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ABSTRACT (English)
Human MYO1C gene encodes three myosin 1c (Myo1c) isoforms which differ only at
their N-ends. Interestingly, all three isoforms localize to the nucleus and also to the
cytoplasm, where they are anchored to the plasma membrane by the interaction with
phosphatidyl inositol-4,5-bisphosphate (PIP2). However, studies reporting functional
involvement of these isoforms are inconsistent. While the shortest isoform C (Myo1c-isoC)
has been implicated exclusively in the cytoplasmic processes, the longer isoform B (termed
the nuclear myosin 1, NM1) has been employed in the nuclear and processes, such as DNA
transcription and rRNA maturation. Similarly, the longest isoform A (Myo1c-isoA) exerts its
functions in the nucleus solely.
To complete the information on the cellular functions of Myo1c isoforms, we
searched for the cytoplasmic functions of NM1 and nuclear functions of Myo1c-isoC. In
mouse, only two isoforms (NM1 and Myo1c-isoC) are expressed. We prepared the knock-out
mouse (KO) which lacks specifically NM1 while retaining Myo1c-isoC unchanged.
Surprisingly, this manifested in no phenotype observed. Since we demonstrated that even
Myo1c-isoC acts in the transcription in the similar manner as NM1, it suggests that Myo1cisoC functionally overlap with NM1 in the nuclear functions.
Besides its localization to the plasma membrane, PIP2 is also present in the nucleus
where it modulates transcription and splicing. We found that nuclear PIP2 anchors NM1 and
Myo1c into nuclear lipo-protein microdomains. Moreover, only the NM1/Myo1c-isoC-PIP2
complex is transcriptionally active in comparison to NM1/Myo1c-isoC alone.
Our results reveal that both NM1 and Myo1c-isoC are enriched at the plasma
membrane. Skin fibroblasts derived from NM1 KO mouse show higher tolerance to
hypotonic conditions and increased elasticity of plasma membrane. This observation
highlights that NM1 serves as a link between the plasma membrane and cytoskeleton,
similarly as Myo1c-isoC.
Myosins require actin filaments as a track along which they slide. However, the form
that actin bears in the nucleus remains elusive. After the ectopic expression of -actin fused
to nuclear localization signal, we observed formation of actin bundles in the nucleus. When
we check their localization with respect to NM1, we found no overlap. We concluded that
actin is able to form filaments in the nucleus; however their generation affects cellular
processes such as transcription and mitosis.
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ABSTRACT (Czech)
Gen pro lidský MYO1C kóduje tři izoformy myosinu 1c (Myo1c), které se liší pouze na
N-konci. Všechny tři izoformy se nacházejí v buněčném jádře a také v cytoplazmě, kde jsou
ukotveny k plazmatické membráně přes fosfatidylinositol-4,5-bisfosfát (PIP2). Studie
popisující funkce jednotlivých izoforem ale nejsou konzistentní. Zatímco nejkratší izoforma C
(Myo1c-isoC) je zapojena do procesů probíhajících v cytoplazmě, delší izoforma B (nazývaná
též jaderný myosin 1, NM1) je spojována pouze s jadernými procesy jako je transkripce DNA
a zrání rRNA. Podobně i izoforma A (Myo1c-isoA) byla popsána pouze v jaderných procesech.
Abychom sestavili kompletní obraz o funkcích izoforem Myo1c v buňce, hledali jsme i
cytoplazmatické funkce NM1 a naopak i jaderné funkce Myo1c-isoC. V myši jsou
exprimovány pouze dvě izoformy, a to NM1 and Myo1c-isoC. Podařilo se nám připravit myš,
která obsahuje specifickou deleci genu pro NM1 (KO), zatímco Myo1c-isoC zůstala
zachována. Delece NM1 se neprojevila žádným fenotypem. Jelikož jsme ukázali, že i Myo1cisoC je zapojen do transkripce stejným způsobem jako NM1, došli jsme k závěru, že Myo1cisoC a NM1 mají stejné funkce v jaderných procesech.
Kromě plazmatické membrány se PIP2 nachází i uvnitř jádra, kde moduluje transkripci
a sestřih. Zjistili jsme, že PIP2 v jádře kotví NM1 a Myo1c-isoC do lipoproteinových
mikrodomén. Navíc je tato interakce potřebná pro zapojení NM1/Myo1c-isoC do transkripce.
Naše výsledky ukazují, že jak NM1, tak Myo1c-isoC se hromadí na plazmatické
membráně. Fibroblasty derivované z KO myši vykazují vyšší schopnost odolat hypotonickému
prostředí a také mají více elastickou plazmatickou membránu. Tyto výsledky ukazují, že NM1
podobně jako Myo1c-isoC propojuje cytoskelet s plazmatickou membránou.
Myosiny využívají aktinová vlákna jako koleje, podél nichž se posunují. Forma
jaderného aktinu (polymery, oligomery apod.) ovšem není zcela jasná. Po exogenní expresi
-aktinu fúzovaného s jaderným lokalizačním signálem jsme zaznamenali vznik svazků
jaderných vláken aktinu. NM1 se ovšem nelokalizoval na tato vlákna. Naše výsledky ukazují,
že aktin je schopen vytvářet vlákna v buněčném jádře, avšak tato vlákna ovlivňují buněčné
procesy jako je transkripce nebo mitóza.
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1. INTRODUCTION
1.1 Myosin superfamily
Myosins are molecules that can carry various cargos along the actin filament in an
ATP-dependent manner. A tail of myosin binds cargo, whereas a head or motor domain
dissociates from the actin upon ATP binding. In response to ATP hydrolysis and release of
ADP, the motor domain attaches to the actin filament and performs a power stroke. During
this process, it moves a cargo bound to the tail along the actin filament (Fig. 1).

Fig. 1 Myosin working cycle. Myosin molecule (dark green) is bound to a cargo (light green) by its
tail (wavy line) and to the actin filament (pink) by its head (globular dark green). Figure is taken
from Alberts 2009.

Based on the comparative genomic analysis of the motor domains, myosins can be
divided into 35 classes (Fig. 2; Odronitz and Kollmar 2007). Across the species, the biggest
group is the class 2 (Odronitz and Kollmar 2007), which comprises of conventional muscle
and non-muscle myosins. These proteins are implicated in muscle contraction (reviewed in
Pette 2000) as well as cell motility and architecture (reviewed in Vicente-Manzanares et al.
2009). Due to the presence of the coiled-coil domains in their tail parts, class 2 myosins
dimerize and further assemble into bipolar oligomeric arrays (Niederman and Pollard 1975),
which together with actin represent major contractile apparatus of cells (Draeger et al.
1990).
9

Fig. 2 Phylogenetic tree of myosin motor domains. Figure is taken from Odronitz and Kollmar
2007.

1.2 Myosin Class 1
It is believed that myosin from the class 1 is one of the common myosin ancestors
(Foth et al. 2006; Richards and Cavalier-Smith 2005). In vertebrates, there are 8 class 1
myosin genes (Fig. 3; Berg et al. 2001). Termed MYO 1A to 1G, they all share the domain
structure typical for myosins – they consist of a globular head, or so-called motor domain
(Fig. 3a, b, blue), where actin and ATP bind; neck with IQ motifs (isoleucine/glutamine-rich
motif; Fig. 3a, b, yellow), where calmodulin light chains bind; and a tail containing binding
sites for various types of cargos (Fig. 3a, b, red, grey, pink). Because of the lack of coiled-coil
regions in the tail, class 1 myosins are strictly monomeric (single-headed) and thus always
need to detach from the actin while sliding along it. Class 1 myosins are low duty ratio
motors which means that they spend majority of the cycle detached from actin (De La Cruz
and Ostap 2004). In order to be able to move a cargo efficiently along the actin filament,
more myosin molecules have to assemble into arrays (Fig. 4b, c). However, the duty ratio
(the duration of the interaction with actin) can be increased by applying an opposing force
10

which will hold myosin in the actin-bound state, as has been suggested for myosins 1a, 1b
and 1c (Batters et al. 2004; Kohler et al. 2003; Veigel et al. 1999). In this manner, myosins

Fig. 3 Structure of vertebrate class 1 myosins. Class 1 myosins compose of a motor domain
(blue), neck (yellow) and a tail (red) with various sites responsible for interaction with specific
molecules (IQ, isoleucine/glutamine-rich regions; TH1 and 2, C-terminal tail homology domain 1
and 2, resp.; SH3, Src homology domain; PH, pleckstrin-homology domain). Primary domain
structure (a) and 3D protein structure (b) are shown. Figure is taken from McConnell and Tyska
2010.

Fig. 4 Functions of class 1 myosins. Class 1 myosins participate in adhesion of plasma membrane
to the cytoskeleton (a); endocytosis and exocytosis (b); movements of plasma membrane along
actin bundles (c); and opening/closure of ion channels present in the lateral membrane of the
inner ear (d). Figure is taken from McConnell and Tyska 2010.
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can either cross-link various molecules, or serve as force sensors – associate and dissociate
from actin in response to the opposing force applied (reviewed in McConnell and Tyska
2010).
All vertebrate class 1 myosins share the same feature – they contain a PH domain in
the tail (Fig. 3b, grey), which enables them to bind acidic phospholipids such as
phosphoinositides. Since they all at the same time interact with actin by a head domain, this
implies their physiological functions – linking actin filaments to membranes and
membranous structures within a cell (Adams and Pollard 1989; Nambiar et al. 2009; Olety et
al. 2010). Indeed, both human Myo1a and Myo1b control membrane tension (Fig. 4a) and
facilitate initial steps of vesicle formation by either sliding the membrane along the actin
bundles (Fig. 4c), or restructuring the actin filaments which enables membrane invagination
(Fig. 4b; Almeida et al. 2011; McConnell et al. 2009; McConnell and Tyska 2007; Nambiar et
al. 2009). Myo1d participates in transfer of recycling vesicles (Fig. 4b; Huber et al. 2000),
whereas Myo1e has been suggested not only to promote vesicles formation, but also to
assists in their transport, scission and uncoating (Fig. 4b; Krendel et al. 2007). Myo1f seems
to be important for adhesion and motility of the immune cells (Kim et al. 2006) similarly to
Myo1g, which facilitates phagocytosis in macrophages (Dart et al. 2012) and lysosomal
trafficking in breast cell line (Groth-Pedersen et al. 2012).

1.3 Isoforms of myosin 1c
Myosin 1c (Myo1c) is a class 1 myosin, which is encoded by MYO1C gene. Human
MYO1C gene encodes three isoforms differing only at their N-termini (Fig. 5). Myo1c
isoform C (Myo1c-isoC, Fig. 5, green) is the shortest and most studied isoform implicated in
wide range of cytoplasmic processes (Barylko et al. 2005; Barylko et al. 1992; Wagner et al.
1992). Myo1c isoform B (Myo1c-isoB, Fig. 5, blue) is longer than Myo1c-isoC. It gains an
upstream exon -1, which carries ATG start codon and thus rises additional 16 amino acids to
the N-terminus (Pestic-Dragovich et al. 2000). Since Myo1c-isoB is the first molecular motor
found in the cell nucleus, it has been termed the nuclear myosin 1 (NM1; Nowak et al. 1997;
Pestic-Dragovich et al. 2000). The longest isoform is the isoform A (Myo1c-isoA, Fig. 5,
purple), which possesses additional 35 amino acids at the N-terminus, rising from an
upstream exon -2. The expression of Myo1c-isoA is poor in human cells, since at the mRNA
12

level it reaches only 10 % of the Myo1c-isoB amount (Ihnatovych et al. 2012). Mouse exon -2
lacks the ATG start codon thus Myo1c-isoA is not expressed in mouse at all.

Fig. 5 Organization of MYO1C gene. MYO1C gene encodes three protein isoforms. Myo1c-isoB
and Myo1c-isoA gain an upstream exon -1 and -2, respectively. Both exons carry ATG, therefore
Myo1c-isoB and Myo1c-isoA are longer than Myo1c-isoC. Figure is taken from Ihnatovych et al.
2012.

By use of antibodies specific for the N- or C-terminal regions it has been shown that
NM1 localizes to the nucleus and to the cytoplasm, whereas Myo1c-isoC is exclusively
cytoplasmic (Pestic-Dragovich et al. 2000). Since the 16-amino-acid stretch present in NM1 is
the only difference between these two isoforms, it has been proposed that it serves as a
nuclear localization signal (NLS) which brings the NM1 into the nucleus (Pestic-Dragovich et
al. 2000). Later studies however disproved this suggestion by showing that even the
“cytoplasmic” Myo1c-isoC is able to translocate to the nucleus via the NLS present in the
neck region (Dzijak et al. 2012), and the N-terminal stretch of NM1 might serve as a part of
the nucleolar localization signal (NoLS, Schwab et al. 2013). Nevertheless, research carried
over the last decades sought solely for the nuclear functions of NM1 and cytoplamic
functions of Myo1c-isoC.

1.3.1 Functions of Myo1c-isoC
Myo1c-isoC localizes to the cell periphery – plasma membrane and membrane ruffles
(reviewed in Barylko et al. 2005). Like the other class 1 myosins, also Myo1c-isoC possesses
PH domain at the tail part of the molecule (Fig. 3b, grey). The PH domain of Myo1c-isoC
mediates interaction with two phosphoinositides - phosphatidylinostiol 4,5-bisphosphate
(PIP2), and inositol 1,4,5-trisphosphate - which directs Myo1c-isoC to the plasma membrane
(Hokanson et al. 2006; Hokanson and Ostap 2006). The neck region further contributes to
the membrane-binding of Myo1c-isoC through interaction with two myristoylated proteins
calcium-binding protein 1 (CaBP1), and calcium and integrin-binding protein 1 (CIB1), which
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both compete with calmodulin binding (Tang et al. 2007). Additional acidic phospholipidbinding site may be present in the neck of Myo1c-isoC, since an algorithm developed by
Brzeska et al. (2010) identified a basic and hydrophobic amino acid-rich region (containing
mainly Arg, Lys), which is known to mediate phospholipid binding (Brzeska et al. 2010;
Brzeska et al. 2008).
Myo1c-isoC participates in remodelling of cortical actin (Diefenbach et al. 2002; Fan
et al. 2012; Hagan et al. 2008; Joensuu et al. 2014; Maravillas-Montero et al. 2011; Wang et
al. 2003) and mediates exocytosis of lipid raft fragments (Brandstaetter et al. 2012), which
collectively affects membrane plasticity and enables membrane remodelling. Myo1c further
supports plasma membrane rearrangements by trafficking and exocytosis of various vesicles
rich in GLUT4 (glucose transporter type 4; Boguslavsky et al. 2012; Bose et al. 2002; Bose et
al. 2004; Toyoda et al. 2011; Yip et al. 2008), VEGFR (vascular epithelial growth factor
receptor; (Tiwari et al. 2013), aquaporin-2 (Barile et al. 2005) or cortical granules in X. laevis
oocytes (Sokac et al. 2006). Similarly, membrane translocation of E-cadherin in kidney cells
and nephrin in podocytes (Arif et al. 2011) is impaired in the absence of Myo1c. Cell
spreading and adhesion are promoted by the interaction of Myo1c with v-Crk (Oh et al.
2013). Taken together, Myo1c affects multitude of processes where membrane
rearrangements are desired – cell adhesion, spreading and migration.
One physiological process where Myo1c exerts its function is however specialized and
of great importance. Myo1c is located in the inner ear, on the inner side of the apical
membrane of the hair cell stereocilia (Dumont et al. 2002; Gillespie 2004; Gillespie and Cyr
2004). Here it employs its ability to sense changes in tension (Greenberg et al. 2012) . During
the process of slow adaptation to the external stimulus, Myo1c-isoC mediates opening or
closure of transmembrane ion channels in response to changes in tension of the tip links,
which interconnect neighboring stereocilia (Fig. 3d; reviewed in Gillespie and Muller 2009) .
Other class 1 myosins (1b, 1e) were also detected in the auditory and vestibular epithelia
(Dumont et al. 2002) and mutations in Myo1a and Myo1f genes were found in patients
suffering hearing loss (Donaudy et al. 2003; Zadro et al. 2009). However, the localization of
Myo1c-isoC at the tips of stereocilia confirms its exclusivity in performing the sensory role
(Dumont et al. 2002) .
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1.3.2 Functions of NM1
A function of NM1, which localizes to the nucleus and cytoplasm (Pestic-Dragovich et
al. 2000), has been studied exclusively in the nuclear processes so far. The indispensability of
NM1 has been demonstrated at all levels of DNA transcription. First, NM1 regulates
transcription by affecting chromatin organization in the interphase nuclei. Upon
transcriptional activation, NM1 is in cooperation with actin required for the translocation of
chromosomal sites from the nuclear periphery to the nuclear interior, and also for the
clustering between chromosomes (Hu et al. 2008; Chuang et al. 2006).
Second, NM1 is considered a basal transcription factor that is implicated in
transcription by all three RNA polymerases (Cavellan et al. 2006; Fomproix and Percipalle
2004; Pestic-Dragovich et al. 2000; Philimonenko et al. 2004). By interacting with
transcription-initiation factor TIF-1A, NM1 facilitates recruitment of the RNA polymerase I to
the promoter (Philimonenko et al. 2004) and further seems to undergo conformational
change that enables progress of RNA polymerase I to the elongation phase (Ye et al. 2008) .
Third, NM1 recruits chromatin remodeling complex B-WICH to the rDNA promoter
(Percipalle et al. 2006), which triggers recruitment of histone acetyltransferase PCAF (Obrdlik
et al. 2008). Both these complexes modify the state of chromatin onto the transcriptionally
susceptible one. In summary, NM1 brings together transcription with chromatin remodeling
(Fig. 6b).
Studies well demonstrated that the intact motor activity of NM1 (both the ATPase
and actin-binding ability) is essential for rDNA transctiption and processing (Sarshad et al.
2013; Ye et al. 2008). However, the data on the involvement of the cargo-binding tail of NM1
are contradictory – Ye et al. (2008) observed no changes in rDNA transcription after the
deletion of NM1 tail, whereas Sarshad et al. (2013) detected decrease in transcription and
chromatin acetylation when using tail-less NM1. The latter study therefore concluded that
the tail part mediates the interaction with DNA.
The mechanism of action of NM1 in RNA polymerase II transcription is less well
described. Kysela et al. (2005) showed that NM1 is present at the sites of active
transcription, Pestic-Dragovich et al. (2000) showed that NM1 co-immunoprecipitates with
RNA polymerase II. The detailed analysis revealed that NM1 is required for the initiation
phase of RNA polymearse II transcription, when a first bond between the priming
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nucleotides is formed (Hofmann et al. 2006). In contrast to RNA polymerase I transcription,
NM1 does not associate with the elongating polymerase complex (Fig. 6a; Hofmann et al.
2006). However, information on the involvement of various functional domains as well as
identification of the direct binding partners such as actin are missing.
NM1 interacts not only with the RNA polymerase I machinery, but also with
elongating rRNA transcripts (Fomproix and Percipalle 2004). Moreover, NM1 as well as actin
co-localizes with the small ribosomal subunits not only in the nucleoli, but even at the
nuclear pores (Cisterna et al. 2006). Later study concluded that maturation of rRNA is
enhanced in presence of NM1 and NM1 further facilitates the export of ribosomal subunits
from the nucleus (Obrdlik et al. 2010). This implies a fourth mode by which NM1 affects
transcription.

