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Abstract
Chromatin dynamics play a major role in regulating genetic processes. Now, accumulating data
suggest that chromatin structure may also affect the mechanical properties of the nucleus and cell
migration. Global chromatin organization seems to modulate the shape, the size and the stiffness
of the nucleus. Directed-cell migration, which often requires nuclear reshaping to allow cellular
passage through narrow openings, is dependent not only on changes in cytoskeletal elements, but
also on the global chromatin condensation. Conceivably, during cell migration a physical link
between the chromatin and the cytoskeleton facilitates coordinated structural changes in these two
components. Thus, in addition to regulating genetic processes, we suggest that alterations in
chromatin structure may facilitate cellular reorganizations necessary for efficient migration.

The complexity of cell migration
Cell migration is essential for multiple biological processes such as embryonic development,
tissue renewal, wound healing and the immune response. Alterations in cellular migration
processes are associated with various pathologies such as chronic inflammatory diseases,
mental disorders, vascular diseases and metastases formation [1,2]. Cell migration is a
complex process requiring motor proteins and coordinated structural changes in multiple
cellular components [3–6]. Most cell migration studies focus on the cytoskeleton, adhesion
complexes, signaling molecules and endocytic pathways, while little is known about the role
of the nucleus and its major constituent, chromatin, in migration.

The nucleus is the largest eukaryotic organelle. Its size and relative stiffness can pose a
major obstacle for cellular migration through narrow openings in the extracellular matrix or
inside layers of cells. Recently it has been found that directed-cell migration (cellular
migration in a defined direction, induced by asymmetric cues) of melanocytes is associated
with, and dependent on, global chromatin condensation, independent of transcriptional
effects [7,8]. Previous studies identified a role for chromatin structure in determining the
size and the stiffness of the nucleus [9–11]. In addition, several studies have identified
molecules embedded in the nuclear membrane that provide a direct physical link between
the cytoskeleton and chromatin [12–16] [17]. Collectively, these studies lead us to posit a
structural role for chromatin during cell migration. We suggest that chromatin condensation
is an essential process of directed-cell migration, and is required to reduce the diameter of
the nucleus and to enhance the interaction between the nucleus and the cytoskeleton, thereby
facilitating reshaping of the nucleus. Nuclear reshaping enables the cells to efficiently
“squeeze” through narrow openings and enhances their ability to migrate. Thus, in addition
to its known functions in genetic processes the chromatin fiber may also play a structural
role in cell migration. Here, we discuss the emerging role of chromatin structure in cell
migration and describe the changes in localization and shape of the mammalian nucleus
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during directed-cell migration. In order to understand the molecular basis for these changes,
we discuss the importance of both the nuclear lamina and chromatin structure in determining
the physical properties of the nucleus and its interaction with the cytoskeleton. Finally,
propose a new model for the structural role of chromatin in directed-cell migration.

The nucleus during cell migration
Induction of directed-cell migration leads to nuclear changes at three levels: transcription of
specific genes, the localization of the nucleus within the cell and the shape of the nucleus.
Transcription of genes encoding for proteins that are involved in the migration process is
induced by activation of plasma membrane receptors, changes in adhesion points and tight
junctions, and changes in the actin cytoskeleton [18,19]. Obviously, the local chromatin
structure plays a role in regulating the expression of these genes; however, here we focus on
global chromatin functions that are not related to transcription.

The intracellular localization of the nucleus is not fixed; its position relative to other cellular
organelles is regulated by multiple cytoskeletal elements [20]. In many cell types, induction
of directed-cell migration leads to relocation of the centrosome between the leading edge of
the cell and the nucleus [2]. In fibroblasts, this polarity is achieved by movement of the
nucleus backwards as a result of actin retrograde flow and myosin II activity [21]. Upon
initiation of migration, the motor proteins dynein and/or myosin II move the nucleus
forward, towards the leading edge of the cell. It is thought that nuclear envelope associated
dynein complexes sliding along perinuclear microtubules towards the centrosome pull the
nucleus forward [22,23]. Concomitant to the pulling of the nucleus by dynein, an
actomyosin contraction behind the nucleus pushes it forward [6,24–27]. Thus, cell migration
is associated with cytoskeleton-mediated relocation of the nucleus within the migrating cell.

