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Abstract—The functions of actin and its motor proteins myosins in the cytoplasm have been the subject of
research for more than 100 years, but the existence and function of these proteins in the nucleus has been a
matter of debate until recently. Recent data has clarified the role of actin and myosin molecules in controlling
the dynamics of processes in the cell nucleus, chromatin organization and genome integrity. New microscopy
techniques and the use of modified actin-binding probes have made it possible for the first time to directly
visualize the polymerization of actin filaments in the nucleus of living cells. Here we discuss the processes that
control the dynamic balance of actin and myosins between the nucleus and the cytoplasm, as well as the role
of these proteins in the regulation of transcription, DNA repair, chromatin reorganization, tumor transfor-
mation and cell differentiation.
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INTRODUCTION
Actin is one of the most conserved proteins of

eukaryotic cells. Six actin isoforms in humans (α-skel-
etal, α-cardiac, α-smooth muscle, γ-smooth muscle,
γ-cytoplasmic and β-cytoplasmic) are encoded by
separate genes [1]. The monomeric form (G-actin)
can reversibly assemble into long microfilaments
(F-actin) under the control of multiple actin-binding
proteins [2]. Actin filaments are one of the three major
components of the cytoskeleton. Together with the
motor proteins myosins actin filaments play the key
role in the control of cell shape and motility, intracel-
lular transport, muscle contraction and organelle
dynamics. It is well known that monomeric actin, as
well as some of the myosins and actin-binding pro-
teins, rapidly shuttles between the cytoplasm and the
nucleus [3, 4], but the functions of these proteins in
the nucleus only became unraveled in the early
twenty-first century when reliable methods to visual-
ize and study the dynamics of nuclear actin and myo-
sin fractions became available [5]. Cytoplasmic
β-actin is the only isoform that is present not only in
the cytoplasm but also in the cell nucleus [6]. Among
myosins, the main proteins present in the nucleus are
myosin I (three isoforms), non-muscle myosins IIa,
IIB, myosins V, X, XVI and XVIIIB [7, 8].

Recent data have shown that actin and myosins of
the nucleus usually do not usually form actomyosin

complexes as in the cytoplasm [9], but play an import-
ant role in all fundamental nuclear processes, from
gene expression to DNA repair [10–12]. The dynamic
spatial organization of the cell nucleus has now
become a key issue in cell biology [13]. The actin fila-
ments and myosins of the nucleus are considered to be
ideal candidates for the role of key players of the
dynamic nuclear matrix that control the topology of
nuclear domains and their movement within the
nucleus. Actin monomers in the nucleus, as well as
individual myosin molecules play important roles as
signaling molecules or cofactors [14, 15] (e.g. in the
allosteric control of chromatin remodeling com-
plexes). Actin polymers in the nucleus, together with
non-muscle myosins, are involved in the movement of
chromosomes over relatively long (over 500 nm) dis-
tances [16], which is essential for the correct spatial
organization of DNA repair processes [17]. They are
also involved in cell cycle control [10] and determine
the gene expression profile during mammalian onto-
genesis [18] (Fig. 1).

Actin filaments located in the cytoplasm around
the nucleus also play an important role in determining
the gene expression profile. These structures are one
of the key components of the mechanotransduction
cascade, which transfers signals from the cytoskeleton
to the cell nucleus and changes the expression of genes
controlling differentiation, proliferation and pro-
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Fig. 1. Functions of actin and myosins in the cell nucleus. Myosin 1C and myosin VI are depicted as the example of nuclear myo-
sins, β-actin is the major isoform of actin in the nucleus.
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grammed death in response to external stimuli. The
transmission of signals from the cytoplasm to the
nucleus occurs through the LINC complexes (linker
of nucleoskeleton to cytoskeleton), which mechani-
cally connect the cytoskeleton and chromatin through
the nuclear envelope [19]. Altered gene expression
after nucleus deformation and disruption of the LINC
complex are critical for many diseases associated with
defects in nuclear envelope structure [20]. Here we
review the role of actin and myosin molecules in tran-
scription, chromatin dynamics, DNA repair, response
to mechanical stimuli, cell cycle, and provide some
data on the role of nuclear actin and myosins in tumor
transformation (Table 1).

