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Nucleus movement, positioning, 
and orientation is precisely speci-

fied and actively regulated within cells, 
and it plays a critical role in many cellu-
lar and developmental processes. Muta-
tion of proteins that regulate the nucleus 
anchoring and movement lead to diverse 
pathologies, laminopathies in particu-
lar, suggesting that the nucleus correct 
positioning and movement is essential 
for proper cellular function. In motile 
cells that polarize toward the direction 
of migration, the nucleus undergoes con-
trolled rotation promoting the alignment 
of the nucleus with the axis of migra-
tion. Such spatial organization of the cell 
appears to be optimal for the cell migra-
tion. Nuclear reorientation requires 
the cytoskeleton to be anchored to the 
nuclear envelope, which exerts pulling 
or pushing torque on the nucleus. Here 
we discuss the possible molecular mecha-
nisms regulating the nuclear rotation 
and reorientation and the significance 
of this type of nuclear movement for cell 
migration.

Introduction

Nucleus contributes to the establish-
ment of the polarized, asymmetrical pro-
file of migrating cells. During migration, 
nucleus positions to the cell’s rear and 
promotes microtubule organizing center 
(MTOC) localization close to the cell 
center between the leading edge and the 
nucleus. MTOC positioning in front of 
the nucleus is a prerequisite for polarized 
microtubule growth from the MTOC 
toward the leading edge. Microtubules are 
selectively stabilized at the leading edge 

and they are thought to provide a unique 
track for directed vesicle trafficking 
toward the leading edge (Fig.  1A). The 
stereotypical localization of the nucleus to 
the cell’s rear and MTOC close to the cell 
center has been recognized as an indicator 
of the migratory polarity defining the axis 
of migration.1

More recently, it was observed that dur-
ing cell polarization the nucleus undergoes 
synchronous and temporally restricted 
rotational movement. This reorienta-
tion of the nucleus is characterized by 
the alignment of the longer nuclear axis 
with the direction of migration.2,3 Nuclear 
reorientation further promotes the estab-
lishment of bilateral symmetry character-
istic for migrating fibroblasts (Fig. 1).

Nuclear reorientation is propelled by 
the cytoskeleton attached to the nucleus. 
Microtubules are the prime candidates for 
nuclear rotation as they have been shown 
to control nuclear movement in several 
cell types. However, recent identifica-
tion of perinuclear actin cap4 and actin 
associated with TAN (transmembrane 
actin-associated nuclear) lines,5 two dif-
ferent actomyosin structures anchored to 
the nucleus, suggests that specific types 
of actin filaments may promote the estab-
lishment of migratory polarity and cellular 
locomotion (Fig. 1B). Here, we highlight 
the important features and mechanisms 
involved in the regulation of nuclear rota-
tion and nuclear reorientation.

Nuclear rotation and reorientation in 
adherent cells

Nucleus movement and rotation was 
first observed 60 years ago in human nasal 
mucosa cells,6 and subsequently, in other 
cell types.7-9 These studies showed that 
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nuclei migrated linearly through the cyto-
plasm or rotated around the axis clockwise 
or counterclockwise, or occasionally per-
pendicular to the substrate. Nuclear rota-
tion was observed as a three-dimensional 
motion of chromatin domains associated 
with nucleoli, leading to the conclusion 
that the nuclear rotation is in fact karyo-
plasmic streaming.10 Nevertheless, other 
reports suggested that the whole cell 
nucleus rotates as the nucleoli maintained 
the rigid pattern during the rotation.11,12 

Recent experiments using fluorescence 
labeling of discrete nuclear compart-
ments have conclusively shown that the 
nuclear rotation involves the movement of 
an entire nucleus, including nuclear inte-
rior as well as the inner and outer nuclear 
membranes.13

