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Abstract

®
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Cell migration is important for the function of many eukaryotic cells. Recently the nucleus
has been shown to play an important role in cell motility. After giving an overview of cell
motility mechanisms we review what is currently known about the mechanical properties of
the nucleus and the connections between it and the cytoskeleton. We also discuss connections
to the extracellular matrix and mechanotransduction. We identify key physical roles of the

nucleus in cell migration.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Cell migration is of crucial importance in development, the
immune system, wound healing and cancer metastasis. It is
therefore a topic of great interest not just in biology but also
due to its potential applications in medicine and technology.
As we will highlight in this article there are many reasons why
physical scientists are also increasingly interested in this area
of biological physics.

This review focuses on the physical role of the nucleus in
eukaryotic cell migration. The role of the nucleus has been
largely neglected, partly due to the famous experiments of kerat-
ocyte cell fragments crawling without a nucleus [1]. Recently
however the nucleus has been shown to play an important role
in cell motility, especially in three dimensional environments
[2]. The nucleus is connected to the cell cytoskeleton which
is known to play a key role in cell migration. Cytoskeleton
elements interact with the external environment, for example
through specific adhesion. Therefore, the nucleus is in con-
tact with the external environment via the cytoskeleton. These
interactions provide the basis for mechanosensitivity and force
transduction from the external environment to the nucleus,
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which plays an important role in cell migration. The nucleus is
not only an object that has to be transported with the cell, but
it is also connected to the migration machinery. Nuclear posi-
tioning within the cell is important in cell polarisation, setting
the direction of motion. In addition, the nucleus is more solid-
like than the rest of the cell and consequently less deforma-
ble. This resistance to deformation can hinder cells squeezing
through constrictions. The role of the nucleus in cell migration
is of particular interest in metastatic cancer cells, whose nuclei
have abnormal shapes and stiffnesses.

In this article we first give an overview of cell motility
mechanisms (section 2) and then discuss the mechanical prop-
erties of the nucleus (section 3) and the connections between
the nucleus, cytoskeleton and extracellular matrix (section 4).
In section 5 we discuss the roles of the nucleus in migrat-
ing cells, in particular nuclear positioning in cell polarisation,
nucleus-cytoskeleton connection dependent migration and
nucleus deformation during migration in confinement. Finally
in section 6 we provide a summary and outline some key
unanswered questions.

2. Overview of cell motility mechanisms

A general overview of cell motility for physical scientists is
given by [3]. Here we focus on eukaryotic cells and ignore
motility due to flagella. Cell migration was first observed

© 2016 IOP Publishing Ltd  Printed in the UK
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Figure 1. Cartoon showing (a) a cell crawling on a 2D substrate and (b) a cell migrating in a 3D extracellular matrix environment. On a 2D
substrate (a), the actin cortex represented by thin blue lines fills the lamellipodium at the front of the cell. The focal adhesions, represented

by orange ovals, connect the actin cortex as well as stress fibers to the substrate. In a 3D environment (b), the actin organisation is different
and the actin cortex is connected to the extracellular matrix by adhesion proteins.

using microscopes in the 1600s by scientists such as Robert
Hooke and Antonie van Leeuwenhoek. Early experiments on
cell migration investigated cells crawling on flat glass sub-
strates, since this is ideal for optical microscopy. To enable
cell adhesion to the substrate the glass coverslip is coated with
extracellular matrix protein (e.g. fibronectin or collagen). In
some experiments cells polarise spontaneously in random
directions. However, polarisation and migration direction can
be directed for example by imposing gradients of chemotac-
tants to which cells respond. Other ways to direct cells have
been studied more recently such as adhesion micropatterning
[4] or gradients of substrate stiffness (durotaxis) [5]. Many
different aspects of such cell crawling assays have been stud-
ied in great detail. In this review we focus on the motile stage
and we refer readers elsewhere to more detailed reviews on
adhesion [6, 7], spreading [8], polarisation [9, 10] and che-
motaxis [11].