NUCLEAR-CYTOPLASMIC TRANSPORT
OF ACTIN AND MYOSINS

The pool of actin monomers shuttles in dynamic
equilibrium between the nucleus and cytoplasm. In
the classical model of nuclear-cytoplasmic transport
dependent on the GTP/GDP gradient and the Ran
GTPase, import of actin monomers into the nucleus
occurs mainly via importin 9 and export via exportin 6
[3, 21, 22].

In order to enter the nucleus, actin binds to cofilin,
as actin itself lacks a nuclear localization signal [23,
24]. Numerous proteins that can interact with cofilin
determine its ability to bind to actin and the rate at
which actin nuclear import [25].

Recently, it was reported that several importins
(Ipo9, Cadmus, Moleskin, RanBP11, Tnpo, Tnpo-
SR) are simultaneously responsible for actin import.
To significantly reduce the concentration of nuclear
actin, which affects the viability of developing Dro-
sophila larvae, it is necessary to simultaneously insert
an effective nuclear export signal into actin molecules
and switch off the expression of at least one importin
(Ipo9 or RanBP9) [26]. Increased actin concentration
in the nucleus is generally associated with high levels
of transcription [27]. Moreover, in direct experiments,
β-actin itself has been shown to be an effective regula-
MOLECULAR BIOLOGY  2024
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Table 1. Major functions of actin and myosins in the nucleus

Function Polymer/monomer, isoform References

Interaction with RNA polymerases Isoform B of myosin 1C, myosin VI/β-actin monomers,
possible oligomers of β-actin

 [1]
 [9]

 [44–48]
Control of nuclear domain motility Myosin 1C isoform B/Possible β-actin polymers  [49–52]
Epigenetic regulation of gene expression Polymers of β-actin/isoform B of myosin 1C  [53]

 [54]
DNA repair Polymers of β-actin/myosin V, myosin 1C, myosin 1A  [12]

 [55]
 [56]

Cell cycle regulation Polymers of β-actin/isoform B of myosin 1C  [10]
 [57]
 [58]

Tumor transformation Myosin 1C, myosin V, myosin X  [59–62]
tor of its transcription in response to serum stimula-
tion [28].

Actin export from the nucleus is also controlled by
several mechanisms. Although the amino acid
sequence of actin contains a signal to exit the nucleus
(NES), the formation of a complex with profilin is
necessary for efficient actin export [22]. Another
important regulator of nuclear actin is isoform A of the
Ras association domain family 1 (RASSF1A) [29], a
tumor suppressor that localizes to the nuclear enve-
lope and is required for nuclear actin export in com-
plex with exportin 6 and profilin. RASSF1A expres-
sion is decreased in many solid tumors, and RASSF1A
downregulation correlates with increased nuclear β-
actin concentration and slowed MRTF/SRF tran-
scription [29].

In general, actin concentration in the nucleus is
many times lower than in the cytoplasm цитоплазме
[3, 22, 30, 31], and its polymerization in the nucleus
depends on actin-binding proteins [31].

The mechanisms of myosin import into the
nucleus depend on its class. The mechanisms of
nuclear-cytoplasmic transport for myosin 1C are most
well studied. Myosin 1C has a common for all its iso-
forms NLS-sequence in the “neck” (second IQ
motif). Importins 5, 7 and β1 are presumably involved
in the canonical nuclear transport of myosin 1C; how-
ever, most of the transport of this protein is indepen-
dent of Ran GTPase and occurs through a non-
canonical pathway [32]. Calcium plays a crucial role
in the regulation of intracellular localization of myosin
1C, an increase in calcium concentration leads to the
activation of myosin 1C import into the nucleus [33].
At the same time, calmodulin, to which myosin neck
binds at low calcium ions concentration [34], inhibits
nuclear transport of the protein [32]. The authors sug-
gest that increasing [Ca2+] concentration causes the
dissociation of calmodulin from myosin neck 1C, not
MOLECULAR BIOLOGY  2024
only increasing the activity of the protein as an ATPase
and inhibiting its mobility [32], but also stimulating
the transport of this protein into the nucleus, probably
through the exposure of NLS required for binding to
importins. Since calmodulin alters the motor activity
of myosin 1C [35] and is itself imported into the
nucleus via a facilitated pathway [36], analysis of the
role of [Ca2+] in the regulation of intranuclear myosins
seems to be an extremely promising perspective.