Fig. 6 Transcription machinery assembled at the promoter and the coding region. NM1 is
required for the formation of the first phosphodiester bond in the transcription initiation. Actin is
required for the initiation as well as the elongation phases (a). NM1 bound to TIF-1A recruits RNA
polymerase I to the rDNA promoter. Actin is stably associated with RNA polymerase I. Interaction
between NM1 and actin recruits chromatin remodeling complex B-WICH and PCAF and therefore
facilitates progres of transcription (b). Figure is taken from de Lanerolle and Serebryannyy 2011.
16

1.3.3 Functions of Myo1c-isoA
The data on the longest isoform Myo1c-isoA are limited. The expression of Myo1cisoA is low in human HeLa cell line, since it reaches only 10 % of the NM1 at the mRNA level.
In contrast, its expression is high in COS-7 cells (Ihnatovych et al. 2012).
In a similar manner to human cells, mouse MYO1C gene encodes three isoforms.
Even though a recent study detected presence of three different isoforms in mouse organs
by qPCR (Sielski et al. 2014), two isoforms contain the same 5’ UTR. Consequently, only two
different isoforms are translated into protein in mouse, which correspond to Myo1c-isoC
and NM1.
Myo1c-isoA localizes both to the cytoplasm and to the nucleus in human cells, but is
absent from the nucleolus. In agreement, it associates with RNA polymerase II only
(Ihnatovych et al. 2012). Other pathways this isoform might be implicated in remain to be
elucidated.

1.4 Actin superfamily
1.4.1 Actin and the actin-binding proteins in the cytoplasm
Binding to actin is the pre-requisite shared within the myosin superfamily. The actin
filaments serve as a scaffold that myosin motor proteins walk or slide along. Actin is a highly
conserved protein that is present in all eukaryotic cells. Actin occurs in monomeric form
(globular, G-actin), which polymerizes into filaments (F-actin). This is the form that is utilized
by myosins. Polymerization comprises of several phases (Fig. 7). First, G-actin is activated by
ATP and undergoes nucleation step, during which 3 to 4 monomers assemble to form
unstable core of the new F-actin filament. The core is then elongated by addition of new Gactin-ATP subunits until the equilibrium between the F-actin and G-actin is achieved. In that
state, termed a steady state, the filament grows at one end and simultaneously shrinks at
the opposite end while a constant length is maintained. This process is called treadmilling.
However, the two ends of the F-actin can both grow or both shrink depending on the G-actin
availability. The growth potential of each end is defined by the critical concentration (cc),
which represents the concentration of free G-actin, above which the monomers are added
to the end of the filament. Generally, the cc is lower for the barbed (plus) end and therefore
the filament preferentially grows at this end.
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It has been shown that not only G-actin bound to ATP, but also to ADP is able to
assemble to the F-actin (Pollard 1984), however the concentration of G-actin-ADP required
for polymerization is ten times higher than G-actin-ATP.

Fig. 7 Formation of the F-actin filament. Polymerization of G-actin into F-actin filaments is a 3step process. At the beginning, G-actin is loaded with ATP (pink). Three molecules of G-actin-ATP
assemble to form a core of the new filament (violet) in the nucleation step that is then elongated
by addition of new G-actin-ATP, until a steady state is achieved. Figure is taken from Lodish 2012.

Actin-binding proteins (ABPs) affect polymerization status of F-actin, since they can
promote/block F-actin formation, or further cross-link F-actin into higher order structures.
According to their mode of action, they can be classified into several groups (Fig. 8; reviewed
in dos Remedios et al. 2003; Winder and Ayscough 2005): (i) capping and severing proteins
(e. g. tropomodulin, CapZ, villin, gelsolin, cofilin), which bind to pointed or barbed end where
they block release or addition of monomers, respectively; (ii) G-actin-binding proteins which
either sequester monomers and thus prevent their incorporation into F-actin (e. g.
thymosin), or catalyze exchange of ATP to ADP in G-actin-ADP (cofilin); (iii) nucleation
complexes which induce actin nucleation or filament branching (e. g. Arp2/3, formins); (iv)
cross-linkers which cluster F-actin filaments to form bundles (e. g. a-actinin, villin, fimbrin) or
meshworks (e. g. spectrin, filamin).
Furthermore, various chemical compounds inhibit polymerization of actin
(latrunculins, cytochalasins), whereas some induce polymerization and stabilize F-actin
(jasplakinolide, phalloidin). Phalloidin, a bicyclic heptapeptide toxin from Amanita phalloides
is commonly used to visualize F-actin in vitro.
Actin filaments assembled into bundles and meshworks are part of the cell
cytoskeleton which is connected to the plasma membrane by the ABPs (e. g. spectrin,
vinculin, plectin, annexin II; Choi et al. 2008; Inoue et al. 2010). Typically, these sites
represent the sites of adhesion which mediate interactions with the extra-cellular matrix
proteins (Chen et al. 2003). As such, actin filaments serve as a scaffold that determines cell
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shape, serve as a track for motor molecules and moreover provides the mechanical support
(Szarama et al. 2012). Additionally, membrane projections localized at the leading edge of
the cell, such as filopodia and lamellipodia, are enriched with actin filaments. Due to the
ability of F-actin to restructure rapidly, these structures can remodel efficiently and thus
mediate cell migration (Pollard and Borisy 2003).

Fig. 8 Functions of the actin-binding proteins. Figure is taken from Winder and Ayscough 2005.

1.4.2 Actin and the actin-binding proteins in the nucleus
G-actin constantly shuttles between cytoplasm and nucleus in a process mediated by
importin 9 and exportin 6 (Dopie et al. 2012). Besides, ABPs also contribute to the import of
nuclear actin, since G-actin can be imported to the nucleus in complex with cofilin
(Pendleton et al. 2003), and many ABPs sequester actin in particular compartment thus
preventing its translocation (Pendleton et al. 2003; Vartiainen et al. 2007; Zuchero et al.
2012). Although actin occurs in both monomeric and polymeric state in the cytoplasm, its
ability to form higher oligomeric structures in the nucleus has been discussed for a long
time. The uncertainty was based on the lack of phalloidin positive structures observed in the
19

nucleus under physiological conditions. However, over the period of time, numerous studies
well documented appearance of filamentous structures susceptible to phalloidin upon
various treatments – e. g. DMSO treatment (Fukui and Katsumaru 1979), heat shock (Abe et
al. 1993), latrunculin or cytochalasin treatment (Nguyen et al. 1998; Pendleton et al. 2003),
serum starvation (Baarlink et al. 2013), transplantation of somatic nuclei into oocyte of
Xenopus laevis (Miyamoto et al. 2011), and over-expression of NLS-actin (Kokai et al. 2014).
One study revealed existence of nuclear non-filamentous phalloidin-positive puncta after
over-expression of actin-binding domain of utrophin fused to NLS under physiological
conditions (Belin et al. 2013). In agreement, conformation-specific antibodies revealed
presence of actin oligomers in the nucleus that were undetectable by phalloidin (Gonsior et
al. 1999; Schoenenberger et al. 2005). Together these data suggest that if concentration of
actin in the nucleus permits its polymerization, actin probably forms oligo- or polymeric
structures that adopt alternative conformations different from the traditional cytoplasmic Factin (Jockusch et al. 2006). Since many ABPs and actin-related proteins interact with actin
also in the nucleus (Uribe and Jay 2009), it is plausible that they sequester actin and in turn
prevent its polymerization.

1.4.3 Functions of nuclear actin
In the nucleus, actin participates in wide range of processes. Along with the actinrelated proteins (Arps), it is a member of chromatin remodeling and modifying complexes
INO80, SWR1, TIP60, PCAF and BAF (Ikura et al. 2000; Kapoor et al. 2013; Mizuguchi et al.
2004; Obrdlik et al. 2008; Shen et al. 2000; Szerlong et al. 2008; Zhao et al. 1998). Some
studies revealed presence of monomeric form of actin within these complexes (Kapoor et al.
2013; Obrdlik et al. 2008; Zhao et al. 1998).
Actin interacts with all three RNA polymerases and is a component of (pre)initiation
complexes (Fig. 6; Hofmann et al. 2004; Hu et al. 2004; Philimonenko et al. 2004). Moreover,
actin remains associated with RNA polymerase I even during the elongation phase and thus
recruits NM1, which facilitates elongation as has been mentioned in the section 1.4.2 (Ye et
al. 2008). It has been shown that actin required for RNA polymerase I transcription is
polymeric (Ye et al. 2008). Similarly, inhibition of actin nucleation and polymerization caused
by depletion of Arp2/3 leads to decrease in RNA polymerase II transcription (Yoo et al.
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2007). Obrdlik and Percipalle (2011) reported that cofilin, an F-actin severing protein,
mediates interaction of RNA polymerase II with transcribed genes possibly through
polymeric actin. On the contrary, some studies revealed engagement of G-actin in RNA
polymerase II transcription – G-actin interacts with cdk9, a part of positive transcription
elongation factor b (pTEFb) complex (Fig. 6), which phosphorylates CTD of RNA polymerase II
and thus promotes transcription (Qi et al. 2011). Furthermore, G-actin complexes with
hnRNP U to recruit histone acetyltransferase PCAF to the promoter as well as to the
transcribed region of the gene (Obrdlik et al. 2008).
Vartiainen et al. (2007) reported that actin affects expression of serum response
factor (SRF)-regulated genes. SRF is activated by the association with its cofactor myocardinrelated transcription factor A (MAL). MAL preferentially resides in the cytoplasm, where it is
sequestered by G-actin. Similarly, binding of nuclear G-actin to MAL triggers its export from
the nucleus. Upon serum activation, cytoplasmic actin polymerizes into F-actin, MAL is
released and efficiently imported into the nucleus where it activates SRF-mediated
transcription. Similarly, polymerization of nuclear actin induced by serum starvation resulted
in increased retention of MAL in the nucleus, which in turn enhanced expression of SRFmediated genes (Baarlink et al. 2013).
Apart from transcription, polymeric actin is essential for the movement of genomic
loci throughout the nucleus during transcriptional activation (Dundr et al. 2007; Hu et al.
2008; Chuang et al. 2006) and for translocation of entire nuclear structures such as PML
bodies (Muratani et al. 2002).
In conclusion, various forms of actin might be required to fulfill its particular role in
nuclear processes and more experiments need to be performed to understand this issue
clearly.
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2. AIMS
NM1 and Myo1c-isoC are isoforms expressed from the same gene. Even though both
proteins localize to the nucleus and to the cytoplasm (Dzijak et al. 2012), the nuclear
functions of Myo1c-isoC and the cytoplasmic functions of NM1 have not been inspected yet.
Therefore these questions will be addressed:
1) What is the function of Myo1c in the cell nucleus? Does it mimic NM1?
2) Does NM1 contribute to the membrane-associated functions of Myo1c at the
plasma membrane?

Myo1c-isoC binds PIP2 via the PH domain located in the tail part of the protein which
anchors it to the plasma membrane (Hokanson et al. 2006; Hokanson and Ostap 2006). Since
this part of the molecule is identical for both isoforms, they should both share the PIP2
binding ability. On top of that, PIP2 also localizes to the nucleus where it is engaged in many
nuclear processes. Following questions will be addressed:
3) Does NM1/Myo1c bind PIP2 also in the nucleus? Does this interaction modulate
nuclear functions of NM1/Myo1c?

All myosins require polymeric actin to walk along. However, the state of the actin in
the nucleus (monomeric, filamentous, alternative polymeric) remains unclear.
4) Can actin form filaments in the nucleus? Does NM1/Myo1c interact with such
filaments?
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NM1 start codon without affecting the cytoplasmic Myo1c protein. Mutant mice were analyzed in a comprehensive
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similar in the nucleus and deletion of NM1 did not cause any compensatory overexpression of Myo1c protein.
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myosins belonging to several groups. Myosin I family members are
monomeric, non-processive, slow-rate and low-duty ratio molecular motors. Myosin 1c (Myo1c) was the first single-headed myosin
isolated from mammals and it was therefore called mammalian
myosin I [1,2]. Based on its similarity to partial myosin sequence
from mouse cDNA library, it was later renamed as myosin 1b [3],

Introduction
Myosins are unique proteins that have the ability to transform
free chemical energy stored in ATP into mechanical force. In
comparison to the well-known ‘‘conventional’’ class II myosins
found in muscles, there is a variety of other ‘‘unconventional’’
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and finally, after the unification of myosin I nomenclature, myosin
1c [4]. The human MYOIC gene encodes three isoforms. Myosin
1c isoform C is the classic 1063 amino acid ‘‘cytoplasmic’’ form
[2]. Myosin 1c isoform B, also known as nuclear myosin 1 (NM1),
includes 16 extra N-terminal amino acids arising from an
upstream exon -1 [5,6]. The newest isoform is myosin 1c, isoform
A, which includes additional 35 amino acids on its N-terminal end
from an upstream exon -2 and was described to work in the cell
nucleus [7]. In mice there have been only two myosin isoforms
described – Myo1c and NM1.
Myosin 1c (isoform C) belongs to a group of molecular motors
that link cellular membranes to the actin cytoskeleton, and are
involved in membrane tension generation, membrane dynamics,
and mechanosignal transduction. In detail, Myo1c was identified
to be associated with Neph1 and nephrin proteins. Myo1c
mediates their localization to the plasma membrane and its
depletion causes defects in tight junctions’ formation and cell
migration [8]. In the neuronal growth cone, Myo1c affects
lamellipodial motility and is responsible for retention of lamellipodia [9] and retrograde F-actin flow [10]. In Xenopus laevis,
Myo1c participates in egg activation by coupling dynamic actin to
the membranes of cortical granules, and this linkage is essential for
their compression and retrieval [11]. Insulin stimulates glucose
transport in adipocytes by promoting exocytosis of the population
of vesicles containing glucose transporter protein GLUT4. Myo1c
enhances exocytosis of GLUT4-containing vesicles to plasma
membrane [12,13]. The most extensively studied function of
Myo1c concerns the process of hearing. Sensory cells of the inner
ear detect sound and transmit signals representing those stimuli to
the central nervous system. Myo1c has a direct function in the
adaptation of sensory cells to sustained excitatory deflection, since
upon its inhibition the adaptation is slow and inefficient [14].
Moreover, clinical studies revealed 6 missense mutations in Myo1c
that were associated with bilateral hearing loss [15].
All these functions connect Myo1c to the plasma membrane
and actin filaments. This was further proved by Nambiar et al.
(2009) who showed that Myo1c together with other myosin I
family members mediate membrane/cytoskeleton adhesion. This
makes major contributions to membrane tension, which is one of
the main parameters needed in endo- and exocytosis, membrane
repair, cell motility, and cell spreading.
Nuclear myosin I (isoform B) was discovered coincidentally by
testing of affinity-purified polyclonal antibodies to adrenal myosin
1. The antibody was staining a 120-kDa nuclear protein with
ATPase activity, and ATP-, actin- and calmodulin- binding which
are the typical features of unconventional myosins [5]. The mass
spectrometric analysis of the immunopurified protein showed high
homology to the Myo1c protein. Due to the fact that at that time,
NM1 was the first myosin found in the cell nucleus, it was called
nuclear myosin I [6]. In the nucleus, NM1 associates with nuclear
actin and is required for RNA polymerase I (Pol I) and RNA
polymerase II (Pol II) transcription [6,16]. Both NM1 and actin
co-localize and co-immunoprecipitate with Pol I and Pol II
complexes. In vitro immunodepletion of NM1 inhibits transcription
by both polymerases and the addition of purified NM1 increases
the level of transcription in a dose-dependent manner. While both
proteins associate with Pol I, actin associates with Pol I regardless
of the transcriptional state. In contrast, NM1 only associates with
initiation-competent RNA polymerase I complexes through an
interaction with the basal transcription factor TIF1A [16]. In
addition to transcription initiation, NM1 is needed in further steps
during elongation phase where it interacts with chromatin
remodeling complex WSTF-SNF2h and facilitates Pol I transcription on chromatin [17]. It is therefore believed that NM1 bound to
PLOS ONE | www.plosone.org

TIF-1A is recruited to the pre-initiation complex along with Pol I
and associated actin to assemble a functional transcription
initiation complex. Recruitment of Pol I to the NM1-TIF-1A
complex might facilitate the interaction of NM1 with actin bound
to Pol I. Finally, by interacting with NM1, chromatin remodeling
complexes join the initiation complex to promote Pol I movement
through chromatin [18]. This is also supported by the finding that
both actin polymerization and the motor function of NM1 are
required for association with the Pol I transcription machinery and
transcription activation [19]. Moreover, NM1 was found in
interaction with RNA and RNA-protein complexes present in the
nucleoplasm and in nucleoli [20]. It participates in the maturation
of pre-rRNA, and accompanies rRNA transcripts to the nuclear
pore where NM1 decorates actin-rich pore-linked filaments [21].
Aside from its functions in transcription, Chuang et al. (2006)
showed that the actin-NM1 complex is needed for long-range
directional movement of interphase chromosome sites independently from their engagement in transcription. NM1 is also able to
bind DNA directly via its tail domain [22], and NM1 together with
gelsolin were identified as key determinants for assembling and/or
stabilization of complexes containing estrogen receptor a (ERa)
and actin in the nucleus early after receptor activation by its
ligands [23].
Both Myo1c and NM1 proteins are shown to be expressed in a
wide variety of tissues and cultured cell lines. Their expression
pattern is similar but not completely overlapping. Both proteins
have the highest level of expression in mouse lungs, followed by
intestine, kidney, heart and spleen for NM1, and adrenal gland,
stomach, spleen, heart and esophagus for Myo1c. These expression profiles suggested possible tissue-specific functions for both
proteins [2,24,25]. However, Myo1c is localized mostly at the cell
periphery and at the plasma membrane, particularly at the leading
edges of motile cells [2], while NM1 was described to localize
mostly in the nucleus where its distribution is dependent on
transcriptional activity of the cell [26,27]. The 16 amino acid Nterminal extension of NM1 molecule was thought to be the
nuclear localization signal for this protein [6]. However, we
recently showed that nuclear localization signal which triggers
NM1 to the nucleus is located in the middle part of the molecule
and therefore direct both NM1 and Myo1c to the nucleus. This
novel calmodulin-dependent NLS is localized in the second of
three IQ domains [24]. Because of the various nuclear functions of
NM1, it is important to determine if both isoforms can perform
identical functions. We therefore prepared mice lacking NM1
isoform without affecting Myo1c expression and here we describe
observed phenotypes in NM1 knock-out mice. Surprisingly, these
mice were fully viable and did not show any obvious defects
related to previously described functions of NM1 in DNA
transcription. Moreover, the ratio between both isoforms in the
nucleus and cytoplasm is roughly equal. We therefore tested
Myo1c’s capability to act in transcription. We found that Myo1c is
able to functionally substitute NM1 in Pol I transcription.
Moreover, it directly binds to the Pol II CTD domain suggesting
it has also a role in Pol II transcription. In conclusion, we suggest
that the two isoforms Myo1c and NM1 (isoforms C and B) are
mutually redundant in general process of transcription.