Nuclear rotation is a nuclear movement 
around the nucleus axis perpendicular to 
the substratum. Nuclear rotation ranges 
from stochastically or oscillatory rotation 
of the nucleus back and forth within a few 

degrees only to more sustained and direc-
tional rotation that changes the nuclear 
orientation.2,3,13-17 Sustained nuclear rota-
tion could be induced by diverse stimuli 
such as mechanical shear stress16 or cyclical 
stretches of the substrate.18 Nuclear rota-
tion is also induced in two-dimensional 
migration models, where cells polarize 
and migrate into the wound made in a 
confluent monolayer of cells.2,3,17 In the 
wound healing model the nucleus appears 
to be relatively static in non-polarized 
cells present in the cell monolayer and in 
polarized cells migrating into the wound. 
Nuclear rotation, termed nuclear reori-
entation, occurs only temporally during 
the wound-induced cell polarization. We 
defined nuclear reorientation as controlled 
nuclear rotation allowing the nucleus to 
rotate in the “xy” plane until its longer axis 
is aligned with the axis of migration, i.e., 
perpendicular to the wound.3 Therefore, 
both rotation and reorientation are func-
tionally similar, although the molecular 
players and the precise mechanism that 
control the rotation may vary according to 
the cell type.

Sustained nuclear rotation could be 
continuous, sometimes exceeding 360°.17-

19 We suppose that constant nuclear 
rotation is a consequence of deregu-
lated reorientation and lack of control 
over nuclear reorientation. To support 
this, continuous nucleus rotation can be 
experimentally induced by disruption of 
intermediate filaments19,20 and actomyosin 
contractility.17,21 Continuous nuclear rota-
tion was also observed in cells deficient 
in lamin B113 or in wound-edge epithelial 
cells deficient in heterogeneous group of 
genes.22 These data suggest the existence 
of a complex molecular mechanism that 
regulates nuclear reorientation.

Nuclear reorientation and rotation 
requires the LINC complex

All three types of cytoskeleton, micro-
tubules, actin filaments, and intermediate 
filaments, have been shown to associate 
with the components of nuclear enve-
lope and to regulate nuclear movement 
including nuclear rotation. The key role in 
nuclear movement plays the nuclear lam-
ina, particularly lamin A/C, which pro-
vides mechanical support and structural 
stability to the nucleus. Tight coupling 
of the nuclear lamina to the cytoskeleton 

Figure 1. Schematic representation of an adherent migrating cell with front-rear polarity. Polarized 
cell displays conical shape with actin polymerization induced at the leading edge (pink) and lim-
ited at the cell rear. Cells are attached to the substrate through cell–matrix adhesion, such as focal 
contacts and adhesions, which connects extracellular matrix to cellular cytoskeleton. (A) In polar-
ized cells, the oval-shaped nucleus localizes to the cell rear, MTOC in front of the nucleus close to 
the cell center, and microtubules are preferentially oriented toward the leading edge and they are 
stabilized at this location. The relative position of the nucleus and MTOC is an important marker of 
cell migration polarity defining the axis of migration. In addition, the longer nuclear axis is aligned 
with the axis of migration. (B) Specific types of actin filaments anchored to the dorsal side of the 
nucleus contribute to the establishment of asymmetric profile of the migrating cell. TAN lines are 
arranged perpendicular to axis of migration and drive the rearward movement of the nucleus dur-
ing cell polarization. Perinuclear actin cap fibers span the nucleus and link the nucleus to subset of 
focal adhesions at cell periphery. Actin cap filaments are aligned with the axis of migration and lon-
ger nuclear axis and they probably stabilize nuclear orientation. It is not clear whether perinuclear 
actin cap and TAN lines co-exist in the same cell.
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allows the forces exerted by the cytoskel-
eton to move the nucleus (for a review. 
see refs. 23–26). Connection between 
the cell cytoskeleton and nuclear lam-
ina is mediated by the LINC (Linker of 
Nucleoskeleton and Cytoskeleton) com-
plex that passes both through the outer 
and inner nuclear membranes. The LINC 
complex is composed of SUN proteins 
that span the inner nuclear membrane and 
their N terminus interacts with nuclear 
lamina. The conserved SUN domain of 
SUN proteins localized within the peri-
nuclear space interacts with the KASH 
domain of Syne/nesprin family of proteins 
that span the outer nuclear membrane. At 
the cytoplasmic side Syne/nesprin pro-
teins interact with cytoskeletal compo-
nents linking the nuclear lamina with the 
cell cytoskeleton. Actin filaments are the 
only components of the cell cytoskeleton 
known so far to interact directly with the 
LINC complex. The association is medi-
ated by nesprin-1 and -2 and their cal-
ponin homology domains. Nesprin-1 and 
-2 also interact with microtubule motor 
proteins dynein and kinesin, which cap-
ture centrosomal microtubules, while 
nesprin-3 interacts with plectin, which 
links the LINC complex to intermediate 
filaments (for a review, see refs. 26 and 
27). Kinesin also links microtubules to 

