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Cytoskeletal control of nuclear migration in neurons
and non-neuronal cells
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Abstract: Cell migration is a complex molecular event that requires translocation of a large,
stiff nucleus, oftentimes through interstitial pores of submicron size in tissues. Remarkable progress
in the past decade has uncovered an ever-increasing array of diverse nuclear dynamics and
underlying cytoskeletal control in various cell models. In many cases, the microtubule motors dynein
and kinesin directly interact with the nucleus via the LINC complex and steer directional nuclear
movement, while actomyosin contractility and its global flow exert forces to deform and move the
nucleus. In this review, I focus on the synergistic interplay of the cytoskeletal motors and
spatiotemporal sites of force transmission in various nuclear migration models, with a special focus
on neuronal migration in the vertebrate brain.
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Introduction

Cell migration is critical for various physiolog-
ical and pathological events throughout life, includ-
ing leukocyte extravasation and immune surveil-
lance, tissue repair and renewal by epithelial cell
migration, and vascular invasion of metastatic cancer
cells. In addition, during normal development and
morphogenesis, cells migrate from their birth-place to
their final destination where they reassemble with
other cells for integration into functional tissues. In
developing mammals, neuronal migration is a funda-
mental step in the formation of efficient neural
networks in the multi-layered cortices and nuclei of
the brain. Neurons are generated in the germinal
zones and migrate long distances— sometimes over
a thousand cell-body lengths— in three-dimensional
(3D) neural tissues. Failure or delay in neuronal
migration thus results in brain malformation disor-
ders such as type 1 lissencephaly (“smooth brain”),

which is associated with severe mental retardation
and epilepsy.1),2)

Delivery of the largest cargo in the cell, the
nucleus, under the physical constraints of the
surrounding cells and extracellular matrix (ECM) is
a goal of paramount importance. Migrating neurons
typically form a long leading process at the front
and translocate the nucleus into the leading process.
This movement of the nucleus, also known as
nucleokinesis, is a fundamental step in cell migration.
Molecular motors including the dynein, kinesin, and
myosin families are critical for the transport of
organelles in neuronal processes as previously re-
viewed in greater depth.3),4) The discovery of the
evolutionarily conserved gene encoding the cytoplas-
mic dynein complex protein LIS1, an ortholog of a
fungal gene that regulates nuclear positioning, as a
gene responsible for type 1 lissencephaly led to a
great breakthrough in our understanding of the
mechanism of nuclear translocation.5),6) Subsequent
studies have identified that many of the causal genes
mutated in human brain malformation are involved
in cytoskeleton dynamics during neuronal migration,
such as Doublecortin (DCX), tubulin (TUBA1A,
TUBA8, TUBB2B, and TUBB3), and Filamin A.1),2)

A growing consensus is that the nucleus in a
migrating neuron is associated with microtubules
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emanating from the leading process, and that it
moves forward along the microtubules using dynein
motor activity.7)–10) Other studies have also impli-
cated the contractile force of actomyosin in nuclear
movement.11)–15) However, competing hypotheses
have been proposed using different neuron models
to explain the sites and extent of cytoskeletal forces
generated during nuclear migration. In this review,
I will focus on recent studies examining the role of
molecular motors during nuclear migration in various
postmitotic cell models in vertebrates and inverte-
brates, with a special focus on neurons in vertebrate
brains.

Passive nuclear translocation in
mesenchymal cell migration

Adhesion-based migration of slow-moving
mesenchymal cells. Cell migration steps are
distinct in different cell types and environments.
Migration of mesenchymal cells on flat surfaces is
initiated by the formation of lamellipodia and/or
filopodia, which bind to substratum-associated ECM
proteins via integrin receptors on their plasma
membrane (Fig. 1(a)). Activated integrins recruit
cytoplasmic adaptors and signaling proteins to form
a focal adhesion (FA) that ‘clutches’ dynamic
filamentous actin (F-actin). F-actin filaments in
migrating mesenchymal cells are polarized with their
plus (barbed)-ends toward the cell periphery. These
polarized F-actin filaments are continuously pushed
toward the cell center by polymerization at their
plus-ends against the plasma membrane, and by
myosin II-dependent sliding. In turn, FAs can anchor
F-actin and slow the retrograde flow, converting the
plus-end elongation into a pushing force against the
leading edge of the plasma membrane. Concurrently,
weaker adhesions at the cell rear are disassembled
and retracted toward the cell-center by the force
of actin retrograde flow. As a consequence, the cell
recovers its original shape and volume in a slightly
advanced position. By repeating these steps, the
plasma membrane moves forward and drags the
nucleus and cytoplasm. Although the details of the
individual steps can diverge among different cell
types, the consensus appears to suggest that slow-
moving mesenchymal cells on flat adhesive surfaces
adopt an adhesion-based cell migration associated
with passive nuclear translocation (for reviews, refs
16 and 17).

