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Abstract
During cell migration, the movement of the nucleus must be coordinated with the cytoskeletal
dynamics at the leading edge and trailing end, and, as a result, undergoes complex changes in
position and shape, which in turn affects cell polarity, shape, and migration efficiency. We here
describe the steps of nuclear positioning and deformation during cell polarization and migration,
focusing on migration through 3-dimensional matrices. We discuss molecular components that
govern nuclear shape and stiffness, and review how nuclear dynamics are connected to and
controlled by the actin, tubulin and intermediate cytoskeleton-based migration machinery and how
this regulation is altered in pathological conditions. Understanding the regulation of nuclear
biomechanics has important implications for cell migration during tissue regeneration, immune
defence and cancer.

Introduction
Cell migration is a complex physicochemical process which leads to translocation of the cell
body across two-dimensional (2D) surfaces, through basement membranes, or through three-
dimensional (3D) interstitial tissues [1]. During migration through 3D tissues, the stiffness
and density of the surrounding extracellular matrix (ECM) presents an additional physical
challenge to the moving cell body. Two principal mechanisms are known by which
migrating cells can overcome these constraints: (i) proteolytic ECM degradation leading to
gap widening and cell-generated trail formation and (ii) elastic and plastic deformations of
the cell body to fit through the available space [2]. If a cell is unable to “squeeze” through a
particularly narrow region, it employs a third mechanism to maintain migration, i.e.,
retraction of already established protrusions and repolarization to explore the adjacent
environment for an alternative route, thereby bypassing the obstacle [3]. Consequently,
translocation through 3D tissues is dependent on both, deformability of the environment and
the cell body.

The cell body consists of the plasma membrane surrounding the gel-like cytoplasm
including small organelles (dimensions below the 1-2 micron range) and cytoskeletal
filaments. These structures are morphologically adaptable enough to vigorously change and
adjust to virtually any shape via a combination of (i) fast (passive) mechanical deformation
and (ii) slower cytoskeletal remodelling [4-6]. Ultimately, cytoplasmic protrusions pass
through gaps in the submicron range; this adaptability can be experimentally exploited to
isolate protrusive cell regions including pseudopodia, filopodia and invadopodia using filters
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with pores sized of 1 micrometer and below [7,8]. In contrast, the nucleus, the largest
cellular organelle, is approximately 5 to 10-times stiffer than the surrounding cytoskeleton
as it is mechanically stabilized by a constitutive network of structural proteins (see below);
therefore it commonly resists large changes in shape [5,9-12]. Consequently, for migration
through small pores or 3D scaffolds, the nucleus can become the rate-limiting organelle
[7,13,14].

Nuclear shapes and sizes can vary widely between different cell types and even within cell
lines; nonetheless, most cells imaged in situ or cultured in 3D substrates have ovoid or
spherical shaped nuclei with diameters of 5 to 15 μm [15]. In 2D culture, cells often spread
out significantly, resulting in more disk-shaped nuclei 10 to 20 μm in diameter and only a
few micrometers in height [16]. In a few often highly mobile cell types, however, including
myeloid and cancer cells, the nuclei are bean-shaped, lobulated or segmented
(“polymorphic”) (Table 1) and thus may develop greater morphological flexibility [14,17]
(Fig. 1).

In vivo, the dimensions of structural pores available for migrating cells in basement
membranes and interstitial connective tissue vary considerably, ranging from large gaps in
the range of 30 μm and larger in loose connective tissue and lymph nodes [18,19] down to
submicron pores in basement membranes [20]. For cells passing through pores which are
smaller than the cell diameter, the extent of required cell deformation depends on whether
the cell degrades the ECM proteolytically in regions of local compression, or not [21].
Surface-localized proteolytic cleavage of ECM fibers enlarges the available space and leads
to the de novo formation of small tracks; the diameter of these tracks approximates the cross
section of the cell and thereby reduces required cell deformation [13,22]. In both proteolytic
and non-proteolytic migration through 3D tissues, the shapes of both cytoplasm und nucleus
thus adopt their morphology and thereby minimize resistance towards tissue structures [3].
We here aim to integrate nuclear dynamics into the multistep model of cell migration
through interstitial tissue and discuss the implications of nuclear mechanics for
physiological and neoplastic cell migration and invasion.