Myosin 1C binds to the membrane through the PH
domain (pleckstrin homology domain), i.e. it acts as a
peripheral membrane protein. Binding to the
membrane is regulated through phosphatidylinositol
4,5-biphosphate [37]. It has been suggested that this
form of myosin uses a non-canonical pathway for
import through the fusion of nuclear envelope with
ER, which is common feature of inner nuclear mem-
brane proteins [38], and mutations in the NLS-
sequence result in impaired nuclear import not
through nuclear pores but through impaired interac-
tion with membrane phospholipids. Finally, using
point amino acid substitutions, it was shown that the
import of myosin 1C into the nucleus really depends
solely on its binding to phosphoinositol, and the
nuclear localization signal just facilitates this interac-
tion but does not affects import itself [39].

FRAP experiments demonstrated that myosin
import proceeds slower than actin import, which
depends on cofilin and importins [39]. Given that
active transport is insensitive to the molecular mass of
the transported proteins, the difference in speed can
be explained by different mechanisms of intranuclear
import. The same authors, using the FLIP method
showed that there is a nuclear fraction of myosin 1C
immobilized on chromatin (up to 50% of the mole-
cules) that does not escape into the cytoplasm.

Миозины VI and XVI, apparently, are transported
to the nucleus by canonical mechanism using NLS. In
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myosin VI, several predicted NLSs in different
domains have been described. One of these sequences
is located in the IQ motif, suggesting a Ca2+-depen-
dent transport mechanism for this myosin [40]. Accu-
mulation of myosin VI occurs in the nucleus in
response to potassium ion (K+) stimulation in pheo-
chromocytoma cells [40], or serum stimulation in
HeLa cells [41]. Transport of myosin VI into neuronal
cell nuclei requires the formation of its complex with
the regulatory protein muskelin and transport to the
perinuclear region via microtubules by dynein (minus-
end motor) [42]. Myosin XVI has NLS in the tail
domain and shuttles to the nucleus by the canonical
Ran-dependent mechanism, and colocalizes in the
nucleus with actin and cofilin [43]. For other myosins,
the mechanisms of nuclear-cytoplasmic transport still
have to be elucidated.

ACTIN AND MYOSINS IN THE NUCLEUS

Nucleus contains about 20% of all cellular actin,
and the nuclear and cytoplasmic actin fractions are in
dynamic equilibrium.

The volume of the nuclear actin fraction is directly
related to the rate of transcription [3, 22]. The ratio of
nuclear to cytoplasmic actin is evaluated using the
monomeric actin sensor MRTF-A (also known as
MKL1 or MAL) [63]. In its normal state, this mole-
cule is bound to the actin monomer in the cytoplasm,
which screens its NLS and prohibits entry into the
nucleus [64]. Under serum stimulation or when
mechanical tension is applied to stimulate actin
polymerization in the cytoplasm, the amount of
monomeric actin in the cytoplasm is reduced, result-
ing in increase of free MRTF-A molecules [65].
Unbound MRTF-A molecules accumulate in the
nucleus where they bind to the SRF transcription fac-
tor and trigger transcription of MRTF/SRF-depen-
dent early response genes associated with cytoskeletal
rearrangements [66]. Whole-genome analysis has
shown that SRF has approximately 3100 binding
regions in mammalian cells and triggers the transcrip-
tion of 960 early response genes [67]. These genes
include genes encoding different actin isoforms.

Monomeric actin in the nucleus is a part of DNA-
remodeling complexes such as PBAF [68, 69] INO80
[70] and SWR1 [71]. Intranuclear actin is required for
transcription and mRNA processing [72] and, along
with the actin-related proteins (ARF) family, is
involved in post-translational modification of histones
[73, 74]. Knockout of β-actin in mouse fibroblasts
leads to an increase in the fraction of trimethylated
histones H3 (H3K9Me3 and H3K4Me3 variants),
their redistribution from the nuclear envelope to the
interior of the nucleus, and an overall increase in
nucleus size [75].