nesprin-4; nevertheless, the expression of 
nesprin-4 is restricted to epithelial secre-
tory cells.28

The integrity of nuclear lamina and 
LINC complex is essential for the nuclear 
rotation, and deficiency of lamin A/C or 
disruption of the LINC complex by domi-
nant negative versions of Sun or nesprin 
proteins impairs nuclear rotation and 
reorientation.2,3,18,29 The evidence also 
suggests the important role of the LINC 
complex and nucleus movement in the 
regulation of cell migration as disrup-
tion of nucleo-cytoskeletal link impairs 
cell migration.2,3,5,29-31 However, it should 
be noted that the nucleus–cytoskeleton 
association and nucleus movement could 
also be LINC-independent. For example, 
microtubules have been shown to interact 
with the nuclear pore complex compo-
nents,32 nuclear envelope protein emerin,33 
and nucleus rearward positioning could be 
LINC-independent in some cell types.3,34

Proposed mechanisms for nuclear 
reorientation

Nuclear rotation requires forces act-
ing on the nucleus that are mediated by 
the cytoskeleton and cytoskeleton-asso-
ciated motor proteins. The nuclear rota-
tion in some cells is exclusively driven 
by microtubules and microtubule motor 
dynein, such as in wound edge NIH3T3 

fibroblasts.17 In other cases, the inhibition 
of myosin motor proteins and actomyosin 
contractility revealed that actin is required 
for nuclear rotation18 or, conversely, serves 
as an anchoring system preventing nuclear 
rotation.17,19,21 Microtubules and actin 
could also have non-redundant functions 
because interfering with the function of 
either microtubules or actin cytoskel-
eton impedes nuclear rotation in lamin 
B1-deficient cells.13 In addition, interme-
diate filaments (IFs) are also implicated 
in nuclear rotation despite the fact that 
IFs have no motor protein.19,20 Thus, it 
appears that the requirements for the spe-
cific cytoskeletal structures vary depend-
ing on the cell type and experimental 
conditions used. 

We propose three mechanisms based on 
microtubules and actin-associated motor 
proteins, although these mechanisms may 
cooperate in the nucleus reorientation. 
Dynein is accumulated at the leading 
lamellipodia of migrating cells and at the 
tips and alongside of microtubules. From 
these cortical and cytosolic anchoring sites 
dynein exerts pulling forces on microtu-
bules that induce MTOC centration (for 
a review, see ref. 35). MTOC is connected 
to the nucleus e.g., by association of 
emerin with MTOC33 or by centrosomal 
microtubules captured by the LINC 