Materials and Methods
Ethics statement
All animal experiments and work with human and mice cell
lines conformed to relevant regulatory standards and were
approved by the Ministry of Agriculture of the Czech Republic,
the ethic committee of the Institute of Molecular Genetics ASCR
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(animal experiment license no. 40/2009 and 186/2010) and the
district government of Upper Bavaria (Regierung von Oberbayern).
The project for the generation of the mutants was discussed and
approved by the institutional ethics committee of the Vedmeduni
Vienna and animal experiment license granted under no. BMWF68.205/0084-II/10b/2008. All animal experiments performed in
GMC were done with permissions of the appropriate authorities
according to the 18 of the German Law for the Protection of
Animals.

plates coated with inactivated mouse embryonic fibroblasts (MEF).
Ten plates were then pooled and re-suspended in 1 mml PBS.
About 26107 cells were mixed with 30 mg linearized Myo1c
targeting construct and chilled on ice before electroporating in a
0.4 mcm electroporation cuvette using a Gene Pulser Xcell
(BioRad); (settings 500 mF and 0.23 kV). Electroporated cells were
plated onto irradiated neo-resistant MEF cells on ten 6 mcm plates.
Selection with 300 mg/ml G-418 sulphate (PAA) was started 24 mh
after electroporation. Neo-resistant colonies were picked after 14
days of G-418 treatment and screened by PCR. PCR-positive
clones were confirmed for correct targeting by Southern blot
analysis and karyotyped for euploidy. One clone was selected for
injection into C57BL/6N blastocysts.
The NM1 tri-loxP conditional mutation (Fig. 1B) was induced
in the 129/S2 genetic background. Male chimeras with more than
50% ES-derived coat color were bred with C57BL/6NCrl female
mice to test for germ-line transmission and the resulting litters with
appropriate coat color were genotyped by PCR for the targeted
mutation. Heterozygous mutants carrying the NM1 tri-loxP allele
were mated with MeuCre40 transgenic mice on C57BL/6N
background in order to excise the floxed neo and exon -1 cassettes
[29]. The resulting offspring were screened for the presence of Cre
and for the partial recombination of the NM1 tri-lox allele by PCR
(Table 1). Heterozygous NM1 knock-outs with a partial deletion
of either only the neo cassette or the complete deletion of both
exon -1 and the neo cassette were back-crossed to C57BL/6N
(Charles River Laboratories, Sulzfeld, Germany) for 5 generations.
The resulting mutants were designated as B6;129S2Myo1ctm1(flox)Biat for the conditional allele and B6;129S2Myo1ctm1.1Biat for the constitutive NM1 knock-out. For all further
experiments, mutants (KO) and wild type (WT) controls were
produced by mating heterozygous NM1 knock-out mice and their
final genotype was proven either by PCR (Fig. 1D) or western blot
with antibody specific to N-terminal domain (Fig. 1E). Mice were
housed under standard conditions, (mean room temperature
21+/21u Celsius, 40–55% relative humidity, 12:12h light-dark
cycle) and supplied with standard breeding diet (ssniff Spezialdiäten GmbH, V1126, Germany) and tap water ad libitum. Depending
on the experiment, all mice used for analysis were aged between 3
to 15 months.

Plasmids
NM1-Fl and Myo1c-Fl vectors were prepared by cloning of
NM1 and Myo1c cDNA into pCDH-CMV-MCS-EF1-Neo
(Systems Bio) using SnaBI and EcoRI restriction enzymes in
frame with the C-terminal Flag tag. The constructs expressing
shRNA-resistant NM1-GFP and Myo1c-GFP was prepared by
excision of mouse NM1-GFP and Myo1c-GFP from vectors NM1GFP and Myo1c-GFP [24] and ligated into pCDH-EF1-Neo
(Systems Bio). The NM1-GFP construct has been previously
described [24].

Preparation of targeting construct for knock-out mice
For the preparation of conditional NM1 knock-out (KO), the
Cre–loxP system and a targeting construct based on pEasyFlox
vector was used [28].The short homology arm (SA,,0,9 kb) was
prepared by PCR amplification of genomic DNA sequence from 1096 to -166 base pairs from NM1 translation initiation site using
primers SA F (59-gtagagtcgacTATGCCACAAGAGGTGGCAACT-39) and SA R (59-gccgaagcttCCGGGCTGGGTGGGAGGGGGTTCG-39). The long homology arm (LA,,1,7 kb)
was prepared by amplification of genomic DNA from +116 to
+1800 base pairs from the NM1 translation initiation site, using
primers LA F (59-ggggatccGGTGGAAGATGTCCCTGAAAGTTG-39) and LA R (59-gctgcggccgcGTAGTAACCTGGGCATTGCTGTCC-39). The floxed part encoding the -1 exon
(containing the NM1 start codon); (FP,,0,3 kb) was prepared by
amplification of genomic DNA from -165 to +115 base pairs from
the NM1 translation initiation site, using primers FP F (59cccagtcgacCCAGGCCGGCTGCAGTGGGTCCTA-39) and FP
R (59-catcttctagaGAAATTCCTGGGCCGCGCCCGCTT-39)
(Fig.1A). All PCR reactions were done using mouse 129/Sv
genomic DNA as a template. The SA PCR product was digested
and cloned into the pEasyFlox vector via XhoI and HindIII
restriction sites, LA by BamHI and NotI and FP via SalI and XbaI
restriction sites. For screening of positively electroporated cells
with the targeting construct, we used a neomycin-resistance
positive selection marker (Neo) flanked with loxP sites (Fig. 1B).

Genotyping of NM1 knock-out mice
Genotypes of ES cells and mice were confirmed by PCR of
genomic DNA using consecutive primers. For identification of
targeted ES cells, P1 and P2 primers inside the neomycinresistance gene were used. Homologically recombined targeting
constructs were identified with P3 and P4 primers. The presence
of Cre recombinase was shown by CreF and CreR primers. Partial
recombination of the NM1 tri-lox allele, together with recognition
of full NM1 KO, WT and heterozygous mice was done by P5 and
P6 specific primers. All primers with sequences are summarized in
Table 1.

Generation of NM1 knock-out mice
To test the influence of the N-terminal 16 amino acids on NM1
functions, we generated mice lacking exon -1 of Myo1c which
contains the NM1 start codon [6]. Exon -1, and both the long and
the short arm were cloned into the pEasyFlox vector carrying
neomycin resistance and thymidyne kinase selection cassettes
together with three loxP sites (Fig 1A, 1B, 1C). The linearized
NM1 tri-loxP construct was then electroporated into the TBV2
(129S2/SvPas) ES cell line (provided by T. Rülicke) as follows:
TBV2 ES cells were cultured in ES cell medium (DMEM with
4.5 g/L glucose, 15% FBS, 1 mM Sodium-pyruvate, 2 mM
glutamine, 1x NEAA, 1x penicillin/streptomycin, 0.1 mM 2mercaptoethanol and 1000 m/ml pure leukemia inhibitory factor
(Lif)). All ingredients except Lif (Millipore) and 2-mercaptoethanol
(Sigma) were purchased from PAA. ES cells were grown on 6 mcm
PLOS ONE | www.plosone.org

Cell culture and lentivirus work
Primary skin fibroblasts were isolated from ear explants. Skin
samples were washed in PBS and incubated with 0,3% trypsin/
PBS for 60 min in a 37uC water bath. Samples were then cut into
small pieces, placed on the bottom of Petri dish, overlaid by sterile
glass coverslip and supported by complete growth DMEM
medium with 10% FBS. Medium was changed every 3 days until
cells grew to confluence. Cells were held for a maximum of 10
passages. Stable cell lines were prepared by long-running
cultivation of primary cell culture (over 20 passages). All cell types
were grown in humidified 5% CO2/air, 37uC environment.
3
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Figure 1. Preparation of NM1 knock-out cassette. (A) WT genomic locus of Myo1c gene. Short homology arm (SA), floxed part (FP), and long
homology arm (LA) of appropriate length (0.9; 0.3; 1.7 kb respectively), were cloned to pEasyFlox vector carrying neomycin (NeoR) and thymidine
kinase (ThK) selection genes (B). Black lines represent genomic sequences; red line represents sequences derived from pEasyFlox vector. (B). (C)
Genomic loci of Myo1c gene with excision of exon -1; P1 – P6 represent different primers needed for genotyping of ES cells and knock-out mice,
yellow triangles represent loxP recombination sites. (D) Genotyping of NM1 knock-out mice by PCR. P5 and P6 primers were used to distinguish
between wild type (+/+), heterozygous (+/2) and knock-out (2/2) animals. (E) Western blot analysis of NM1 levels in NM1 wild type (+/+) and knockout (2/2) mice. Fifteen micrograms of protein per lane was loaded, and probed for NM1. Equal loading was monitored by Coomassie Brilliant Blue
staining of the band corresponding to actin.
doi:10.1371/journal.pone.0061406.g001

For testing of interchangeability of the two myosin isoforms,
stable knock-down of human NM1 and Myo1c with exogenous

expression of mouse NM1 or Myo1c in U2OS cell line (ATCC
No. HTB-96) was prepared. U2OS cells were transduced by
pCDH-EF1-Neo carrying mouse Myo1c or NM1 and by
pLKO1.1 vector expressing shRNA targeting the sequence 59 GCCCGTCCAGTATTTCAACAA- 39 (Open Biosystems cat No
TRCN0000122925 AAO75-C-8). U2OS cells either stably
expressing mouse Myo1c-GFP, NM1-GFP or expressing only
the endogenous human protein were transduced with recombinant
lentiviruses expressing shRNA targeting only human cDNA. 3
days post transduction Pol I transcription rates were compared in
WT U2OS cells, U2OS cells expressing shRNA targeting human
NM1 and Myo1c and U2OS cells expressing shRNA with
exogenous expression of Myo1c-GFP or NM1-GFP by using
quantitative PCR. Recombinant lentiviruses were prepared using
second generation viral packaging system (Didier Trono Lab).
For immunoprecipitation experiments, a human H1299 cell line
(ATCC No. CRL-5803) stably expressing either NM1-Fl or
Myo1c-Fl was prepared by lentivirus transduction of pCDHCMV-MCS-EF1-Neo vectors carrying NM1-Fl or Myo1c-Fl
constructs.

Table 1. PCR primers for genotyping of ES cells and mice
mutants.

Name

Sequence 59-39

P1

AGACAATCGGCTGCTCTGAT

P2

CTCGTCCTGCAGTTCATTCA

P3

GGGTAGTAGTGGTGTTGATGGCTTGG

P4

TGTTCCACATACACTTCATTCTCAG

P5

TTCCTCCTGGAAAACCTGACTC

P6

CTCTGCTTCTCCGTCACCC

CreF

CTGGAAAATGCTTCTGTCCG

CreR

CAGGGTGTTATAAGCAATCCC

doi:10.1371/journal.pone.0061406.t001
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0.5 mm61.0 mm, and HAW 0.020. The standard analysis
comprises a whole body analysis as well as a whole body analysis
excluding the skull. Analysis of quantitative data sets was carried
out using StatView software package (SAS Corporation).
Hematology analysis. To investigate the peripheral blood
cell count, a blood volume of about 50 ml EDTA-blood was used
to measure basic hematological parameters with a blood analyzer,
which has been validated for the analysis of mouse blood using the
laboratory mouse chip card (ABC-Blutbild-Analyzer, Scil Animal
Care Company GmbH; Viernheim, Germany). Number and size
of red blood cells were measured by electrical impedance, and
hemoglobin by spectrophotometry. Mean corpuscular volume
(MCV) was calculated directly from the cell volume measurements. The hematocrit (HCT) was assessed by multiplying the
MCV with the red blood cell count. Mean corpuscular hemoglobin (MCH) and mean corpuscular hemoglobin concentration
(MCHC) were calculated from hemoglobin/red blood cell count
and hemoglobin/hematocrit respectively. Data were statistically
analyzed using an R-Script, applying ANOVA (testing effects of
genotype, sex and the interaction of both) and subsequent pairwise comparisons using the Tukey post hoc test, and the Wilcoxon
Rank Sum Test on genotype differences separately for each sex
and over all, with the level of significance set at p,0.05.
Pulmonary function analysis. All mice were anesthetized
by i. p. injection of ketamine (137 mg/kg body weight) and xylazin
(6.6 mg/kg body weight). After opening the trachea by a small
incision, an 18 gauge cannula was inserted and fixated by ligation.
The mice were then placed in a FinePointe RC system (Buxco
Research Systems; Wilmington, NC, USA). In a heated plethysmograph chamber, mice were ventilated at an average rate of 160
breaths per minute, and flow and mouth pressure and heart rate
were monitored to measure resistance and dynamic compliance.
Beginning with an initial acclimation period of three minutes, a
two-minute measurement was performed. After the resistance (R)
and compliance (Cdyn) measures, mice were transferred to a
forced pulmonary maneuvers system (Buxco Research Systems;
Wilmington, NC, USA). Here, the forced residual capacity (FRC)
was determined during spontaneous breathing of the mouse using
Boyle’s Law, then quasistatic pressure volume (PV) and fast flow
volume (FV) maneuvers were run three times each and averaged
to obtain all lung volume and flow parameters. The PV test uses a
slow expiration phase after inflating the mouse to total lung
capacity (TLC) to obtain quasistatic chord compliance (Cchord),
TLC, expiratory reserve volume (ERV), residual volume (RV) and
inspiratory capacity (IC). The FV test applies a fast expiration after
inflation to TLC, thereby measuring forced vital capacity (FVC),
peak expiratory flow (PEF) and forced expiratory volume at
100 ms (FEV100).
Measurements were always performed between 8 a.m. and 1
p.m. The system was set up in a quiet room where temperature
and humidity were kept constant throughout the measurements.
Statistical analyses were performed using R-scripts implemented in
the database (MausDB). Differences between genotypes were
evaluated by Wilcoxon test. Statistical significance was assumed at
p,0.05. Data are presented as mean values6standard deviation
(SD).

HeLa cells (ATCC No. CCL-2) were used for defining the
protein ratio of the two isoforms in the cell nucleus and cytoplasm.

Antibodies
For western blots and immunofluorescence detection of NM1,
rabbit polyclonal antibody specific to N-terminal part of NM1
(M3456, Sigma) or rabbit polyclonal anti-NM1 antibody, which
was kindly provided by Piergiorgio Percipalle [20] were used.
Polyclonal antibody (R2652) against the tail domain of Myo1c was
kindly supplied by Peter G. Gillespie, Oregon Hearing Research
Center and Vollum Institute [30]. All other antibodies used in this
study are commercially available: antibody against b-actin (A2066)
was purchased from Sigma, anti-GAPDH antibody (clone 6G5) is
available from Acris antibodies, anti-FLAG tag antibody (200471)
from Stratagene, and anti-RNA polymerase II CTD phospho S2
(H5; ab24758) from Abcam.

Quantification of NM1/Myo1c ratio using LI-COR
Odysseyß system
To explore the ratio between both isoforms in the cell nucleus
and cytoplasm in HeLa cells, LI-COR Odysseyß fluorescent
detection system was used. A polyclonal antibody to the Nterminus and a monoclonal antibody that was generated against
the tail domain of NM1/Myo1c (described above) were coupled to
infrared dyes IRDye 680 and IRDyeH 800CW (LI-COR), which
enables quantification of fluorescent signal in two separate
channels. To normalize the signal from the two antibodies, we
transfected cells with a NM1-GFP construct that has the molecular
weight of 170 kDa.

