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Abstract: Actin is the most abundant protein in almost all the eukaryotic cells. Actin amino acid sequences are highly
conserved and have not changed a lot during the progress of evolution, varying by no more than 20% in the com-
pletely different species, such as humans and algae. The network of actin filaments plays a crucial role in regulating
cells’ cytoskeleton that needs to undergo dynamic tuning and structural changes in order for various functional
processes, such as cell motility, migration, adhesion, polarity establishment, cell growth and cell division, to take
place in live cells. Owing to its fundamental role in the cell, actin is a prominent regulator of cell division, a process,
whose success directly depends on morphological changes of actin cytoskeleton and correct segregation of dupli-
cated chromosomes. Disorganization of actin framework during the last stage of cell division, known as cytokinesis,
can lead to multinucleation and formation of polyploidy in post-mitotic cells, eventually developing into cancer. In
this review, we will cover the principles of actin regulation during cell division and discuss how the control of actin

dynamics is altered during the state of malignancy.
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Introduction

The cytoskeleton of eukaryotic cells is made of
tubulin and actin polymers that are the most
abundant and important components of cellu-
lar scaffold. Here actin plays a crucial role in
the production of forces required to drive the
processes important to sustain cellular func-
tions and to maintain healthy and viable exis-
tence of cells. One of the most important
events during cell life is cell division. During
division, upon separation of duplicated chro-
mosomes and physical cleavage of newly for-
med daughter cells, this actin- and microtu-
bule-rich cellular cytoskeleton must be reorga-
nized and disassembled, and once the cytoki-
nesis is over, re-assembled to its former state.
These tightly regulated morphological changes
in cellular framework are guided by the inter-
play of various intercellular regulators, proteins,
and their effectors. This review explains how
the success of cell division is dependent on
actin-mediated morphological changes that ta-
ke place during cell division, and how this vital
process is affected by the phenotypic charac-
teristics relative to cancer cells.

Actin and its’ isoforms

Vertebrate cells contain three cytoskeleton
components: intermediate filaments, microtu-
bules, and actin microfilaments [1]. In eukary-
otic cells, actin carries out a huge variety of
cellular processes that are made possible by
the ability of actin to assemble monomeric glob-
ular actin (G-actin) into polymeric filamentous
actin (F-actin), and to interchange vice versa.
Moreover, the functional diversity is controlled
via an actin interaction with actin-binding pro-
teins (ABPs) and other regulatory proteins,
which can both induce or inhibit actin polymer-
ization at the designated cellular compart-
ments. This transitional property makes actin
a crucial regulator of many cellular functions,
varying from the maintenance of cell shape,
polarization, cell motility, migration, adhesion,
vesicle trafficking, muscle and non-muscle con-
tractility, regulation of transcription, and finally
to the regulation of cell division. Reorganization
of actin microfilaments results to the mor-
phological modification of cells, transforms cel-
lular proliferative properties, and affects inter-
actions with surrounding environment and cells.
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Figure 1. Actin polymerization and steady state treadmilling. The G-actin monomers attach to the continually grow-
ing barbed (+) end of the filament in a more stable ATP-state to form F-actin strands, which in cells function to
support structural integrity during cell division and migration. Upon ATP-hydrolysis-driven F-actin depolymerization,
ADP monomers begin to dissociate from the pointed (-) end of the filament at a faster rate than the ATP monomers
are bound. This process of steady-state actin polymerization and depolymerization is known as treadmilling. The
dynamic regulation of actin elongation is accelerated/decelerated via an action of profilin and ADF/cofilin.

Many eukaryotes, including fission yeast, bud-
ding yeast and green alga Chlamydomonas get
together by with only one actin gene and pro-
tein, which makes up all of the cytoskeletal
structures required for living. However, speci-
es, such as humans, have several actin genes
expressed in different compartments and tis-
sues in the body [2]. In humans, actin is com-
posed of six different cell-type unique isoforms
[3, 4], which are encoded by separate genes
and contribute to the diversity of functions it
performs. These isoforms include ACTA1l (a-
skeletal, located on chromosome), ACTA2 (a-
smooth muscle, located on chromosome 10),
ACTB (B-cytoplasmic, located on chromosome
7), ACTC1 (a-cardiac, located on chromosome
15), ACTG1, (y-cytoplasmic, located on chromo-
some 17) and ACTG2 (y-smooth muscle, locat-
ed on chromosome 2), which mainly differ from
one another by their N-terminal amino acid
sequence [5-7]. This variation in N-terminus
gives rise to different total charge of the mole-
cules, which can be determined by the isoelec-
tric focusing, where the difference in the later
(5.40; 5.42, and 5.44) creates the basis for
classification of the o, -, and y-actin isoforms.
And each of these actin isoforms plays a dis-
tinct role in cells, which is also dependent on
the tissue type. The expression of actin iso-
forms in cells is regulated by different modes of
action: gene modulation (via promoter ele-
ments) [4], translation of messenger RNA
(mRNA) (via UTRs) [8], and protein binding (via
interactions with ABPs) [9]. As this is not the
topic of this review, for more information on this
please refer to literature.
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The ability of actin to carry out such number of
different functions in cells depends on the
polymerization and depolymerization capacity
of actin fibers. The production of actin starts in
cell nucleus, where genes encoding actin are
transcribed and get translated into globular
monomers (G-actin) once they reach the cyto-
plasm. Then, these actin monomers adhere to
the rapidly growing barbed (plus) end of the
extending actin filament in the more stable ade-
nosine triphosphate (ATP)-state at the deep
medial cleft that binds ATP molecules, and thus
forms fibrous strands (F-actin). These filamen-
tous actin strands perform all the aforemen-
tioned functions in cells. As the filament ma-
tures, ATP-hydrolysis takes place and adenos-
ine diphosphate (ADP)-monomers start to dis-
sociate from the pointed (minus) end of the
filamentous actin strands at a faster pace than
the ATP-bound ones are attached (Figure 1).
Importantly, released ADP-actin monomers can
be converted into ATP-actin monomers via
nucleotide exchange and become reusable in
another polymerisation reaction [10]. This pro-
cess of steady-state actin polymerization and
depolymerization is called treadmilling [11].
The rates of actin filament assembly and disas-
sembly are regulated by ABPs. Indeed, there
are plenty of different ABPs that can modulate
the growth and crosslinks of actin filaments.
Such ABPs include monomer binders, myosins,
bundlers and crosslinkers, cytoskeletal linkers,
proteins responsible for capping and severing,
branch formation, rulers and stabilisers, side
binders and signallers, and lastly anchors to
membranes and membrane proteins. The de-
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tailed review of ABPs mode of action are thor-
oughly described by S.J. Winder and K.R.
Ayscough [12], and T.D. Pollard [13].