Cell migration is often, but not always, associated with changes in nuclear shape. During
migration the shape of the nucleus has to be adjusted to facilitate passage of the migrating
cell through openings between layers of cells or inside the extracellular matrix, which can be
narrower than the diameter of the spherical nucleus in non-migrating cells. Indeed, the
ability of the cell to “squeeze”the nucleus appears to be a limiting factor in penetrating
narrow pores [28]. This nuclear “squeezing”has been found during migration of neurons
[25,29–31], leukocytes [32], and metastatic cells [27,28,33]. For example, inside small
capillaries, the nuclei of metastatic cells adopt a cylinder-like shape instead of the classical
spherical shape. These nuclei were shown to be 64% longer and 36% narrower than their
dimensions when passing through microvessels [33]. Nuclear reshaping during migration in
a three-dimensional environment appears dependent on the actomyosin network, based upon
studies using specific chemical inhibitors and myosin II siRNA [27,31,32]; however, the
molecular mechanisms behind this process are still obscure. Conceivably, nuclear reshaping
during cell migration would require adjustments in the structural entities of the nucleus.

The malleable structure of the nucleus
The nucleus, which is the largest cellular organelle, is surrounded by the nuclear envelope,
which acts as a physical barrier between the cytoplasm and the key constituent of the
nucleus, chromatin. The metazoan nuclear envelope is composed of two membranes: the
outer nuclear membrane (ONM) facing the cytoplasm and the inner nuclear membrane
(INM) facing the nucleoplasm [34,35]. The ONM is in direct contact with cytoskeletal
elements such as actin filaments [36,37], microtubules motor proteins [38–40] and the
cytoskeletal linker protein Plectin [41].The INM is connected to the nuclear lamina, which is
a mesh of filaments formed out of the filamentous proteins lamins [42]. The nuclear lamina
has direct contact with chromatin (Figure 1)[43,44].
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The chromatin fiber is built from a basic repetitive unit, the nucleosome, which consists of a
core particle (CP), in which 147 bp of DNA are wrapped twice around a histone octamer and
a linker DNA region that connects adjacent CPs. The resulting “beads on string” like
structure of the chromatin fiber is highly dynamic in its degree of compaction and spatial
organization. The global and local structure of chromatin are determined by chromatin
remodeling factors, post-translational modifications in histone tails, DNA methylation,
regulatory factors that bind various modifications and by architectural proteins such as
histone H1 and the high mobility group (HMG) protein superfamily [45–48]. During
interphase, the chromatin is found in two major states: euchromatin regions which are
relatively decondensed and transcribed and heterochromatin regions that are highly
condensed and considered transcriptionally silent [49]. Euchromatin and heterochromatin
are distinguished from each other by specific patterns of modifications in the tail of core
histones and by nuclear proteins that are recruited to these domains. Heterochromatin
regions are more frequently associated with the nuclear envelope [50]. This link is thought
to rely on interactions of core histones, histone H1 and heterochromatin-associated proteins
with INM proteins and lamins [15,43,44,51–54].

The nuclear lamina is considered a major contributor to the mechanical properties of the
nucleus [42,55], however recent studies revealed an important role for the chromatin fibers
in nuclear mechanics as well. Treatment of isolated nuclei with EDTA
(ethylenediaminetetraacetic acid), a chelating agent that binds divalent cations and leads to
chromatin decondensation, or with enzymes that digest DNA, led to significant nuclear
swelling, expansion of the nuclear envelope and up to two-fold increase in nuclear size.
Conversely, addition of divalent cations, which lead to chromatin condensation, led to
nuclear contraction [10]. Thus, the nuclear envelope is elastic and can expand or contract in
response to physical forces applied to it from the inside of the nucleus by the chromatin
fibers [9,10]. In intact cells, the size of the nucleus is affected not only by the chromatin
fibers but also by the composition of the nuclear lamina [42], the forces applied on the
nucleus by the cytoskeleton [56] and the availability of phospholipids in the endoplasmic
reticulum that can be recruited to the nuclear membrane [57].