For quite a long time, actin was thought to be pres-
ent in the nucleus only in the form of monomers,
either in a specific conformation or polymerizing only
under specific conditions [31, 76]. The use of new
probes has allowed to show that actin is indeed able to
polymerize in the nucleus. Using a probe based on the
known actin-binding protein utrophin UTR230-EN,
short actin polymers were visualized in chromatin-
depleted regions of the nucleus [11]. The use of a pep-
tide probe to nuclear actin (nuclear-targeted LifeAct)
and nanoantibodies allowed to visualize short-term
actin polymerization in the nucleus that occurs in
response to cell stimulation with serum [53], or in
response to integrin binding during cell spreading [77].
In both cases, actin polymerization occurs under the
control of mDia1/2 formins and requires the involve-
ment of MRTF-A, which in turn regulates the activity
of the SRF transcription factor [63]. The activation of
the LINC complex and nuclear lamina components is
also required for actin polymerization in the nucleus
during cell spreading, i.e. in this case the nuclear actin
polymerization is the last component of the mechano-
transduction cascade triggered by focal adhesions in
response to cell stretching on the substrate. Interest-
ingly, short-term polymerization of nuclear actin in
the form of long filaments without increasing its con-
centration in the nucleoplasm can be observed in the
early G1 phase of the cell cycle, which seems to be
required for chromatin decondensation after mitosis
[10], or for the possible involvement of actin filaments
in the initial stages of preparation for DNA replication
[57]. It is still unclear whether actin monomers or
polymers in the nucleus interact with myosins.

TRANSCRIPTION
Actin can interact with all three eukaryotic RNA

polymerases, and this interaction involves the con-
served subunits Rbp6 and Rbp8 [78]. Actin activates
RNA polymerases in order to maintain basal level of
transcription [79] and is also required for RNA poly-
merase II to function at various stages of transcription
[44, 46, 72, 80, 81]. Direct binding of actin to RNA
polymerase complexes has been shown in a large num-
ber of studies [9, 44–46, 82]. Interestingly, in the case
of RNA polymerase II, actin can bind to both active
and inactive variants of the complex [44, 46].

Intranuclear actin binds to RNA polymerases
through different cofactors [83], which allows its
effective concentration to be kept relatively low. The
interaction of non-muscle myosin 1C with actin in
complex with RNA polymerase II is thought to be
required for transcription activation [84]. The synthe-
sis of β-actin in response to extracellular stimuli is also
a key link in the assembly and regulation of the tran-
scription factor complexes. Using the method of selec-
tive depolymerization of actin in the nucleus (the
dominant active mutant form of actin G13 was conju-
gated to the nuclear localization signal and overex-
pressed), it was shown that nuclear actin is required for
the rapid formation of short-lived RNA polymerase II
MOLECULAR BIOLOGY  2024
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clusters, which provide explosive activation of tran-
scription [79].

The function of actin oligomers could be also
related to the assembly and disassembly of RNPs at
translation sites [47]. Mass spectrometry data demon-
strating that actin dynamically binds to proteins
involved in pre-initiation and elongation processes as
well as pre-mRNA processing, support this hypothesis
[85].

To date, it remains unclear whether actin partici-
pates in transcription processes as a monomer or
whether it requires polymerization. In cells with
reduced concentration of nuclear actin, the rate of
transcription is reduced and can be restored not only
by wild-type actin but also by mutant actin-R62D,
which cannot polymerize [86]. This result is opposite
to the experiments on MEF cells with β-actin knock-
out, where actin-R62D does not restore rRNA syn-
thesis, in contrast to wild-type actin [87]. Interest-
ingly, the interaction with transcription factors has
also been described for regulatory proteins that control
actin polymerization, such as Arp2/3 [88] and its acti-
vators N-WASP [89], WAVE1 [90] and WASH [91]. In
addition to actin, nuclear myosins, in particular myo-
sin IC and myosin VI, are required for all steps of tran-
scription. Myosin IC is a part of complexes with all
three RNA polymerases [44], whereas myosin VI
interacts only with RNA polymerase II [1]. Myosin IC
is also a part of the chromatin-remodelling
SNF2h/WSTF complex, which is involved in nucleo-
some relocation required for the initiation of tran-
scription by RNA polymerase I [92] and RNA poly-
merase II [93]. In addition, myosin 1C is involved in
the binding of histone acetyltransferase PCAF and
methyltransferase Set1/Ash2 which support acetyla-
tion of H3K9a and trimethylation of H3K4 required
for active transcription [93].