The broad-spectrum of actin functions in cells

Seven decades of intensive research has led
researchers to acquire a creditable under-
standing of actin structure, its assembly, the
role of regulatory proteins, and cellular func-
tions. Actins are fundamental components of
the cytoskeleton and play important roles in
a variety of cellular processes, including cell
growth and re-shaping, motility, migration, in-
vasion, adhesion, polarization, and division.
The performance of these functions is made
possible due to the ability of actin to form fila-
ments that can swiftly assemble or disassem-
ble based on the cell needs. There are six dif-
ferent highly conserved actin isoforms in verte-
brates: four isoforms are expressed in striated
(@, and &) and smooth (o  and y_ ) muscle
cells, and two cytoplasmic B-actin and y-actin
isoforms are expressed ubiquitously [3, 5]. To
emphasize, vertebrate non-muscle cells expre-
ss two actin isoforms: cytoplasmic B-actin and
y-actin [14, 15]. Even though B- and y-ac-
tins are ubiquitously expressed in all cell types
and at the amino acid level are almost identi-
cal, they perform very different roles in vivo
[16]. Some of the most important actin-mediat-
ed cellular functions will be covered in the later
topics of this review.

Cell motility: migration, wound-healing and em-
bryonic development

One of the best studied roles of actin is cell
motility, which is a fundamental process cover-
ing wound healing, migration, and embryonic
development. Cell migration is driven by polym-
erization of actin at the leading edge of the
migrating cell, which induces forces to push
membrane to foreseen direction. To assist this
process, actin-associated proteins co-migrate
with actin filaments by interacting with them
[17]. There have been several attempts trying
to elucidate the B- and y-actins’ role in cell
motility. A study by Peckham et al. demonstrat-
ed that overexpression of B-actin increases
membrane protrusions and cell migration [18].
In addition, several other studies showed that
B-actin is concentrated at the leading edge of
migrating cells, whereas y-actin is more evenly
spread throughout the cells [19, 20]. Inevitably,
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studies examining overexpression and silenc-
ing of B- and y-actins provided some contradic-
tory results. For example, Bunnell and Ervasti
had studied the roles of both (- and y-actins’ in
cell migration, and showed that y-actin is not
required for migration in vivo and in vitro [19],
Meantime, Simiczyjew et al. demonstrated the
predominant y-actin role in controlling the in-
vasiveness of human colon cancer cells [21].
Some of the research covering the regulation of
cellular motility did not get around without com-
plications in their experimental flow. However,
due to versatility of methodology to be used,
switching to alternative experimental models
allowed to overcome this. Since the crossed
mouse embryonic fibroblasts (MEFs), which we-
re used as a study model, experienced some
growth impairment, making it impossible to
form confluent cell monolayers for wound-heal-
ing assays, the use of cell migration assay
instead, established a clear difference in the
migratory phenotype between y-actin- and -
actin-knockout cells [22]. Unlike to y-actin-
knockout cells, B-actin-knockout cells suffered
from greatly reduced migration velocity, than
compared to controls [22]. To sum up all the
data discussed above, one can be said that
B-actin is the major actin isoform mediating
cell motility.

When considering the regulation of cellular
viability, studying of MEFs showed that knock-
ing out y-actin results in a minor decrease in
cell viability [19]. The same group of scientists
took an advantage of using a “floxed gene” tool,
which allows for spatial and temporal altera-
tion of gene expression [23]. They demonstrat-
ed that B-actin-knockout results in a severely
impaired growth of primary MEFs, with the
characteristic phenotype contributing to this
condition, including enhanced apoptosis, incre-
ased multinucleation, and an observation that
more cells have 4N DNA content [22]. These
data suggest that B-actin may be specifically
required for cell division. Another study by
Shawlot et al. showed that homozygous B-actin
knockout leads to an embryonic lethality [24],
suggesting that B-actin is an essential gene,
responsible for the viability. Interestingly, in this
study model embryos survived the gastrulation
stage, proposing that compensatory mecha-
nisms of expressing other actin isoforms do
exist, which may rescue at the earlier stages of
embryonic development [24]. Consistent with
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this data, Tondeleir et al. observed a switch to
y-actin expression in embryonic stem (ES) cells
lacking B-actin, while the B-actin was the only
isoform expressed in wild type ES cells [14].
Overall, due to various complications in differ-
ent studymodels caused by the actin gene
knockouts [14], the research of (- and y-actins’
function in regulating cellular motility has its’
own disadvantages, and thus it will require
additional research and effort to answer these
fundamental questions.

Cell shape maintenance

The cytoskeleton of animal cells is a very com-
plex, but functionally versatile structure that
needs to undergo highly coordinated and dy-
namic changes during cellular growth or adapt
its’ shape in response to the external stimuli.
These changes in cytoskeleton are mediated
by three major types of cytoskeletal proteins:
intermediate filaments, microtubules and actin.
The transition of actin cytoskeleton is con-
trolled via a balance of globular G- and filamen-
tous F-actin, and by actin-associated proteins
[25]. These, all together form a network of
polarized filaments that provide with force gen-
eration required for movement, adhesion and
cellular re-shaping. Among different actin fila-
ment arrays, resides an actin cortex [26], which
is thought to play the key roles in cell mechan-
ics. Indeed, the actin cortex enables cells to
control its’ shape. A thin network of actin fila-
ments, myosin motors and ABPs lies just below
the plasma membrane. Thus, local alterations
in mechanical properties of the cortex, espe-
cially in cortical tension, carries out cellular
shape deformations, such as those that take
place during each shape-wise-distinctive phas-
es of mitotic division [27]. The research on
actomyosin-dependent mitotic rounding dem-
onstrated that cortical actin thickness is de-
creased as tension increases, going from pro-
metaphase to metaphase, where the involve-
ment of myosin, rather than actual actin, regu-
lates cortical tension [28]. Surprisingly, some
contrary results were published, where modu-
lating actin dynamics without modifying myosin
concentration was shown to have an effect on
intracellular tension [29]. The actin cortex is a
~300-1000 nm [30] thick layer, made of a mix-
ture of filament bundles and cross-linked fila-
ments. It has a mesh-size of ~50-150 nm [31,
32], and thickness of ~50-100 nm [32, 33],
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with a distance to the cell membrane of <20
nm [33]. Despite of the main constituents, the
cortex contains a huge variety of cross-linkers
(filamin, actinin, and fascin), capping protein,
myosin with actin turnover-associated proteins
(cofilin and profilin), ERM family proteins (ezrin,
radixin, and moesin), nucleating factors (Arp2/3
and formins), and finally, signalling molecules,
such as RhoGTPases, RhoGEFs and RhoGAPs
[34]. A full description of aforementioned pro-
teins’ roles during actin cytoskeleton and cell
cycle progression regulation if not covered in
this review, can be readily assessed in Heng
and Koh review article [35]. The ERM proteins
connect the cortex to the membrane, and thus
can pass on forces to the plasma membrane,
which determines the shape of the cell [36]. A
study by Chugh et al. demonstrated that deple-
tion of cofilin-1 or capping protein enhanced
actin cortex thickness and reduced tension in
Hela cells, indicating a function for actin regu-
lating proteins in a cortical stress [27]. The cor-
tical tension is a major feature of the cortex,
which makes it possible to regulate dynamics
of the cell shape of single cells during cell
growth and in response to the external forces.
It was shown that the cortex tension depends
on actin polymerization and myosin activity,
where higher myosin activity and reduced actin
polymerization leads to an increased stress of
actin cortex [37]. Additionally, a lower cortex
tension has been associated with an increased
protrusive ability of the cell [38]. So, mechani-
cal properties of the actin cortex determine the
rate and extent of cellular deformation during
processes important to cells, and in response
to other stimuli.