Nuclear dynamics during cell migration
Steps of cell migration

Dependent on whether proteases are utilized or not, cell migration in 3D environments
consists of four or five respective steps which are executed in a concurrent and cyclic
manner [1,23] (Fig. 2). First the cell polarizes by actin assembly into filaments which push
the plasma membrane outward and form protrusions (step 1), followed by the interaction of
cell protrusions to the extracellular tissue matrix (step 2). In proteolytic migration through
3D tissues, the proteolytic degradation and realignment of ECM fibers results in the
generation or widening of tracks (optional step 3) [23]. Myosin II mediated contraction of
actin filament networks leads to tension between the leading and trailing edge (step 4) which
facilitates the gradual release of adhesive bonds at the cell rear and rear-end sliding along
the substrate (step 5).

Nuclear positioning during cell movement
With the exception of initial cell protrusion formation, all other steps of the migration cycle
involve dynamic interactions between the cytoskeleton and the nucleus, resulting in changes
in nuclear shape, orientation, and position within the cell [24,25]. First, cytoskeletal cell
elongation is followed by nuclear rotation along the length axis of the cell [26]. Next,
depending on the cell type, the nucleus first moves towards the cell rear or the leading edge,
whereas the cell rear still remains in a stable position. In polarizing epithelial, neuronal and
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mesenchymal cells, the nucleus moves rearward of the centrosome and other cell organelles,
including the ER and Golgi [27].

Conversely, in amoeboid-moving leukocytes, the nucleus moves towards the leading edge,
anterior to the centrosome [28]; the reason for the difference between both migration types
is unclear. In cells that retain their cell-cell junctions during migration and move as
multicellular groups (collective cell migration), cadherin-based cell-cell junctions control
the nucleus in rearward position to the ER and Golgi [29]. With the onset of rear-end
sliding, the cell moves in a persistent manner, and the nucleus with it [30].

Mechanically, translocation of the nucleus is dependent on myosin-II mediated contraction
of actin filaments and shortening of the cell rear while the leading edge remains anchored to
the substrate, resulting in forward pushing of the nucleus [31]. Consequently, inhibition of
myosin II, or its upstream regulators ROCK and the small GTPase Rho, leads to defects in
rear retraction and nuclear forward movement [14,27,30,32]. These findings indicate that
pushing from the cell rear is rate-limiting for nuclear translocation [31].

Nuclear deformation in regions of cell confinement
During cell passage through the basement membrane or 3D interstitial tissue, the nucleus
further undergoes remarkable deformation, dependent on outside cues. Thereby, nuclear
deformation results from several concurrent parameters, including tissue porosity, the shape
of tissue discontinuities, traction force generated by moving cells, and the presence or
absence of pericellular proteolysis (Fig. 2) [13]. Whereas in loose tissues, the nucleus retains
its original ellipsoid shape during translocation (K. Wolf, unpublished), dense tissues with
narrow regions in the path result in local compression of the cell, generating large
intracellular forces that are transmitted across the cytoskeleton to the nucleus, leading to
deformation of the nucleus (Fig. 2A) [13,14].

During this process (Box 1), the changes in nuclear shape are transient and reflect forces
imposed by the geometry of outside tissue structure and the intracellular counterforces. The
mechanics of cell constriction are poorly understood and likely comprise both, the passive
physical pushing of extracellular scaffold into the cell body and nucleus, and active
actomyosin-mediated constriction, similar to the contractile ring generating two daughter
cells during cytokinesis [33]. In addition to these transient, external effectors on nuclear
shape, high end-to-end tension of the cell leads to spindle-shaped cell elongation and to
nuclear deformation into a cigar-like shape in fibroblasts or mesenchymal tumor cells
migrating through 3D tissues (compare Fig. 1B). In difference to single-cell migration,
collective cell migration, which commonly occurs along smooth ECM interfaces, such as a
basement membrane or trails of degraded ECM, nuclei are not exposed to rigorous tissue
discontinuities and usually remain in non-compressed, ellipsoid configuration [13,34,35].
Thus, both location and extent of deformation of the nucleus during cell migration depends
upon the size of the nucleus, tissue type and migration mode.