Myosin VI, together with the cofactor NDP52, is
a part of complexes with RNA polymerase II and par-
ticipates in mRNA transcription [94, 95]. When myo-
sin VI is inhibited in in vitro and in vivo systems, tran-
scription levels of a number of genes drop fourfold or
more [96]. Myosin VI has several specific functions,
for example, in in TH1 cells, where it mediates the
transition of the RNA polymerase II complex from
pausing to elongation through re-stimulation of TNF
allele expression [97]. Recent work by Gupta et al. [48]
has directly demonstrated that myosin VI in the
nucleus functions as a molecular anchor that keeps
RNA polymerase II in region of active transcription,
and inactivation or repression of myosin VI expression
leads to changes in RNA polymerase II localization
and total chromatin rearrangement. These data sug-
gest that myosin VI starts to function when the gene
expression profile changes, which is indirectly con-
firmed by the overexpression of this protein in some
tumor types, where it triggers the expression of tumor-
specific genes [98, 99].
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Given that myosin IC and myosin VI bind to RNA
polymerase II complexes, the interesting question is
whether these proteins are complementary or compet-
ing. In experiments with alteration of the expression
level of nuclear myosins, myosin IC knockdown was
shown to have no effect on the rate of transcription in
U2OS cells [94]. Myosin VI knockdown also does not
completely stop transcription [100], which suggests at
least partial interchangeability of myosins for different
stages of the transcription process.

CHROMATIN DYNAMICS

Chromatin in the nucleus permanently moves on
short (less than 0.2 μm) and less frequently long
(greater than 0.5 μm) distances [16]. Large chromatin
movements are associated with global chromatin reor-
ganization during cell differentiation and also precede
DNA repair [101, 102]. In addition to their direct
involvement in transcription regulation, actin fila-
ments and myosin molecules also maintain the overall
genome architecture by moving chromatin regions
and even entire chromosomes over distances of up to
several microns. Examples include the migration of
chromosomes from the periphery to the center of the
nucleus upon activation of transcription at their sites
[52]; movement of the U2 snRNA locus to Cajal’s
bodies [49], movement of the hsp70 protein to nuclear
speckles upon induction of heat shock [51] and chro-
mosome relocalization upon serum starvation [50].
Immunoprecipitation and deep sequencing experi-
ments have shown that actin binding sites are scattered
throughout the human and drosophila genome [87,
103].

The involvement of nuclear actin polymerization
in long-distance chromatin transport is supported by a
number of experiments using inhibitors of actin
polymerization [52], as well as by the expression of
polymerization-incapable mutant forms of this pro-
tein [49, 51, 52, 66].

In fibroblasts with knock-out of β-actin gene, the
overall architecture of heterochromatin is disrupted,
the size of the nucleus is reduced, and the gene expres-
sion profile is altered [75]. Later studies have directly
demonstrated the involvement of actin and myosin 1C
in chromosome rearrangements in the interphase
nucleus. Upon transcription activation in S. cerevisiae
cells, the INO1 locus moves from the center of the
nucleus to the periphery by directional movement over
relatively long distances (over 500 nm). This move-
ment depends on the chromatin-remodeling proteins
INO80 and SWR, as well as on proteins that trigger
actin polymerization, such as the formin homologue
Bnr1, which are probably required for the creation of a
pool of short actin filaments in the nucleus [16].
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DNA DAMAGE REPAIR
DNA damage repair is another process where

nuclear actin and myosins are involved. In this case
actin and myosins enable chromosomes to move rela-
tively long distances to form “repair factories” [101,
103].

The first evidence for the potential involvement of
F-actin in the repair of DNA double-strand breaks
was obtained in vitro in co-precipitation experiments
of nuclear extracts with purified polymeric actin,
where DNA repair proteins including Ku80, Mre11
and Rad51 were shown to bind to actin [104, 105].

In Drosophila melanogaster cells actin polymeriza-
tion in the nucleus was visualized upon the induction
of DNA double-strand breaks. In this case, chromatin
with DSBs moves directionally towards repair sites,
and this movement occurs through a network of actin
filaments that are assembled by Arp 2/3 in the vicinity
of repair complexes [56]. The motors that move chro-
matin are nuclear myosins 1A, 1B and myosin V
together with its activator Unc45, which arrives at
repair sites via the chromosome structural support
protein Smc5/6 [56].

In mammalian cells, the mechanism of actin par-
ticipation in DNA repair processes is much more
complicated. If double-strand breaks occur in actively
transcribed genes, they are first assembled into clus-
ters, and repair only occurs by the mechanism of
homologous recombination. This process occurs pre-
dominantly in G1 phase and depends on the activity of
the MRN complex, formin 2 (FMN2) and LINC
complex [55]. In the case of breaks in the G2 phase, an
Arp 2/3-dependent actin polymerization process is
activated, which promotes the movement of damaged
DNA into clusters, which also ensures their repair by
the mechanism of homologous recombination (HDR)
instead of the more common mechanism of non-
homologous end joining (NHEJ) [106].