Cytoplasmic actin of mammalian cells is com-
posed of two actin isoforms, - and y-actins.
The function of these two actin isoforms in cells
very much differs. The involvement of B-actin
in a control of cell growth was demonstrated in
a study by Bunnell et al., where B-actin was
shown to be an absolute requirement for sus-
taining cellular growth potential, while y-actin
was shown to be important for cell survival
[22]. In fact, authors observed an increase in
the percentage of multinucleated cells in -
actin-knockout MEFs, but not in y-actin-null
MEFs, proposing additional role of B-actin in
cell division [19]. This data is consistent with
previous reports, showing that B-actin is re-
quired for maintaining a proper change in cel-
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Figure 2. The regulation of actin dynamics during different phases of mitosis. The scheme shows different phases
of the cell cycle, depicting the intracellular processes that take place during mitotic (M) phase, and placing a special
emphasis on signalling cascades that regulate actin cytoskeleton during the cell cycle progression. During prophase
chromosomes condense, spindle fibers emerge from the centrosomes, nuclear envelope breaks down, and centro-
somes move towards the opposite poles of the cell. Then, in prometaphase, kinetochores arise at the centrosomes
and mitotic spindle microtubules attach to the kinetochores. Next, during metaphase, chromosomes line up at the
metaphase plate, while each sister chromatid gets attached to a spindle fiber, outgrowing from the opposite poles.
During anaphase, centromere split in two and sister chromatids are pulled towards the opposite poles, while spindle
fibers start to elongate the cell. This is followed by telophase, where chromosomes at the opposite poles begin to
decondense, and nuclear envelope, surrounding each set of chromosomes, starts to reform. Then, spindle fibers
continue to push poles to the opposite directions. Finally, a cleavage furrow, which separates newly formed daugh-
ter cells, is formed. The scheme on a right depicts functional relation of proteins, participating in a control of actin
dynamics during the M-phase of the cell cycle.

lular shape during mitosis [39]. In addition,
B-actin was shown to accumulate at the ICB in
dividing cells [40, 41], and due to the better
dynamics of the two actin isoforms, was shown
to play specific roles in a rapid reorganization of
actin cytoskeleton during mitotic division [42].
Thus, the cytoplasmic isoform of B-actin as well
as actin cortex itself, provide a base for main-
taining and shaping the cell during various spa-
tiotemporally-mediated and vital processes in
cells.

Cell division

Actin cytoskeleton experiences a tightly regu-
lated morphological transformation during cell
division, which allows for successful DNA con-
tent duplication, cellular round-up, condensa-
tion and alignment of chromosomes, breakage
of chromosomes and movement of sister chro-
matids to the opposite poles of the cell, and
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finally physical cleavage of newly formed dau-
ghter cells (Figure 2). All of this is possible
thanks to the actin-microtubule framework,
which depending on physical-structural de-
mand during different phases of mitosis, pro-
vides elasticity and rigidity for cellular stru-
cture.

As the name dictates, adherent cells cling onto
the substratum during interphase and spread
along the surface with a help of adhesion.
Mitosis starts with a reduction of cell-matrix
adhesions, which in mammalian cells is regu-
lated via integrin and cadherin signalling [43].
The cells’ actin cytoskeleton begins to change
during mitosis, where two rounded cells with
increased cortical rigidity are formed. After
mitosis, the actin cytoskeleton is re-estab-
lished, enabling cells to regain its’ primary sh-
ape and attach to the substratum (Figure 2).
This well-organized modulation of such radical
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changes in cell shape during cell cycle pro-
gression proposes a strict regulatory interplay
among cytoskeleton signalling, mitotic events,
as well as cell-matrix and cell-cell adhesion
remodelling [35]. Here we briefly review the
regulation of actin cytoskeleton during the cell
cycle progression.

Interphase cells are made of an entangled net-
work of actin filaments, which upon cells first
entering mitosis, needs to be disassembled
and re-organized allowing for mitotic cells to
round up. Then, at the end of mitosis, actin
rearranges at the cleavage furrow and makes a
part of the contractile ring, which mediates the
final stage of mitosis, a process known as cy-
tokinesis (Figure 2). The absolute requirement
of an intact actin cytoskeleton for the onset of
mitosis in a timely manner was demonstrated
after cytochalasin D and Latrunculin B had
been applied on primary cells and fission
yeasts, where it had caused the depolymeri-
sation of actin filaments [44, 45]. Additional
reports have also demonstrated that stability
of the cortical network is vital in ascertaining a
correct spindle orientation in mammalian cells
[35, 46], and that F-actin is prerequisite at the
mitotic apparatus during mitotic spindle assem-
bly [47]. Actin network also plays an important
mitotic role in the separation of centrosomes,
which directly depends on a flow of cortical
actin and myosin network. The mitotic cortical
actomyosin network, which is cross-attached
to the plasma membrane provides elasticity
that is prerequisite to counteract the internal
pressure inside the metaphase cells [48]. De-
struction of this network by actin inhibiting/
depolymerising drug Latrunculin or via myosin-
Il RNA interference (RNAI) leads to a failure of
spindle assembly, and subsequent centrosome
separation [49, 50]. The intracellular forces
required for chromosome segregation after
spindle formation are generated via actin and
myosin interplay as well [51]. The comprehen-
sive summary of drugs’ and chemicals’ effect
on actin cytoskeleton can be found in Heng and
Koh review article [35].

Finally, for cytokinesis to occur, the constriction
of a cleavage furrow must take place. In a typi-
cal mitosis, the cleavage furrow forms at the
equatorial cortex after anaphase [52], where
its’ positioning depends on the mitotic spindle
orientation [53]. Here actin gets reorganized
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and forms a part of the contractile ring (Figure
2), which is essential for the accomplishment
of cytokinesis. B-actin is critical for correct
change of the cell shape during mitosis [39].
Since B-actin is more dynamic among the two
cytoplasmic actin isoforms [6], it may play a
specific role during instant reorganization of
actin cytoskeleton. Indeed, Dugina et al. sh-
owed that -actin gets concentrated at the con-
tractile ring in dividing cells [40]. Essentially,
actin remodelling is major to cortical ingres-
sion, where contractile ring transforms into a
midbody (MB) ring, and assists in the prepara-
tion of future abscission sites [54]. Several pro-
teins have been shown to regulate contractile
ring formation via multi-step molecular signal-
ling pathways (Figure 2). Primarily, it was shown
that RhoA is responsible for the assembly of
the contractile ring that activates the acto-myo-
sin-mediated constriction of the cleavage fur-
row [55]. Then, the whole signalling cascade
with a number of different activating factors
has been shown to contribute to the induction
of the cleavage furrow formation [56, 57]. In
addition, several other Rho GTPase regulators
were shown to participate in the control of con-
tractile ring formation and cytokinesis, which in
more detail will be discussed in the coming
paragraphs.