Figure 2. Schematic representation of hypothetical nuclear reorientation models. Forces exerted and transmitted by the cell cytoskeleton (black arrows) 
are transferred to the nucleus through LINC complex (not shown) to induce nucleus rotation and reorientation (red arrows). (A and B) Microtubules 
induce nuclear reorientation by forces exerted by microtubule-associated motor protein dynein. (A) Dynein pulls at the tips and alongside of microtu-
bules to induce MTOC re-positioning close to the cell center (yellow arrow). Because MTOC associates with the nucleus, MTOC movement also induces 
nucleus reorientation (red arrows). (B) Dynein, through its interactions with nesprins, links microtubules to the nuclear envelope and pulls the nucleus 
as a huge cargo toward minus end of microtubules mediating nuclear reorientation. The asymmetric distribution of microtubules associated with 
nucleus is required to induce torque on the nucleus. (C) Actin cap fibers reorientate the nucleus. Actin cap fibers emanating from the focal adhesions at 
the leading edge associate with LINC complex at the nuclear envelope, predominantly at one pole of the nucleus. Nuclear reorientation is induced by 
actomyosin contractile forces between the leading edge and the nucleus.
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complex.26,27 In first model, cortical and 
lengthwise pulling forces move MTOC, 
which consequently induces nuclear rota-
tion (Fig. 2A). Nevertheless, we observed 
that during the cell polarization MTOC 
moves toward the leading edge with-
out significant nucleus movement (our 
unpublished data). Also in other studies 
the nucleus was shown to rotate indepen-
dently of MTOC, indicating that the link 
between the nucleus and MTOC is weak 
or reversible16,17,19,36,37 and that the forces 
exerted by cortically and cytoplasmically 
anchored dynein are not sufficient to 
induce nuclear rotation.

Cortically and lengthwise exerted 
pulling forces can be supported by the 
microtubule motor proteins, particularly 
dyneins, which are associated with the 
nuclear envelope through the LINC com-
plex.37 In this model (Fig.  2B), dynein 
pulls the nucleus as a huge cargo along 
the microtubules toward the minus end of 
microtubules emanating from MTOC.17,37 
Transient asymmetric distribution of 

microtubules associated with the nucleus 
would create net torque on the nucleus, 
thus inducing its rotation. The nuclear 
rotation would be terminated when the 
asymmetry of the microtubular network 
is reversed.37

Recently identified perinuclear actin 
cap represents an additional player that 
may be involved in the regulation of 
nuclear reorientation. Actin cap is com-
posed of contractile actomyosin filaments 
that interact with the LINC complex on 
the dorsal side of the nucleus and with 
focal adhesions at the cell periphery. Since 
actin cap fibers extend over the nucleus 
in a pole-to-pole manner and they are 
aligned with the longer nuclear axis and 
the axis of migration,4,38 it is possible that 
the actin cap serves as an anchoring struc-
ture stabilizing the nucleus in specific ori-
entation. Consistently, we observed that 
the actin cap is disrupted directly above 
the nucleus during cell polarization and 
then reassembled when the cells are polar-
ized, allowing the nucleus to rotate (our 

unpublished results). We also observed 
that during reassembly of the actin cap, 
actin fibers attach predominantly to one 
pole of the nucleus (our unpublished 
data). Since the actin cap is anchored at 
focal adhesions at the leading edge, it is 
tempting to speculate that actin cap fibers 
also induce nuclear rotation (Fig.  2C). 
The potential mechanism involves the 
attachment of actin cap fibers newly 
formed from the leading edge to the pole 
region of the nucleus. Consequently, the 
nucleus reorientation may be induced by 
actin-mediated forces (Fig. 2C).

Is nuclear reorientation regulated by 
the distant signaling at the leading edge?