Adhesion-independent migration driven by
cortical actin retrograde flow. Migrating cells in
3D tissues occasionally traverse through constricted

spaces. It is known that some types of mesenchymal
cells switch their mode of migration depending on the
extracellular environment. During migration through
narrow channels made from microfabricated PDMS
substrates, these cells adopt round, amoeboid shapes
and move faster than when on a flat surface and
extending lamellipodia.18)–21) Extensive studies have
revealed that amoeboid migration does not require
FA-dependent force transmission, but instead relies
on the global retrograde flow of cortical actomyosin
and counteracting friction between the cell mem-
brane and non-specific substrates.22)–24) When fric-
tion is strong enough to maintain the cell position,
global actin flow concentrates myosin contractility
at the cell rear, resulting in front expansion and net
cell displacement due to an increase of intracellular
pressure (Fig. 1(b)). The friction-based amoeboid
migration propels the cell forward by a much smaller
force (91Pa) than adhesion-based motility, which
generates forces of approximately 100Pa that are
transmitted to the substrate.22)

Thus, while adhesion-dependent and -independ-
ent mechanisms differ in their use of actin retrograde
flow and rear contraction, both mechanisms involve
passive nuclear transfer to the front of the cell with
the bulk of the cytoplasm.

Microtubule-driven nuclear migration
in developing neurons

Actin-based growth cone migration inde-
pendent of nuclear movement. Migratory neurons
in the developing brain typically form one or a few
long leading processes tipped by a large growth
cone with broad lamellipodia and thin filopodia
(Fig. 1(c)). The leading margin of the growth cone,
the peripheral (P) domain, forms adhesions known as
point contacts that are dependent on integrins and
other cell adhesion molecules (for reviews, refs 25 and
26). Point contacts resemble FAs because of their
ability to physically link to F-actin and transmit the
force of actin polymerization toward the membrane
protrusion. However, unlike mesenchymal cells, the
neuronal growth cone advances independently of the
cell body and elongates the leading process, which
later differentiates into an axon or dendrite.27),28)

Some neurons take on a bipolar shape by extending
a trailing process on the opposite side of the cell body.
Cortical pyramidal neurons extend a leading process
and migrate along the radial glial fibers in the
emerging neocortex. The standard mode of neuronal
migration with one or a few leading processes is
commonly known as locomotion.29) When the leading
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process reaches its destination, the nucleus starts to
migrate without additional extension of the leading
process. This mode of migration, known as somal
translocation, is adopted by either early born py-
ramidal neurons or in the final step of locomoting
neurons in the neocortex.29),30) Thus, neuronal
nucleokinesis is not necessarily coupled to the leading
edge extension or rear retraction. In contrast to
mesenchymal cells, in which the nucleus is basically
pushed forward by retraction of the cell rear by
actomyosin contractility, nucleokinesis in neurons

is propelled by a mechanism involving an intricate
interplay among microtubules, actin, and their
associated motors, which exert both pulling and
pushing forces on the nucleus.

Dynein- and LINC complex-dependent nu-
clear migration in postmitotic neurons. Migrat-
ing cells are highly polarized along the anterior-
posterior axis, with the microtubule-organizing cen-
ter (MTOC or centrosome) and Golgi apparatus
typically positioned in front of the nucleus (Fig. 1(a),
(c)). Thus, a large majority of microtubules orient

filopodia

focal adhesion

lamellipodia

a

b

c

actin

microtubule

centrosome (MTOC)