Molecular regulation of nuclear shape and rigidity
In interphase nuclei, the size, shape, and stiffness are determined by the nuclear envelope
and the nuclear interior. The nuclear envelope consists of the inner and outer nuclear
membrane, interconnected at the sites of nuclear pores, and the underlying nuclear lamina, a
dense protein network mostly made of lamin proteins that are part of the intermediate
filament family (Fig. 3) [5].
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Lamins
Nuclear lamins are important structural determinants of nuclear shape and stiffness. The
nuclear lamina acts as a nuclear “shock-absorber”, particularly for small deformations and
when subjected to tensile forces [5,36]. Mammalian cells express two types of lamins, A-
type lamins (mainly lamins A and C) and B-type lamins (lamins B1 and B2 in somatic
cells). They form distinct but overlapping networks at the nuclear envelope with unique
effects on nuclear shape and stiffness [37-39]. Fibroblasts deficient for lamin B1 develop
nuclei with chromatin protrusions (nuclear blebs) but have otherwise normal nuclear
stiffness [39]. Cells lacking lamin A and/or lamin C have irregularly shaped nuclei (Fig. 1C)
with severely reduced nuclear stiffness [39,40]. Consistent with the role of lamin A as key
regulator of nuclear stiffness, cells ectopically expressing lamin A have stiffer nuclei that
resist experimental deformation, for example when subjecting cells to substrate strain
(J.Lammerding, unpublished). Importantly, in addition to their structural function, lamins
bind to several transcription factors, including retinoblastoma protein (Rb), SREBP-1, and c-
Fos, making it often difficult to discern mechanical from gene-regulatory effects.

Other determinants of nuclear shape and stiffness
Besides intranuclear lamins, structural proteins traditionally associated with the cytoskeleton
can be present within the nuclear interior, including actin, myosin, spectrins and titin
[41-43]. There, αII-spectrin [44] and nuclear 4.1R [45] could potentially contribute to
nuclear shape and stability by forming stable networks similar to the cortical network in
erythrocytes [46-48]. Similarly, the inner nuclear envelope protein emerin can, at least in
vitro, promote actin polymerization [46] and also connect to nuclear myosin I [44].
Consistent with a role of emerin on nuclear stiffness, emerin-deficient fibroblasts have
altered nuclear deformability in micropipette aspiration assays [49].

The nuclear membranes further contain more than 80 nuclear envelope transmembrane
proteins that determine the nuclear shape and anchoring to the surrounding cytoskeleton. As
one example, overexpression of the inner nuclear membrane protein, lamin B receptor
(LBR), results in increased nuclear surface area (Fig. 1C); this mechanism is utilized during
granulopoiesis, resulting in neutrophils with highly lobulated nuclei [50-52].

Besides these structural proteins, chromatin structure and assembly impact nuclear
deformability. The nuclei of embryonic stem cells which contain an open, less condensed
chromatin configuration are relatively soft upon experimental deformation; during
differentiation and development of a more closed chromatin structure, representing a
transcriptionally more restrictive state, their nuclear stiffness increases by 6-fold [53].

However, as stem cells after initiating differentiation also increase the expression of lamins
A and C, it remains unclear which factor is responsible for the observed increase in nuclear
stiffness. Nonetheless, the nuclear interior, consisting of chromatin and nuclear matrix,
significantly contributes to the stiffness of the nucleus during large, compressive
deformations [36]. For example, cells aspirated into narrow micropipettes show first a strong
reduction in nuclear size but then reach a plateau in which the chromatin can be no longer
compressed [36,49]. Unlike the nuclear interior and the nuclear lamina, the lipid nuclear
membranes offer little resistance to nuclear deformation [36,49]. Thus, multiple structural
proteins control nuclear shape and rigidity.
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Mechanisms that integrate the nucleus to the actin and intermediate
filament cytoskeleton

The intracellular positioning and shape of the nucleus are controlled by structural anchoring
to the cytoskeleton. Lamins, chromatin, and nuclear pore complexes interact with SUN
proteins located at the inner nuclear membrane [54,55] (Figure 3). SUN1 and SUN2 bind to
nesprins located in the outer nuclear membrane via their conserved KASH domain. The
giant isoforms of nesprins1 and -2 contain an N-terminal actin binding domain facing the
cytoplasm [56-59] and thereby forma physical link between the nuclear interior and the actin
cytoskeleton that is often referred to as the LINC (Linker of the Nucleus and Cytoskeleton)
complex [60].

