact with chromatin and several transcriptional regulators (7, 49, 72,
73, 85, 86, 97, 119, 128, 129, 142, 197). As a consequence, lamins A and C and emerin are
critical for differentiation and regeneration of human and mouse muscle cells in vivo and in
vitro (5, 57, 125) and expression of mutant forms of lamin A associated with Emery-
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Dreifuss muscular dystrophy inhibits in vitro differentiation of C2C12 myoblasts (54, 121).
The fact that the gene regulation and structural hypothesis are not mutually exclusive but at
least in part interdependent is further illustrated by the findings that Lmna~/~ fibroblasts
have reduced activation of mechanosensitive genes in response to mechanical strain and
impaired transcriptional activation (107), resulting in increased necrosis and apoptosis under
strain (19, 106, 107). Defects in mechanotransduction have also been demonstrated in vivo,
as Lmna™~ mice lack a compensatory hypertrophic response despite developing severe
dilated cardiomyopathy (136) and Lmna*/~ mice have an attenuated hypertrophic response
to cardiac pressure overload induced by aortic banding (35). Thus, changes in nuclear
structure and function could contribute both to increased cellular sensitivity to mechanical
strain and to altered transcriptional regulation. Furthermore, since the mechanical
environment can direct stem cell differentiation (50), impaired mechanotransduction
signaling could contribute to the differentiation defects seen in Lmna™'~ myoblasts (27, 57).

In summary, mutations causing muscular laminopathies appear to resemble (partial)
functional loss of A-type lamins, resulting in reduced nuclear stiffness and increased nuclear
fragility (105, 179), thereby leading to increased cellular sensitivity to mechanical stress.
This increased susceptibility to mechanical stress is aggravated by further defects in nuclear-
cytoskeletal coupling, mechanotransduction signaling, tissue regeneration, cell proliferation,
and cell differentiation (30, 57, 107, 111, 112, 136), resulting in the progressive loss of
muscle cells and an impaired ability to repair the damage.

Altered nuclear mechanics in Hutchinson-Gilford progeria syndrome—
Hutchinson-Gilford progeria syndrome (HGPS) is a rare segmental aging syndrome caused
by autosomal dominant mutations in the LMNA gene. Most cases of HGPS results from a
silent mutation at position G608, which partially activates a cryptic splice donor site and
leads to a truncated form of lamin A (progerin) that is abnormally processed and remains
farnesylated (42, 51). Affected individuals appear normal at birth, but soon afterwards
display failure to thrive, bone and joint abnormalities, alopecia (hair loss), and sclerotic skin.
Children with HGPS develop severe cardiovascular phenotypes that result in lethal strokes
or myocardial infarction at a median age of 13 to 14 years.

Interestingly, impaired nuclear mechanics and mechanotransduction signaling could also
play an important role in the pathophysiology of HGPS, as increased cellular sensitivity to
hemodynamic shear stress or vascular vessel strain could contribute to the increased risk of
arteriosclerosis in HGPS patients (175, 176). Arteriosclerosis is the leading cause of death in
HGPS patients (3), and ultrastructural analysis of vascular tissue from HGPS patients
reveals extensive loss of vascular smooth muscle cells and an unusual susceptibility to
hemodynamic stress (175, 176), while vascular endothelial cells appear unable to preserve
intimal integrity after injury (6). When fibroblasts from HGPS patients are subjected to
repetitive mechanical strain, they are more susceptible to cell death and lack the normal
proliferative response (191), suggesting that altered cellular sensitive to mechanical stress
could be responsible for the progressive loss of vascular smooth muscle cells in HGPS or at
least add to other cellular defects seen in HGPS such as genetic instability and premature
cellular senescence (32, 117, 130, 187). It is noteworthy that in contrast to lamin A/C-
deficient cells, skin fibroblasts from patients with HGPS develop increasingly stiffer nuclei
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in culture (40, 191). The increased nuclear stiffness is likely caused by progerin
accumulating at the nuclear envelope and the more stable incorporation of progerin into the
nuclear lamina (40). These defects can be reversed by treatment with farnesyltransferase
inhibitors, indicating that this lipid anchor is responsible for the increased nuclear envelope
recruitment and stability of progerin. These effects are further exacerbated by the ability of
progerin to alter the segregation of A-type and B-type lamin homopolymers (47) and to
reduce the diffusional mobility of wild-type lamins (40).