Immunoprecipitation of NM1-Fl and Myo1c-Fl
H1299 cell line stably expressing NM1-Flag or Myo1c-Flag was
prepared by lentivirus transduction. For the experiment cells were
washed with PBS and extracted with buffer containing 50 mM
HEPES pH 8, 300 mM NaCl, 4 mM MgCl2 and 1% Triton X100 and sonicated. Extract was cleared by centrifugation and
filtered through 0.45 mm filter. Clear lysate was incubated 2 hours
with 15 ml of pre-equilibrated Flag-M2 agarose (Sigma). As a
control, lysates were incubated 2 hours with control IgG from preimmune serum cross-linked to protein G-agarose beads. After the
incubation beads were washed 3 times with buffer containing
50 mM HEPES pH 8, 300 mM NaCl and 4 mM MgCl2. Finally,
the bound proteins were boiled for 5 min into SDS-PAGE loading
buffer and analyzed by SDS-PAGE.

Phenotyping of mice
A broad phenotype analysis of 50 wild type littermates as
controls (29 males, 21 females) and 46 NM1 knock-out mice (27
males, 19 females) was done in collaboration with the German
Mouse Clinic (Helmholtz Zentrum München-Deutsches Forschungszentrum für Gesundheit und Umwelt (GmbH), Neuherberg, Germany). Mice, 9–18 weeks old, were analyzed for
irregularities in dysmorphology, behavior, neurology, nociception,
eye function, energy metabolism, clinical chemistry and hematology, immunology, allergy reaction, steroid metabolism, cardiovascular and lung function, and pathology according to standardized
protocols [31,32].
Bone density analysis. After anesthesia, the weight and
length of the mouse were recorded, and the mouse was placed in
the pDEXA Sabre X-ray Bone Densitometer (Norland Medical
Systems. Inc., Basingstoke, Hampshire, UK). After a scout scan,
the area of interest was optimized and the measurement scan
started using following settings: scan speed 20 mm/s, resolution
PLOS ONE | www.plosone.org

Cell proliferation rate
Cells were seeded on a 6-well culture plate at a 20% confluence
and left to grow for six days in full DMEM medium, and then the
number of cells was counted. For quantitative analysis of cell
viability and cell proliferation, we also used the redox indicator
dye alamarBlueH (life technologies), which yields a colorimetric
change in a response to a metabolic activity. For all the
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Table 2. Lung function parameters tested in NM1 knock-out and wild type mice.

Parameter

Body Mass

[g]

Female WT

Female KO

n=6

n=6

28.262.5

26.163.3

p-value

0.223

Volumetric Parameters
Tidal Volume

[ml]

0.20360.005

0.20660.007

0.665

Inspiratory Capacity

[ml]

0.8860.087

0.84160.119

0.394

Expiratory Reserve Volume

[ml]

0.2760.06

0.360.04

0.294

Vital Capacity

[ml]

1.1560.13

1.1460.16

0.851

Functional Residual Capacity

[ml]

0.25760.028

0.26660.027

0.316

Total Lung Capacity

[ml]

1.13760.094

1.10760.131

0.394

Forced Vital Capacity

[ml]

1.05260.102

1.02860.156

0.394

Flow Parameters
Forced Expiratory Volume

[ml]

1.02460.095

0.99960.151

0.416

Peak Expiratory Flow

[ml/sec]

29.960.6

28.561.7

0.197

Mechanical Parameters
Static Lung Compliance

[ml/cm H2O]

0.069460.0084

0.067860.0104

0.732

Dynamic Lung Compliance

[ml/cm H2O]

0.026260.0028

0.027860.0042

0.818

Lung Resistance (R)

[cm H2O/ml/sec]

1.3560.08

1.3160.09

0.563

doi:10.1371/journal.pone.0061406.t002

experiments primary as well as stable skin fibroblast derived from
mice ear explants were used.

(24.3%); the mean litter size was 6.09 pups per litter. These data
indicate no major deviations from the expected numbers
according to the Mendelian laws suggesting normal fertility of
the heterozygous mice and viability of the homozygous mutants.
NM1 knock-out mice did not show significant differences in
weight, size or physical condition, and havent shown any obvious
behavior deviations or defects, or any pathology differences (data
not shown). 50 wild type controls (29 males, 21 females) and 46
NM1 2/2 mice (27 males, 19 females) have been analyzed for
irregularities in dysmorphology, behavior, neurology, nociception,
eye function, energy metabolism, clinical chemistry and hematology, immunology, allergy reaction, steroid metabolism, cardiovascular and lung function, and pathology in a comprehensive
phenotypic screen in cooperation with the German Mouse Clinic.
In previous experiments, Kahle et al. (2007) have determined
the expression profile of NM1 in different mouse tissues, with the
highest NM1 protein levels in the lungs. Therefore, first we
evaluated the qualitative aspects of lung function. Several
parameters have been tested in female NM1 2/2 mutants and
then compared to wild type littermates (Tidal Volume, Inspiratory
Capacity, Expiratory Reserve Volume, Vital Capacity, Functional
Residual Capacity, Total Lung Capacity, Forced Vital Capacity,
Flow Parameters, Forced Expiratory Volume, Peak Expiratory
Flow, Static Lung Compliance, Dynamic Lung Compliance, and
Lung Resistance). However, no significant genotype-specific
differences in volumetric, flow or mechanical lung function
parameters were found (Table 2). Therefore, despite high NM1
expression in lungs, the NM1 knock-out has no significant effect
on pulmonary function per se.
Further tests on NM1 knock-out evaluating deviations or
pathological changes in different screens described above did not
show any significant change between NM1 WT and KO animals
(data will be given upon request).
One group of tests evaluated bone and weight-related quantitative parameters of mature mice at the age of 14 weeks. Here
NM1 2/2 male mice had significantly (p # 0.05 without

RNA isolation and RT-qPCR
Total RNA from cells was isolated with GeneElute Mammalian
total RNA Miniprep Kit (Sigma) according to manufacturer’s
protocol. The cells were lysed directly on cultivation plates.
Concentration of RNA was measured by spectrophotometry and
the integrity of RNA was checked on an agarose gel. 50 ng of total
RNA was reverse transcribed and single-step real-time qPCR was
performed with TaqManH Reverse Transcription Reagents and
PowerSYBRH Green PCR Master Mix (Applied Biosystems,
Roche). RT-qPCR was performed in ABI Prism 7300 instrument
(Applied Biosystems). For detection of mRNA of Myo1c and 45S
pre-rRNA and GAPDH genes, the following primers were used:
Myo1c CGATCACCCGAAGAACCA and GCGCTCTCCATGGTCACT, 45S pre-rRNA GGAGTGGGGGGTGGCCGG
and GGGGAGAGGAGCAGACGAG, and GAPDH GGAAGGGCTCATGACCACAG and GCCATCCACAGTCTTCTGGG. Expression levels of 45S pre-rRNA and Myo1C were
evaluated relative to GAPDH expression level.

Results
NM1 knock-out mice are viable and fertile
Because of the different expression pattern of NM1 in different
tissues and the important roles of this protein in transcription
[6,16], chromatin remodeling [17], and chromosome movements
[33], one would assume that NM1 knock-out would have lethal
effect early during embryonic development or would have severe
developmental defects. However, NM1 KO mice were fully viable
with no significant differences from WT mice. They had a normal
number of littermates and sex rate. 320 offspring from heterozygous mating have been checked: there were 157 males (49%) and
163 females (51%); 83 animals were wild type (25.9%), 159
heterozygous (49.7%) and 78 animals homozygous mutants
PLOS ONE | www.plosone.org
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correction due to multiple testing) increased bone mineral density
in comparison to wild type mice (+/+: 4564 mg/cm2, n = 10; 2/
2: 5165 mg/cm2, n = 9). Other parameters such as bone mineral
content, body weight, body length, fat and lean mass showed no
significant change or deviation in comparison to the control
littermates (Table 3). Finally, hematology screening results
indicated mild macrocytosis in mutant animals associated with a
trend towards an increased hemoglobin content in erythrocytes,
which was accompanied by slightly reduced red blood cell counts
and corpuscular hemoglobin concentration in males. Number of
red blood cells was slightly decreased (Fig. 2A), the mean
corpuscular volume (Fig. 2B) and mean corpuscular hemoglobin
(Fig. 2C) were significantly increased. This observation might
indicate impaired cell division during erythropoiesis [34].
Taken together, these data show that knock-out of NM1 gene
has no effect on mice viability and fertility, and broad phenotyping
uncovered some minor but significant changes in bone mineral
density and red blood cells parameters without any obvious
pathological defects during mice proceeding.

Table 3. Overall body and bone parameters in NM1 knockout and wild type mice.

Parameter

Male WT

Male KO

n = 10

n=9

p-value

Bone mineral density [mg/cmˆ 2]

4564

51q65

Bone mineral content

[mg]

350695

286686

0.147

Bone content

[%]

1.2460.31

1.0160.31

0.134

0.01

Body length

[cm]

9.6860.22

9.7060.18

0.835

Body weight

[g]

28.0761.34

28.2860.93

0.703

Fat Mass

[g]

2.7362.01

2.1361.28

0.459

Lean Mass

[g]

19.5962.43

20.2262.15

0.564

doi:10.1371/journal.pone.0061406.t003

measured the overall level of 45S pre-rRNA expression by RTqPCR. NM1 knock-out had no effect on RNA Pol I transcription
(Fig. 3B), and the expression level of 45S pre-rRNA in both cell
lines was comparable.
Considering the connection between NM1 functions in Pol I
transcription and the results described above, we can suggest that
the function of NM1 protein in knock-out mice and cell lines is
supplemented by functioning of other myosin protein or proteins.

NM1 knock-out has no effect on cell viability,
proliferation and transcription activity
For further experiments, we prepared primary and stable
fibroblast cell lines from NM1 KO and WT mice skin explants.
These cell lines were used for evaluation of influence of NM1
deficiency at the cellular level. Typically, the condition of a cell
highly correlates with the level of transcription activity. Therefore,
we examined cell proliferation and viability by measuring the
number of cells at different time points after seeding. After six days
of growing, numbers of NM1 +/+ and NM1 2/2 cells were the
same, suggesting that cell proliferation and viability in NM1 KO
cells was not affected (Fig. 3A). We also performed alamarBlueH
assay to measure proliferation rate by colorimetric change in a
response to a metabolic activity of the cells. The data re-confirmed
the observations from the proliferation assay (data not shown).
Because of described functions of NM1 in RNA Pol I
transcription, we directly explored whether NM1 knock-out has
some effect on this process. We isolated RNA from NM1 WT and
KO skin fibroblasts in the exponential growth phase, and

NM1/Myo1c expression is nearly equal in tissues and cell
lines
We have previously shown that Myo1c protein differs from
NM1 in just the first 16 amino acids [6]. Both proteins contain an
identical NLS and both are able to enter the nucleus [24]. We
therefore asked whether Myo1c would be able to substitute for the
nucleus-related functions of NM1.
Firstly, we explored the ratio between both isoforms in the cell
nucleus and cytoplasm in HeLa cells. Because the molecular
weight of NM1 and Myo1c are very close to each other, we were
unable to separate the two isoforms efficiently enough to quantify
their amounts directly on western blots. We therefore used LI-

Figure 2. Red blood cells related phenotype in NM1 knock-out mice. (A) Comparison of red blood cell counts (RBC) between NM1 KO (2/2)
and WT (+/+) male (m) and female (f) mice. Male mice show slightly lower number of red blood cells. (B) Comparison of mean corpuscular volume
(MCV) in WT and KO animals shows increased cell volume in KO males and females. (C) NM1 KO animals have increased mean corpuscular
hemoglobin (MCH) level in comparison to WT males. Data are presented as mean +/2 SD. * p,0.1; ** p,0.05, *** p,0.01, **** p,0.001.
doi:10.1371/journal.pone.0061406.g002
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Figure 3. NM1 knock-out has no effect on cell proliferation and Pol I transcription. (A) Proliferation of NM1 KO cells (NM1 2/2) is not
altered in comparison to WT cells (NM1 +/+). 16105 cells were seeded on plates (20% confluence; day 0) and let to grow for six days when number of
cells was counted again (day 6). (B) Pol I transcription rate in NM1 KO (NM1 2/2) and WT (NM1 +/+) cells is equal. RNA from exponentially growing
cells was isolated and expression of 45S pre-rRNA was measured by RT-qPCR. Expression of 45S pre-rRNA is compared relatively to GAPDH
expression. Data are presented as mean +/2 SD.
doi:10.1371/journal.pone.0061406.g003

transcriptional complex. When immunoprecipitating NM1 or
Myo1c proteins tagged with Flag-tag, we succeeded in coprecipitating the CTD domain of Pol II (Fig. 5B). This together
with previous results showing no significant differences in cell
proliferation and viability in NM1 KO cells suggests a role for
Myo1c also in Pol II transcription.

COR Odysseyß fluorescent detection system that enables
quantification of fluorescent signal in two separate channels. The
intensities of NM1 and Myo1c were compared in the cytosolic and
nuclear extracts of HeLa cells. We found that in this cell line, the
ratio between NM1 and Myo1c was nearly 1:1 in both cellular
compartments (Fig. 4A). To confirm this result, we used NM1
knock-out skin fibroblasts in which the expression of NM1 is
ablated and only Myo1c is expressed. We compared the level of
total protein NM1+Myo1c using western blot. In KO cells, we
observed about 50% reduction of signal intensity as compared to
the wild type cells (Fig. 4B). Similar reduction in fluorescent
signal was observed using immunofluorescent labeling with an
antibody against NM1/Myo1c (data not shown). We also repeated
the quantification of NM1 and Myo1c using lungs and stomach
tissues from NM1 KO in comparison to WT ones. Here the ratio
of NM1 versus Myo1c was shifted more toward the Myo1c (,55%
in lungs, ,64% in stomach tissue); (Fig. 4C).
Taken together, in cell types such as the primary fibroblasts and
immortal cell lines, the NM1 isoform comprises about 50% of total
NM1+Myo1c, while the ratio appears to be shifted toward the
Myo1c isoform in mouse lungs and stomach (Fig. 4D).

Knock-out of NM1 protein has no effect on Myo1c
expression
In a previous experiment, we claimed that Myo1c seems to be
able to functionally substitute NM1 in Pol I transcription. To test
whether NM1 knock-out leads to a compensatory overexpression
of Myo1C, we isolated RNA from NM1 WT and KO skin
fibroblasts in the exponential phase of growth, and measured
Myo1c expression by RT-qPCR. All experiments were done in
triplicates, and we used primers specifically amplifying just the
Myo1c coding region. However, the level of expression of Myo1c
in both cell lines was comparable (Fig. 5C). This result suggests
that the amount of Myo1C in the nucleus is sufficient to fulfill the
roles in Pol I and Pol II transcription by itself.
Taken together, Myo1c is able to compensate for the loss of
NM1. Because the amount of Myo1c is equal to NM1 and there is
no compensatory overexpression of Myo1c in NM1 KO cells, we
suggest that both isoforms are redundant to each other and can
have same functions in Pol I transcription. Moreover, Myo1C is
able to bind to CTD domain of Pol II suggesting that these
proteins also have identical roles in Pol II transcription.

Myo1c is able to functionally substitute NM1
Since the cellular distribution and expression levels of NM1 and
Myo1c are similar, we also explored the possible functional
similarities between these isoforms. Previous experiments showed
that NM1 depletion decreased RNA polymerase I transcription
rate [16]. To test whether Myo1c is able to functionally substitute
NM1 in RNA pol I transcription, we used shRNA mediated
depletion of NM1/Myo1c in U2OS cells. After decreasing Pol I
transcription rate, we were able to reconstitute the phenotype by
overexpressing mouse Myo1c that was resistant to the RNAi.
Overepression of Myo1c similarly to restored Pol I transcription
rate back to almost endogenous level in RNAi depleted cells
(Fig. 5A). Moreover, NM1 was found to be a component of Pol II
transcription machinery and was found to bind to Pol II [6]. We
already showed that Myo1c appears to have the same function in
Pol I transcription as NM1. To prove if Myo1C would also mimic
the function of NM1 with Pol II, we explored possible interacting
partners which would belong to molecular components of Pol II
PLOS ONE | www.plosone.org

Discussion
Nuclear myosin I (Myo1c isoform B), the first molecular motor
protein which has been discovered in the cell nucleus, has brought
a revolution into the myosin field. In comparison to conventional
class I myosins which were described in different functions related
to plasma membrane and cytoskeleton, endo- and exo- cytosis, cell
motility and cell spreading [35], NM1 was found to be directly
involved in processes of RNA Pol I and RNA Pol II transcription,
chromatin remodeling and chromosome movements in the cell
nucleus. Since its discovery in 1997, 5 others myosins have been
observed in the cell nucleus (myosin VI, Va, Vb, XVIb, and
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Figure 4. Ratio between NM1 and Myo1c is nearby equal. (A) HeLa cells were fractionated into cytosolic and nuclear fractions. NM1 and
Myo1c amounts were quantified using double fluorescent labeling of western blot membranes after normalization to NM1-GFP band. (B) Total
amounts of NM1+Myo1c were compared in mouse skin fibroblasts derived from NM1 knock-out and NM1 wild type mouse. Beta actin signal was
used as loading normalizer. (C) Total amounts of NM1+Myo1c were compared in lungs and stomach from NM1 knock out and NM1 wild type mouse.
GAPDH signal was used as loading normalizer. (D) The graph shows the amount of NM1 and Myo1c after densitometric quantification of bands from
figures 4B and 4C showing the ratio between NM1 and Myo1c as compared to actin/GAPDH expression.
doi:10.1371/journal.pone.0061406.g004