The interaction of retrograde moving dorsal actin filaments with the SUN2/nesprin-2
complex at the nuclear envelope, termed transmembrane actin-associated nuclear (TAN)
lines, mechanically contributes to the rearward nuclear positioning in fibroblasts before the
onset of migration, and depletion or dominant negative mutants of SUN2 or nesprin-2
results in slower migrating cells [61]. Whereas nesprins-1 and -2 bind to actin filaments,
nesprin-3 can connect the nucleus to the intermediate filament network via its interaction
with plectin [62,63].

Nesprin-4, the most recently discovered member of the nesprin family, binds to kinesin-1
and can modulate localization of the centrosome and Golgi complex; however, its
expression is limited to secretory epithelial cells, where nesprin-4 may contribute to
establish apicobasal polarization [64]. Supporting the role of lamins in nuclear-cytoskeletal
coupling, cells lacking lamins A and C or expressing specific lamin A/C mutations have
disturbed perinuclear cytoskeletal organization and reduced cytoskeletal stiffness, resulting
in impaired cell migration [40,65,66]. Likewise, cells lacking functional lamin B1 display a
nuclear anchoring defect characterized by spontaneous and sustained nuclear rotation [67],
and lamin B2-deficient mice have severe brain abnormalities due to defective neuronal
migration [68]. Thus, both lamins A/C and B1 and B2 contribute to nuclear-cytoskeletal
coupling and mechanotransduction.

Studies in neurons, fibroblasts and epithelial cells further implicate cytoplasmic dynein, cell
polarity genes, and microtubule-associated proteins in coordinating the rotation, intracellular
position and dynamics of the nucleus [25,26]. MTOC positioning ahead of the nucleus
requires dynein and signalling through the Rho GTPase Cdc42 [27] as well as the dynein
motor protein components Lis1 and Ndel1 [25]. Likewise, in Caenorhabditis elegans,
interaction of kinesin-1 and dynein with the UNC-83/KASH domain protein, which forms a
functional complex with sun, control nuclear positioning and movement along microtubules
in forward and backward direction, respectively [69].

Implications for cell dynamics in immune cell function and cancer
Alterations of the expression of proteins involved in nuclear morphology and plasticity
occur during physiological cell differentiation and activation, as well as in deregulated form
in cancer.

Leukocyte differentiation ad function
Neutrophils are the fastest-migrating cells in the mammalian body to be rapidly recruited to
sites of inflammation. The segmented shape and deformability of the nucleus likely
contributes to the capability of neutrophils to penetrate through submicron gaps [17,70].
Accordingly, during granulopoiesis the differentiation of promyelocytes into mature
neutrophils results in an increased expression of LBR and downregulation of A-type lamins,
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leading to increasingly lobulated nuclei [50-52]. Neutrophil deformability is further
enhanced by the downregulation of cytoskeletal proteins such as vimentin and proteins
involved in nuclear-cytoskeletal coupling, e.g., nesprins [71] and by changes in chromatin
structure [72].

In contrast to neutrophils, T lymphocytes contain a uniformly-shaped ellipsoid nucleus. T
cell activation which ultimately leads to T cell recirculation to peripheral tissues, causes the
upregulation of A-type lamins [73] and the phosphorylation of type B-type lamins [74].
Likewise, during thymocyte development, levels of A-type lamins increase [75], which is
indicative of increased nuclear stability with differentiation. Consistently, T cells from lamin
A deficient mice develop defects in development, homing to lymphoid organs, and survival
[76].

The cause for the differential regulation of nuclear protein composition in neutrophils and T
cells which both generate rapid amoeboid migration is unknown but may reflect their
different function and life-spans. Mature neutrophils shut down their DNA replication and
execute antibacterial effector function until they undergo apoptosis within a few hours; thus
these cells are not dependent on protecting their chromosomal DNA. Conversely, activated
T cells that undergo differentiation towards memory cells are long-lived and may therefore
require preserving mechanic nuclear and genomic DNA integrity during recirculation.
Increasing nuclear stiffness with T cell activation might impede migration efficiency
through dense interstitial tissues and intact basement membranes, however may sufficiently
comply with more porous tissue regions, including the lymph node stroma [18], partially
disintegrated basemement membranes [20] and edematous perivascular tissue tracks during
inflammatory processes [77], all which often offer pore dimensions from 5 to 40
micrometers [19] that match the small diameter of lymphocyte nuclei (5 to 7 μm).