Induction of DNA double-strand breaks by cispla-
tin leads to myosin 1C overexpression and its binding
to chromatin, and knockdown of all three myosin 1C
isoforms results in chromosome movement arrest
[107]. Myosin 1C also acts as a motor in repairing
double-stranded breaks by homology-directed DNA
repair (HDR), when homologous chromosomes need
to come into contact to create a template for repair
[108]. Thus, nuclear actin and myosins play an
important role in inducing a homologous recombina-
tion mechanism to repair DNA double-strand breaks
by inhibiting non-homologous joining of DNA ends,
ensuring greater fidelity in the repair process.

TUMOR TRANSFORMATION
Overexpression of nuclear myosins is known to be

a characteristic feature of some tumor types [109]. The
main model where overexpression of nuclear myosins
has been described is prostate cancer cells, which are
characterized by both hyperexpression of myosin VI
and hyperexpression of myosin 1C isoform A. Nuclear
myosin VI in prostate cancer cells controls androgen
receptor expression [110]. Knockdown of myosin VI
results in decreased expression levels of a number of
androgen-dependent genes, and the same pattern
holds true for breast cancer cells, where knockdown of
the MYOVI gene resulted in reduced expression levels
of estrogen receptor-dependent genes [94].

Isoform A of myosin 1C, which, unlike the other
two isoforms of this protein, is tissue-specific, is
expressed in normal kidney, adrenal, pancreatic and
ovarian tissue [111]. We have showed that it is possible
to detect an increase in the mRNA expression level of
this isoform even at a ratio of normal and tumor pros-
tate cells of 1 : 1000, which allows makes it a promising
diagnostic marker of prostate cancer even in samples
with a small number of cells or in samples with a large
amount of stromal component [102]. We have also
shown that the expression level of isoform A is elevated
in clinical prostate cancer samples and allows us to
reliably distinguish not only tumor from reactive
benign prostatic hyperplasia, but also tumor stages
from each other, which opens new perspectives in the
use of this isoform as a diagnostic and prognostic
marker [59]. Other nuclear myosins are also involved
in oncogenesis: for example, myosin V (MYO5A)
overexpression has been shown to be associated with
colorectal cancer [60], and myosin X overexpression is
characteristic of breast cancer cells [61, 62]. On the
other hand, nuclear myosins may, on the contrary, act
as tumor suppressors. This phenomenon has been
described for myosin XVIII in colorectal cancer [112]
and non-muscle myosin IIA in various squamous cell
carcinomas [113].

The processes occurring inside the nucleus also
depend on its morphology and position in the cell.
Examples of this interaction include epithelial cell
division, which can only occur after translocation of
the nucleus to the apical surface of the cell, and vari-
ous differentiation processes in which changes in gene
expression profile occur in response to changes in the
morphology of the nucleus. The morphology and
position of the nucleus in the cell also depends on
actin filaments, which form special perinuclear struc-
tures—perinuclear cap and TAN lines.

MORPHOLOGY OF PERINUCLEAR ACTIN
A special network of actin filaments around the

nucleus is organized into structures that link the cyto-
skeleton in the cytoplasm and chromatin in the
nucleus. The first structure is transmembrane actin-
associated nuclear lines (TAN lines). These are thin,
non-contractile actin filaments around the nucleus
that are connected to the inner nuclear membrane via
the LINC complex. TAN lines interact with many
proteins, including torsin A, emerin, Samp1, SUN1,
lamins, LAP1, fascin and nuclear pore proteins [114–
MOLECULAR BIOLOGY  2024
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117]. Torzin A and LAP1 bind lamins, SUN1 and
nesprin-2G on the nucleus side, whereas FHOD1 and
fascin localize to the cytoplasmic side of the nuclear
envelope and work as adaptors for binding nesprin-2G
to actin [115, 118].