However, the abnormal mechanical sensitivity cannot be directly attributed to changes in
nuclear stiffness, as the increased sensitivity was already apparent in cells that still had
normal nuclear stiffness and also persisted after treating cells with farnesyltransferase
inhibitors which normalized nuclear stiffness in HGPS fibroblasts (191).

Even though vascular smooth muscle cells are most affected in the cardiovascular phenotype
of HGPS, recent evidence suggest that the phenotype could also be, at least in part, mediated
by endothelial cells, as endothelial cells expressing progerin have an impaired response to
fluid shear stress (38, 154). The importance of (normal) nuclear mechanics to the
physiological response to shear stress is further supported by the recent finding that nuclei of
endothelial cells subjected to fluid shear stress show persistent changes in nuclear shape and
stiffness, acting as a stress-bearing organelle (37, 46). Mechanotransduction is a critical
protective mechanism against atherosclerosis (41), and impaired gene activation in response
to mechanical stimulation could further exacerbate the effect of nuclear mechanical
deficiencies in vascular cells. A recent gene array analysis found that expression of a large
number of transcription factors and extracellular matrix proteins was significantly altered in
HGPS fibroblasts, including many genes implicated in arteriosclerosis that changed 2- to 12-
fold (34); as a cautionary note, these experiments were performed in exponentially growing
cultures without any mechanical stimulation, and further studies are warranted. Defective
nuclear mechanics and mechanotransduction could not only increase the risk of
arteriosclerosis but could also contribute to pathological effects in other mechanically loaded
tissue such as bone abnormalities and skeletal muscle dystrophy, defects typically seen in
HGPS patients.

As in the case of muscular dystrophies, progerin expression also alters the differentiation
potential of stem cells, and depletion of functional stem cells, either by cell death or the loss
of their “stemness”, has been proposed as a third mechanistic hypothesis for laminopathies
(126). The involvement of nuclear mechanics in this phenotype has yet to be addressed.

Aberrations in gross nuclear morphology, such as increase in nuclear size, changes in shape,
and loss of nuclear domains, are often used to identify cancerous tissue (215). In breast
cancer cells, nuclear morphology correlates more strongly with a cancerous phenotype than
cellular morphology (12, 149). Such changes in nuclear morphology in cancer cells are often
associated with distinct changes in expression of nuclear structural proteins; this nuclear
“pleomorphism” is associated with increased susceptibility and metastatic potential in a
variety of cancers (14, 23, 114, 155, 171). For example, lamins A and C are over-expressed
in ovarian cancers compared to control cells (91) and provide a risk biomarker in colorectal
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cancer (198); increased levels of lamin B in prostate cancer strongly correlate with tumor
differentiation (31); in skin cancer, absent to low levels of lamin A correlate with rapid
growth in basal cell carcinoma (189). Similarly, lamin A/C silencing has been documented
in leukemias and lymphomas (2). In addition to variations in protein expression levels, the
intranuclear distribution of these proteins might also change. In metastatic breast cancer
cells, lamins A and C are more tightly associated with DNA than in non-invasive cells,
suggesting re-arrangements of nuclear lamins (173). Since lamins play a critical role in
DNA and RNA synthesis and processing (103, 172, 180), these changes could result in
altered gene expression that drives further changes. As described above in the paragraph on
nuclear mechanics in stem cells, reduced lamin A/C expression corresponds to a less
differentiated cell state and results in reduced nuclear stiffness (105). Such changes in
nuclear stiffness can serve as an indicator for increased motility of tumor cells and
metastatic potential (200, 201) and might facilitate migration of metastatic cells through
small tissue spaces. As loss of lamin A/C can also cause increased cellular sensitivity to
mechanical stress and impaired mechanotransduction signaling (107) and breast epithelial
cells rely on intrinsic feedback between their physical environment and their cytoskeletal
tension (149), changes in mechanotransduction signaling could have direct consequences on
tumorigenesis and metastatic potential. It will thus be interesting to explore the role of
altered nuclear structure and mechanics on cancer progression in future studies.