Cancer
Neoplastic cells acquire significant aberrations in nuclear morphology, including size, shape,
and loss of nuclear domains [78]. This nuclear plasticity closely resembles alterations
observed in diseases caused by mutations or deletions in nuclear envelope proteins such as
lamin A/C or LBR [39,78-80] (Fig. 1), suggesting that changes in the expression of these
proteins could also be responsible for the abnormal nuclear structure in cancer.

Deregulation of lamin expression has been reported in several cancers types. Lamins A and
C are over-expressed in ovarian cancers [81], colorectal cancer [82] and cancers of the skin
and prostate [83,84]. Rapid growth in basal cell carcinoma in skin cancer correlates with
reduced levels of lamin A [85], and silencing of A-type lamins was reported in leukemias
and lymphomas [86], gastrointestinal cancer [87] and small cell lung cancer [88]. Many
tumor cells further show strong downregulation [89] or mutations [90] of nesprins. The
reason for neoplastic regulation of lamins and nesprin in different cancer types and its
contribution to cancer progression are unclear. Reduced levels of A-type lamins could
increase the deformability of the nucleus [39] and thereby enhance cell squeezing through
narrow tissue spaces or basement membranes, similar to increased nuclear plasticity in
terminally differentiated neutrophils [50-52]. In addition to altered lamin and/or nesprin
expression, changes in chromatin configuration often associated with cancer cells could also
result in increased nuclear plasticity, as a more open chromatin configuration typically
associated with non-differentiated cells results in more deformable nuclei [53]. Whether
neoplastic nuclear abnormalities contribute to cancer cell invasion and metastatic
dissemination is unclear; Consequently, future experiments that systematically study the
effects of modulation of lamins and other nuclear envelope proteins expression on
migration, invasion, and metastatic potential of cancer cells in vitro and in vivo are required
to to delineate their contribution to cancer progression.
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Conclusions
Through its connection to the actin, tubulin and intermediate filament cytoskeleton, the
nucleus is a major mechanosensory integrator. Because of its size and high rigidity,
compared to all other cell compartments, it further imposes a major physical challenge for
cells moving in 3D environments. Consequently, studies on nuclear mechanics and its
implications for cell migration should preferentially focus on 3D in vitro and in vivo models.
Whereas increased nuclear deformability offers an advantage for efficient migration in cells
with large nuclei, other cells with small but more rigid nuclei such as in highly motile T
cells may confine their tissue distribution towards default migration routes with sufficient
preexisting tissue porosity.

Besides merely indicating cell deformation in dense tissue, nuclear deformation may further
exert secondary effects, such as altered DNA transcription and replication [91], albeit
migration-associated changes in location and function of chromosmal DNA and nucleoli
remain to be tested directly. Thereby, besides testing cells with different natural nuclear
shapes and lamin composition, targeting defined nuclear structural proteins is required to
elucidate their dual function in facilitating (or preventing) nuclear deformation alongside
with protecting structural DNA integrity and other cellular functions. In conclusion, altered
nuclear morphological and mechanical plasticity during cell differentiation and neoplastic
transformation may represent a central determinant of cell mobility during physiologic and
pathologic invasion and recirculation.