The second structure formed by perinuclear actin
is the perinuclear actin cap. The actin cap differs from
TAN-lines by the presence of phosphorylated myosin
and its ability to contract. In fibroblasts and endothe-
lial cells, perinuclear actin cap filaments extend along
the long axis of the cell and orient the nucleus towards
the direction of cell migration. Such filaments are
connected to the nuclear envelope via nesprin-2 and
are associated with focal adhesions at each end [119–
121]. The perinuclear actin cap can also be seen in 3D
culture, such as in mammary epithelial cells, where
nuclei have deep invaginations at sites where actin fil-
aments attach to the nuclear envelope [122]. The orga-
nization of the perinuclear actin cap requires the coor-
dinated interaction of multiple proteins, the key ones
being filamin A and refilin B [123]. The filamin-refilin
axis is particularly important for signaling pathway
leading to cell shape change during skeletal tissue for-
mation [124]. The interaction of its adaptor proteins
with nuclear laminin proteins also appears to be
required for actin cap formation, as cells with laminin
A/C knockout do not form an actin cap [121]. The
perinuclear actin cap appears to play a key role in
mechanochemical pathways. It remains unclear
whether TAN-lines and the perinuclear actin cap are
derived from the same structure and whether they
share common regulatory proteins.

PERINUCLEAR ACTIN STRUCTURES ARE 
INVOLVED IN THE DETERMINATION 

OF FORM AND LOCALIZATION OF THE CELL 
NUCLEUS

During migration within the organism cells often
have to change their shape to elongate and contract.
Common examples of cells forced to migrate in a nar-
row space are neutrophils crawling through endothe-
lial and epithelial barriers and tumor cells in the pro-
cess of metastasis. If a cell needs to migrate in a narrow
channel, its nucleus must be deformed. There are two
mechanisms of nucleus pushing: in the LINC-depen-
dent mechanism, fibroblasts compress their nucleus
by actomyosin contraction at the leading edge of the
cell, pushing it through the narrow site. In this case,
nesprin 2 accumulates in front of the nucleus and
coordinates the formation of a barrel-like structure of
actin filaments that compresses the nucleus and
pushes it through [125]. In the case of the LINC-inde-
pendent mechanism, actomyosin contraction occurs
at the posterior edge of the cell, resulting in the
nucleus also being pushed forward, but in this case,
there is no contraction of actin structures around the
nucleus [126].
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If a local force in the form of stretching or shearing
is applied to the cell, a very rapid reorganization of the
perinuclear actin forming the ring can be seen in
response. This process, described at least in epithelial
cells, depends on the operation of the inf2 (inverted
formin2) protein and is called CAAR (calcium-medi-
ated actin reset) [127, 128]. It can be triggered through
the release of calcium ions from the ER into the cyto-
plasm via a Piezo-1 dependent mechanism [128]. In
endothelial cells, the rearrangement of actin around
the nucleus depends on emerin and is initiated by the
redeployment of this protein from the inner nuclear
membrane to the outer membrane [129]. This cellular
response leads to a reduction in the amount of heter-
ochromatin and a rapid decrease in nucleus rigidity,
which can be seen as a way to protect the genome from
mechanical damage [128]. On the other hand, rapid
cyclic stretch-compression of mesenchymal stem
cells, in contrast, leads to dissociation of the nucleus
and cytoplasmic cytoskeleton through suppression of
transcription and phosphorylation of SUN2, a key
component of the LINC complex [130]. It is still diffi-
cult analyze all the processes that occur in the nucleus
itself in response to mechanical stretching/compres-
sion, but it is clear that most of them involve rear-
rangement of actomyosin complexes.

Another important function of the actin filament
network is to determine the correct position of the cell
nucleus according to the current physiological state. A
striking example of this function is the movement of
nuclei in pseudostratified epithelial cells, where mito-
sis is possible only if the nucleus moves from the basal
part of the cell to the apical part with the help of stress
fibrils. Another example of cells in which the position
of the nucleus depends on actomyosin contraction are
retinal photoreceptors and Danio rerio hindbrain cells
[131, 132]. Nucleus movement in hindbrain cells
depends on activation of the RhoA-ROCK-kinase
cascade, whereas in the retina, nucleation of actin fil-
aments by formin-like protein 3 (formin 3) plays a
leading role [133, 134]. In both cases, a network of
polymerizing actin filaments pushes the nucleus
towards the apical surface of the cell. A similar mech-
anism drives nucleus movement in wing embryo cells
in D. melanogaster, where Diaphanos (an orthologue
of the mDia protein) and ROK (myosin activator)
proteins participate in pushing the nucleus towards the
apical surface [135]. Oscillation of nuclei between the
apical and basal cell surface has also been described in
a mouse retinal photocyte model [136].