The regulation of actin dynamics during cell
division

Cell division is a process that encompasses
separation of chromosomes during mitotic
phase and physical cleavage of cells during
cytokinesis. The reorganization of cellular cyto-
skeleton during division is coordinated by the
actin-microtubule network [58, 59]. The first
step in mitosis is prophase, during which, the
microtubules rearrange and start to polymer-
ize, forming bipolar spindle, while DNA con-
denses into chromosomes. The transition from
G2 to early prophase requires correct spatial
cytoskeleton coordination, during which, cen-
trosomes must separate before nuclear enve-
lope breakdown (NEBD). It was shown that cen-
trosome separation before NEBD is slowed
down by intracellular forces that push the cen-
trosomes towards the central position below
the nucleus [59]. The mechanical force to
antagonize centrosome separation requires
microtubule and actin polymerization, without
which, centrosome separation loses its’ sym-
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metrical position respective to nucleus. Here
actin plays a critical role, because inhibition of
the linkage between nucleoskeleton and cyto-
skeleton complex with F-actin leads to misposi-
tioning of centrosomes at the NEBD, which
then causes and increased probability of errors
during sister chromatid segregation [59]. Next,
in prometaphase, nuclear membrane decom-
poses, making a way for kinetochore microtu-
bules to invade nuclear space and to attach to
kinetochores. During the preparation of mitotic
entry, centrosomes initiate the formation of
mitotic spindle by aligning individual chromo-
somes at the metaphase plate. Here, during
prometaphase, a formation of actin filament
and spindle microtubules assembly was identi-
fied [60]. Moreover, it was shown that inhibition
of actin nucleator in eukaryotic cells Arp2/3
complex, results in a reduced formation of spin-
dle actin. As a result, the mitotic spindle assem-
bly is disturbed, leading to a disorganized chro-
mosome alignment to the metaphase plate,
which inevitably leads to mitotic defects [60].
Indeed, a crosstalk between actin and other
regulatory proteins was shown to play key roles
in maintaining the genomic integrity via a mod-
ulation of actin dynamics during mitotic division
[61]. Next, in metaphase, chromosomes line up
to the metaphase plate, where each chromo-
some arm is attached to kinetochores, which
with a help of extended microtubules reach out
to the opposite poles of the spindle. Here, a
proper spindle positioning and orientation con-
trolled by the interplay of microtubule and
F-actin is an absolute requirement for an accu-
rate mitosis. This would not be possible without
a ring-like F-actin structure that is formed ar-
ound the mitotic spindle, and which was pro-
posed to regulate astral microtubule dynami-
¢s and subsequent mitotic spindle orientation
[62]. Additionally, it was shown that interrupt-
ing either microtubules or F-actin polymeriza-
tion and inhibiting F-actin-interacting proteins
myosin and Plk1, does have a negative effect
on a ring-like F-actin structure formation, which
consequently modifies spindle assembly and
disrupts symmetric division [62]. During the
next phase of the cell cycle, which is anapha-
se, upon checkpoint completion, chromosom-
es split at centromeres, and resulting sister
chromatids are pulled to the opposite sides of
the mitotic spindle (Figure 2). As chromosom-
es separate, the bipolar spindle switches into
a collection of interzonal microtubules, which,
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during telophase, together with actin, condens-
es into an intercellular bridge (ICB) with a MB
in the middle. The nuclear envelope starts to
materialize around each set of chromosomes
and the mitotic spindle breaks apart. A study by
Chen et al. demonstrated that for the comple-
tion of cytokinesis, an opposing regulation of
the B-(at contractile ring) and y-actin (at cell
cortex) networks is required [63]. What is
meant by this is that actin remodelling prote-
in formin DIAPH3 gets activated at the cytoki-
netic furrow, producing B-actin filaments, while
y-actin gets expended at the cell poles because
of the deactivated DIAPH1. Moreover, it was
shown that during anaphase, the displacement
of actin polymerizing genes inhibits formin’
function, resulting in a reduced cortical stiff-
ness, and subsequent localized membrane
blebbing [63]. Finally, cytokinesis takes place,
where actin filaments pull the equator of the
cell inwards, forming a constriction site (Figure
2). This constriction is also known as a cleav-
age furrow, deepens as the actin ring retreats,
and eventually a physical separation of newly
formed daughter cells takes place [64]. In more
detail, a cytokinetic cleavage furrow is formed
by actomyosin contractile ring contraction, gen-
erating the MB, situated in the middle of the
ICB. This serves as a platform for the assembly
of the abscission machinery that regulates the
final separation of newly formed daughter cells.
Here, the polymerization of F-actin plays a ma-
jor role during the assembly, ingression, disas-
sembly, and constriction of the actin contractile
ring, and for the cytoskeletal reorganization,
leading to a maturation of the MB, which even-
tually completes the ICB abscission. Therefore,
actin filaments must be removed from the sites
of abscission for the final cut to take place.
Even though many conserved proteins were
shown to co-operate in mediating the polymeri-
sation state of actin filaments, we still lack
knowledge of molecular mechanisms that dri-
ve the final scission machinery during cytokine-
sis in higher eukaryotes. The research done by
Terry et al. reported that actin capping protein
and to the barbed end-actin-binding proteins
regulate actin polymerization at the very end of
cytokinesis [65]. It was shown that even thou-
gh the depletion of capping proteins results in
early MB formation, the cytokinesis still fails.
Additionally, the recruitment of endosomal
sorting complexes required for transport (ES-
CRT-Ill) is disrupted, leading to a failure of
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abscission [65]. The same group of scientists
yet proved another requirement for a success-
ful mitotic division, - the generation of optimal
length actin filaments. This was shown to be
balanced by formins, which nucleate actin and
balance capping proteins’ activity, and if reduc-
ed, could lead to an increased accumulation of
linear actin filaments, further disrupting cytoki-
nesis [65]. To summarize, during cell division,
the dynamics of cellular cytoskeleton made of
actin and microtubule filament networks is con-
trolled in a step-by-step manner, where various
actin and microtubule regulators join in and
leave signalling cascades at different stages,
while performing nature-specific functions and
adding up to the success and completion of cell
division. Importantly, what we know so far are
the well-studied class of proteins being involved
in a regulation of actin cytoskeletal dynamics
during mitotic division, which includes Rho fam-
ily of small GTPases and their effectors, as well
as actin-binding proteins, such as capping pro-
tein, profilin and cofilin, and myosin-II, which all
share lipid-binding domains [48]. In terms of
location, none of these proteins localise at the
internal cellular membrane, but rather associ-
ate with that membrane through either lipid-
binding domains or lipid modifications [48].
Importantly, the reciprocal interaction between
the membrane and the cortex assists in cellular
division, while performing membrane reorgani-
zation in a precise and timely schedule. Rho
GTPase and Aurora B kinase, as well as other
regulatory proteins of cytokinesis have been
studied extensively (Figure 2), and will be dis-
cussed in the later paragraphs.