Figure 5. Myo1C is able to function in Pol I and Pol II transcription without changes in its expression level. (A) The level of nascent
rRNA was decreased to 80% of WT levels in NM1/Myo1c knock-down cells (U2OS+C8). An overexpression of mouse NM1 (U2OS+C8+NM1) or Myo1c
(U2OS+C8+M1c) resistant to shRNA causes restoration of Pol I transcription to almost endogenous levels. As a negative control were used U2OS cells
with transduced empty pLKO1.1 vector (U2OS+NC). (B) Both NM1-Flag and Myo1c-Flag interact with Pol II. Extracts from cells overexpressing NM1Flag and Myo1c-Flag were co-immunoprecipitated with Flag antibody and control IgG. Immunoprecipitates were analyzed by western blotting with
antibodies against Flag, Pol II CTD subunit and Myo1c (tail domain recognizing both NM1 and Myo1c). (C) NM1 knock-out does not cause
compensatory changes in expression of Myo1c. Expression of Myo1c was measured by RT-qPCR and compared relative to GAPDH expression. Data
are presented as mean +/2 SD. *** p,0.001.
doi:10.1371/journal.pone.0061406.g005
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described previously [37,38], but the function of NM1 in this
process is not known and has to be further studied. However, it
was shown that Myo1c is highly expressed in adipocytes and is
responsible for movements of GLUT-4 containing vesicles upon
insulin stimulus [13]. Therefore we cannot exclude the possibility
that NM1 is also playing some role in these processes, but we
suppose that its function would be related to the cytoplasmic
rather than to nuclear functions. However, to support this
speculation, future biochemical analysis of pathways of the insulin
signaling in NM1 KO mice are required.
Experiments monitoring physiological changes included also
hematology analysis which revealed mild hyperchromic macrocytosis of red blood cells in mutant males characterized by larger red
blood cells containing a higher amount of hemoglobin. This
phenotype suggest an impaired cell division during erythropoiesis
[34]. Although, in cell culture cell function of the cell cycle
machinery did not show a detectable effect, rate limitation
concerning proliferation might occur in vivo on a high level due
to decreased amounts of Myo1c being available in the nucleus.
This could results in mild detectable effects in hematopoiesis since
hematopoietic tissue has an extremely high proliferation rate. This
would be comparable to the effect of some missense mutations in
ribosomal protein S19, which can be associated with macrocytosis
as the only or one of some mild symptoms in the heterozygous
state in men and mice [39,40]. Another possible explanation is
that red blood cells in NM1 knock-out mice have partially
impaired linkage between plasma membrane and cytoskeleton,
and therefore they could show increased mean corpuscular
volume. This suggestion is in agreement with previous data on
different members of Myosin I family, which were shown to work
as a dynamic link between plasma membrane and cytoskeleton
[41]. In particular; class I myosins mediate membrane/cytoskeleton adhesion and thus they make major contribution to
membrane tension. Their study showed that class I myosins
directly control the mechanical properties of the cell membrane
and are master regulators of cellular events involving membrane
deformation. Microarray analysis from NM1 KO mice and coimmunoprecipitation experiments, which identified mostly cytoplasmic and membranous proteins link NM1 to similar processes,
described for the other members of Myosin I family (Kalendova
and Venit, in preparation). However, results mentioned above
suggest some new role of NM1 on the cell membrane and in
cytoplasmic shuttling but not in nucleus/nucleolus.
In conclusion, we prepared mice lacking functional nuclear
myosin 1 protein, which has been described as a key player in Pol I
and Pol II transcription. Knock-out mice do not show any obvious
pathological phenotype, which can be explained by functioning of
‘‘cytoplasmic’’ Myo1c isoform in nucleus in general process of
transcription. Both proteins have nearly equal expression levels
and distribution in the cell and a knock-out of NM1 does not cause
any compensatory changes in Myo1c expression. Therefore, we
suggest that both isoforms are interchangeable and redundant with
each other in the cell nucleus. This data raises additional
interesting questions: What is the functional significance of the
different N-terminal regions of the myosin molecules in nuclear
and cytoplasmic processes? What are the functions of NM1 in the
cytoplasm and on plasma membrane? What is the relationship
between these isoforms in the different cell types or tissues?
Obviously, some further investigation and preparation of new tools
will be needed to understand the interplays of Myosin 1c isoforms.

XVIIIb); [36]. Recently, a new isoform of human myosin 1c
protein-isoform A-was discovered and found to localize to the
nucleus. Similar to NM1, this isoform contains a unique Nterminal peptide sequence and co-localizes with RNA polymerase
in the nucleoplasm. However, unlike NM1, upon exposure to
inhibitors of RNA polymerase II transcription, the newly identified
isoform translocates to nuclear speckles. Furthermore, in contrast
to NM1, this new isoform is absent from nucleoli and does not colocalize with RNA polymerase I [7].
We showed previously that the ‘‘cytoplasmic’’ Myo1c protein
(isoform C) is also able to localize to the nucleus in the same
manner as the other isoforms via NLS signal localized in the
middle part of molecule [24]. To test the influence of the specific
N-terminal 16 amino acids on NM1 functions, we prepared knockout mice lacking the exon -1 which contains the NM1 start codon.
The resulting mRNA only contains the downstream start of
translation which gives rise to Myo1c isoform C protein.
Surprisingly, knock-out mice were without any obvious phenotype,
and proliferation assays together with RT-qPCR of 45S pre-rRNA
did not show any differences or aberrance in RNA Pol I and Pol II
transcription. This could be explained by compensatory expression of other myosin motor protein, acting in transcription, or by
the fact that the overall level of myosin motor proteins in the
nucleus is redundant and therefore a depletion of one isoform does
not affect transcription. To test these hypotheses, we depleted
Myo1c isoforms from U2OS cells by shRNA in order to decrease
Pol I transcription. We then measured the reconstitution of
transcription after overexpression of mouse Myo1c that was
unsusceptible to the RNAi. Exogenously expressed Myo1c was
able to restore the Pol I transcription rate to nearly the
endogenous level, apparently compensating for the loss of NM1.
Moreover, we found that the ratio between both isoforms in the
nucleus of WT cells is equal and there is no compensatory change
in expression of Myo1c in NM1 KO cells, suggesting that Myo1c
is transported to the nucleus normally and its amount in nucleus is
sufficient to fulfill myosin functions in transcription by itself. In
conclusion, the two different isoforms (B and C) in the nucleus
seem to be redundant for effective Pol I transcription. Moreover,
Myo1c is able to bind to CTD domain of Pol II suggesting its same
role also in Pol II transcription.
However, as mentioned above, the third Myo1c isoformisoform A-carrying different and longer N-terminal extension has
slightly different cytoplasmic and nuclear localization in comparison to NM1 [7], and we also noted previously that localization
pattern of exogenously expressed NM1 and Myo1c do not fully
overlap [24]. This could suggest different roles for each isoform,
dependent on their N-terminal extensions, but most probably
without affecting the general process of transcription by Pol I or
Pol II. Because we did not detect changes in Pol I transcription in
NM1 KO cells, it is possible that different N-terminal extensions
will have a role in a fine tuning of myosin functions under special
conditions or in specialized cell types. It would be therefore
interesting to explore these three isoforms under various stress
conditions (i.e. UV, starvation, heat shocks) and in different tissues
and cell lines. However, to come to a definitive conclusion,
conditional knock-out mouse and derived cell lines lacking all
three isoforms are needed.
Studies of NM1 function in tissue and at a whole body level did
not show any obvious deviations in comparison to WT mice.
However, we discovered minor differences in bone mineral density
of KO mice, and discovered several genes with changed
expression profiles in NM1 KO mice in relation with lipid
metabolism in adipocytes (data not shown). This could relate bone
metabolism with insulin signaling and energy metabolism as was
PLOS ONE | www.plosone.org
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Abstract
Myosins are molecules that utilize energy stored in ATP to generate mechanical force
during a power stroke cycle. Because vertebrate class 1 myosins are able to bind acidic
phospholipids by a tail domain, they serve as dynamic cross-linkers of membranes and actinrich structures, such as cytoskeleton. Among the class 1 myosins, only MYO1C gene encodes
multiple isoforms. The resulting myosin 1c (Myo1c) protein isoforms differ only at their Nends. Interestingly, all three isoforms translocate to the nucleus where they facilitate DNA
transcription. On the other hand, Myo1c isoform C (later referred to as Myo1c), the shortest
isoform, has been widely studied in respect to cytoplasmic processes whereas the 16-aminoacid longer isoform B (termed nuclear myosin 1, NM1) has been implicated exclusively in the
nuclear processes. Here we report that both isoforms Myo1c as well as NM1 predominantly
localize to the cytoplasm and are enriched at the plasma membrane, which suggests some
yet unknown cytoplasmic functions for NM1. Knock-out (KO) of NM1 does not cause any
defects in mouse skin fibroblasts under physiological conditions. However, when challenged
by hypotonic conditions, NM1 KO cells exhibit increased ability to resist in comparison to
wild-type (WT) cells. This trend is further intensified after elevation of NM1 levels. Atomic
force microscopy measurement revealed that mouse skin fibroblasts become more elastic
upon loss of NM1. This effect can be restored by expression of NM1. Based on our data we
suggest that NM1 may as well as the other class 1 myosins connect plasma membrane with
the adjacent cytoskeleton and act in concert with Myo1c.

Keywords: Nuclear myosin 1, NM1, myosin 1c, Myo1c, plasma membrane, elasticity
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Introduction
Myosins are proteins that are able to convert chemical energy into mechanical force.
This is achieved by the architecture of myosin molecule comprising of a 3 functionally
important domains: a head or motor domain, which possesses ATPase activity and therefore
regulates binding to actin; neck, where light chains bind in order to provide the necessary
stiffness and finally tail, which binds various cargos. Based on comparative genomic analysis
of the motor domains, myosins can be grouped into 35 classes (Odronitz and Kollmar 2007).
The unconventional myosin from the class 1 is believed to be one of the myosin ancestors
(Foth et al. 2006; Richards and Cavalier-Smith 2005) as members of the class 1 were found in
almost all organisms (Odronitz and Kollmar 2007). In vertebrate genome, eight class 1
myosin genes termed MYO1A to 1G have been found (Berg et al. 2001). In contrast to
conventional ones, class 1 myosins are monomeric molecules with a relatively short tails
through which they interact with cargos and other proteins. All vertebrate class 1 myosins
share the same features: they bind actin by the head domain and acidic phospoholipids by
the pleckstrin homology domain (PH) localized in the tail part (Adams and Pollard 1989;
Nambiar et al. 2009; Olety et al. 2010). This implicates their physiological functions – linking
membranes and membane-coated vesicles to actin-rich structures, such as cytoskeleton.
Indeed, both human Myo1a and Myo1b link plasma membrane to the adjacent cytoskeleton
and thus control membrane tension. Moreover, they both facilitate the initial steps of
endocytic vesicle formation (Almeida et al. 2011; McConnell et al. 2009; McConnell and
Tyska 2007). Similarly, Myo1d participates in transfer of recycling vesicles (Huber et al. 2000),
whereas Myo1e has been suggested not only to promote vesicles formation, but also to
assists in their transport, scission and uncoating (Krendel et al. 2007). Myo1f is important for
immune cells adhesion and motility (Kim et al. 2006) similarly to Myo1g, which assists in
phagocytosis in macrophages (Dart et al. 2012) and lysosomal trafficking in a breast cancer
cell line (Groth-Pedersen et al. 2012).
Myo1c interacts with two phosphoinositides – phosphatidyl inositol-4,5-bisphosphate
(PIP2) and inositol-1,4,5-trisphosphate (IP3; Hokanson et al. 2006; Hokanson and Ostap
2006). Similar to other class 1 myosins, this interaction tethers Myo1c to the cell periphery
(Hokanson and Ostap 2006), where it maintains arrangement and dynamics of F-actin-rich
structures such as lamellipodia and thus facilitates cell adhesion and spreading (Bose et al.
2004; Fan et al. 2012; Hagan et al. 2008; Maravillas-Montero et al. 2011; Diefenbach et al.
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2002; Wang et al. 2003). Besides, Myo1c facilitates trafficking and exocytosis of vesicles rich
in various molecules such as GLUT4 (Bose et al. 2002), VEGFR (Tiwari et al. 2013), lipid raftassociated proteins (Brandstaetter et al. 2012) or aquaporin-2 (Barile et al. 2005), and
accounts for plasma membrane localization of E-cadherin in epithelial cells (Tokuo and
Coluccio 2013) as well as nephrin in podocytes (Arif et al. 2011). In the hair cells of the inner
ear, Myo1c is located at the inner site of apical plasma membrane where it serves as a
mechanosensor which mediates opening and closure of the ion channels upon mechanical
stimuli (Dumont et al. 2002; Gillespie and Cyr 2004; Gillespie and Muller 2009). By operating
all the above mentioned processes, Myo1c contributes to the plasma membrane remodelling
and thus plays a role in cell growth, spreading, and migration.
While similar to class 1 myosins, Myo1c is on the other hand unique, because human
MYO1C gene is transcribed into three mRNAs differing at the 5’ UTRs and translation start
sites. Consequently, three protein isoforms with different N-ends are generated: the shortest
is Myo1c isoform C (Myo1c); the longer Myo1c isoform B termed the nuclear myosin 1 (NM1,
NM1 ) carries additional 16 amino acids at the N-end (Pestic-Dragovich et al. 2000); and the
longest Myo1c isoform A (Myo1c-isoA) has 35 amino acids at the N-end (Ihnatovych et al.
2012). While Myo1c and NM1 are in human cells expressed to similar extents (Dzijak et al.
2012; Venit et al. 2013), the expression of Myo1c-isoA reaches only 20 % of NM1 at the
mRNA level (Ihnatovych et al. 2012).
Beyond their cytoplasmic localization, all three isoforms translocate to the nucleus
(Dzijak et al. 2012; Ihnatovych et al. 2012) where they promote DNA transcription (Venit et
al. 2013; Hofmann et al. 2006; Philimonenko et al. 2004; Ihnatovych et al. 2012). Besides,
NM1 has also been implicated in other nuclear processes such as chromatin remodeling and
RNA maturation (reviewed in de Lanerolle and Serebryannyy 2011). Even though it has been
shown that Myo1c is able to take over the nuclear functions upon loss of NM1 (Venit et al.
2013), there is no evidence for NM1 involvement in the cytoplasmic or plasma membrane
processes.
In this paper we showed that both NM1 and Myo1c localize predominantly to the
cytoplasm and that they are enriched at the plasma membrane. The N-terminal extension of
NM1 does not affect its membrane localization, since the amount of both isoforms at the
plasma membrane is the same. Upon loss of NM1, cultured mouse fibroblasts exhibited
increased resistance to hypotonic environment and increased membrane elasticity. Ectopic
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expression of NM1 restored both effects to their original levels. These findings suggest that
NM1 contributes to the cytoskeleton-plasma membrane events and shares functions typical
for class 1 myosins.

Results
NM1 and Myo1c are predominantly localized in the cytoplasm
We were interested in the compartmentalization of NM1 and Myo1c between the
nucleus and the cytoplasm. In the previous study, we showed that from the quantitative
point of view, either in the cytoplasm or in the nucleus the amount of NM1 equals to the
amount Myo1c (Venit et al. 2013). However, the predominant localization in cellular
compartments remained unclear.

To answer this question, we prepared nuclear and

cytoplasmic fractions from suspension HeLa cells and probed the NM1 and Myo1c by
western blotting (Fig. 2). The use of two different antibodies specific for the N-terminal
peptide of NM1 and the tail domain (detects both NM1 and Myo1c) enabled us to
distinguish between NM1 and Myo1c isoforms. The result indicates that 60 % of the NM1
and Myo1c is localized in the cytoplasm whereas 40 % resides in the nucleus. The same
distribution applies also for NM1 protein alone.

NM1 and Myo1c are enriched at the plasma membrane
The PH domain of Myo1c mediates the interaction with acidic phosphoinositides (PIs)
and thus tethers Myo1c to the plasma membrane (Hokanson and Ostap 2006). Since the
same PH domain is present also within NM1, we prepared the mutants lacking PIs-binding
ability in both NM1 and Myo1c (K908A and K898A, respectively), and observed their
localization in the human osteosarcoma (U2OS) cells by wide-field fluorescence microscopy.
Our results revealed that both wild-type NM1 and Myo1c localize to the cytoplasm and are
enriched at the plasma membrane. However, after the mutation in the PIs-binding site, both
NM1 and Myo1c detach from the plasma membrane and translocate to the cytoplasm
instead. On the contrary, mutation in the actin-binding site of either NM1 or Myo1c
(RK605AA and RK598AA, respectively) did not affect their association with plasma
membrane (Fig. 2A).
Since both NM1 and Myo1c localize to the plasma membrane, we further investigated
whether they occupy the same regions or localize to distinct areas. In order to accomplish
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this task, we co-expressed NM1 fused to a Flag tag (NM1-Flag) together with Myo1c fused to
a V5 tag (Myo1c-V5) in the U2OS cells and follow their localization pattern by confocal
fluorescence microscopy. We confirmed the previous observation by finding that both NM1Flag and Myo1c-V5 are enriched at the plasma membrane. Moreover, we observed that the
two proteins co-localize especially at the leading edge and at the membrane ruffles (Fig. 2B,
arrows and inset). In other regions, they seem to be present rather one next to each other.
Since the resolution of confocal microscopy is limited (0.5 um), we employed the stimulated
emission depletion microscopy (STED) which enabled us to reach better resolution. By this
technique we disclosed that even in the membrane ruffles or at the leading edge, NM1 and
Myo1c do not overlap entirely but localize rather next to each other, and that there seems no
preferential enrichment of any of them – both seem to associate with the plasma membrane
with the same affinity.