It is clear that the networks of filamentous proteins mak-
ing up the cytoskeleton are crucial for the mechanical prop-
erties, shape and migration of cells. Microtubules and actin
have been studied in most detail, but the contribution of inter-
mediate filaments and septins are increasingly being studied
[12]. Of particular importance in cell motility is the protein
filament actin and the molecular motor myosin. Visualisation,
for example using fluorescence microscopy, of these various
proteins within live migrating cells and disruption of differ-
ent components by genetic or drug treatments have contrib-
uted greatly to discovering the roles of these proteins in cell
motility.

The classic picture of cell crawling is of a polarised cell
with a wide, flat, thin protrusion at the front of the cell, known
as the lamellipodium, as shown in figure 1(a). The lamellipo-
duim is an actin rich ~ 100 nm thick protrusion containing a
highly branched network of actin filaments [13, 14]. The front
of the lamellipodium, known as the leading edge of the cell, is
thought to protrude due to forces generated by actin polymeri-
sation, described by the ‘Brownian ratchet’ model [15, 16]. The
energy input driving the system out of equilibrium is provided
by the hydrolysis of ATP, which is required for the binding of
actin subunits. Actin filaments, fixed at the back by adhesion to
the substrate, polymerise against the leading edge pushing the
membrane forward. Adhesion with the substrate at the back of
the cell is then broken, allowing the back of the cell to move

forward to follow the leading edge. Although cell crawling can
occur without functional myosin [17], actomyosin contraction
usually plays an important, and sometimes dominant, role.

Actomyosin contraction is caused by clusters of myosin
IT molecular motors (minifilaments) interacting with actin
filaments. Myosin ‘walks’ along actin filaments towards the
barbed (plus) end. Within actin bundles or networks, clus-
ters of myosin can bind to more than one actin filament at
the same time. If these two actin filaments have different
directions, motors attempting to walk in different directions
will exert stress on the filaments, which in the case of acto-
myosin is contractile. Various models have been proposed
for how this contraction is generated at the microscopic
level [18-21]. At a cellular scale, continuum descriptions of
actomyosin have been successfully developed in particular
the theory of active gels [22-24]. Active matter is material
that is out of equilibrium due to energy input at the level of
the constituent elements. In the case of actomyosin these
elements are actin filaments and molecular motors and the
energy input is biochemical energy from ATP binding and
hydrolysis, required for the action of myosin. We refer
readers to recent reviews [25-27] for more details of this
formalism.

There are clear differences between cells migrating on a
flat stiff substrate and those in vivo or embedded in gels made
of extracellular matrix proteins such as collagen [28], see
figure 1(b). Substrate rigidity, adhesion and confinement pro-
foundly alter cell migration mechanisms [29-32]. In confine-
ment cells can switch to a different motility mode, often called
‘amoeboid’, in which actomyosin contraction at the rear of the
cell induces a flow of actin cortex towards the back of the cell.
Due to friction with the confined environment this retrograde
flow propels the cell forward [33-37]. Highly contractile
cells form blebs, which are outward bulges of the membrane
that are devoid of actin. It is thought that cells migrating in
matrices bleb through constrictions into available space and,
if blebs are prevented from retracting due to the matrix fibres,
polarised motion can ensue [38]. For cells migrating through
small constrictions in matrices or within microchannels the
nucleus can get stuck. Since the nucleus is harder to deform
than the rest of the cell, the nucleus is the rate limiting step
for cells to get through constrictions that are smaller than the
unconfined nucleus size (in channels, matrices or in vivo)
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Figure 2. Cartoon showing a nucleus. The nuclear envelope,
represented by a double black/mauve bilayer, is supported by the
lamina represented in green. The nuclear envelope is punctuated
by several transmembrane proteins such as the nuclear pores

(in orange) and the LINC complex, made up of a SUN-domain
protein (green) and a KASH-domain (yellow). The LINC complex
mechanically connects the lamina to the cytoskeleton. DNA inside
the nucleus is represented by blue curved lines.

[39-41]. Myosin appears to be important in generating the
force required to get the nucleus through small spaces [42].
To find out how the nucleus is deformed and how it affects cell
motility, we need to consider the mechanical properties of the
nucleus as well as how the nucleus is linked to the cytoskel-
eton and the cytoskeleton to the extracellular matrix. In the
next section, we therefore consider the mechanical properties
of the nucleus.