Actin cytoskeleton-associated proteins

The plasma membrane of dividing cell is con-
nected to the cell cortex via a huge diversity
of membrane-binding linkers, which connect
plasma membrane phospholipids and proteins
to the underlying cortical actin cytoskeleton.
Such proteins include ezrin, radixin and moesin
(ERM) as a regulatory protein complex [66]. It
was shown that in normal cells, the removal of
ERMs from the cell poles, loosens the rigid cor-
tex during anaphase, which allows for cellular
elongation and subsequent chromosome seg-
regation, facilitating the transition to the next
phase of the cell cycle. This process in mam-
malian cells was shown to be driven specifically
by phosphatase PPP1R7 [66], which reverses
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phosphorylation of C-terminal on moesin at the
polar cortex. In addition, the cortical ezrin also
undergoes dramatic re-localisation during the
orientation of centrosome and mitotic spindle
[67]. It was demonstrated, that in mammalian
colonic epithelial cells, the ezrin- actin-rich cap-
like structure forms before the S phase, where
it positions the centrosome and one pole of the
ensuing mitotic spindle, providing a stable plat-
form for astral microtubule attachment. During
the metaphase-anaphase transition, ezrin dis-
appears from the polar cortex and again shows
up at the cleavage furrow, forming a lumen
around which the dividing cells form a cyst
[67]. Contrary to the spatiotemporal ERM regu-
lation during anaphase, upon progression to
the cleavage furrow, the ERMs become incre-
asingly restricted where they may serve other
mechanical functions during cytokinesis [67].
Equally, a study by Kunda et al. demonstrated
that another member of the ERM protein family,
moesin, is responsible for mediating cellular
rounding and cortical stiffening during mitosis
[68]. It contributes to establishing a rigid and
uniform cell cortex that functions as a firm base
for positioning of the mitotic spindle. Like other
ERMSs, upon initiation of anaphase, the loss of
moesin from cell poles loosens the polar ten-
sion, relieving elongation of the mitotic spindle
and chromosome separation, which if failed,
could contribute to aneuploidy and develop-
ment of cancer [68]. Finally, last but not least,
radixin was reported to accumulate rapidly at
the site of furrow formation during anaphase
and maintain its’ position at the cleavage fur-
row until the end of cytokinesis [69]. The rele-
vance to cellular division was proved by overex-
pression of C-terminal truncated mutant of
radixin, which resulted in a multi-nucleation of
human cells [70, 71]. Another study by Vilmos
et al. reaffirmed the mitotic function of ezrin-
radixin-moesin protein complex in cross-linking
various proteins to the actin filaments of the
actin cytoskeleton [72]. In addition, ERMs were
shown to aid in the attachment of the mitotic
spindle to the cortical actin network and cellu-
lar re-shaping during mitosis [73].

Rho GTPases

Being important regulators of actin cytoskele-
ton, Rho GTPases function as major modera-
tors of many regulatory aspects during mitosis
and cytokinesis. Such functions include centro-
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Figure 3. Organization of cellular cytoskeleton during furrow ingression. The picture illustrates the mitotic cleav-
age furrow formation during anaphase, formation of actomyosin contractile ring in telophase, and final abscission
of the ICB during late cytokinesis. In the beginning of anaphase, sister chromatids start to separate upon central
spindlin complex entering the spindle midzone. Then, the signalling cascade, which controls reorganization and
spatio-temporal dynamics of actin, microtubule, and myosin-ll, is activated. This recruits Rho-GEF Ect-2, which acti-
vates RhoA and initiates the cleavage furrow formation. In telophase, actomyosin contractile ring and microtubule
complex is generated, which produces intracellular forces and tension, required to narrow the furrowing cell at the
equatorial actin cortex. In late cytokinetic event, the actin filaments are cleared from the narrowed ICB, where final
abscission, mediated by ESCRT-lIl complex, takes place. Finally, this results in a physical separation of the newly
formed daughter cells.

some duplication and separation, generation of ring components actin and myosin [75, 76]. It
cortical rigidity, microtubule-kinetochore stabi- was shown that even though furrows can form
lization, cleavage furrow formation, contractile and initiate ingression without anillin [76], its’
ring formation and subsequent constriction, interaction with RacGAP turns out to promote
and finally, abscission [74]. Physical separation myosin-1l activation via interactions with RhoA
of newly formed cells at the end of mitotic [76]. It has been proposed that activated RhoA
phase is mediated by the ingression of acto- at the equator of the cell stimulates contractile
myosin contractile ring. The GTP-bound and ring formation via direct formins activation, and
active form of RhoA induces transcriptional indirect myosin-ll activation through Rho-kin-
changes via F-actin dependent means, and ase and phosphorylation of myosin regulatory
thus, is a key regulator of contractile ring forma- light chain (RLC) [77]. Surprisingly, a study by
tion [75]. RhoA localizes at the equatorial cell Liu and Weiner demonstrated that RhoA activi-
cortex of the emerging cleavage furrow (Figure ty can induce furrow formation in all positions
3). Once it reaches cytokinesis phase, the pri- of the cell cortex during both, metaphase and
mary signal to assemble the contractile ring anaphase phases [78].

emanates from Rho-GEF (ECT2), which acti-

vates RhoA to promote nucleation, elongation, Capping protein

and movement of actin filaments. Here, coordi-

nated activation of formins (interacts with the Capping protein is a heterodimer made of struc-
barbed end of an actin filament and assembles turally similar o and B-subunits that bind to
actin filaments) and myosin-Il motors come to the barbed ends of actin filaments and is
an action. Another protein, which is highly con- expressed in all eukaryotic cells [79]. Capping
centrated in the cleavage furrow upon ana- protein binds to profilin, and helps to retain
phase onset and plays an important role dur- actin monomer pool by limiting the number of
ing cytokinesis, is anillin (Figure 3). It helps to barbed ends open for growth of actin-based
maintain active myosin in the equatorial plane protrusions at the leading edge of the cell, thus
of the cell, thereby functioning as a scaffold stabilizing the barbed ends of actin filaments of
protein and linking RhoA with the contractile striated muscles [13]. Obviously, due its’ ability
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to interact with barbed ends of the growing
actin filaments, capping protein may also play
an important role in regulating the length, and
thus the growth rate of actin filaments that
make up cytoskeleton structure during cytoki-
nesis. Indeed, Terry et al. showed that capping
protein participates in the control of actin po-
lymerization towards the end of cytokinesis in
human cells [65]. Moreover, cells depleted of
capping protein furrow and form premature
MBs and fail cytokinesis. Consequently, the
proper recruitment of ESCRT-III to the MB fails,
impeding further progression into the abscis-
sion stage (Figure 3). Importantly, the length of
actin filaments optimal for cytokinesis to occur
must be strictly balanced. Here actin nucleator
formin acts as the major regulator of capping
protein activity. Reduction of capping protein
activity results in an increased accumulation of
formin-based actin filaments. Therefore, deple-
tion of formin FHOD1 leads to a partial rescue
of capping-protein-induced cytokinesis defects,
proposing that it may antagonize capping pro-
tein activity upon midbody formation [65]. An-
other study by Jo et al. demonstrated that cap-
ping protein is crucial for the efficient spindle
migration and supervision of the cytoplasmic
actin mesh density during asymmetric division
of maturing mouse oocytes [80]. A very first
study on capping protein function during cell
division in fission yeast cells showed that cap-
ping protein controls actin dynamics together
with actin depolymerization factor (ADF)/cofilin
and profiling [79], and is also involved in assem-
bling the F-actin contractile ring [79]. The regu-
lation of subsequent proteins will be discussed
in the next paragraph.