Knock-out of NM1 increases resistance of mouse skin fibroblasts to hypotonic conditions
Since NM1 localizes to the plasma membrane in the same manner as Myo1c, it
suggests that it is also involved in similar processes. To uncover NM1 contribution to the
plasma membrane processes, we observed whether its deletion manifests any phenotype.
We took advantage of the NM1 knock-out mouse which we prepared previously (Venit et al.
2013). This mouse carries specific deletion of NM1 while retaining Myo1c unchanged. We
derived adult skin fibroblasts from both knock-out (KO) and wild-type (WT) mice (Fig. 3A) and
we tried to induce phenotypical alterations in these cells by challenged conditions with a
special emphasis on the cytoskeleton-plasma membrane interactions. We observed these
cells under various stress conditions such as UV light or heat shock, tested their wound
healing ability as well as adhesion and motility on various substrates. However, none of these
conditions revealed any significant difference in behaviour between KO and WT fibroblasts
(data not shown). Surprisingly, in the hypotonic treatment ranging from 1 to 7 min, KO
fibroblasts exhibited higher ability to survive in comparison to WT (Fig. 3B). To further prove
that the effect observed is caused by deletion of NM1, we performed rescue experiment. We
prepared KO and WT fibroblasts stably expressing NM1-Flag or control GFP (Fig. 3C) and
subjected them to hypotony for 1 min (Fig. 3D). In agreement with the previous experiment,
survival of WT fibroblasts was decreased by 25 % in comparison to KO. Moreover, when
NM1-Flag is expressed in WT fibroblasts, the survival is further reduced by additional 30 %.
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KO fibroblasts expressing NM1-Flag show the identical ability to resist hypotony as WT, which
reflects the fact, that the level of NM1 expressed in both cell lines is endogenous. Taken
together, these data suggest that NM1 plays a role in maintenance of appropriate volume
and osmotic pressure of the cell.

NM1 contributes to the plasma membrane stiffness
When a cell experiences decrease or increase in a volume resulting from changes in
osmotic pressure of surrounding environment, various processes are triggered. These
processes are consequences of sterical alterations between molecules, changes in
concentrations of various ions and modifications in structure of plasma membrane.
Therefore wide range of biomolecules can serve as “molecular osmosensors”, such as GTPbinding proteins, transmembrane proteins, phospholipids and proteins involved in lipid
metabolism, or cytoskeletal proteins (Hoffmann et al. 2009). Myo1c is known to affect both
the membrane dynamics and cytoskeletal organization (Oh et al. 2013; Bose et al. 2004;
Maravillas-Montero et al. 2011; Diefenbach et al. 2002) and thus participates in regulation of
intracellular tension. In order to explore the contribution of NM1 to such processes, we
measured membrane stiffness of the WT and KO mouse skin fibroblasts by atomic force
microscopy (AFM). We found that upon deletion of NM1, cells become more elastic, as
represented by increased values of Young’s modulus (Fig. 4A). To verify this observation, we
performed the add-back experiment in which we overexpressed NM1-Flag in the KO cell line.
Indeed, the membrane elasticity of these cells decreased close to the original levels of WT
(Fig. 4A, B). Together with the behaviour under hypotonic conditions these data suggest that
also NM1 participates in the tethering of cytoskeleton to the plasma membrane and the loss
of these links displays increased elasticity (decreased stiffness) of the plasma membrane.

NM1 and Myo1c are distributed equally at the plasma membrane
We observed that cellular behaviour under particular conditions is dependent on the
presence of NM1. However it is not clear, how much NM1 is there at the plasma membrane
in respect to Myo1c, and how can this distribution be changed by depletion of each isoform.
To quantify the amount of NM1 and Myo1c at the plasma membrane, we isolated plasma
membranes from the WT and KO mouse skin fibroblasts and established the presence of
NM1 and Myo1c by immunoblotting. We found that plasma membrane of wild-type (WT)
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mouse skin fibroblasts contains equal amounts of NM1 and Myo1c (Fig. 5A, B). Morevoer, KO
of NM1 did not cause any compensatory translocation of Myo1c to the plasma membrane –
the level of total plasma membrane Myo1c isoforms dropped to a half. This reflects the
general cellular levels of both isoforms – after KO of NM1, amount of Myo1c remains
unchanged and the total Myo1c isoforms content decreases by 50 %. Based on these results
we propose that the overexpressed NM1 and Myo1c mimicks the localization of the
endogenous proteins and moreover that functions of NM1 and Myo1c at the plasma
membrane are similar, since KO of NM1 does not trigger relocation of Myo1c.

Discussion
Recently, significant progress has been made in the Myo1c field. Study by Dzijak
(2012) revealed that not only NM1, but all three isoforms encoded by MYO1C gene enter the
nucleus via the NLS located in the part which is common for all three isoforms. On top of
that, Venit (2013) showed that Myo1c (previously described as exclusively cytoplasmic) can
rescue for the loss of NM1, and that the two isoforms are interchangeable in nuclear
processes, especially in transcription. Here we continued this revolution by demonstrating
that NM1 not only localizes to the cytoplasm, but even accumulates at the plasma
membrane dependently on the intact PH domain, which mediates interaction with plasma
membrane-associated PIs. This finding shows NM1 as a typical class 1 myosin, since they
exert their functions in plasma-membrane associated processes (reviewed in McConnell and
Tyska 2010).
Interestingly, the 16-amino-acid-extension of NM1 - in the beginning considered a
NLS (Pestic-Dragovich et al. 2000), now re-considered as a part of nucleolar localization signal
(Schwab et al. 2013) - does not prevent NM1 from the plasma membrane localization. We
observed that NM1 actually localizes at the plasma membrane to the same extent as Myo1c
– their amounts are at the plasma membrane equal, similarly to the ratio reported previously
in the nucleus (Dzijak et al. 2012). However, when we employed super-resolution
microscopy, we did not observe complete co-localization of NM1 and Myo1c at the plasma
membrane – the two proteins were evenly distributed next to each other. This suggests that
they both contribute to the processes related to plasma membrane. The question here arises
as which functions does NM1 have – are they similar or different from Myo1c?
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Here we showed that upon deletion of NM1, cells exhibit higher ability to tolerate
hypotonic conditions. This implies NM1 for being a negative regulator of the regulatory
volume decrease (RVD), a mechanism by which cell tend to balance perturbations in its
volume. Numerous pathways are triggered after cell swelling that activate various molecules
including ion channels, aquaporins, cell-adhesion molecules, cytoskeletal proteins and
molecules remodeling membranes (reviewed in Hoffmann et al. 2009). The aim of all these
processes is to restructure cytoskeleton and plasma membrane enough to prevent cell
bursting. Since Myo1c is known to affect membrane rigidity (Tiwari et al. 2013; Brandstaetter
et al. 2012; Bose et al. 2004; Barile et al. 2005; Dumont et al. 2002), it is plausible that also
NM1 acts similarly. Indeed, when we measured membrane elasticity of cultured fibroblasts
by AFM, we noticed an increase after deletion of NM1. This corresponds to our latter finding
that deletion of NM1 does not cause any compensatory translocation of Myo1c to the
plasma membrane in the same cell line. Similarly, Venit (2013) reported that deletion of NM1
did not cause any compensatory expression or translocation of Myo1c into the nucleus. The
implication of NM1 in the plasma membrane dynamics is also supported by our observation
that in response to NM1 deletion, various ion channels, cell-adhesion and cytoskeletal
proteins changed their expression at the mRNA level, as tested by expression profiling on
microarrays (not shown).
Based on our results we concluded that NM1 as well as other class 1 myosins
members creates a dynamic link between plasma membrane and cytoskeleton and thus
makes major contributions to membrane tension (reviewed in McConnell and Tyska 2010).
As a consequence of NM1 deletion, the overall number of myosin molecules on the plasma
membrane is reduced, less tight bonding of cytoskeleton to membrane is achieved and the
cells are more accessible for swelling, because the plasma membrane can remodel more
effectively. This is in agreement with previous finding that downregulation of any class 1
myosin isoform caused reduction in the rigidity of the plasma membrane (Nambiar et al.
2009). On the contrary, cells with exogenous overexpression of NM1 have overall higher
levels of class 1 myosin molecules on the plasma membrane and the link between
membrane and cytoskeleton becomes tighter. Since NM1 KO cells did not suffer any
alteration in adhesion, spreading or motility (not shown), we propose that the overall
number of myosin 1 molecules at the plasma membrane of NM1 KO cells is sufficient to carry
out their functions under normal conditions. After exposure to stress conditions, differences
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in mechanical properties of the cells can be detected. It is also possible that multiple
pathways contribute to the phenotype observed under stress conditions.
We disclosed that besides its nuclear role, NM1 acts also in various plasma
membrane processes. Here we observed that Myo1c can fully compensate for the loss of
NM1, however challenged conditions might help to uncover weaknesses in cell behaviour
caused by NM1 absence. The important question remains, if NM1 would be able to rescue
for the loss of Myo1c. More detailed information on roles of NM1 and Myo1c at the plasma
membrane and their cross-talk would be obtained after the generation of KO mouse with
both isoforms deleted.

Materials and methods
Plasmids and cell lines
U2OS cell line was cultured in Dulbecco’s modified Eagle medium supplemented with
10 % fetal bovine serum and gentamicin 40 ug/ml. Suspension Hela cells were cultured in
minimum essential Eagle medium modified for spinner culture supplemented with 5 % fetal
bovine serum and 40 ug/ml gentamicin. Mouse skin fibroblasts were derived (Venit et al.
2013) from the WT and KO mice and cultured in Dulbecco’s modified Eagle medium
supplemented with 10 % fetal bovine serum (Invitrogen) and gentamicin 40 ug/ml. All cell
lines were cultured in humidified incubator at 37 °C, 5 % CO2.
NM1 fused to C-terminal EYFP and/or to Flag tag was cloned into pCDH-CMV-MCSEF1-Neo using standard techniques of molecular biology. Lentivirus, generated using pMD2.G
and psPAX2 packaging plasmids, was used for transduction of U2OS and mouse skin
fibroblasts. Stable recombinants were selected using neomycin.
NM1-Flag (cloned in the pCMV-Tag4B) and Myo1c-V5 (cloned into pCDNA3.1-V5/His)
were delivered into U2OS cells by transfection. Lipofectamine 2000 (Life Technologies) was
used according to the manufacturer’s protocol.

Cell fractionation
Cells were fractionated as described previously (Trinkle-Mulcahy et al. 2008). Briefly,
Hela suspension cells were harvested by centrifugation, washed twice with ice-cold PBS, resuspended in ice-cold hypotonic buffer (10 mM Hepes, pH 7.9, 1.5 mM MgCl, 10 mM KCl, 0.5
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mM DTT, and protease inhibitors) and incubated on ice for 15 min. Cells were broken open
using Dounce homogenizer with a tight pestle and centrigued at 230 g for 5 min. The supernatant, which was considered a cytoplasmic fraction, was mixed in the SDS-PAGE loading
buffer, sonicated and cleared by centrifugation at 16000 g. The crude nuclear pellet was further purified over a sucrose cushion: pellet was resuspended in 0.25 M sucrose, layered over
0.88 M sucrose and centrifuged at 2800 g. The final nuclear pellet was resuspended in the
SDS-PAGE loading buffer, sonicated and cleared by centrifugation at 16000 g. Samples were
resolved by SDS-PAGE and transfered onto nitrocellulose membrane.

Hypotonic stress survival experiments
KO and WT fibroblasts were seeded at the same density onto a 24-well plate and kept
for 24 hrs under normal conditions. Then, the growth medium was discarded, cell washed by
PBS and incubated in distilled water for 1 to 7 min. After this period, water was removed and
cells were allowed to recover for 2 hrs in normal growth medium under standard conditions
and counted. The experiment was repeated three times in triplicates and resulting data were
statistically evaluated. The same experiment was carried out with the fibroblasts stably expressing GFP or NM1 Flag.

Immunofluorescence
U2OS cells on coverslips were fixed by 4 % paraformaldehyde for 20 min and
permeabilized with 0.05 % Triton X-100 for 10 min. After 30 min blocking with 1 % BSA cells
were incubated 1 hr with primary antibody in wet chamber, washed 3 times with PBS-T and
incubated 45 min with secondary antibody. Finally, cells were washed 3 times with PBS-T and
mounted in Prolong anti-fade agent (Life Technologies).

Antibodies
Following antibodies were used for western blotting and immunostaining: NM1
(M3567, Sigma Aldrich); Myo1c (mouse monoclonal, Kahle); GAPDH (6G5, Acris); V5 (V8137,
Sigma Aldrich); lamin A - 133A2, gift from Y. Raymond (Sasseville and Raymond 1995); actin
(A2066, Sigma Aldrich); pan-cadherin (CH-10, Abcam); Flag (M2, Stratagene); Na/K ATPase
(Abcam).
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Isolation of plasma membranes
Surface proteins of WT and KO mouse skin fibroblasts were biotinylated using 0.25 mg/ml EZ
Sulfo NHS-SS-biotin (Thermo) for 30 min at 4 °C. After that, cells were washed and lysed in 25
mM HEPES pH 8, 500 mM NaCl, 0.5 % SDS and 1 % Triton X-100 supplemented with protease
inhibitors. After sonications, lysated was cleared by centrifugation and membrane fragments
bound to NeutrAvidin sepharose beads (Thermo). Bound proteins were washed, eluted by
boiling in 1xSDS-PAGE loading buffer conatining 100 mM DTT and resolved by SDS-PAGE.
Proteins were transferred to a nitrocellulose membrane and immunodetected by respective
antibodies.
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Fig. 1: NM1 and Myo1c localize predominantly to the cytoplasm. (A) Suspension Hela
cells were fractionated into cytoplasm (C) and nuclei (N). Same amount of proteins
from each fraction were resolved by SDS-PAGE. NM1 or both NM1+Myo1c were
detected by corresponding antibodies by western blotting. Purity of each fraction was
assessed by immunoblotting with lamin A/C and GAPDH. (B) Densitomteric analysis of
the immunoblotting shown in (A). The experiment was repeated three times with the
same results.
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Fig. 2
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Fig. 2: NM1 and Myo1c are enriched at the plasma membrane. (A) Wild-type NM1-EYFP
or Myo1c-EYFP and their respective mutants (actin-binding and PIs-binding) were stably
expressed in the U2OS cells and their localization inspected by wide-field fluorescence
microscopy. Plasma membrane association is disrupted upon mutation of the PIs-binding
site. (A) NM1-Flag and Myo1c-V5 were coexpressed in the U2OS cells and detected by
confocal fluorescence microscopy. Both proteins co-localize at the plasma membrane and
in the membrane ruffles. (C) Localization of NM1-Flag and Myo1c-V5 was inspected by
STED microscopy. Both proteins are localized at the plasma membrane side by side and do
not overlap entirely. Scale bars, 10 um (A) 5 um (B)
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Fig. 3
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Fig. 3: Knock-out of NM1 causes increased resistency to hypotonic conditions of mouse skin
fibroblasts. (A) Mouse skin fibroblasts were derived from WT mouse and KO mouse, which lacks
expression of NM1. (B) Both cell lines were subjected to hypotonic conditions (redestilled water)
for the time periods indicated and then let recovered for 2 hr in a complete media. KO
fibroblasts show higher ability to resist hypotonic conditions than WT and this behaviour does
not change with prolonged incubations. (C) For the rescue experiment, WT and KO fibroblasts
stably expressing NM1-Flag were prepared, KO fibroblasts expressing GFP were used as a
control. (D) All four cell lines were subjected to a hypotony for 1 min and let recovered in
complete media for 2 hrs. WT fibroblasts expressing NM1-Fl ag show lower ability to survive than
WT. KO fibroblasts expressing NM1-Flag show similar ability to survive as WT, which correlates
with the amount of NM1 expressed by both cell lines.
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Fig. 4
A

B

Fig. 4: NM1 contributes to the stifness of plasma membrane. (A) WT, KO and KO mouse skin
fibroblasts expressing NM1-Flag were subjected to measurement of the plasma membrane
stiffness by AFM. Results reveal that NM1 KO cells exhibit increased membrane elasticity, as
represented by Young‘s modulus. (B) Distribution of the values of Young‘s modulus in the cells
visualized as a histogram.
5 cells were analyzed for each cell line and more than 500 touches with the probe were made in
each cell. Data are represented as a mean ± SD.
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Fig. 5
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Fig. 5: The amount of NM1 and Myo1c is at the plasma membrane equal. (A) Surfaces of WT
and KO mouse skin fibroblasts were biotinylated and membrane fragments isolated using
avidin-coupled agarose beads. Plasma membrane fragments were resolvede by SDS-PAGE and
proteins detected by western blotting. (B) Densitomteric analysis of the immunoblotting
shown in (A) suggests that there there is the same amount of NM1 as Myo1c at the plasma
membrane. KO of NM1 does not cause translocation of Myo1c to the plasma membrane. To
be able to quantifiy NM1 and Myo1c, which are both detected by different anti bodies, the
signal of these antibodies was normalized to the known amount of NM1-Flag present within
the same gel.
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Abstract
Besides the localization in biological membranes, presence of phosphoinositides (PIs) inside
the cell nucleus has been convincingly demonstrated. Phosphatidyl inostiol-4,5-bisphosphate
(PIP2) is in the nucleus required for DNA transcription, rRNA processing and splicing.
Various actin-binding proteins, such as class 1 myosins, have been shown to interact with PIs.
Isoforms of myosin 1c, nuclear myosin 1 (NM1) and Myo1c, not only bind to PIs at the
plasma membrane, but also localize to the nucleus where they facilitate various stages of
DNA transcription, rRNA maturation and chromatin remodelling. Here we showed by pulldown and binding assays that NM1/Myo1c interact with PIP2 also in the nucleus. Moreover,
PIP2 serves as a link which tethers NM1/Myo1c into the nuclear lipo-protein microdomains
where NM1/Myo1c may create hydrophilic coat and may mediate association with other
molecules. We revealed that NM1/Myo1c-PIP2 complex is enriched not only in the lipoprotein microdomains resistant to detergent extraction, but also in soluble complexes. We
found also the active forms of RNA polymerases I and II enriched in the soluble fraction. By
a mutational analysis we revealed that PIP2-binding ability of NM1/Myo1c is required for
association of their association with active RNA polymserse II and for their involvement in
transcription. Based on our results we propose that NM1/Myo1c-PIP2 is in the nucleus
retained in lipo-protein microdomains as well as other functional complexes, such as
transcription machinery.