3. Mechanical properties of the nucleus

Sufficient nuclear stiffness is required for migration in three
dimensional environments [2] and nucleus deformability is
necessary when cells are squeezing through small constric-
tions [39]. In this section we introduce the nucleus and dis-
cuss its mechanical properties, which are relevant to cell
motility.

In eukaryotic cells, the nucleus contains the chromatin
(DNA and associated proteins). It is the largest organelle,
occupying a sizeable fraction of the total cell volume. The
nucleus is delimited by the nuclear envelope, which consists of
two concentric membranes, as shown in figure 2. The nuclear
membrane contains nuclear pores, which actively transport
selected molecules. It also contains a wide range of other
transmembrane proteins such as the LINC complexes, which
mechanically connect the cytoskeleton to the nucleoskeleton.
Inside the nucleus the nuclear membrane is supported by the
lamina, a thin (~ 100 nm) network of intermediate filaments
making up the nucleoskeleton [13]. This network mainly con-
sists of intermediate filaments called lamins (type A, B, and
C). Lamins are thought to modify chromatin organisation and,
crucially to our discussion, are considered to give the nucleus
its mechanical stiffness [43].

In healthy cells, the nucleus is typically an order of mag-
nitude stiffer than the cell cytoskeleton [39] and on time-
scales relevant to cell migration (minutes [4]) appears to be
elastic since it regains its original shape after deformation
within seconds of force removal [44]. The stiffness of the

nuclear lamina has been measured by micropipette aspira-
tion of isolated Xenopus oocyte nuclei with and without the
majority of chromatin (removed by swelling) [45]. Swelled
and unswelled nuclei give similar values for the exten-
sional elastic modulus of ~ 25 mN m~!. The nuclear lamina
appears to break beyond a deformation threshold confine-
ment [46]. Lamin A and C are thought to provide the rigidity
of the nucleus since cells lacking lamins A and C have more
deformable nuclei, whereas lamin B only has a minor effect
on nuclear stiffness [47, 48]. This agrees with the result [49]
that the relaxation time increases with lamin A to B ratio
(i.e. increasingly elastic behaviour for a constant measure-
ment time), although not with authors’ interpretation of the
relative roles of lamin A and B. Consistent with the view
that lamin A provides nuclear stiffness, increased lamin A
levels lead to less deformable nuclei and reduced cell migra-
tion through small pores [50]. On the other hand, cells with
decreased levels of lamin A have fragile nuclei that rupture
frequently [51]. Mutations in lamins cause many diseases
known collectively as laminopathies e.g. muscular dystro-
phy. For a review on the role of lamins and nuclear mechan-
ics in disease see [51].

Lamins therefore play a key role in the mechanical prop-
erties of the nucleus directly through the lamina properties
itself but also indirectly via interactions with chromatin [47].
For example, stress exerted on embryonic stem cells has been
shown to induce chromatin decondensation associated with
auxetic (negative Poisson ratio) behaviour of the nucleus
[52], i.e. on stretching the nucleus expands in the direction
perpendicular to the stretch direction. Interestingly, assum-
ing interactions between lamins and chromatin affect nuclear
mechanical properties, this coupling could also play a crucial
role in mechanotransduction by influencing gene expres-
sion in response to mechanical forces [47]. The nucleus is
often assumed to be mechanically passive (unlike the active
cytoskeleton). However, the nuclear lamina itself can respond
biochemically to the mechanical environment by upregulat-
ing lamin A on stiff substrates and phosphorylating lamins
(promoting disassembly) on soft substrates [53] (see also
section 4.3).