Formins, profilin and cofilin

Cellular processes that require morphogene-
tic alterations in actin cytoskeleton, especially
during the formation of contractile ring, fore-
most, are driven by formins, which are highly
conserved initiators of actin assembly. Formins
are found in all eukaryotic organisms, where
they spatially and temporally control the growth
of actin microfilaments (Figure 3). Now, it is
widely accepted that formins are required for
mammalian cell cytokinesis, where they inhibit
or promote elongation of actin filaments [65,
81, 82]. Most formins are effector proteins of
Rho GTPases (Figure 2). Formins are character-
ised by formin homology domains, that is to
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say, formin homology domain 1 (FH1) and for-
min homology domain 2 (FH2) [83]. Specifically
FH2 was shown to nucleate and elongate the
linear actin filaments by interacting with the
barbed end of actin filaments [13, 84]. Whereas
FH1 domain has multiple binding sites for pro-
filin, -a protein that is enriched during binding
to actin monomers and to the barbed end of
the actin filament. Profilin is known for sponta-
neous inhibition of actin nucleation. It binds to
the barbed end of actin monomer and sup-
presses the actin filaments elongation (Figure
1) [13]. It was shown that high concentrations
of free profilin can slow down the elongation
and even induce dissociation of the terminal
subunits [82]. In addition to formins, another
well-studied actin filament nucleating protein
during cytokinesis is cofilin, which is expressed
in high concentrations in most eukaryotic cells
[13]. The action of cofilin in cells directly
depends on the local concentration of active
cofilins: low concentration leads to severing,
while high concentration favours nucleation of
actin filaments [83]. Wisely, cells use different
molecular machinery to regulate cofilin expres-
sion. One example is phosphorylation of Ser3
of cofilin, which prevents cofilin binding to actin,
and thus inactivates all actin-related cellular
functions and stabilizes the actin cytoskeleton
[13, 85].

Myosin-II

The cell cortex is a fine actin network bound to
the plasma membrane and found in most ani-
mal cells. It is organized as highly tangled net-
work of hundreds of ABPs, including myosin-I|
motors. Interaction of myosin-Il and actin fila-
ments produce forces required to constrict the
contractile ring (~25 nN in the cleavage furrow
of echinoderm eggs) [86], and subsequently, to
form a cleavage furrow [87]. Myosin-Il gener-
ates forces strong enough to pull on actin fila-
ments, generating contractile strain in the net-
work, which raises cortical tension of the cell
(Figure 3). Variation of such a cortical tension
allows for cells to change in shape, -a feature
seen during migration and cell division [27, 88,
89]. Myosin transformation between activated
and deactivated states during mitosis is regu-
lated by phosphorylation of RLC of myosin-Il at
Ser19/Thrl8. Two enzymes drive this process,
activated myosin phosphatase catalyses the
RLC dephosphorylation, causing the disassem-
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bly of stress fibers and focal adhesions during
prophase, and kinase, which phosphorylates
myosin targeting subunit at its’ inhibitory site
and reduces the activity of myosin phospha-
tase during cytokinesis [87]. These modifica-
tions in RLC phosphorylation, leading to the
activation of myosin-Il during cytokinesis are
mediated by different kinases present at the
cleavage furrow, including Rho-associated ki-
nase (ROCK), citron kinase and MLCK [87]. It
was proposed that myosin signalling pathway
is foremost triggered by cell cycle kinases
cyclin-dependent kinases (CDKs) and polo-like
kinases, which coordinate two master regula-
tory complexes, known as chromosomal pas-
senger complex (CPC) and centralspindlin com-
plex. According to Pollard and O’Shaughnessy,
these multi-component complexes determine
the site of the cleavage furrow in the cell and
activate downstream signalling cascade, in-
cluding proteins, such as Rho-GEF or ECT2, Rho
GTPases and other regulatory proteins of actin
contractile ring [87]. Finally, advantages asso-
ciated to the use of electron micrographs
acknowledged the interaction of myosin fila-
ments and actin filaments during a process of
contractile ring formation in sea urchin zygotes
[90].

Kinases

The cell cycle comprises of consecutive phases
mediated by cyclin proteins that function by
activating CDKs [91]. In eukaryotes, cellular
division starts when CDK1 is activated and car-
ries on its’ function with some help from addi-
tional kinases, such as Aurora A, Aurora B, and
polo-like kinase 1 (PLK1) (Figure 2). As cell pro-
gresses through the cell cycle, unidirectionality
of this process is ensured by the targeted pro-
teolysis of the key proteins of the cell cycle.
Upon completion of division, phosphatases
catalyse the hydrolysis of regulatory molecules,
and revert the division state back into inter-
phase phase [92]. It was demonstrated that
kinases regulate the timing of the cell cycle;
the activation of CDK1/cyclin B pushes the cell
into mitosis, but stops division at anaphase by
phosphorylating specific sites on proteins that
inhibit various cell cycle steps [90]. As an exam-
ple, phosphorylation of Rho-GEF, inhibits ECT2
activity and further interactions with central-
spindlin and other membranes, those concen-
trate on spindle midzone microtubules at the
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cleavage furrow [91]. Also, specific inhibition of
CDK1 during mitosis can lead to premature
cytokinesis [90]. In addition, a study by Basant
et al. demonstrated that another kinase Aurora
B, can stimulate contractile ring formation by
inactivating PAR-5/14-3-3 protein, whose origi-
nal function is to inhibit oligomerization of cen-
tralspindlin [93]. To continue on this topic, for-
min FHOD1 was identified as a specific Aurora
B interactor during cytokinesis, where it local-
izes to the middle zone of the MB, acting on the
barbed ends of actin filaments [94].

Malfunction of actin dynamics during cell divi-
sion

Remodelling of actin dynamics is necessary
for ingression of cellular cortex, transition from
a contractile ring to the ICB with a MB ring, and
further preparation of the abscission site. The
lipid phosphatidylinositol 4,5-biphosphate (Pt-
dins(4,5)P,) is a major regulator of actin dynam-
ics. It promotes actin polymerization and allo-
cates to the cleavage furrow at a very last step
of cell division. The levels of Ptdins(4,5)P, dur-
ing cytokinesis is constantly adjusted, wh-
ere its’ phosphatase OCRL (Lowe oculocerebro-
renal syndrome protein) is coordinated locally
at the abscission site by Rab35 [95]. Dam-
bournet et al. demonstrated that the correct
Rab35 guiding of OCRL, and OCRL-dependent
remodelling of F-actin and lipids are of absolute
necessity during late stages of cell division. It
has been shown that PtdIns(4,5)P, drives nor-
mal cytokinetic-abscission, where OCRL phos-
phatase is responsible for the hydrolysis of the
Ptdins(4,5)P,, and that an improper hydrolysis
could lead to the F-actin accumulation in late
cytokinetic bridges, thus preventing physical
separation of daughter cells [95]. This often
leads to aneuploidy [96, 97], tetraploidy [96,
98], and chromosome instability [99, 100],
which in worst case scenario can contribute
to the progression of tumorigenicity, ultimately
developing into cancer [101]. In addition, ab-
normal cytokinetic abscission due to improper
actin clearance in specific cell types during
development might explain some of the arising
neurological and congenital disorders [102].
Indeed, short F-actin cytoplasmic filaments we-
re frequently encountered in Lowe syndrome
patients’ fibroblasts during interphase, sug-
gesting an aberrant F-actin dynamics in the-
se patients’ cells [103]. Luckily, the addition of
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actin depolymerizing drugs was shown to res-
cue with actin-accumulation-associated cytoki-
netic defects. This raises a possibility that to
disease-phenotypes-linked OCRL inactivation
may be reversed, thus allowing avoiding com-
plications and representing a possible thera-
peutic option for the disease [95].