Keywords
NM1, Myo1c, transcription, PIP2, nuclear microdomains
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Introduction
Nucleus is a home of nucleic acids as well as proteins participating in the nuclear organization
and functions. In order to accomplish its functions unhindered, nucleus of eukaryotic cells is
physically separated from surrounding cytosol by a lipid bilayer. This bilayer consists of
various kinds of lipids. Numerous studies over the last fifty years have shown that lipids are in
addition to the nuclear membrane found also inside the nucleus (reviewed in (Ye and Ahn
2008; Irvine 2003), where they form microdomains which are similar to microdomains in the
plasma membrane (reviewed in Edidin 2003). These intranuclear lipids turned out not to be
silent, but as potent regulators of wide variety of nuclear processes.
Phosphatidylinositol 4,5-bisphosphate (PIP2), important signalling molecule localizing at the
inner leaflet of a plasma membrane, has also been found in the nucleus (reviewed in (Ye and
Ahn 2008; Irvine 2003) and earned its position as one of the most studied intranuclear lipids.
It not only participates in the maintenance of chromatin structure (Rando et al. 2002; Zhao et
al. 1998), but also affects gene expression. PIP2 is a component of rDNA transcription
machinery and further contributes to rRNA processing in the nucleolus (Yildirim et al. 2013).
Similarly, expression of RNA polymerase II-transcribed genes is modulated by PIP2 (Yu et
al. 1998) and it has been observed to associate with the active form of RNA polymerase II
(Boronenkov et al. 1998; Mellman et al. 2008; Osborne et al. 2001). In addition, PIP2 is
required for efficient pre-mRNA splicing and processing (Mellman et al. 2008), since its
depletion decreased splicing efficiency in vitro (Boronenkov et al. 1998; Mellman et al. 2008;
Osborne et al. 2001). However, the mode of action it exerts in the RNA polymerase II
transcription and splicing remains not entirely clear.
Numerous actin-binding proteins contain positively charged amino acid stretches that can
bind phosphoinositides (reviewed in Saarikangas et al. 2010). Class 1 myosins, molecular
motors converting energy from ATP to mechanical force, are known to interact with
membrane phosphoinositides via their tail domains (Nambiar et al. 2009). Cargo-binding tail
domain of myosin 1c (Myo1c) binds directly to PIP2 by pleckstrin homology (PH) domain
while its head binds actin and ATP (Batters et al. 2004; Hokanson et al. 2006). The interaction
with PIP2 anchors Myo1c to the plasma membrane (Hokanson and Ostap 2006), where it
organizes structures formed by actin (Coluccio and Geeves 1999; Diefenbach et al. 2002;
Maravillas-Montero et al. 2011) and contributes to remodelling of plasma membrane (Bose et
al. 2002; Brandstaetter et al. 2012; Tiwari et al. 2013; Barile et al. 2005).
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Nuclear myosin 1 (NM1) is an isoform of Myo1c harboring additional 16 amino acids at the
N-terminus. NM1 is as a member of nucleoskeletal proteins which include especially lamins,
actin, emerin, spectrin and titin (Castano et al. 2010; Simon and Wilson 2011). NM1
facilitates initiation phases of RNA polymerase I and II transcriptions (Fomproix and
Percipalle 2004; Hofmann et al. 2006; Philimonenko et al. 2004; Ye et al. 2008) and as a
component of chromatin remodeling complex B-WICH facilitates progress of transcription
(Percipalle et al. 2006; Sarshad et al. 2013). Later steps of rRNA maturation and its export
from the nucleus are inhibited in the absence of NM1 (Cisterna et al. 2006; Obrdlik et al.
2010). Nuclear localization sequence (NLS) resides in the neck region, which is common for
both isoforms Myo1c and NM1 (Dzijak et al. 2012). Even though functions of NM1 and
Myo1c have been investigated separately for each cellular compartment, both isoforms
localize in the nucleus (Dzijak et al. 2012) and substitute each other in nuclear processes, such
as transcription (Venit et al. 2013).
Despite the fact that NM1/Myo1c as well as PIP2 localize in the nucleus, data pointing
towards interaction between these molecules in the nucleus are missing. Here we report that
NM1/Myo1c binds to PIP2 via its PH domain also in the nucleus. Furthermore, PIP2 seems to
direct NM1/Myo1c into nuclear lipo-protein microdomains along with other lipids and
proteins. We have also found that absence of the interaction between NM1/Myo1c and PIP2
negatively modulates RNA polymerase II transcription. This suggests that NM1/Myo1c not
only serves as one of the proteins that enable existence of hydrophobic structures in a
hydrophilic environment, but furthermore mediates the interaction of PIP2 with the
transcription machinery.

Results
Myo1c and NM1 directly interact with PIP2 in the cell nucleus
In order to investigate whether Myo1c and NM1 are able to bind phosphoinositides in the cell
nucleus, we performed pull down experiments from HeLa nuclear extracts using
phospoinositides coupled to agarose beads. We confirmed that the nuclear extract used for
this purpose is essentially free of cytoplasmic contaminations, as tested by immunoblotting
with lamin A/C and GAPDH (Fig. 1A). We found that Myo1c and NM1 were specifically
pulled down with PIP2-coupled agarose beads. On the contrary, we have not detected
interaction between NM1/Myo1c and phosphatidylinositol 3,4-bisphospate (PI(3,4)P2). We
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observed only minor binding to phosphatidylinositol 3,4,5-trisphospate (PI(3,4,5)P3) in
comparison to PIP2 (Fig. 1B).
To test whether NM1 binds PIP2 directly through the PH domain, we made a single point
mutation K908A in the PH domain of NM1. This mutation is known to be critical for the
interaction between Myo1c and PIP2 in the cytoplasm (Hokanson and Ostap 2006). We
prepared pure recombinant wild-type NM1 and mutant NM1(K908A) proteins fused Cterminally to a flag tag. We tested these proteins for direct binding to phospohinositides using
nitrocellulose membranes spotted with phospohinositides. After the immunodetection of the
flag-tagged proteins we found that wild type NM1-flag binds to PIP2, while NM1(K908A)flag lacks the PIP2-binding ability. Neither NM1 nor the NM1(K908A) bind to any other
phospohoinositides tested, with the exception of PI(3,4,5)P3. In agreement with the previous
experiment, this interaction is however minor in comparison to PIP2 (Fig. 1C).
In the nucleus, PIP2 localizes to the speckles (Osborne et al. 2001), but forms also lipid
microdomains, ranging from 80 to 100 nm in diameter (Sobol, in preparation). When we
visualized overexpressed NM1 together with PIP2 in fixed U2OS cells (Fig. 1D) we found
that both molecules co-localize in the nucleus (Fig. 1D, intensity profiles in the inset). Most
importantly, the co-localization seems to occur only in discrete domains, which by size
correspond to PIP2 microdomains.

PIP2 anchors Myo1c and NM1 into the intranuclear complexes
PIP2 is relatively small molecule (~1 kDa) and its binding to NM1 or Myo1c should not
affect a mobility of the respective protein, unless it mediates the interactions with other
moleculular complexes. Indeed, in fluorescence recovery after photobleaching (FRAP)
experiments, the mobility of two PIP2-binding mutants of NM1 (K908A and R919A) became
2 times higher in comparison to wild-type NM1 (Fig. 2A-i), suggesting its release from a
larger complex. Similarly, Myo1c mutants (K892, R903) became 2 times faster due to the
abolishment of PIP2-binding (Figure 2B). In addition, fluorescence cross-correlation
microscopy (FCS) results further confirmed the FRAP, because the mobility increased almost
2 times when PIP2-binding ability of NM1 was lost (Figure 2A-ii). These results not only
confirm that NM1 binds to PIP2 in the cell nucleus, but further show that PIP2 mediates
association of NM1/Myo1c with larger protein or lipid complexes within the nucleus.
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Next, we observed the impact of PIP2 decay on the mobility of NM1 and Myo1c by FRAP.
To disrupt nuclear PIP2, we introduced nucleus-targeted inositol-5-phosphatase which
converted nuclear PIP2 into phosphatidylinositol 4-phosphate (PI4P). After conversion of
PIP2 onto PI4P, mobility of both NM1 and Myo1c in the nucleoplasm increased (Figure 2C,
D), thus indicating that only PIP2 is able to effectively link NM1 and Myo1c to the complexes
inside the cell nucleus.
In the previous experiment, we manipulated levels of nuclear PIP2. Because the levels of
nuclear phosphoinositides are dynamically regulated (reviewed in Ye and Ahn 2008), by
depleting PIP2 we also altered the amount of other phosphoinositide species. To achieve
sequestering of PIP2 without changing its levels, we introduced the PH domain, PIP2-binding
domain of PLC 1 enzyme, into the nuclei of cells. PH domain of PLC 1 binds specifically to
PIP2 (Okada et al. 2002; Yamaga et al. 1999) and does not possess the catalytic activity. A
single point mutation of basic amino acid in PH domain (R40A) results in a loss of binding to
PIP2 (Yagisawa et al. 1998). In the FRAP experiment, NM1 mobility increased when the
wild-type nuclei-targeted PH domain (PLC 1PH-mCherry-NLS) was introduced. On the
contrary, inactive form of PLC 1PH(R40A) did not have any effect on NM1 (Figure 2E).
This result suggests that when nuclear PIP2 was effectively sequestered by the PH domain, it
became inaccessible to NM1.
These data describing dynamic properties of NM1/Myo1c altogether indicate that both
myosin isoforms are in the nucleus tethered to the larger complexes via the interaction with
PIP2. On top of that, no other phospholipid can mediate this interaction.

NM1/Myo1c-PIP2 complex is a part of nuclear lipo-protein microdomains
Our above mentioned data show that PIP2 targets NM1/Myo1c into larger molecular
complexes. However, the identity of these complexes remains unknown. We observed that
PIP2 forms lipid microdomains in the nucleus (Sobol, in preparation). To disclose, whether
the unknown complexes are the actual lipid microdomains, we made a fractionation of Brij98extracted HeLa nuclei on a sucrose density gradient. We performed a flotation experiment,
where a clear nuclear extract is placed at the bottom of the gradient and the lipid
microdomains, if present, flotate at the top within the lightest sucrose fraction. After
centrifugation, we analyzed each fraction for the lipid and protein content by immunoblotting.
Indeed, we found that NM1/Myo1c and PIP2 are present in the light, detergent-insoluble
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fraction (Fig. 3A, lane 1), which consists of the lipid microdomains (Simons and Toomre
2000). Majority of NM1/Myo1c is however localized to the detergent-soluble fraction (Fig.
3A, lane 10) along with PIP2. Catalytic subunits of RNA polymerases I and II (RPA194,
CTD) do not localize into the microdomains as they are enriched in the dense heavy fraction
instead (Fig. 3A) which suggest that microdomains do not contain active transcription
components as an integral part. We failed to detect any lamin isoform in the fractionation
suggesting that nuclear membrane was not solubilized efficiently under the conditions used
(data not shown).
Nuclei overexpressing tail domain of NM1/Myo1c harbouring intact PH domain did also
localize to the lipid microdomains after gradient centrifugation, whereas overexpressed tail
lacking the PIP2-binding ability (tail(K908A)) was excluded from microdomains (Fig. 3B).
Localization of endogenous NM1/Myo1c was not affected by a presence of the exogenous tail
domain.
Collectively our results indicate that PIP2 directs NM1/Myo1c into the nuclear lipo-protein
microdomains. To further support this hypothesis, we analyzed PIP2 interactome in the
nucleus. We utilized the ability of nucleus-targeted PLC 1PH domain to bind to PIP2 with
high affinity. Pull-down experiment identified a number of proteins involved in transcription
to make a complex with PLC 1PH but not PLC 1PH-R40A domain, indicating PIP2
involvement in transcription, which is consistent with our previously published data (Yildirim
et al. 2013; Yu et al. 1998). Most importantly, we found NM1/Myo1c in interaction with PIP2
(Fig. 3C). When checking for the lipid content of the bound fraction, we succeeded to identify
various lipids specifically bound by wild-type PLC 1PH domain by mass spectrometry,
which are summarized in table 1. These lipids seem to be constituents of lipo-protein
microdomains along with PIP2.
In conclusion, PIP2 targets NM1/Myo1c into lipo-protein complexes. These lipo-protein
complexes are formed by PIP2 and also other lipids such as glycerophospholipids and
sphingomyelins. Huge portion of NM1/Myo1c together with PIP2 is however present outside
the microdomains, where they are accessible to a detergent extraction. Since this fraction is
also rich in active RNA polymerases, we therefore ask, if there is any association between
NM1/Myo1c-PIP2-RNA polymerase.
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Interaction between NM1/Myo1c and PIP2 is required for efficient transcription by
RNA polymerase II
In the foregoing experiments we have successfully established the interaction between PIP2
and NM1/Myo1c. What remains unclear however is the impact of this interaction on
processes taking place in the cell nucleus. From the previous work it is known that NM1,
Myo1c as well as PIP2 are modulators of RNA polymerase II transcription and associate with
the active form of RNA polymerase II (Hofmann et al. 2006; Yu et al. 1998; Osborne et al.
2001; Venit et al. 2013). We therefore investigated requirement of NM1-PIP2 complex for
efficient transcription. In order to quantify nucleoplasmic synthesis of nascent RNA, we
pulse-labelled nascent transcripts with fluorouridine in vivo and quantified intensity of the
signal by indirect immunofluorescence microscopy. We found that after depletion of
NM1/Myo1c by nearly 80 % by sh-RNA mediated knock-down (Fig. 4A), RNA polymerase
II transcription was significantly reduced by 25 % (Fig. 4B). This effect was adverted by the
overexpression of NM1 or Myo1c when the transcription level restored close to its original
level. In contrast, overexpression of NM1(K908A) did not affect transcription and its level
remained comparable to the knock-down. The inability of NM1(K908) to rescue for the loss
of NM1/Myo1c can be explained by its decreased association with the active form of RNA
polymerase II (CTD-phosphoS2), as revealed by an immunoprecipitation experiment (Figure
4C). Under the conditions tested, NM1 and Myo1c were able to interact with the active RNA
polymerase II to a higher extent. This difference between wild-type and mutant NM1/Myo1c
is becomes even more obvious when only a tail domain is used for pull-down (Figure 4D) only wild-type tail is able to associate with RNA polymerase II as compared to tail(K908A).
The results indicate that NM1 has to associate with PIP2 in order to effectively promote
transcription.

Discussion
Myo1c is tethered to the plasma membrane by the interaction with PIP2 (Hokanson and Ostap
2006). Myo1c as well as its isoform NM1 localizes to the cell nucleus (Dzijak et al. 2012)
where they both facilitate transcription (Venit et al. 2013) and chromatin organization (Hu et
al. 2008; Chuang et al. 2006). Surprisingly, also PIP2 is present inside the nucleus. Here it
modulates similar processes as NM1/Myo1c – transcription (Osborne et al. 2001; Yildirim et
al. 2013) and splicing (Mellman et al. 2008). In this study we focused on the functional
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interplay between these two molecules in the nucleus. By a pull-down and direct binding
assays we demonstrated that NM1/Myo1c interacts with PIP2 in the nuclear extract. This
interaction is direct, mediated by a PH domain in the same manner as it occurs in case of
cytoplasmic Myo1c (Hokanson and Ostap 2006). Besides PIP2, NM1/Myo1c directly binds
also other phosphoinositide in the nuclear extract - PI(3,4,5)P3. However, this interaction is
ten times weaker in comparison to PIP2. Myo1c has been previously reported to bind also
inositol(1,4,5)triphosphate (IP3) with the same affinitiy as PIP2 (Hokanson and Ostap 2006).
We did not test IP3 in the pull-down or direct binding assays, however we observed changes
in dynamic properties of nuclear NM1/Myo1c after cleaving specifically PIP2 by inositol-5phosphatase or PIP2 sequestering by a PH domain of PLC enzyme. While specificity of
inositol-5-phosphatase has been well established, works performed by Cifuentes et al. (1994),
Lemmon et al. (1995) and Hirose et al. (1999) questioned the specificity of the PH domain by
showing its translocation from the plasma membrane to the cytoplasm upon elevation in the
cytoplasmic IP3 levels. Later study performed by van der Wal et al. (2001) however
concluded that PH domain specifically recognizes PIP2 and its release from the plasma
membrane is caused by PIP2 hydrolysis whereas physiological concentration of IP3 does not
affect its localization. This altogether suggests that NM1/Myo1c binds PIP2 with the highest
affinity and nuclear IP3 is not able to substitute for the loss of PIP2.
Employing live-cell observations (FRAP and FCS) we revealed that PIP2 binding
significantly decreases dynamic properties of NM1/Myo1c. Considering the size of PIP2
(1 kDa) and NM1/Myo1c (120 kDa), it is plausible that PIP2 anchors NM1/Myo1c into larger
complexes. It has been reported that lipids inside the nucleus assemble to form lipid
microdomains (Cascianelli et al. 2008; Scassellati et al. 2010) similar to lipid islets occurring
at the plasma membrane. PIP2 and Myo1c are at the plasma membrane components of lipid
rafts (Hope and Pike 1996; Rozelle et al. 2000; Brandstaetter et al. 2012). In the nucleus, PIP2
is present in carbon-rich structures which were similar to lipid rafts, therefore termed the lipid
islets (Sobol, in preparation). By a flotation of Brij98-extracted nuclei on sucrose density
gradient we found that both NM1/Myo1c and PIP2 are enriched in the floating, detergentinsoluble, fraction containing nuclear lipo-protein microdomains. Pull-down of PIP2 binding
partners revealed NM1/Myo1c as well as other lipids, such as sfingomyelins, suflatides and
glycerophospholipids interacting with PIP2 in the nuclear extract. These lipids might be along
with PIP2 components of nuclear lipid microdomains.