In addition to its affects on nuclear size, chromatin organization also affects the stiffness of
the nucleus, which can be measured by the resistance of isolated nuclei to aspiration force.
This type of measurement revealed that both the composition of the nuclear envelope, and
the global condensation level of chromatin affect nuclear stiffness [10,11]. Inhibition of
Lamin A/C expression [11], and induction of chromatin decondensation [10], resulted in
reduced nuclear stiffness. Conversely, increasing chromatin compaction led to increased
nuclear stiffness [11]. Interestingly, changes in the global condensation level of chromatin
had a significantly larger effect on stiffness of the nucleus than changes in lamins
composition [10,11]. The stiffness of the nucleus could affect the outcome of forces applied
to it by the cytoskeleton. Forces applied to a highly elastic nucleus would be dispersed into
many directions making it harder to push the nucleus and control its movement towards a
specific cellular location. On the other hand, forces applied to a stiffer nucleus would stay
more focused, making it easier to regulate its shape and direction of movement.

Nuclear shaping by the cytoskeleton has been described in several systems. Lobulation of
granulocytes nuclei is dependent on microtubules [58]. Nuclear elongation during
cellularization in Drosophila embryos, which is associated with heterochromatin formation,
is dependent on microtubules, actin reorganization and the nuclear envelope protein
Kugelkern/ Charleston [59,60]. Changes in the shape of chondrocyte nuclei by mechanical
forces are dependent on actin filaments [61], and nuclear elongation during neuronal
migration is dependent on the actomyosin network [31]. Recent studies revealed that
cytoskeletal forces applied to the nucleus are transmitted into the nuclear lamina and the
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chromatin fibers by SUN domain and KASH domain proteins, which are embedded in the
nuclear membrane and form a complex known as the linker of nucleoskeleton and
cytoskeleton (LINC) complex [62]. This physical link between the nucleus and the
cytoskeleton, which is formed by the LINC complex, is conserved in all eukaryotes (Figure
1) [17,63,64].

The link between chromatin and the cytoskeleton
Initial indications of a possible physical link between chromatin and the cytoskeleton
through the nuclear envelope were seen in studies involving distortion of the cytoskeleton by
micropipette [65]. A fibronectin-coated micropipette was linked to integrins in the cell
membrane. The intracellular portion of integrins is connected to the cytoskeleton, therefore,
pulling the micropipette led to distortion in the cytoskeleton and elongation of the cell and
its nucleus in the direction of the pulling force. Moreover, the nucleoli inside the nucleus
also moved towards the pulling force. These results suggest that a force was transmitted
directly from the cytoskeleton to inner nuclear components [65]. Conceivably, forces
exerted on the cytoskeleton can affect organization of intranuclear components through
direct interactions inside the perinuclear space (PNS) between members of the LINC
complex [17,63,64].

The LINC complex is formed by KASH (Klarsicht, Anc-1, Syne-1 homology) and SUN
(Sad1p and UNC-84) domain proteins, which are located in the ONM and INM,
respectively, but not exclusively. Inside the PNS,KASH domain proteins and SUN domain
proteins interact with each other through their C-terminal regions [37,62,66–68]. The N-
terminus of KASH domain proteins protrudes from the ONM and binds various cytoskeletal
elements in the cytoplasm including actin filaments [36,37], microtubule motor proteins
[38–40] and even intermediate filaments, through the cytoskeletal linker protein Plectin
(Figure 1)[41]. The N-terminus of SUN domain proteins interacts with intranuclear
components such as Lamin A [62,69,70] and the INM protein Emerin [70]. In lower
eukaryotes, direct association of SUN domain proteins with chromatin has been identified.
In Dictyostelium discoideum, the SUN domain protein interacts directly with DNA [16]. In
Schizosaccharomyces pombe and in S. cerevisiae, SUN domain proteins also bind
heterochromatin-associated proteins such as telomere and centromere-localized proteins
[12–15]. Significantly, in S. pombe, disruption of the interaction between the LINC complex
and heterochromatin led to deformation of the nucleus [15].