Importantly, the Ptdins(4,5)P, product, phos-
phatidylinositol 4-phosphate (Ptdins(4)P) coor-
dinates other binding proteins required for cyto-
kinesis, such as the Golgi-associated protein
(GOLPH3) [104]. This interaction helps target-
ing of Rabl11 vesicles to the cleavage site.
Rabl1-endosomes were shown to transport
p50RhoGAP that inhibits actin polymerization
[105]. Rab11 functions by binding to its’ effec-
tor proteins, such as Rab11 family interacting
proteins (FIPs) [106]. Specifically, FIP3 is known
to play a role in targeting of Rab11 endosomes
during mitosis. Knocking down of the FIP3 car-
go protein p5ORhoGAP, stops actin disassem-
bly at the ICB and inhibits charged multivesicu-
lar body protein 4B (CHMP4B), which functions
as a component of ESCRT-IIl complex that me-
diates membrane remodelling in eukaryotes
[107], recruitment to the secondary ingression
site, thus halting the cytokinesis [105]. So, one
can be said that actin depolymerization is nec-
essary for appropriate ESCRT-1Il complex local-
ization at the abscission site.

It was demonstrated that by interacting with
MICAL1, Rab35 also contributes to actin clear-
ance during cytokinesis [108]. MICAL1 is oxido-
reductase and depolymerizes actin filaments,
thus promoting actin clearance. Further mem-
bers of MICAL family also helps to organize
other vesicles at the abscission site: MICAL-L1
traffics Rab11 endosomes, while MICAL3 binds
Rab8 vesicles [54]. This proposes the impor-
tance of these protein roles during cytokinetic
events. A study by Fremont et al. demonstrated
that MICAL1 depletion triggers accumulation of
F-actin at the cytokinetic bridge, and causes
several other defects associated with actin
clearance from the abscission site [109]. The
resultant accumulation of F-actin delays, and in
some instances completely inhibits abscission
[109]. Nevertheless, around half of the MICAL1-
depleted cells could complete abscission in
normal timing, proposing that additional com-
pensatory, and yet unknown mechanisms mi-
ght exist for the F-actin clearance from the
abscission site at the ICB. Excessive accumu-
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lation of F-actin in cytokinetic bridges inhibits
the recruitment of ESCRT-IIl components to
the abscission site, which leads to abscission
failure [110]. It is important to mention that
MICAL1 was found to play an evolutionarily
conserved role in cytokinetic abscission from
Drosophila to human cells [108].

There are many other proteins and actin regula-
tors that are plentiful at the site of cytokinetic
ring formation, where they change their spatio-
temporal dynamics as cell goes through ana-
phase-telophase. For example, Bai and et al.
showed that methionine sulfoxide reductase
B2 (MsrB2) is recruited to the MB in response
to lagging chromatin and functions within the
ICB to stimulate actin polymerization [111].
Upon depletion of MsrB2, F-actin levels drop in
the ICB, while dividing cells with lagging chro-
matin turn to binucleated cells because of un-
stable cytokinetic bridges. Also, MsrB2 was
shown to counteract MICAL1, which is known
to depolymerize actin filaments [111]. Another
protein that is highly important for the initiation
of cytokinetic cleavage furrow is chloride intra-
cellular channel 4 (CLIC4) [112, 113]. A study
by Kagiali et al. demonstrated that at the early
cytokinesis, CLIC4 accumulates at the cleav-
age furrow, while during late cytokinesis, it
localizes to the MB in a RhoA-dependent man-
ner [113]. At the cleavage furrow and MB, CLIC4
interacts with ezrin and anillin, where recipro-
cally one cannot exist without the other. The
knockout of CLIC4 causes abnormal blebbing
at the polar cortex and regression of the cleav-
age furrow. This prolongs cytokinesis, which
eventually leads to a formation of multinucleate
cells [113]. Thus, CLIC4 functions in concert
with ezrin in linking the plasma membrane to
the actin cytoskeleton at the polar cortex and
cleavage furrow, which helps to maintain corti-
cal stability prerequisite for successful cytoki-
nesis in mammalian cells. To supplement this
proposition, a study by Peterman et al. demon-
strated that CLIC4 mediates remodelling of
the plasma membrane and actomyosin net-
work at the furrow by recruiting MST4 kinase
and adjusting phosphorylation of ezrin [112].

Actin dynamics during malignancy

The fundamental property of cancer cells that
distinguish them from the benign cells is con-
tinues and unregulated proliferation. Instead of
responding properly to the growth signals, can-
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cer cells growth and divide in an uncontrolled
fashion, invading normal tissues and organs,
which eventually leads to tumour disseminating
throughout the entire body [114]. One of the
most important aspects for tumour cells, allow-
ing them to spread into the distant tissues is
the ability to migrate, invade and metastasize.
This is possible due to the great plasticity of
actin cytoskeleton. In recent years, there have
been quite a few studies implicating on differ-
ent molecular signalling pathways that induce
cellular migration and invasion upon progres-
sion of different types of cancer [115-117]. A
very recent study by Qiao et al. demonstrated
that overexpression of yes-associated protein
(YAP) causes cytoskeletal rearrangement by
changing the dynamics of F-actin/G-actin turn-
over, and thus promotes migration of cancer
cells [115]. Indeed, another study by Yuan et al.
has also shown that ADF/cofilin-mediated actin
disassembly is regulated via YAP signalling cas-
cade, contributing to non-small cell lung cancer
progression [118]. In addition, the most updat-
ed information of actin regulators and their
structure-related properties that contribute to
cancer progression and metastases are all cov-
ered in Biber et al. book [119]. In turn, in later
chapters, we will discuss the regulation of actin
cytoskeleton during epithelial to mesenchymal
transition (EMT) and intracellular regulation of
actin cytoskeleton-remodelling, - the process-
es, which add up to creating favourable condi-
tions for metastases. It was estimated that up
to 40% of all carcinomas experience the EMT
and employ this feature for motility [120].

Actin dynamics during epithelial to mesenchy-
mal transition

The EMT during cancer is generally associated
with poor prognosis in patients [121]. Since
almost 90% of all cancer-related deaths are
due to metastases [122], many studies now
concentrate on the repression of EMT. The EMT
induces migratory potential and invasiveness
of aberrant cells, which increases the potential
for disease progression and the risk of metas-
tasis [123]. It was proposed that reorganization
of actin dynamics is regulated by the regulatory
proteins such as myosin [124], where during
cancer, an increased cell contractility and actin
stress fibers could be observed [125]. This tight
regulation of actin reorganization during the
EMT is controlled in response to internal (0s-
motic pressure) or external stimuli (growth fac-
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tors). For example, upon signal activation, the
ABPs bind to Rho family of small GTPases,
which are the main regulators of actin dynam-
ics, and thus control cytoskeletal actin rear-
rangement during the EMT [126]. The regula-
tion of EMT can also take place at the transcrip-
tion level. A study by Grzanka et al. showed that
sequence-binding protein 1 (SATB1) and F-actin
complex may be detected in the border between
condensed and decondensed chromatin [127].
The functional value of this complex was sup-
plemented after Wan et al. study, where SATB1
was shown to be overexpressed in bladder
transitional cell carcinoma and other bladder
cancer cell lines, characterised by high metas-
tasis potential [128]. This suggests that SATB1
participates in a control of the progression of
bladder cancer by regulating the genes respon-
sible for the control of the EMT processes.