retraction
extension

extensionmigration

+ -

Fig. 1. Comparison of migration dynamics in mesenchymal cells and neurons. (a) Mesenchymal cells on 2D substrates migrate by precise
coordination between extension at the front and retraction at the rear. The branched actin meshwork at the front of the cell is
anchored to focal adhesions and exerts a pushing force against the plasma membrane. (b) Mesenchymal cells in confined 3D substrates
migrate by pressure generated from the retrograde flow of cortical actin. (c) Neuronal migration consists of extension of the growth
cone and translocation of the soma. Nuclear migration during somal translocation is driven by forces generated by the perinuclear
cytoskeletons independent of growth cone extension.
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their plus-ends toward the nucleus and minus-ends to
the leading process. In neurons, cytoplasmic dynein
links to the nuclear envelope and pulls the nucleus
forward along microtubules by its minus-end-directed
motor activity. Inhibition of cytoplasmic dynein or
its regulator LIS1 (platelet-activating factor acetyl-
hydrolase isoform 1b regulatory subunit 1
[PAFAH1B1]) attenuates nuclear migration in sev-
eral types of postmitotic neurons.7),8),10) The link
between cytoplasmic dynein and the nuclear envelope
is mediated by the KASH (Klarsicht/ANC-1/Syne
Homology) family proteins nesprin-1 and -2.31) KASH
proteins span the outer nuclear membrane and
associate with the cytoskeleton via their N-terminal
cytoplasmic stretch. In nesprins-1/2, this cytoplasmic
stretch binds to the microtubule motors dynein and
kinesin as well as to actin. The C-terminal KASH
domain on the other hand associates with SUN
proteins that traverse the inner nuclear membrane
and interact with lamins and chromatin in the
nucleoplasm (Fig. 2(a)). As a result, KASH proteins
and SUN proteins form the linker of nucleoskeleton
and cytoskeleton (LINC) complex and transmit the
cytoskeletal force to the nucleus.32)–35)

The polarized arrangement of the MTOC and
perinuclear microtubules excludes a direct role of the
plus-end-directed motor activity of kinesin in unidi-
rectional nuclear migration of postmitotic neurons.
However, studies using dorsal root ganglion neurons
have indicated that kinesin-1 motor KIF5B and the
light chain KLC1 can indirectly regulate nuclear
migration by transporting the cytoplasmic dynein
complex to the microtubule plus-ends.36) Other
studies using the developing cerebral cortex have
demonstrated that kinesin-3 motor KIF1A facilitates
the transport and secretion of neurotrophins that
regulate the differentiation of surrounding newborn
cortical neurons into bipolar migratory neurons.37)

In contrast, in migrating cerebellar granule cells,
a substantial fraction of the perinuclear microtubules
are dissociated from the MTOC and are arranged
with mixed polarity around the nucleus.38),39) Indeed,
a direct link between kinesin-1 (KIF5B and associ-
ated KLCs) and nesprins contributes to nuclear
migration in cerebellar granule cells.39) Given the
emerging diversity of cytoskeletal organization
among neuronal types, further evaluation of the
contribution of kinesin function to nuclear migration
is necessary in various neuronal types and stages.

To-and-fro nuclear migration in neural pro-
genitor cells regulated by opposing microtubule
motors. Neural progenitor cells in the developing

cerebral cortex exhibit cell cycle-dependent, bidirec-
tional nuclear migration between the apical and basal
surface of the ventricular zone (Fig. 2(b)). This to-
and-fro nuclear migration in non-migrating neural
progenitor cells is known as interkinetic nuclear
migration. The MTOC remains at the apical endfoot
throughout the cell-cycle so that microtubules
emanating from the MTOC are uniformly oriented
with their plus-ends toward the basal side. Bidirec-
tional movement of the nucleus may thus involve two
opposing microtubule motors: basal-to-apical migra-
tion toward the MTOC powered by dynein, and
apical-to-basal migration away from the MTOC by
kinesin-3 motor KIF1A.40) It has been proposed that
a combination of SUN1/2 and nesprins-1/2 recruits
the dynein/LIS1 complex to the nuclear envelope
during basal-to-apical migration, whereas SUN1/2
and nesprin-2 recruit kinesin during apical-to-basal
migration.31) In addition to the LINC complex,
interaction between dynein and kinesin with the
nuclear envelope is also mediated by the nucleoporin-
based nuclear pore complex proteins.41),42) Dynein-
based, basal-to-apical migration has been consis-
tently shown to involve a parallel pathway mediated
by the nuclear pore components instead of the LINC
complex (Fig. 2(a)).43)

On the other hand, many groups have indicated
that apical-to-basal migration may occur passively as
a consequence of active basal-to-apical migration of
the surrounding progenitor cells crowding the apical
ventricular zone.44)–46) These conflicting interpreta-
tions highlight the need to carefully consider the
contributions of both intrinsic and environmental
variables on nucleokinesis in future studies.