Thus, the LINC complex provides a physical link between the cytoskeleton and two
structural entities of the nucleus: the nuclear envelope and the chromatin fibers. Presumably,
if this link is important for cellular migration, interference with any of the factors that
constitute that link will inhibit the migration process. Indeed, interference with the structure
of the lamina or with formation of the LINC complex inhibit both neuronal [38,71] and
fibroblast [72–75] migration and interference with heterochromatin formation inhibits
melanocyte migration [7,8].

Chromatin structure during cell migration
Recent experiments in melanocytes provide direct evidence of a role for chromatin structure
in cell migration. Induction of directed-cell migration led to a rapid increase in the levels of
histone modifications associated with heterochromatin, an elevation of DNA methylation
levels, changes in the intranuclear mobility of chromatin architectural proteins, and
increased resistance to DNase I digestion [7,8]. These changes indicate increased chromatin
condensation in response to migration signals. Histone H1 reorganization also was observed
in migrating nuclei of the filamentous fungi Neurospora crassa [8], suggesting that changes
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in the global organization of heterochromatin in response to migration signals are conserved
in evolution.

Global condensation of chromatin appears to be required for the migration process itself.
Interference with chromatin condensation either by chemical inhibitors or by over-
expression of a dominant negative form of histone H1, inhibits melanocyte migration in the
Transwell assay, where cells migrate through pores smaller than the diameter of their
nucleus [7,8]. Inhibition of chromatin condensation impedes cellular migration more
efficiently as the size of the pores through which the cells migrate decreases [7]. Thus the
importance of chromatin condensation for cellular migration increases with the requirement
for more intense nuclear reshaping. Significantly, chromatin decondensation inhibits cellular
migration even when transcription is inhibited [7], indicating that the effect of chromatin
condensation on cell migration is not related to transcriptional control.

Indeed, induction of migration does not alter the levels of histone modifications in
euchromatin [7,8], a finding that supports the hypothesis that migration-related changes in
chromatin structure do not regulate the cellular transcriptional profile. Furthermore,
inhibition of transcription did not affect the early stages of directed-cell migration [7]. Thus,
the global condensation of chromatin in response to migration signals does not seem to
participate in transcriptional control. These results, taken together with the data indicating
that chromatin compaction affects the mechanical properties of the nucleus and the evidence
for a physical link between the cytoskeleton and chromatin fibers, lead us to suggest a new
model regarding the role of chromatin structure during cell migration.

A model for the role of chromatin structure in cell migration
We suggest that chromatin structure has a direct role in cell migration (Figure 2). Induction
of directed-cell migration leads to global condensation of the chromatin fibers, which may
facilitate structural changes in the nucleus. An increase in the condensation level of
chromatin can lead to a decrease in the size of the nucleus, an increase in nuclear stiffness,
and optimize the interaction between the cytoskeleton and the nucleus to enable better
nuclear reshaping, which is necessary for efficient cell migration.

Due to the direct interaction between the chromatin fibers and the nuclear envelope,
chromatin condensation could pull the nuclear envelope “inward”thereby shrinking and
reshaping the nucleus. Likewise, chromatin condensation decreases the volume occupied by
the chromatin fibers inside the nucleus thereby decreasing a factor which potentially could
impede nuclear shrinkage by extranuclear forces. Reduction in nuclear size can enhance the
rate at which cell migrate through small openings in the extracellular matrix or through
tissues.

Chromatin condensation also leads to an increase in nuclear stiffness, which at first glance
would seem to impede nuclear reshaping, yet is often required during cell migration.
However, the condensed chromatin can be visualized as a network of rigid fibers dispersed
throughout the nucleus, including its periphery. Such a rigid network would transfer the
momentum from the actomyosin network at the back of the cell more efficiently than a more
elastic network of decondensed chromosomes. Thus, an increase in nuclear stiffness can
enhance the ability of cytoskeletal elements to relocate the position of the nucleus inside the
cell, a process that is required for proper migration.

The LINC complex, which connects the cytoskeleton to the nucleus, preferentially interacts
with heterochromatin-associated factors and the nuclear lamina, which on its own is
preferentially linked to heterochromatin. Thus, increased heterochromatinization could
strengthen the connection between the cytoskeleton and the nucleus thereby enhancing the
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ability of the cytoskeleton to reshape the nucleus and alter its intracellular position during
migration. We wish to emphasize a clear distinction between the role of the cytoskeleton and
chromatin in cell migration. In our view, the cytoskeleton generates the forces necessary for
migration while changes in chromatin structure facilitate the efficient use of these forces to
optimize the migration process.