The plentifulness of research groups in this
specific field of cancer research best indicates
the importance of the EMT-inducing signalling
cascades in cancer cells. Recently, a clinical
study by Peng et al. demonstrated that activa-
tion of actin cytoskeleton remodelling is crucial
for cell density-dependent induction of EMT via
hypoxia-inducible factor (HIF) and Notch signal-
ling in cancer cells [126]. Also, it was shown
that even though hypoxia is able to induce the
HIF signalling, this is not enough to activate the
Notch signalling, which then would induce the
EMT, unless actin cytoskeleton remodelling
would take place at the same time [126]. Most
importantly, targeting the signals that activate
actin cytoskeleton remodelling via actin polym-
erization could inhibit the EMT, and thus pro-
tect from tumour invasion and further metasta-
sis [126].

The ability of cancer cells to metastasize into
other tissues and organs is related to lethality
of the disease. The worst case scenario is very
often observed in colorectal cancer patients
[129]. A recent study, investigating regulatory
protein signalling during the EMT suggested
that cofilin-1 is required for cancer cells to
acquire the EMT morphology, including migra-
tory and invasive phenotype [130]. This is
achieved via tightly-controlled actin cytoskele-
ton organization through the activation of Rh-
0A-LIMK2-cofilin-1 signalling cascade, which
upon activation, impacts the cell-cell adhesion
organization of colon cancer cells during EMT
[130].
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The EMT being a crucial process of cancer pro-
gression, and thus very often determining the
fate of cancer patients, is one of the most wide-
ly studied aspects of cancer metastasis. How-
ever, the functioning cascade of each individual
protein shown to be involved in the regulation
of EMT of cancer cells needs to be studied
extensively for scientists and clinicians to make
a larger image of these tightly controlled pro-
cesses, and to deal with this misfortune of the
humanity.

Actin dynamics during cancer cell adhesion,
migration, and invasion

The EMT plays an important role in develop-
ment, wound healing, and progression of can-
cer. Especially during metastasis, the primary
tumour cells need to invade the surrounding
tissue. To do that, tumour cells must termina-
te cell-cell contacts, remodel cell-extracellular
matrix (ECM) adhesion sites and make its’ way
through the ECM, following chemo attractants
[131].

Upon activation of EMT, epithelial cells experi-
ence dramatic changes in their behaviour: cells
tend to lose their apical-basal polarity, stable
cell-cell adhesions, and most importantly ac-
quire migratory phenotype by reorganizing th-
eir actin cytoskeleton [132]. These processes
allow for directional migration of disseminating
cancer cells. Tumour progression is associated
with the loss of E-cadherin-mediated cell-cell
adhesions and integrin-mediated adhesions
that connect cancer cells to the surrounding
ECM [133]. The main locomotion is driven by
dynamic protrusions at the leading edge of the
migrating epithelial cells [124]. The lamellipo-
dium is one of the main force-generating cellu-
lar structure, where actin is polymerized locally
at the cell front via Arp2/3, and depolymerized
at the back of the lamellipodium by ADF/cofilin
[131]. To hold structured lamellipodium in pla-
ce and prevent withdrawal during migration,
which could arise from actin cortex tension, the
new cell-ECM contacts are prerequisite. Here,
nascent adhesions, requiring myosin Il and
RhoA to further mature into focal adhesions
during lamellipodium extension, are formed
[134]. Next, the matured focal adhesions take
up a role in functioning as anchorage sites for
stress fibers that generate tension. Usually,
stress fibers are directly joined to focal adhe-
sions, connecting the cell to the ECM [133].
For efficient migration, the rear end of the cell
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needs to contract without major obstacles.
Thus, for correct and timely contraction, myosin
aids in sliding anti-parallel actin fibers along
each other, thus creating contractile forces to
contract actin filaments anchored to the ECM
via focal adhesions. In addition, several studies
have revealed an overexpression of RhoA, Racl
and Cdc42 GTPases to be related to the pro-
gression of different cancers [134, 135]. In-
deed, Cdc42 and Rac were shown to coordi-
nate actin polymerisation at the front of the
moving cell [136, 137]. The increase in these
proteins’ expression is linked to a higher migra-
tory phenotype of cancer cells. For example,
the activated Cdc42 leads to a formation of
invadopodia and production of matrix metallo-
proteinases (MMPs) [131], which are absolutely
vital enzymes for degradation of the ECM dur-
ing tumour cells invasion [138]. Thus, the EMT
is considered as a teamster of invasion and
metastatic spread of cancer cells [139]. How-
ever, some cell types do not require lamellipo-
dium and the involvement of Rac or Arp2/3
for the migration and invasion. Instead, they
migrate via filopodia, invadopodia or other for-
min-dependent pseudopodia [137, 140].

Concluding remarks and future perspectives

Our knowledge about actin dynamics during
cell division and its’ dysregulation, leading to
the development of cancer has grown in recent
years. It is now clear that actin participates in a
huge variety of cellular functions, from the per-
spective of this review, most importantly, in the
regulation of cytoskeleton during a very last
step of cell division-cytokinesis. In recent years,
there has been increasing evidence, displaying
connection between the mis regulation of actin
regulatory proteins and prediction of poor clini-
cal prognosis in cancer patients. Even though
the increased cytoskeletal activity is frequently
associated with cancer progression, the expr-
ession of factors responsible for actin polymer-
ization is surprisingly reduced in certain types
of tumours, and thus, it is not always complete-
ly clear how alterations in the expression of
actin regulators contribute to enhancing tu-
morigenesis and inducing metastases. For this
reason, the complex regulation of actin dynam-
ics becomes a huge challenge, when target-
ing of the specific signalling pathway aimed to
inhibit certain cytoskeletal regulators, needs to
be chosen. This particularly concerns the dis-
covery and application of new therapeutic str-
ategies, which in a form of drugs, should be
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appointed as a single agent or a mix of active
substances to jointly maintain the cortical sta-
bility necessary for successful mitosis, while at
the same time ensuring the correct actin levels
in late ICBs of dividing cells. Also, therapies to
prohibit tumour cells from spreading would be
highly significant in preventing cellular motility
at the early stage of the disease. Therefore,
keeping a constant F-actin/G-actin turnover
and inhibiting formation of actin-rich dynamic
protrusions as well as exaggerated cytoskele-
ton plasticity, would add up to reducing the
EMT, overall cancer cell motility and further
metastasis into distant tissues and organs.
Moreover, the actin cytoskeletal machinery in
eukaryotic cells is governed by enormous num-
ber of proteins, very often transducing signals
via multi-step signalling cascades. However,
current approaches of cancer therapy very of-
ten involve targeting of a single gene, molecule,
or molecular signalling pathway alone, where
an expected inhibitory feedback is either not
specific or insignificant. This is because malig-
nant cells can switch to different modes of sig-
nal transduction, which are less reliant on the
protein or molecule being inhibited, and thus
can thrive without being affected. Therefore, a
promising future direction in this field could
involve decoding of the whole set of signalling
cascades and use a combination of inhibitors,
instead of targeting certain key cytoskeletal
regulators.
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