Nuclear rotation and reorientation 
is likely a consequence of cytoskeleton 
rearrangement. Because cytoskeleton is 
to a large extent regulated by Rho fam-
ily GTPases it is likely that Rho GTPase 
signaling also regulates nuclear rotation. 
Indeed, Cdc42 was shown to control 
nucleus rotation in cells exposed to shear 
stress.16

Figure 3. Signaling pathways involved in the regulation of nuclear reorientation. Two signaling pathways that converge at small GTPase Rho regulate 
cycling between active (GTP-bound) and inactive (GDP-bound) state of Rho allowing the cytoskeleton remodeling and subsequently nuclear reorienta-
tion. LPA signaling induces the activation of heterotrimeric G proteins, and consequently, RGS-RhoGEF, such as p115–RhoGEF, which directly activates 
Rho. Since LPA is a soluble mitogen it presumably activates Rho within cell uniformly. Active Rho regulates the stabilization of pre-existing cytoskeletal 
filaments that anchor the nucleus in immobile state (box A). Acute integrin engagement to ECM at the cell front activates FAK/Src signaling complex 
that recruits Rho inhibitor p190RhoGAP to the leading edge. Transient Rho inhibition at the leading edge leads to the destabilization of cytoskeletal 
filaments and consequent asymmetry in cytoskeletal forces may induce nucleus reorientation (box B). Since integrin-mediated Rho inactivation is tran-
sient, new cycle of Rho activation allows re-assembly and stabilization of new cytoskeletal filaments oriented toward the leading edge that may pull the 
nucleus and contribute to the nucleus reorientation (box C).
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In our previous study3 we described 
that nucleus reorientation requires two sig-
naling axes, LPA-mediated Rho activation 
and integrin/FAK/p190RhoGAP signal-
ing leading to Rho inactivation (Fig. 3). 
Adhesion and LPA signaling are coordi-
nated in order to induce nuclear reorienta-
tion. After wounding the cell monolayer, 
integrin engagement to ECM activates 
FAK and active FAK localizes with its 
downstream effector p190RhoGAP at 
the leading edge. Adhesion and integrin/
FAK/p190RhoGAP signaling inhibits 
Rho transiently,39 suggesting that LPA-
mediated Rho activation is inhibited at 
the leading edge. Thus, integration of 
adhesion and LPA stimuli at Rho consti-
tutes a gradient-forming mechanism with 
the capability to differentially regulate 
Rho at the cell front and rear.

We suppose that signaling induced at 
the leading edge provides the molecular 
framework for the mechanism underly-
ing nuclear reorientation. The actin fibers 
or microtubules and associated motor 
proteins remain anchored to the cell cor-
tex and ECM structures on one side and 
to the nucleus on the other side.23,40-43 
Therefore, through the cytoskeletal ele-
ments nucleus remains under isometric 
tension and it is relatively immobile in 
stationary, non-polarized cells (Fig. 3, box 
A). In response to migratory polarity cues 
like wounding, transient decrease of Rho 
activity at the cell front allows actin and 
microtubule disassembly promoting par-
tial relaxation of the isometric tension. 
The relaxation of isometric tension could 
be sufficient for nuclear reorientation 
as it generates asymmetric distribution 
of cytoskeletal elements associated with 
nucleus to induce torque on the nucleus 
(Fig. 3, box B; see also Fig. 2B). In addi-
tion, it is possible that actin cap fibers 
that are attached to focal adhesions at the 
leading edge44 respond to Rho inactiva-
tion and their disassembly allows nucleus 
to rotate. Since integrin-mediated Rho 
inactivation is transient, Rho induces the 
re-assembly of cytoskeleton that may rep-
resent additional mechanism controlling 
nuclear rotation. De novo polymerized 
actin cap fibers and microtubules are ori-
ented toward the leading edge (Fig. 3, box 
C). Actin or microtubule-mediated forces 
would then rotate the nucleus (Fig.  2A 

and C). Once the cells have polarized, 
formation of the actin-myosin fibers and 
stabilization of the microtubules restores 
isometric tension that put the break on 
nucleus rotation. Therefore, we speculate 
that signal-dependent changes in actin 
and microtubule dynamics constitute 
the molecular mechanisms that control 
nuclear rotation (Fig. 3).