In multinucleated muscle cells in the process of
myofibril formation there is movement of nuclei from
the center of the cell to the periphery. In this case,
actin filaments stimulate the formation of desmin
cross-links, which constrict myofibrils and help push-
ing the nuclei towards the cell periphery [137, 138]. In
Drosophila melanogaster “nurse” cells of the growing
oocyte, actin stress fibrils bind to perinuclear actin
structures and, with the help of the Cheerio protein
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(an orthologue of filamin A), anchor the nucleus, pre-
venting it from blocking the ring channels that feed the
oocyte [139].

Nucleus positioning in cells is an active process,
and is regulated through a system of microtubules and
microfilaments. The nuclear envelope is linked to
microtubules by dynein and to microfilaments by the
LINC complex, which includes SUN proteins (or
their orthologues) bound to the inner nuclear mem-
brane and KASH proteins bound to the outer nuclear
membrane [140].

In fibroblasts spread on the substrate, nucleus dis-
placement is associated with retrograde actin f low,
and nucleus backward displacement is achieved
through stimulation of actomyosin contraction by
cdc42/MRCK. Interestingly, during the mutual reori-
entation of the nucleus and centrosome, the latter
must remain sedentary with the help of microtubule
system [141]. The process of nucleus displacement
starts with the tension of transmembrane actin-associ-
ated filaments (TANs) that ensure retrograde dis-
placement of the nucleus [114–117]. Thus, a scheme
has been proposed for fibroblasts whereby compo-
nents of the TAN-line complex, together with the
inner nuclear membrane protein SUN2, are responsi-
ble for backward movement of the nucleus, whereas
forward movement of the nucleus along the direction
of cell movement depends on the operation of micro-
tubule motors and the SUN1 protein [141]. In both
cases, the nesprin-2G protein acts as a central adaptor
element to link the cytoskeleton to the inner nuclear
membrane (with SUN proteins).

PROBLEMS AND PERSPECTIVES

Over the last 20 years, the new data on actin and
myosins in the cell nucleus, their localizations and
functions in normal and tumor cells has been accumu-
lated. Summarizing the state of art, it should be noted
that the functions of actin and myosin molecules in
the nucleus appear to be quite different from those of
these proteins in the cytoplasm and are often not
related to mechanical work. The question of whether
the interaction of actin filaments and myosin motors is
necessary for specific nuclear functions is of great
interest. So far, there are no direct observations prov-
ing the presence of actomyosin complexes in the
nucleus similar to those formed in the cytoplasm. It
remains unclear whether myosin molecules, without
the participation of polymeric and monomeric actin,
can perform specific functions in transcription and
chromosome movement, and whether myosins in the
nucleus can function as signalling molecules.

Another problem to be solved is to find new meth-
ods to elucidate the functions of nuclear myosins. In
this case, genetic knockdown and knockout methods
do not provide definite results because the different
forms of myosins in the nucleus at least partially com-
pensate for each other. In addition, knock-
down/knockout or inhibition of myosin molecules
only in the nucleus without affecting the cytoplasmic
fraction of the protein has not yet been possible.

Mutations associated with abnormalities in the
structure and function of intranuclear actin/myosins
underlie some hereditary myopathies and neuropa-
thies. In particular, the appearance of long filamen-
tous filaments in the nucleus has been shown for
nemaline myopathy [142] and Hungtington’s disease,
where abnormal expression of huntingtin appears to
stabilize such filaments [143]. In addition, the appear-
ance of stable actin filaments in the nucleus has been
described for aging neurons [144]. It is unclear
whether the appearance of such structures is related to
the cause of diseases or is rather a consequence of
them, but in this case it is obvious that the functions of
actin filaments in the nucleus are not related to cell
contractility but to transcription and chromatin
dynamics, and the study of the mechanisms of their
formation and role in the cell will help to shed light on
the pathogenesis of many diseases.

Therefore, a detailed analysis of the dynamic equi-
librium of these proteins between the nucleus and
cytoplasm in normal and pathological processes
remains the most promising direction for the study of
actin and myosin functions.

ABBREVIATIONS

LINC, linker of nucleoskeleton to cytoskeleton; NLS,
nuclear localization signal; NES, nuclear export signal;
CAAR, calcium-mediated actin reset; FRAP, f luorescence
recovery after photobleaching; FLIP, f luorescence loss in
photobleaching; TANs, transmembrane actin-associated
filaments.
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