Microtubule-driven nuclear motion
in non-neuronal cells

Nuclear migration for proper positioning in
polarized cells. Nuclear migration is also observed
in stationary cells for proper intracellular positioning,
particularly in mitotic cells and large cells with bulk
cytoplasm such as early embryonic cells. In many
cases, microtubules and their associated motors are
involved in this nuclear positioning. For instance,
during a series of cell rearrangements of the
hypodermal layers in C. elegans larvae, long hypo-
dermal precursor cells move their nuclei from one
end of the cell to the other through the cytoplasm
that is wedged between the body wall muscle and
cuticle.47),48) The nuclei are actively deformed and
pass through constrictions by a process dependent
on dynein and kinesin-1 (KIF5 homologue UNC-116
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Fig. 2. The migrating nucleus is anchored to the cytoskeletons via the LINC complex. (a) The LINC complex couples the nucleus with
the cytoskeleton in the cytoplasm. KASH domain proteins (nesprins-1 to 4 and KASH5) traverse the outer nuclear membrane
(ONM). Nesprins-1/2 bind to microtubule motors (cytoplasmic dynein and kinesin) and actin via their cytoplasmic stretch. The
C-terminal KASH domain associates with the SUN domain of SUN1/2, which traverses the inner nuclear membrane (INM) and
associates with the nuclear lamina (lamins and chromatin) in the nucleoplasm. Microtubule motors may also bind to the nucleopore
complex. (b) Interkinetic nuclear migration is a cell cycle-dependent nuclear oscillation between the apical and basal ends of the
ventricular zone in the developing mammalian neocortex. Microtubules emanate from the MTOC in the apical endfoot and are
uniformly oriented with their plus-ends toward the basal side. Nesprins-1/2, SUN1/2, and bidirectional microtubule motors are
implicated in the oscillatory movement of the nucleus.
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associated with KLC2) bound to the KASH protein
UNC-83 and SUN protein UNC-84.49) Because
microtubules in hypodermal precursor cells are
uniformly oriented with their minus-ends pointing
ventrally, dynein plays a major role in the ventral
migration of the nucleus during the larval stages. By
contrast, nuclei move dorsally in embryonic hypo-
dermal precursor cells, using kinesin-1 as the pre-
dominant motor, whereas dynein drives short, back-
stepping movement.50) How the oppositely directed
motors contribute to nuclear transport against the
direction of the uniformly oriented microtubules
remains to be elucidated. It is possible that dynamic,
short, bi-directional movements by opposing motors
might adjust the precise nuclear position and help it
pass through the narrow interstitial pores, a process
that generates high mechanical stress.51)

Multinucleated myocytes provide another exam-
ple of nuclear positioning guided by microtubule
motors. Their nuclei are evenly spaced along the
long-axis of a large muscle cell to ensure sufficient
transcriptional capacity and intracellular molecular
transport throughout the entire cell volume.52)

Studies using C2C12 myoblasts have indicated that
the nuclei in newly fused myotube cells migrate and
rotate in 3D while they rearrange themselves at
regular intervals. In these cells microtubules are of
mixed polarity, along which the nuclei are trans-
located by the synergistic actions of dynein and
kinesin-1 (the KIF5B and KLC1/2 complex) and
their associated nesprins-1/2. Inhibition of either of
the microtubule motors thus leads to disruption of
regular nuclear positioning.53),54)

One notable exception to microtubule-dependent
nuclear positioning is seen in Drosophila oocytes. The
oocyte nucleus migrates from the posterior to the
anterior of the cell for asymmetric localization of the
mRNAs that encode body axis determinants.55),56)

Instead of microtubule motors, polymerizing micro-
tubules emanating from the MTOC behind the
nucleus push directly against the nucleus and move
it into position.57) It should be also noted that a more
recent study has suggested that the nucleus can
migrate within the oocyte via multiple routes, some of
which may utilize microtubule motors.58)

Rotational motion of the nucleus driven by
microtubule motors. During force transmission,
microtubules are likely anchored to multiple points on
the nuclear envelope primarily via the LINC complex.
Whilst nuclear displacement is induced when the net
force acts on the center of mass, unbalanced forces
result in torque and drive nuclear rotation. Indeed,

nuclei frequently rotate during rearrangement in the
abovementioned multinucleated muscle cells. Nuclear
rotation is powered by the same driving force used
for nuclear translocation, which is generated by
dynein and kinesin-1 (KIF5B and KLC1/2) associ-
ated with nesprins-1/2.53),54) Nuclear rotation is also
seen in migrating fibroblasts in culture, where it
might contribute to the maintenance of nuclear
centrality.59) In contrast to the 3D rotation of round
nuclei in muscle cells, nuclei are flattened in cultured
fibroblasts and rotate in 2D parallel to the dish
surface. Rotation of fibroblast nuclei is driven by
dynein motors; however, the involvement of kinesin
has not yet been evaluated.