Concluding remarks
Increase in the ability of tumor cells to migrate is a characteristic property of metastasis
formation. Notably, tumor progression is often associated with changes in nuclear
organization [76]. In support of our model, in cancer cells that overexpress mutated H-RAS
or members of the Src family kinases, increased metastatic potential correlates directly with
heterochromatin hypercondensation and coarse aggregation [77,78]. In addition,
overexpression of enzymes responsible for generation of heterochromatin-associated
modifications such as DNA methyltransferases (DNMTs), histone methyltransferases and
histone deacetylases (HDACs) is associated with various malignancies and metastasis
formation [79]. In several instances, inhibition of these enzymes reduced the rate of cell
migration and invasion [80–84]. Some of these inhibitors are already approved for cancer
treatment or are being evaluated in clinical trials [79]. The effects of these inhibitors on the
capacity of cells to metastasize are thought to be based on their ability to change the cellular
transcriptional profile; however, it is conceivable that at least part of their biological effects
is related to structural changes in chromatin per se.

In summary, we suggest that chromatin structure has mechanical and physical roles in cell
migration. Speaking more broadly, it is possible that multiple cellular components act as an
integrated machinery to facilitate efficient migration. Major challenges for the future are to
understand whether the structural role of chromatin fibers in cellular migration is a universal
process, to unravel the molecular mechanisms whereby chromatin affects migration and to
reveal how extracellular migration signals are transmitted to the nucleus and lead to distinct
changes in chromatin structure.
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Figure 1. A bridge across the nuclear membrane links the chromatin to the cytoskeleton
The nucleus is separated from the cytoplasm by the nuclear envelope which is composed of
two layers: the outer nuclear membrane (ONM) which faces the cytoplasm and the inner
nuclear membrane (INM) which faces the nucleus. The two membranes are separated by the
perinuclear space (PNS) and fused to each other only next to the nuclear pore complex
(NPC). The INM is lined with a mesh of lamins that form the lamina. The lamina interacts
preferentially with heterochromatin, whereas the NPCs interact preferentially with
transcribed euchromatin. The bridge between the cytoskeleton and the nucleus is established
by the SUN domain and KASH domain proteins, which interact inside the PNS. The SUN
domain proteins cross the INM and interact directly with lamins. Interaction of SUN domain
proteins with heterochromatin was found in yeast and may occur also in mammals. KASH
domain proteins cross the ONM and interact directly with several cytoskeletal elements
including actin filaments, the microtubule motor proteins Dynein and Kinesin and the
cytoskeletal cross-linker protein Plectin, which is bound to intermediate filaments.
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Figure 2. Chromatin reorganization facilitates cell migration- a model
(A) Schematic representation of a non-migrating cell in which chromatin is organized in
highly condensed heterochromatin regions and non-condensed euchromatin regions. (B)
Schematic representation of a fibroblast-like tumor cell migrating through fibers of the
extracellular matrix towards the right side of the figure. The migration process requires
reshaping of the nucleus and “squeezing” it through the narrow opening in the extracellular
matrix. Increased heterochromatinization in the migrating cell may contribute to decreased
nuclear size, increased nuclear stiffness and better nuclear reshaping in the following ways:
i) Condensed chromatin can pull the nuclear envelope “inward” to support reduction in
nuclear size; ii) Condensed chromatin can increase the stiffness of the nucleus making it
easier for the cytoskeleton to move the nucleus inside the cell; iii) Condensed chromatin can
form stronger anchoring points for the LINC complex (SUN and KASH domain proteins),
strengthening the interaction between the cytoskeleton and the nucleus. Dynein motor
complexes anchored to the nuclear envelope by the LINC complex slide along microtubules
towards the centrosome while pulling the nucleus towards the leading edge of the cell. At
the rear of the cell, myosin II-dependent contraction of actin filaments, which could be
anchored to the nuclear envelope by the LINC complex, contract the nuclear diameter and
push the nucleus forward.
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