The contents of the nucleus also contribute to its
mechanical properties. Isolated chromosomes respond elas-
tically but inside the nucleus they can flow depending on
how much they are tethered to the nuclear periphery [54].
Schreiner et al [54] use isolated S. pombe nuclei, which
lack lamins, to isolate the mechanical effect of chromatin.
Using optical tweezers they find that these nuclei are elastic
with a minor viscous component, but nuclei with untethered
chromosomes are highly deformable, with shorter relaxa-
tion times, lower stiffness and viscosity. Stem cells, which
do not express lamin A/C, are much less stiff than differ-
entiated cells and show irreversible nuclear deformation
characteristic of plasticity [55]. Pajerowski et al [55] find
chromatin is stiff when condensed by cations but flows oth-
erwise. Using micropipette experiments with GFP labelling
in epithelial cells, they find the lamina is stretched whereas
chromatin flows.
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Figure 3. Cartoon showing nucleus-cytoskeleton-extracellular matrix connections in the main picture, and focusing on nucleus-cytoskeleton
connections in the zoom in. In the main picture, the actin network is represented by thin blue crossing lines. It is connected to the extracellular
matrix by adhesion proteins (in orange). The connection between the nucleus and the cytoskeleton is ensured by a membrane associated protein
complex, the LINC complex. This LINC complex is composed of a SUN domain (green) that binds to the lamina and is connected to a KASH
domain (yellow), located at the outer nuclear-membrane. The KASH domain terminates proteins such as nesprins that attach the actin fibers via
actin binding proteins (blue). The LINC complex can also actively transfer momentum to microtubules as it is coupled to dyneins.

For a more detailed review of the mechanical properties of
the nucleus we refer readers to [51, 56, 57].

4. Nucleus-cytoskeleton-extracellular matrix
connections

4.1. Nucleus-cytoskeleton connections

The role of the nucleus in cell migration is clearly dependent
on the connections between the nucleus and the motility gen-
erating components of the cytoskeleton. Interactions between
the nucleus and the cytoskeleton are mediated by LINC
(Linker of Nucleoskeleton and Cytoskeleton) complexes
[58], as depicted in figure 3. LINC complexes are known to
be important in transmitting mechanical stresses from the
cytoskeleton to the inside of the nucleus during many cell
processes such as migration [59-61]. The LINC complexes
are composed of two transmembrane protein families, SUN
domain proteins (Sadl and Unc-83) at the inner nuclear mem-
brane and nesprins (nuclear envelope spectrin repeat proteins)
terminated by KASH domains (Klarsicht, Ancl, and Syne
Homology) at the outer nuclear membrane [62, 63]. SUN
domain proteins bind to nuclear lamina [64] and interact with
nuclear pore proteins, and other nuclear envelope proteins

such as Samp1 [65]. Nesprins can bind to all major cytoskel-
etal filament networks, including actin filaments, intermedi-
ate filaments, and microtubules [66]. Nuclear deformations
induced by a microneedle pulling on the cytoskeleton, are
significantly reduced in cells with disrupted LINC complexes
[62]. The fact that LINC complexes connect the cytoskeleton
to the lamina is further demonstrated by experiments showing
that a lack of functional LINC complexes results in a loss of
mechanical stiffness in fibroblasts similar to that seen in lamin
A depleted cells (see section 3 for discussion of lamins) [67].

The actin network is attached to the nucleus by the actin-
binding domain of the giant isoforms of nesprin-1 and
nesprin-2. These nesprin proteins, along with their interac-
tions with intermediate filaments via nesprin-3, may form a
scaffold around the nucleus and confine the size of the nucleus
[68]. Nuclei can be moved around within the cell by KASH
proteins connecting them to moving actin filaments (see
section 5.1).

Microtubules are attached to the nucleus via kinesin and
dynein motor proteins binding to various KASH proteins
[69]. These molecular motors can move nuclei along microtu-
bules in different directions (kinesin towards the plus end and
dynein towards the minus end) [69]. For more details on the
role of microtubules in moving nuclei see section 5.1
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More detailed reviews on the LINC complex and its inter-
actions can be found in [70].

4.2. Cell adhesion

Interactions between cells and their external environment have
a strong influence on cell migration, affecting not only cell
speed, polarisation direction and persistence, but also what
motility mechanism is used. For example, specific adhesion to
the substrate is essential for cell migration on a 2D substrate
but not for migration in vivo, matrices or channels [30]. The
role of the nucleus in cell migration is also affected by inter-
actions with the environment. For example, cells migrating in
soft matrices are reliant on lamin A/C and LINC complexes
to migrate but those on stiff 2D substrates are not [2]. This
indicates the importance of the effect of the external environ-
ment on the role of the nucleus in migration. In this section we
consider interactions with the external environment and pro-
vide a brief introduction to the field of cell adhesion. We refer
readers elsewhere for more detailed reviews on adhesion [6, 7]
and the physical extracellular environment [71].