Conclusion

Over the last decade, we have made great strides toward improving our understanding of
nuclear mechanics and its relevance to cellular function. Stimulated by the many diseases
linked to nuclear envelope proteins, we have come to realize that the nucleus and the nuclear
envelope are not merely passive mechanical structures that separate the genetic content from
the cytoplasm. While the nuclear envelope does provide vital protection to the nucleus,
particularly in mechanically stressed tissues such as muscle, it can, through an ever growing
number of identified interactions between nuclear envelope proteins and transcriptional
regulators, also act as a signaling filter, sequestering proteins at the nuclear envelope or
regulating their degradation. Furthermore, the nuclear envelope and structural proteins
within the nuclear interior emerge to play important roles in the organization of the genetic
content. Following the completion of the human genome project, which provided the linear
sequence of the genetic information, much research is now focused on elucidating the 3-
dimensional configuration of the genome and how the spatial organization can modulate
transcriptional activity. The nuclear envelope (and the nuclear matrix) plays an important
role in this 3-D puzzle, as changes in lamin expression have dramatic consequences on
chromatin structure. These modifications do not only affect the transcriptional plasticity of
the nucleus, but also its physical stiffness, which can be directly quantified by micropipette
aspiration or similar techniques. Importantly, we now have to recognize that structural
changes in the nucleus can have direct consequences beyond the nucleus itself, as they can
result in defective nuclear cytoskeletal coupling, altered centrosome positioning, and defects
in cytoskeletal organization and stiffness, thereby affecting cellular functions such as
polarization and migration.
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While much progress has been made in understanding the physical behavior of the nucleus
under applied forces and identifying the contribution of specific proteins to this behavior,
many unsolved problems remain at hand. Regarding the mechanics itself, we still know very
little on the relative contribution between the nuclear envelope and the nuclear interior in
somatic cells. Furthermore, neither the exact molecular structure of the molecular lamina nor
the nature of the intranuclear lamin network have been sufficiently resolved for somatic
cells, making it difficult to assess the effect of specific disease-causing mutations. This
applies even more to the incomplete list of the various interactions that these proteins can
have with transcription factors and other nuclear (and cytoskeletal) proteins. Lacking this
knowledge, it remains a challenge to interpret the various defects associated with mutations
in nuclear envelope proteins or the effect of physiological modulations of expression levels
as seen during stem cell differentiation or in diverse cell types. Lastly, the question of how
changes in nuclear morphology observed in many cancers relate to the malicious functions
in these cells remains another intriguing problem with important consequences.

To address these questions, we will require multi-disciplinary and multi-scale approaches to
unravel the complex structural-functional relationships found in the nucleus and the cell
itself. Close collaborations between biophysicists, engineers, and molecular, cell, and
structural biologists will be imperative to achieve these goals, as is the combination of in
vitro studies on simple experimental systems, experiments on intact cells resembling
physiological conditions, and investigation of live organisms, ranging from C. elegans to
mice. These studies, while arduous and challenging, will tremendously benefit from rapidly
advancing research in super-resolution imaging that is becoming suitable for live cells, the
continuous development of novel experimental techniques to probe cellular and sub-cellular
biomechanics, and the increasing application of high throughput techniques to study large
numbers of cells and conditions. As a consequence, the coming years promise to further
improve our insights into the functional relevance of nuclear structure and mechanics, with
the ultimate goal of providing new means and targets for therapeutic interventions in human
diseases as varied as cancer, premature aging, and cardiovascular disease.
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Figure 1.
Orthoview of mouse embryo fibroblast immunofluorescently labeled for lamin B1 and

imaged with an Nikon A1l confocal microscope. The micrograp shows the disk-shaped
nuclear morphology in the adherent fibroblast cultured on a fibronectin coated cover slip.
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Figure 2.
Transmission electon micrograph of a hepatocyte nucleus showing the major structural

elements of the nucleus. Adapted from NUS Histonet, WWW Electronic Guide to Histology
for Medicine and Dentistry, online at http://www.med.nus.edu.sg/ant/histonet/txt/tacsem/
tacOl.sem.html. TEM image courtesy of Dr. P. Gopalakrishnakone.
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Figure 3.
Schematic overview of nuclear structure and nuclear cytoskeletal coupling.

(Figure taken from Dahl KN, Ribeiro AJS, and Lammerding J, Circ Res 2008 (102): 1307—
1318).
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Figure 4.
Comparison of A-type and B-type lamins ectopically expressed in Xenopus oocyte nuclei.

(A) Scanning electon micrograph of membrane arrays covered by lamin B2 filaments. (B)
Transmission electon micrograph (TEM) section of an isolated oocyte nucleus expressing
lamin B2. (C) Lamin A filaments. Filaments that are arranged in layered bundles are
indicated by small arrows; they surround nuclear pore baskets (large arrrows). (D, E) TEM
section of oocyte expressing lamin A (D) and control (E). The lamina is hardly visible in the
control nuclei (E) but forms a thick electron-dense layer in oocytes expressing lamin A (D),
which leaves the nuclear pores clear (arrows).