Box 1

Phases of nuclear deformation during single-cell migration

When cells migrate through a narrow tissue pore, the nucleus undergoes temporal shape
change in 4 consecutive steps. First, punctual pressure acts upon the nuclear membrane
(A, step I; pressure indicated by small double-arrows) followed by the reciprocal local
deformation of both, the slightly elastic ECM and the nuclear envelope and contents (A,
step II). If the nuclear deformability is sufficient to accommodate the pore width, the
initially small prolaps progresses into a circumferentially confined zone through which
the nucleus glides while adopting a transient hour-glass shape (A, step III). As last step,
the rear of the nucleus slips rapidly forward (outward pushing) and readapts its original
shape (A, step IV). (B) The engagement of both forward-pushing forces and confinement
by the ECM are reflected by an oscillarory speed profile (B). Whereas the initial pressure
until early proplaps prompts nuclear arrest of variable duration in Phase I (up to an hour
or longer; K. Wolf, unpublished data), forward pushing during the last phase is fast and
leads to an propulsive acceleration lasting only few minutes (compare Fig. 1; 150 to 160
min). Thus, the shape of the nucleus in migrating cells represents a steady-state “negative
image” of the physical space and discontinuities of the extracellular matrix.
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Figure 1.
Nuclear diversity and deformation in cancer cells.
(A) Tip of an invasion zone of a primary human melanoma, showing heterogeneously
shaped, elongated and partly deformed nuclei. Arrowheads in details, local deformation. (B)
Central region of an invasion zone in human fibrosarcoma exhibiting elongated and partly
deformed cigar-shaped nuclei of variable size. (C) Effect of altered nuclear envelope
composition on mammary epithelial cells. Genetically modified MCF10A breast epithelial
cells that stably express lamin B receptor (LBR↑), lamin A (Lamin A↑) or shRNA directed
against lamins A and C (Lamin A/C ↓) or control vector (mock). Cells overexpressing LBR
or having reduced expression of lamins A/C show striking similarities to the nuclear shape
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observed in many cancer cells. Both modifications result in decreased nuclear stiffness (J
Lammerding, unpublished). Overexpression of lamin A results in rounder (and stiffer)
nuclei. Bars, 10μm.
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Figure 2.
Nuclear dynamics and deformation during cell migration.
(A) HT-1080 cells expressing DsRed2 in the cytoplasm and H2B/eGFP in the nucleus
migrating in 3D collagen lattice. Confocal time-lapse sequence in mid-density (3.3 mg/ml)
collagen shows phases of shape change. Bar, 10 μm. (B) Initial cell polarization leads to
rotational dynamics (I) followed by initial translocation of the nucleus (II). When physical
barriers are encountered, the nucleus deforms during forward sliding (III). In the absence of
ECM degradation capability, the nuclear deformation is more pronounced (IIIa).
Alternatively, the cell degrades ECM structures proteolysically (green color) and generates a
small trail-like matrix defect (IIIb, asterisk), thereby minimizing nuclear deformation.
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Figure 3.
Structural proteins involved in nuclear morphology, stability and interaction with the
cytoskeleton.
Top panel: Cell migrating through 3D matrix of extracellular matrix fibers (brown) and
encountering a narrow constriction (not drawn to scale). Orange dots denote focal contacts;
pink lines microtubules, green lines intermediate filaments, and blue structures actin
filaments. (Inset). The lower panel shows molecules contributing to nuclear stiffness and
nuclear-cytoskeletal coupling. Lamins underly the inner nuclear membrane and also form
stable structures within the nuclear interior. Membrane proteins such as emerin, LBR, and
SUN1/2 are retained at the inner nuclear membrane through their interactions with lamins,
chromatin, or other nuclear proteins. Nesprins bind to SUN proteins across the perinuclear
space and can directly interact with actin filaments (nesprins-1 and -2) or with intermediate
filaments via plectin (nesprin-3). Nesprins-1 and -2 have been proposed to bind to
microtubules via kinesin or dynein.
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Table 1
Overview of factors influencing nuclear shape and stiffness

Factor Effect on nuclear structure and mechanics

Lamins A and C Loss of lamins A/C causes irregular shape and reduced nuclear stiffness, as well as loss of heterochromatin;
increased expression can cause nuclear invaginations. [37,39,79,92]

Lamin B1 and B2 Loss of lamin B1 causes nuclear blebs; overexpression can result in nuclear lobulation; lamins B1 and B2 have
little or no effect on nuclear stiffness. [39,92,93]

Lamin B receptor (LBR) (Over-)expression of LBR causes nuclear lobulation and formation of excess nuclear envelope. [52,94]

Chromatin configuration Stem cell-like chromatin organization causes increased nuclear plasticity and reduced stiffness; condensed
chromatin increased nuclear stiffness. [53,95]
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