Live imaging studies using cerebellar granule
cells have shown remarkable deformation and rota-
tion of the nucleus during migration through
narrow intercellular spaces in neural tissues
(Fig. 3(a)).39) The axis of the rotation is dependent
on the direction of nuclear migration and micro-
tubule arrangement. Nuclear rotation in neurons is
much faster (950°/min) than what is observed
during nuclear positioning in myotubes (<6°/min)
and fibroblasts (<10°/min). Evidence suggests that
microtubules dynamically bind to small points on
the nuclear envelope via kinesin-1 motor KIF5B and
cytoplasmic dynein, by which they can induce
sharpening, rotation, and translocation of the nucleus
depending on the positions of the force points
(Fig. 3(b)). The physiological significance of rotation
in neuronal migration is still unclear, but it might
help optimize nuclear and cytoskeletal positioning for
smooth translocation in the confined spaces of neural
tissue.

Nuclear migration driven by actomyosin motility

Actomyosin forces during nuclear migration
in neurons. Although it is well established that
microtubules and associated motors power nuclear
translocation via the LINC complex, actomyosin also
plays important roles in nuclear migration in neurons
(Fig. 4(a)).

Inhibitory interneurons in the neocortex and
olfactory bulb are born in the ventral and anterior
telencephalon and migrate horizontally along the
brain surface (tangential axis) to their final destina-
tions in the dorsal and rostral telencephalon.60),61)

During the tangential migration of these interneur-
ons in organotypic slice or 3D Matrigel cultures,
myosin II is heavily enriched at the cell rear and
pushes the cell body forward during nucleokinesis
(Fig. 4(a)).13)–15) Myosin II activity at the rear has
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also been implicated in interkinetic nuclear migration
of neural progenitor cells.62)

On the other hand, in migrating cerebellar
granule cells, the leading process is a major site for
actomyosin function. Pharmacological studies as well
as traction force microscopy have defined the leading
process as a major actomyosin contraction center

that can generate a traction force to pull the
nucleus.63),64) Live imaging studies have shown
myosin II-driven anterograde actin flow in the
leading process,11),12) which may indirectly promote
nuclear migration by mediating transport of plasma
membrane receptors.65) Actin in the proximal leading
process may also complex with and pull the micro-

a

b

Fig. 3. Nuclear dynamics during migration of cerebellar granule cells. (a) left: Granule cell migration in the developing cerebellar cortex.
Granule cells are born in the external granule layer (EGL) and first migrate along the surface of the brain primordium. They then turn
and migrate into the emerging cortex and migrate to the internal granule layer (IGL). right: Migrating granule cells transfected with
EGFP (green) and heterochromatin protein 1O (HP1O) conjugated with mCherry (white). The single-channel view of the HP1O signal
on the right shows drastic deformation of the nucleus. (b) Hypothetical interaction of the nucleus and microtubules in migrating
granule cells. Microtubules of mixed polarity interact with small points on the nuclear envelope via dynein and kinesin-1. Nuclear
translocation, rotation, and deformation are evoked depending on the force positions.
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tubules that are anchored to the nuclear surface.66),67)

Actomyosin regulation in the leading process is also
involved in the radial migration of cortical neurons.68)

Thus, it remains of great interest to clarify whether
actomyosin drives nucleokinesis via direct interaction
with the nuclear envelope in neurons.

Actin-driven nuclear migration via direct
linkage to the nucleus. Unlike neurons, a direct
link between actin and the LINC complex mediates
nuclear migration in mesenchymal cells. In the
scratch-wound assay in cultured fibroblasts, the cells

at the wound-front first polarize to form lamellipodia,
and reorient the MTOC toward the wound gap by
rearward translocation of the nucleus.69),70) This
rearward nuclear migration in the polarizing cells is
driven by a retrograde flow of actin that directly
associates with the SUN2/nesprin-2 complex at the
nuclear envelope, forming structures called trans-
membrane actin-associated nuclear (TAN) lines
(Fig. 4(b)). As expected, depletion or inhibition of
SUN2 or nesprin-2 resulted in slower migration in
these cells.