(Figure assembled from panels taken from Goldberg et al. J Cell Sci 2007 (121): 215-221).
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Figure 5.
Changes in fibroblast morphology in response to strain. Mouse subcutaneous tissue was

stretched ex vivo (A, B) or maintained without stretch (D, E), subsequently fixed and stained
with phalloidin (red) and SYTOX (green), and imaged by confocal microscopy. Panels (A)
and (D) are composite projections of image stacks containing 20 optical sections taken at 1-
um intervals. Panels (B) and (E) are projections of relevant optical sections containing the
cells indicated by arrowheads in (A) and (D), respectively. Scale bars, 40 um. (C) and (F):
Outlines of the cell bodies in (B) and (E).

(Figure taken from Langevin at al. Am J Physiol Cell Physiol (2005). 288: C747-C756).
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Figure 6.
Transmission electron micrographs of condrocytes embedded in agarose constructs held

unstrained (A-C) or subjected to 20% compression (D—F). All micrographs were taken at
the same magnification (Scale bar=2 um). The direction of the applied strain is indicated by
the horizontal arrow in (D) and (E) and a crossed circle in (F).

(Figure taken from Lee at al. J Biomechanics. 2000. 33: 81-85).
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Figure 7.
Overview of experimental techniques to probe nuclear mechanics. (A) Micropipette

aspiration on isolated nuclei (top) or in intact cells after cytoskeletal disruption (bottom). (B)
Atomic force microscopy. (C) Substrate strain. (D) Active microrheology. (E). Passive
microrheology.
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Figure 8.
Distinct differences in the deformation of the elastic laminar and the viscoelastic nuclear

interior during micropipette aspiration. (A) Tracking a bleached reagion within GFP-H2B
labeled chromatin reveals chromatin flow within the pipette. (B) Deformation of the GFP-
lamin A labeled lamina stretched into the micropipette, showing elastic stretch of the lamina
(C) Nucleoli slowly follow chromatin toward the nuclear tip. Scale bar for (A-C): 3 um. (D,
E). Fibroblast with nuclear lamina labeled by GFP-lamin A before (D) and during (E)
micropipette aspiration. The fluorescence gradient suggests thinning of the elastic nuclear
lamina towards the tip.

(Panels (A-C) taken from Pajerowski et al. Proc Nat Acad Sci 2007. 104: 15619-15624
Panels (D, E) taken from Rowat, Lammerding and Ipsen Biophys J 2006. 91: 4649-4664)
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Figure 9.
Defects in nuclear morphology in neutrophils from blood smears of individuals with Pelger-

Huet anomaly (PHA) labeled with Wright-Giemsa stain. (A) Normal neutrophil with
lobulated nucleus. (B) Heterozygous PHA neutrophil with a bilobed nucleus, taken from the
mother of the homozygous individual. (C) Heterozygous PHA neutrophil with a bilobed
nucleus, taken from the father of the homozygote. (D) Homozygous PHA neutrophil
showing an ovoid nucleus with chromatin clumping. Scale bar for light micrographs: 10 pm.
(E-G) Transmission electron micrographs of normal human neutrophil nucleus with three
apparent lobes and extensive peripheral heterochromatin (E), heterozygous PHA neutrophil
with a bilobed nucleus taken from the father of the homozygote (F), and ovoid nucleus from
a homozygous PHA granulocyte exhibiting extensive heterochromatin redistribution (G).
Scale bar for electron micrographs: 1 pm

(Figure taken from Hoffmann et al. Chromosoma. 2007. 116: 227-235)
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Abnormasl nuclear mechanics in lamin A/C-deficient fibroblasts. (A) Nucleus of wild-type
(Lmna-+/+) fibroblast before strain (red) and during application of 22% substrate strain
(yellow), revealing only minimal nuclear deformation. (B) Lamin A/C-deficient (Lmna—/-)
nucleus before strain (red) and during 19% substrate strain (yellow). Scale bars: 10 pum. (C)
Nuclear strain as a function increases linearly with applied membrane strain, but is
significantly larger in Lmna—/- fibroblasts. Dashed lines represent linear regression of the
data for each cell type. (D) Maximal normalized nuclear strain (i.e., nuclear strain devided
by the applied membrane strain) is significantly increased in Lmna—/- fibroblasts, indicating
decreased nuclear stiffness.
(Figure taken from Lammerding et al. J Clin Invest. 2004. 113: 370-378.)
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