Cell adhesion is mediated by transmembrane proteins.
There exists a wide range of adhesion molecules including
integrins, cadherins and selectins [72]. Cell—cell adhesions in
anchoring junctions are mediated by cadherins. Cell adhesion
to the extracellular matrix on the other hand, is usually medi-
ated by integrins. Finally, selectins bind to carbohydrates or
sugars.

Migrating cells can follow gradients in substrate stiff-
ness (durotaxis). This mechanosensitive response is medi-
ated by adhesion sites called focal adhesions connected to
the cytoskeleton [73]. For cells on a 2D substrate, microclus-
ters of activated integrins bind to the extracellular matrix at
the basal surface of the lamellipodia or filopodia at the cell
periphery [74, 75]. Over time, adapter proteins talin and paxil-
lin are recruited to integrin clusters to form nascent adhesions,
some of which mature into focal adhesions, which are more
stably associated with the extracellular matrix. Maturation of
focal adhesions occurs concomitantly with the formation of
contractile actin bundles called stress fibres. Focal adhesions
increase in size and become elongated in the stress fibre direc-
tion [75, 76]. Radial stress fibers (perpendicular to the leading
edge) are anchored at one end to a focal adhesion, whereas
transverse arcs of actin bundles (parallel to the leading edge)
and are not necessarily anchored in focal adhesions [77, 78].
During migration on a 2D substrate, as discussed in section 2,
actin polymerisation at the leading edge protrudes the lamel-
lipodium forwards and generates actin retrograde flow [79].
The effect of adhesion on the balance between forward protru-
sion and retrograde flow has led to the concept that adhesion
proteins act as a ‘molecular clutch’ [80, 81].

In cells on a soft substrate or in confinement (in channels or
embedded in 3D matrices), focal adhesions are not observed
[82]. However, adhesion proteins can still affect migration,
protrusion and matrix deformation [82], for instance forming
smaller dynamic podosomes or invadopodia [83]. As discussed
in section 2, amoeboidal modes of migration in confinement

are not dependent on integrin adhesion proteins and non-spe-
cific friction with the environment is sufficient [30].

The interplay between cell adhesion and cytoskeleton-
nucleus connections is key in cell motility [84, 85]. For
example, Kim et al [84], suggest that this coupling between
the nucleus and migration is mediated by the perinuclear
actin cap, a specific organization of actin associated with
the nucleus. This actin cap refers to actin cables above the
nucleus, terminating in a specialised subset of mechanosen-
sitve focal adhesions [68, 86]. The elongated shape of nuclei
in migrating cells appears to be controlled by the actin cap
[84, 87]. The formation of these actin cap cables requires
specific LINC complexes (nesprin-3 and nesprin-2G) and the
focal adhesion protein zyxin and consequently may enable
external mechanical signals to be quickly transmitted to the
nucleus [88, 89]. The perinuclear actin cap, by connecting the
nucleus to the extracellular matrix via adhesion, plays a key
role in the transmission of forces from the external environ-
ment to the nucleus. We will consider this further in the fol-
lowing section.

4.3. Mechanosensitvity and mechanotransduction

Cells are able to detect and respond to mechanical forces
and environmental stiffness. This is important in cell migra-
tion, for example for cells undergoing durotaxis [5, 73].
Mechanosensitive proteins can sense mechanical changes and
react to them. For example, stretching the adhesion protein
talin exposes a vinculin binding site, and subsequently, leads
to vinculin binding [90]. Several adhesion and cytoskeletal
proteins, including integrin and myosin, have been found to
exhibit increased affinity to their ligands under mechanical
stress [91]. For more details on the interplay between adhe-
sion proteins and actin in mechanosensing and mechano-
transduction we refer readers to [6]. In addition to adhesion
proteins, many ion channels (transmembrane proteins forming
pores controlling ion transport) in both the cell membrane and
nuclear membrane are mechanosensitive. Stretch activated ion
channels open in response to membrane tension, transporting
ions such as calcium across the membrane [92].