a

b

c

TAN line

Fig. 4. Actin-dependent forces during cell migration. (a) In migrating neurons with a long leading process, the nucleus is either pushed or
pulled by actomyosin-driven forces, depending on myosin II localization. (b) Mesenchymal cells move the nucleus rearward by the
retrograde flow of TAN lines at the onset or reorientation of migration. (c) Some immune cells and cancer cells pass through
submicron pores between vascular endothelial cells. The nucleus is covered by actin meshwork and is protected from damage caused
by strong shear stress at the constriction.
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When primary human fibroblasts are cultivated
in an anisotropic, linearly elastic 3D matrix, cells
slenderize and form a blunt, cylindrical protrusion of
about nuclear diameter instead of a flat lamellipo-
dium. Nuclear migration is powered by actomyosin
at the cell front, which binds to nesprin-3 through
vimentin. Because molecular diffusion from the cell
rear is physically hampered by the nucleus, the
forward motion of the nucleus functions as a piston,
pressurizing the cytoplasm and pushing the leading
edge forward.71),72)

Nuclear deformation in confined tissue.
When cells migrate in 3D tissues through restrictive
extracellular matrices and small interstitial spaces,
the nucleus is unable to advance passively by simple
withdrawal of the cell rear but instead must be
strongly squeezed through narrow pores. Leukocytes
and tumor cells pass through submicron pores of
blood or lymph vascular endothelia that are much
smaller than their diameters.32),73),74) Squeezing the
large nucleus through such a narrow confinement
requires extensive nuclear deformation. Recent
studies have demonstrated that the formation of
perinuclear actin structures controls nuclear shape
and limits nuclear envelope damage from the physical
environmental pressure (Fig. 4(c)). Deformation of
dendritic cell nuclei is aided by a perinuclear
branched actin network nucleated by Arp2/3.75) In
the hypodermal cells of C. elegans, Arp2/3 may
interact with the nuclear surface via the actin
regulator TOCA-1 and help squeeze nuclei through
constrictions.49),76)–78)

More recently, accumulating evidence indicates
that the nucleus is not just passively transported
by cytoskeletal forces but actively pushes its way
through narrow spaces in crowded tissues by dy-
namically regulating its own physical properties.
During the extreme nuclear deformation of extra-
or intravasating leukocytes and cancer cells, the
nuclear envelope experiences transient rupture, mix-
ing nuclear and cytoplasmic contents. This nuclear
envelope rupture is rapidly repaired by ESCRT III
(endosomal sorting complexes required for transport)
and nuclear lamins to minimize DNA damage.79),80)

Regulation of the mechanical properties of the
migratory nucleus has been extensively reviewed
elsewhere.34),81),82)

Conclusion

As described here, there is considerable diversity
in cytoskeletal architecture and motor control for
many models of nuclear migration. While the

apparent diversity may be mostly attributed to cell-
type differences, contradictory models of functional
requirements of cytoskeletal components have been
proposed for the same migration models. This
appears to be partly due to differences in experimen-
tal design and the technical limits of conventional
approaches for resolving the spatio-temporal inter-
play of cytoskeletal components.

Generally speaking, microtubule motors exert
forces to small points on the nuclear envelope via
assembly with the LINC complex, and thereby
precisely steer the nucleus into the correct direction
and position. It is notable that dynein and kinesin are
not simply segregated into exclusive “traffic lanes” of
microtubules, but can synergistically drive one-way
nuclear movement along uniformly oriented micro-
tubules. A comprehensive review by Hancock has
summarized the possible ‘co-dependence’ mecha-
nisms of how opposing motors bound to the same
cargo mutually regulate the motor activity and/or
tether counterpart motors to microtubules.83) Such
coordinated activities of opposing motors are partic-
ularly important for nuclear migration in narrow
spaces. In contrast to the steering forces of micro-
tubule motors, the strong contractile force and global
flow of actomyosin instead act on a broad area of
the cell and/or nucleus, resulting in massive nuclear
deformation and translocation. The force transmis-
sion of actomyosin does not necessarily require direct
interaction with the nuclear envelope, rather it can
influence intracellular transport and cell shape, or
regulate the positioning of microtubules anchored to
the nucleus.

The dynamic interactions and force generation
of molecular motors are physicochemical reactions
occurring in the nanometer and subsecond scales.
New integrated approaches are thus needed to clarify
the precise loci, timing, and extent of force generation
by the molecular motors during nuclear migration.
Emerging techniques for site-directed manipulation
of molecular expression and function, combined with
high resolution live-imaging beyond the diffraction
limit, would help us to construct an integrated model
for cytoskeletal control of nuclear migration.
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