Functional significance of nuclear ori-
entation in migrating cells

There is growing body of evidence that 
the disruption of LINC complex impairs 
cell polarization and migration suggest-
ing that the attachment of cytoskeleton 
to the nucleus plays an important role in 
cell motility.2,3,5,29-31 Nevertheless, the role 
of nuclear shape and nuclear orientation 
in cell migration has not been extensively 
studied. The nucleus frequently displays 
ovoid or elliptical shape with characteris-
tic orientation in different cell types. For 
example, migrating fish keratocytes are 
fan-like shaped with broad lamellipodial 
protrusion at the cell front and ellipti-
cal nucleus oriented perpendicular to the 
axis of migration. On the contrary, in 
conically shaped fibroblasts the nucleus is 
oriented parallel to the axis of migration. 
This raises the question why cells orien-
tate the nucleus and how nuclear orienta-
tion affects cellular functions, notably cell 
migration.

One obvious reason for specific nuclear 
orientation is that it may promote cell 
polarization, and thus, cell motility, as we 
proposed recently.3 It was found that dis-
ruption of the LINC complex specifically 
affects nucleus reorientation, MTOC 
and/or Golgi polarization, and cell migra-
tion.2,3,29 It indicates that the defect in 
MTOC/Golgi polarization and cell 
migration is a consequence of impaired 
nuclear reorientation.

Alternatively, specific nucleus orienta-
tion may help overcome the physical con-
straints facing the migrating cells. During 
keratocyte movement, the cell body is 
rolling together with the nucleus45 and 
the nuclear oval shape and its orientation 
perpendicular to the direction of migration 
may ease the nucleus rolling and cell loco-
motion. Nucleus rolling may also help to 
overcome the blockage of cytoplasmic gran-
ules accumulated in front of the nucleus, 
as described in C. elegans development.46 

Such rolling is not probable in migrating 
fibroblasts because the longer nuclear axis 
is aligned with the direction of migration. 
Nevertheless, the oval-shaped nucleus may 
move forward like a “torpedo” through the 
cytoplasm to facilitate nucleus transloca-
tion as cells move. Similarly to fibroblasts 
migrating in 2D environment, cells migrat-
ing in 3D environment reorient the nucleus 
toward the direction of migration. It has 
been suggested that the nuclear reorienta-
tion helps the cells passage through the nar-
row pores in the collagen lattice.47

The characteristic orientation of the 
cell nucleus in motile cells allows us to 
speculate whether the nucleus itself is a 
polarized organelle. It has been described 
that the nuclear envelope is polarized as 
nesprin-4 accumulates asymmetrically at 
the pole of the nucleus distally to MTOC. 
Interestingly, overexpression of nesprin-4 
leads to polarization of other nuclear com-
ponents, including lamins and nuclear 
pore complex proteins.28 Given that 
chromatin interacts with lamins, the 
spatial positioning of chromatin within 
the nucleus could be regulated. Keeping 
the gene in specific location within the 
nucleus, and thus, within the cell, may 
promote specific transcripts to be deliv-
ered to the specific locations. To support 
this speculation, it has been demonstrated 
that migration-specific transcripts are 
preferentially delivered to the leading edge 
of migrating cells.48

Conclusion and Perspectives

A large body of recent work shows that 
precise nucleus location inside the cell is 
important for correct cellular functioning. 
In respect of motile cells, it is interesting 
that the cells possess the mechanism(s) 
that purposely move and orientate the 
nucleus in order to facilitate their motil-
ity. In particular, the rearward positioning 
of the nucleus and nuclear reorientation 
emerged to be important for the estab-
lishment of cell polarity and optimal 
for cellular migration. The regulatory 
mechanism(s) that move the nucleus could 
also be employed by cells migrating in 3D 
environment to facilitate their invasion, 
suggesting the possible role of the nucleus 
mechanics in the patho-physiological pro-
cesses such as cancer cell invasion. Clearly, 
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additional studies are required to under-
stand the functional significance of the 
nucleus orientation in motile cells and to 
decipher the basic molecular mechanisms 
controlling this process.
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