Mechanotransduction refers to the conversion of an exter-
nal mechanical force signal to biochemical responses and gene
expression. For example, Iyer et al [93] observe decondensa-
tion of chromatin and nuclear entry of the transcription factor
MKL following force application by magnetic beads adhered
to the cell membrane. As already mentioned in section 3, the
nuclear lamina itself responds biochemically to the mechani-
cal environment with lamin A upregulated on stiff substrates
and phosphorylated (promoting disassembly as occurs prior to
cell division) on soft substrates [53].

It is clear then that nuclear-cytoskeleton connections com-
bined with adhesion to the external environment mediate the
transduction of forces to the nucleus. Such mechanotransduc-
tion is key to the role of the nucleus in many cell processes,
including in cell migration. Having briefly reviewed the
mechanisms of cell motility, the mechanical properties of the
nucleus and nucleus-cytoskeleton-extracellular environment
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Figure 4. Cartoon showing the spacial organisation of the nucleus,
microtubules (blue) and centrosome (red) in a cell migrating from
left to right on a 2D substrate. However, it has been shown that in
confinement this polarity is reversed such that the centrosome is
behind the nucleus [94].

connections we next draw these aspects together to consider
some particular roles of the nucleus in migrating cells.

5. Physical roles of the nucleus in migrating cells

5.1 Nuclear positioning and cell polarisation

Cell migration direction is given by the polarisation of the
cell and the position of the nucleus within the cell correlates
with this, usually being positioned towards the rear [66]. Cell
polarisation or polarity is the morphological asymmetry of
cells, often associated with a functional asymmetry such as
cell motility. For cells migrating on 2D substrates the nucleus
is generally positioned behind the centrosome (also known
as the microtubule organising centre, MTOC) as shown in
figure 4. However, some cells migrating in geometric con-
finement and in vivo have the centrosome behind the nucleus.
For example, Pouthas et al [94] find that cells that migrate
on 2D substrates with the centrosome in front of the nucleus,
migrate on thin fibronectin adhesive lines with the centrosome
behind the nucleus. Similarly, fibroblasts migrating in 1D and
3D have the centrosome at the back, behind the nucleus [95].
Théry et al [96] showed using micropatterned substrates that
anisotropy of the adhesive microenvironment directs polarity.
They found the centrosome is always near the cell centroid
and the nucleus is off centre towards lower adhesion contrac-
tile cell edges. The polarised microtubule network helps main-
tain cell polarisation and consequently promotes persistent
migration. This is thought to be due to polarised trafficking
of migration related molecules along microtubules [97]. The
mechanisms regulating the orientation of the centrosome rela-
tive to the nucleus are thus relevant to cell migration direction
and persistence.

Nucleus positioning is the result of interactions with
actin, microtubules and intermediate filaments [66, 98—100].
As explained in section 4.1, these interactions are mediated
by nesprins that connect the nucleus to actin, motor pro-
teins and intermediate filaments. Molecular motors such as
dynein moving on microtubules may exert active forces on
the nucleus [100]. Microtubules appear to have a particularly
important role in nuclear positioning and nuclear movement,
for example, in migrating neuronal cells [66]. Lamins are also

important for cell polarisation, as seen from the fact that lamin
A/C deficient cells are unable to correctly polarise [101].
Nuclear position cannot be considered independent from cen-
trosomal positioning since there is a physical link between the
nucleus and the centrosome via kinesin and dyneins [102].
Dynein molecular motors at the cell periphery pulling on
microtubules are key to centrosome positioning [103].

Actin also plays a role in nuclear positioning. For exam-
ple, rearward nuclear movement in migrating fibroblast cells
is dependent on actin, nesprin and SUN proteins, known as
transmembrane actin-associated nuclear (TAN) lines [104]. As
discussed in section 4.1, the nucleus is connected to actin and
therefore when there is an actin retrograde flow the nucleus is
transported backwards with it. It has also been suggested that
actomyosin contraction at the back could push the nucleus
forwards and actomyosin contraction at the front could pull
the nucleus forwards [105].

Changes in migration direction sometimes involve nuclear
rotation to reorient the polarisation axis with the nucleus
behind the centrosome. Nuclear rotation has been observed in
various conditions, and appears to depend on dynein activity
[100, 106, 107]. This may be due to tension between the cen-
trosome and the nucleus generated by dynein walking along
microtubules [100]. Many cell types display alternating phases
of fast persistent migration and slow low persistent move-
ment. Fast persistent migration correlates with an intact actin
cap whereas changes in migration direction may be due to
dynein driven nuclear rotation whilst the actin cap transiently
disappears [84, 108]. Alternatively actomyosin contractility
may explain nuclear rotation with the nucleus entering only
as a passive inclusion [25, 109, 110]. Micropatterns of adhe-
sive stripes promote persistent migration, actin cap formation
and elongated nuclei whereas cells on circular micropatterns
are non-motile and display dynein-driven rotation of their
rounded nuclei [84]. Cells migrating along synthetic nanofi-
bres also show a correlation between nuclear elongation and
cell velocity and persistence [85]. As discussed in section 4.2,
it is thought that actin bundles in elongated cells compress
the nucleus, causing nuclear elongation [84, 87, 111]. Since
stress fibers are connected to the extra cellular matrix, nucleus
elongation and cell polarisation are influenced by the exter-
nal conditions. Several experiments using micropatterns show
that changes in local adhesion affect orientational order-
ing of stress fibres across the whole cell, suggesting cells
can integrate local mechanical cues at the whole cell level
[87, 96, 112].

5.2. Nucleus-cytoskeleton connection dependent migration

As discussed in section 5.1, the position of the nucleus is
important in cell polarisation, which sets the direction of
motion. In addition to this, experiments have found that the
nucleus plays an important role in the motion of migrating
cells [2]. Nucleus-cytoskeleton connections appear to be
required for migration in soft 3D matrices mimicking tissue
environments. Lamin A/C deficient cells are able to migrate
on a collagen coated 2D glass substrate but when embedded
in a 3D collagen matrix their speed is significantly lower than
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Goplasm nucleus

Figure 5. Cartoon showing a cell migrating through a constriction
in a channel.

wild type cells. The same effect is observed when LINC com-
plexes or nesprins are disrupted. This implies that the rigid-
ity of the nucleus and nucleus-cytoskeleton connections are
important for migration within collagen matrices but less so
on flat glass substrates. However, from these experiments it is
not clear to what extent this effect is due to the difference in
rigidity of the environment or the difference in confinement
geometry.

The integrity of the nucleus and nucleus-cytoskeleton
connections also have an effect on cell migration on 2D sub-
strates. Lamin A/C deficient cells in wound healing assays
have significantly reduced migration speed [101]. Similarly,
nesprin-1 depleted endothelial cells migrate more slowly
[113]. Nesprin-1 depletion results in increased focal adhe-
sion assembly, cell traction and nuclear height, whilst migra-
tion speed is decreased. Inhibiting myosin results in a similar
increase in the height of nuclei. Therefore Chancellor et al
[113] suggest that the nucleus balances tension due to acto-
myosin but that without nesprin-1 this tension is balanced by
the substrate.

5.3. Cell squeezing through constrictions

In recent decades there have been many studies of cell migra-
tion in various confined environments. Examples include
adhesive micropatterning [114], 1D migration along synth-
etic nanofibres [85], 2D confinement [46], microfabricated
microchannels [115], micropillars [116, 117], invasion into
gels [118], embedding in matrices such as collagen [28, 30,
119] and in vivo studies [119]. Many of these techniques are
reviewed in [31]. Here we do not provide a detailed review of
this body of work but instead consider some examples which
have specifically looked at the nucleus.

Microfabrication techniques have enabled the study of
cells moving between micropillars, in channels and through
constrictions of controlled geometry without being driven by
flow [31, 117] (see figure 5). Microfluidics methods that do
impose flow (deformability cytometry) are also used to study
cell deformations and stiffness [120]. The dynamics of the
nucleus is the rate limiting factor for cells squeezing through
constrictions [39, 40]. In order for cells to get through constric-
tions that are smaller than the size of the nucleus, the nucleus
must deform. In normal cells the nucleus is more difficult to
deform than the rest of the cell, however, lamin A/C deficient
cells have more deformable nuclei [121]. Cancer cells, often
associated with lamin mutations, have softer nuclei and conse-
quently appear to get through smaller constrictions more eas-
ily [39]. The mechanisms for how the cell generates the forces
required to deform the nucleus are not yet well understood.
It is not yet clear whether the nucleus is pushed or pulled

through constrictions. It appears that more adherent cells may
pull the nucleus and less adherent cells push the nucleus [28].
Suggestions of mechanisms for how the nucleus gets through
a constriction include actomyosin contraction at the front or
back [28, 42] and actin polymerisation [122]. In addition there
is some evidence that the nuclear lamina is broken as cells
migrate through small constrictions [46, 122].

5.4. Models of the nucleus during cell migration

The nucleus is often ignored in models of cell motility, since it
is assumed to be passive and not the driving force for motion.
However, as we have pointed out in this article, the nucleus
does have an important role in cell migraiton. Here we mention
some of the theoretical studies that do consider the nucleus.

Sometimes the nucleus is not modelled explicitly but its
presence is included implicitly simply as a passive load with
corresponding frictional drag, for example as suggested by
[35]. To model the nucleus explicitly, the simplest model is to
treat the nucleus as a deformable linearly elastic sphere (linear
elastomer), as in [123] who calculate the maximum deforma-
tion of the nucleus at a bottleneck in a quasi one dimensional
model. Giverso C et al [124] calculate the energy required
to deform the nucleus from an initial spherical shape to an
ellipse or a cigar shape in order for it to fit into a cylindrical
channel. They consider two models for the nucleus; one as a
liquid droplet surrounded by an elastic shell and the second as
an incompressible elastic solid. Another continuum model for
the nucleus has been used by [125] who model the nucleus as
an encapsulated liquid drop. The nucleus and cell are model-
led as Newtonian fluids surrounded by elastic interfaces which
are simulated using the immersed boundary method.

A more engineering approach is used by [126] who use a
finite element method to model the cytoplasm and nucleus in
a two dimensional simulation. They model the nucleus as a
viscoelastic material described by the Maxwell model, sur-
rounded by an elastic circle representing the lamina. Agent
based models have also been used such as the cellular Potts
model [127] which uses a Metropolis Monte Carlo method
to stochastically simulate a lattice based model of cells and
nuclei with a given energy cost to deforming their shape.
Combining these different modelling approaches together has
also been attempted such as the hybrid agent-based finite ele-
ment model for cell motility in [128].

In the future analytical and numerical studies including
the nucleus should help analyse experimental data and con-
tribute to deducing the role of the nucleus in cell migration
[129, 130].

6. Outlook

We have given an overview of cell motility mechanisms and
have reviewed some of the known mechanical properties of
the nucleus, its coupling to the cytoskeleton and indirectly to
the extracellular matrix. In particular, we have discussed the
organisation of the actin cytoskeleton and its coupling to the
nucleus and the extracellular matrix. However, the role played
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by microtubules in cell migration is less clear. Although we
know about microtubule coupling to the nucleus, their cou-
pling to the extracellular matrix and the coupling between the
centrosome and the nucleus remain poorly understood. The
role of microtubules in cell migration has not been as well
studied and may be more important than previously thought
[131]. Whilst it is clear microtubules are important in cell
polarisation, it is not clear whether the position of the centro-
some is a cause or an effect of cell polarisation.

The nucleus needs to deform for cells to migrate through
small constrictions. However, what is the mechanism or
mechanisms by which cells push or pull the nucleus through
small constrictions? This is not yet clearly understood.

In the field of mechanotransduction, there are many ques-
tions remaining regarding how gene expression is affected by
mechanics. How does mechanotransduction of forces trans-
mitted from the external environment to the nucleus affect
gene expression? We are still a long way from fully explain-
ing mechanotransduction.

Much is known on a microscopic level but questions
remain in integrating this knowledge at the cellular scale.
From a material physics perspective, how does the presence
of the nucleus affect cell migration? Treating the nucleus
as a passive inclusion with excluded volume, how does the
cytoskeleton flow around it? How does the nucleus constrain
cytoskeleton dynamics?

Finally there is much still to be learnt about the effects of
physical properties of nuclei in disease and how this relates
to cell migration, for example in metastatic cancer cells.
Discerning this may lead to new approaches to the develop-
ment of therapies in the future.

There remains much to be discovered to fully understand
the physical roles of the nucleus in cell migration.
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