66

At the plasma membrane, Myo1c is a motor which facilitates recycling of lipid raft-containing
vesicles. In the nucleus, the significance of NM1/Myo1c association with the lipo-protein
microdomains is not clear, however here we propose several hypothesis. First, NM1/Myo1c
binds to the surface of nuclear lipo-protein microdomains where it along with other proteins
forms solvation coat which shields the hydrophobic nature of the lipid microdomains and
enables them to retain the surrounding hydrophilic environment. This hypothesis is supported
by finding showing that various proteins are targeted to the plasma membrane microdomains
by their lipid modifications (Zacharias et al. 2002).
Second, NM1/Myo1c is resting in the lipo-protein microdomains, which serve as storage sites
for lipids and proteins, until required to perform its desired function elsewhere. Such
behaviour was registered among splicing and transcription factors which transiently
accumulate in speckles (Spector and Lamond 2011), nuclear structures also rich in
phosphoinositides (Osborne et al. 2001; Boronenkov et al. 1998).
Third, NM1/Myo1c, as a transcription factor (Ye et al. 2008; Hofmann et al. 2006; Venit et al.
2013) recruits transcription complexes to the surface of microdomains via interaction with
PIP2. This hypothesis is based on the fact that nuclear microdomains rich in sphingomyelin
associate with transcriptionally active chromatin and transcription factors (Cascianelli et al.
2008; Scassellati et al. 2010). This hypothesis is however in disagreement with our
observation that the active forms of RNA polymerases I and II (RPA194 and CTD, resp.) do
not localize to the microdomains; they are enriched in the detergent-soluble fraction. This
detergent-soluble fraction represents a second pool in which both NM1/Myo1c and PIP2 are
enriched. Since our results indicate that NM1/Myo1c-PIP2 complex is required for RNA
polymerse II transcription, it prompted us to the conclusion of co-existence of two
NM1/Myo1c-PIP2 complex pools – first, microdomains-associated and second, transcriptionassociated. The latter pool resembles PIP2 involved in the nucleolar transcription where
evidence points towards absence of lipid islets.
Taken together, PIP2 inteacts with and moreover targets NM1/Myo1c into lipo-protein
microdomains in the nucleoplasm. Besides, a fraction of microdomain-free NM1/Myo1c-PIP2
complexes is required for RNA polymerase II transcription. The exact mechanism by which
NM1/Myo1c in concert with PIP2 affects transcription remains however unclear. Additional
data are also required to reveal the cross-talk between these two pools of molecules.
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Materials and Methods:
Cells and transfections
U2OS (ATCC No. HTB-96), HeLa (ATCC No. CCL-2) and H1299 cell lines (ATCC No.
CRL-5803) were kept in DMEM with 10 % fetal bovine serum in 5 % CO2/air, 37°C,
humidified atmosphere. The cells were transfected with Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. If necessary, stable transfectants were selected
using resistence to antibiotics or prepared by lentiviral transduction (see the following
section).
Constructs used in this study
NM1-EGFP/Myo1C-EGFP and PIP2-binding mutants K908A/K892A: Full length
NM1/Myo1C cDNAs were ligated into EGFP-N3 vector or into EGFP-C3 (Clontech).
Mutants were obtained by site-directed mutagenesis using following primers: K892A/K908A
forward primer 5`- GCCGTGCCCGTGGTAGCATACGACCGTAAGGG-3´ and reverse
primer 5`- CCCTTACGGTCGTATGCTACCACGGGCACGGC-3´; R903A/R919A forward
primer 5`- CAAGCCTCGCCCCGCGCAGCTGCTGCTC-3´ and reverse primer 5`GAGCAGCAGCTGCGCGGGGCGAGGCTTG-3´.
NLS-mRFP-FKBP-Inostiol-5-ptase: SV40 NLS sequence was prepared by PCR using
following

primers:

forward

primer

5`

CTAGCGCCACCATGGCTCCAAAAAAGAAGAGAAAGGTAGATCCA-3´ and reverse
primer 5` CCGGTGGATCTACCTTTCTCTTCTTTTTTGGAGCCATGGTGGCG-3´. Then
NLS was cloned into N-terminus of mRFP-FKBP-Inostiol-5-ptase-dom using Nhe1 and Age1
restriction sites.
PLC 1PH-GFP-NLS and PLC 1PH-mCherry-NLS: SV40 NLS was released from
pEYFP-Nuc vector by cutting at BsrGI and AflII restriction sites, and inserted in the Cterminus of PLC 1PH-GFP vector which was a kind gift from Dr. Tamas Balla (Varnai and
Balla 1998). PLC 1PH-GFP-NLS was then cloned to XbaI and AfeI restriction sites of pPSGIBA-103 vector (Iba BioTagnology) after amplification using following primers: forward
primer 5`-GTCTTATCTAGAATGGACTCGGGCCGGGA-3´ and reverse primer 5`GCTTCGAGCGCTTCCTACCTTTCTCTTCTTTTTTGGATCTAC-3´.

For

FRAP

experiments mCherry was exchanged with GFP using AgeI and BsrGI restriction sites. PIP2binding PLC 1PH mutant was done by site directed mutagenesis by using following primers:

68

R40A forward primer 5`-GCTCATGGAGGAGAGAGGCGTTCTACAAGTTGCAGG-3´
and reverse primer 5`CCTGCAACTTGTAGAACGCCTCTCTCCTCCATGAGC-3´.
Str-GFP-tail/K908A: NLS sequence of NM1/Myo1C, IQ3 and tail domains of NM1/Myo1C
was constructed from STR-GFP-Q123-Tail (Dzijak et al. 2012) by ligation of the fragment
containing N-terminal OneStrep tag, EGFP and a headless portion of NM1/Myo1C into
lentiviral expression vector pCDH-CMV-MCS-EF1-Neo. Point mutations were produced by
site-directed mutagenesis.
NM1-Flag/K908A: cDNAs of NM1 and K908A mutant were fused with C-terminal Flag tag
and cloned into lentiviral expression vector pCDH-CMV-MCS-EF1-Neo.
Expression and purification of recombinant proteins
NM1-Flag and K908A mutant were fused stably expressed in H1299 cell line. Cells were
washed with PBS and extracted with E-buffer pH 8 (50 mM HEPES, 300 mM NaCl, 4 mM
MgCl2 and 1 % Triton X-100). The extract was filtered through 0.45 μm filter, and incubated
2 h with pre-equilibrated anti-Flag-M2 agarose beads (A2220, Sigma Aldrich). The beads
were then washed several times with E-buffer, and the bound proteins were then eluted five
times with 100 μg/ml Flag peptide in pH 8 buffer (10 mM Tris, 100 mM NaCl, 0.5 % EDTA
and 20 % glycerol).
GST-PLC 1 (1-140) (pGST3) and GST-PLC 1 (1-140)-R40A which lacks binding sites to
PIP2 were received from Dr. Hitoshi Yagisawa (Yagisawa et al. 1998). Escherichia coli BL21
(Stratagene) was transformed with constructed plasmids and transformants were grown at
37 C in LB medium in the presence of 100 μg/ml ampicilin for 4 h. The culture was induced
for high protein expression by addition of 1M IPTG until the OD600 is approximately 1.
Bacterial pellets were resuspended in BC100 buffer (20 mM Tris, pH 8, 0.1 mM EDTA, 20%
glycerol, 100 mM NaCl) with 0.1% NP40, 1 mM DTT, and protease inhibitors (Complete,
EDTA-free, Roche Diagnostics GmbH). Bacterial lysates were loaded onto glutathione
agarose column (G4510, Sigma Aldrich) equilibrated with BC100. After washes with BC100,
proteins were eluted with 50 mM Tris-HCl, pH 8 having 10 mM reduced L-glutathione
(G4251, Sigma Aldrich).
FRAP
Transiently transfected U2OS cells were photobleached at nucleoplasm with a 488 -nm laser
for 20 ms GFP fluorescence intensities were monitored every 0.175 seconds on an Olympus
microscope (IX71) with a 60x 1.42 NA objective. Approximately 15 cells were analyzed for
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each condition. All images were corrected for overall photobleaching and analyzed by
DeltaVision software SoftWoRx 5.5 (Applied Precision). Two-dimensional diffusion of the
fluorescent molecules is calculated according to a previously published model (Axelrod et al.
1976).
FCS
Instrumental setup: FCS measurements were performed on MicroTime 200 inverted confocal
microscope (PicoQuant, Germany). We used a pulsed diode laser (LDH-P-C-470, 470 nm,
PicoQuant) providing 80 ps pulses at 40 MHz repetition rate, dichroic mirror 490 DRLP,
band-passfilter 515/50 (Omega Optical), and a water immersion objective (Olympus, 1.2 NA,
60x). In order to minimize the photobleaching and saturation effects, low laser power was
applied (2 mW at the back aperture of the objective). At the detection plane, the pinhole was
50 μm in diameter. The signal was detected by single photon avalanche diodes (SPAD, Perkin
Elmer). For calculating fluorescence correlation curves, we corrected the data for the detector
after pulsing.
Data acquisition and processing: Photon arrival times were stored using fast electronics
(Picoharp 300, PicoQuant) in time-tagged time-resolved recording mode. Every detected
photon was assigned i), a time after the beginning of the measurement, and ii), a time after the
previous laser-pulse. The data were correlated using home-built software correlator yielding
the auto-correlation curve G(t) where t corresponds to the delay time. The G(t) were fitted to
the one-particle model:
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where tD corresponds to the diffusion time, T to the triplet fraction, ttriplet to the relaxation
time, N to the average number of the particles present in the confocal volume, and r0/z0 to the
ratio of the size of the confocal volume in the lateral and axial direction, respectively.
Immunofluorescence
U2OS cells were fixed on coverslips with 4% paraformaldehyde in PBS and permeabilized
with 0.1% Triton X-100 in PBS for 10 min, respectively. After washes with PBST, coverslips
were incubated with the primary and secondary antibodies for 1 h at RT. Images were taken at
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the confocal microscope (Leica TCS SP5 AOBS TANDEM) with 100x (NA 1.4) immersion
oil objective lens.
Fluorouridine incorporation
H1299 cells grown on coverslips were incubated for 30 min at 37 °C, 5 % CO2/air with 2 mM
fluorouridine (FU) added directly to the complete culture media. After this time period, cells
were washed, fixed, permeabilized and FU incorporated into nascent transcripts was detected
using anti-BrdU antibody as described above. Images were acquired at the Olympus ScanR
high-throughput microscope and the total fluorescence in the nucleus was quantified using
ScanR Analysis software. The measurement was repeated three times and fluorescence
intensities in each data set were normalized to controls. Results are presented as a mean of
three experiments ± standard deviation (SD).
Antibodies
Primary antibodies used in this study: PIP2 (clone 2C11, Abcam, Cambridge, UK; 16 µg/ml);
lamin A (clone JOL4, gift from Dr. C. J. Hitchinson; 20 µg/ml); NM1 (M3567, Sigma
Aldrich); Myo1c (Kahle et al.); Flag (M2, Stratagene, Santa Clara, CA, USA); RPA194 (Sc28714, Santa Cruz Biotechnology, CA, USA); GAPDH (6G5, Acris); BrdU (BU-44, Sigma
Aldrich).
Secondary antibodies used in this study: goat anti-rabbit IgG conjugated with Alexa 647
(A21245, Invitrogen, Grand Island, NY, USA; 5 µg/ml), donkey anti-mouse IgM conjugated
with Cy3 (715-165-140, Jackson ImmunoResearch, West Grove, PA, USA; 10 µg/ml), and
donkey anti-mouse IgG conjugated with Alexa 488 (A21202, Invitrogen, Grand Island, NY,
USA; 5 µg/ml).

Pull-down experiments and co-immunoprecipitations
In vivo pull-down: U2OS cells stably expressing str-GFP-PH WT and Mut (or suspension
HeLa stably expressing str-GFP-tail WT and Mut) were harvested and nuclear extracts were
prepared according to an earlier published protocol (Dignam et al. 1983) and incubated with
Strep-Tactin sepharose beads (2-1201, Iba BioTagnology) at 4 C for 4 h. The proteins bound
to beads were eluted in 1x Strep-Tag elution buffer (2-1000, Iba BioTagnology), denaturated,
loaded onto SDS-PAGE gel and excised for mass spectrometric analysis.
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PIP-beads pull-down: Nuclear extract from HeLa suspension cells was prepared (Dignam et
al. 1983). Clear nuclear extract was incubated with PIP2-coated beads (P-B045a, Echelon
Biosciences Inc.) for 3 h at 4 C. After washes with BC100, beads were boiled in 1x Laemmli
SDS buffer for 5 min and resolved by SDS-PAGE for immunoblotting detection.
Co-immunoprecipitation of Flag-tagged NM1 from H1299 nuclear extract: H1299 cell
lines stably expressing Flag-tagged NM1 and NM1(K908) were fractionated into nuclei and
cytoplasm as described earlier (Trinkle-Mulcahy et al. 2008). Briefly, cells were harvested by
trypsinization, washed by PBS and incubated 15 min in hypotonic buffer on ice. Cells were
broken open using homogenizer and spun 5 min at 230 g. Pellet, containing crude nuclei, was
further purified over sucrose cushion. The resulted clean nuclear pellet was extracted by
buffer containing 20 mM HEPES pH 8, 300 mM NaCl, 1 % Triton X-100, 4 mM MgCl2 and
sonicated 3 times for 20 s. Nuclear extract was cleared by centrifugation at 15000 g for 15
min. Clean nuclear extracts were incubated with pre-equilibrated Flag-M2 agarose beads for 2
h. Beads were washed 5 times by extraction buffer and bound proteins were eluted by boiling
for 5 min in 1x Laemmli SDS buffer.
Preparation of cell lines by lentiviral transduction
For the immunoprecipitations, H1299 cell lines stably expressing NM1-Flag and
NM1(K908A)-Flag were prepared by lentiviral transduction. Both lentiviruses were generated
using pCDH-CMV-MCS-EF1-Neo vectors carrying mouse NM1-Flag and NM1(K908A)Flag.
For the quantitative PCR, stable knock-down of human NM1/Myo1C with exogenous
expression of mouse NM1 or Myo1C in H1299 cell line was prepared. Firstly, cells were
transduced

by

a

lentivirus

carrying

shRNA

for

NM1/Myo1C

(5'

-

GCCCGTCCAGTATTTCAACAA- 3', Open Biosystems cat No TRCN0000122925 AAO75C-8) or control non-targeted sequence cloned in pLKO1.1. Positive transformants, selected by
antibiotics, were transduced by a second lentivirus carrying mouse NM1-Flag or NM1(K908)Flag cloned in pCDH-CMV-MCS-EF1-Neo. Positive transformants were selected by
antibiotics and expression was verified by western blotting. Recombinant viruses were
prepared using second generation viral packaging system (Didier Trono Lab).
Flotation on sucrose gradient and dot blot analysis
Hela nuclear extracts were fractionated by sucrose gradient method. Briefly, 250 μl of nuclear
extracts were mixed with the same amount of 80% sucrose in TKM buffer containing 50 mM
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Tris (pH 7.4), 25 mM KCl, 5 mM MgCl2, 1 mM EDTA, 0.5 % Brij 98, and EDTA-free
protease inhibitor. Samples were transferred to centrifuge tubes, and sequentially overlaid
with 4.3 ml of 36%, then 0.2 ml of 5% sucrose solution to a total volume of 5 ml. The mixture
was subjected to equilibrium density gradient centrifugation at 50,000 rpm for 18 h at 4 C in
a MLS50 rotor (Beckman Coulter, Fullerton, CA). 200 μl from each of the collected fractions
were spotted on nitrocellulose membrane and probed for PIP2 using anti-PIP2 antibody.
Visualization was performed by Odyssey Infrared Imaging System (LI-COR Biosciences)
after incubation with the appropriate secondary antibody.
Mass spectrometric analysis
After incubations with nuclear extracts, Strep-Tactin sepharose beads were washed twice with
1 ml of deionized water. The bound lipids were extracted by 20 μl of chloroform/methanol
(1:2) mixture. One μl of the extract was mixed with one μl 2,5-Dihydroxybenzoic acid matrix
solution (30 mg of 2.5 dihydroxybenzoic acid in 30% TA– 0.1 % trifluoroacetic acid in 30%
aqueous MeCN). One μl of resulting mixture was deposited on the MALDI plate.
Samples were analysed on an APEX-Ultra FTMS instrument equipped with a 9.4 T
superconducting magnet and a Dual II ion source (Bruker Daltonics, Billerica, MA). The
analysis was performed using a matrix-assisted laser desorption/ionization (MALDI) and the
spectra were acquired in positive ion mode. The cell was opened for 1.8 ms, accumulation
time was set at 0.05 s and four experiments were collected for one spectrum in which one
experiment corresponds to 200 laser shots. The acquisition data set size was set to 512k points
with the mass range starting at m/z 400 a.m.u., resulting in a resolution of 260,000 at m/z 400.
The instrument was externally calibrated using DHB matrix clusters and PepMix II peptide
standard (Bruker Daltonics, Bremen, Germany) which typically results in mass accuracy
below 2 ppm. The acquired spectra were apodized with a square sine bell function and Fourier
transformed with one zero-fill. The interpretation of mass spectra was done using
DataAnalysis version 4.0 software package (Bruker Daltonics, Billerica, MA) and mMass 3.0
(www.mMass.org).
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Table 1. Lipids found to be bound to PIP2.









Ceramide phosphocholines (sphingomyelins)
Sulfoglycosphingolipids (sulfatides)
1-acyl,2-alkylglycerophosphoethanolamines
1-acyl,2-alkylglycerols
Diacylglycerophosphocholines
Diacylglycerophosphoethanolamines
1-alkyl,2-acylglycerophosphocholines
Diacylglycerophosphates
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Figure 1. NM1 and Myo1c bind to PIP2 in the cell nucleus. (A) Nuclear extract was prepared from the
suspension Hela and its purity monitored by immunoblotting with lamin A/C and GAPDH. 30 ug of each
faction was loaded. N, nuclear extract; C, cytoplasmic extract. (B) Both NM1 and Myo1c were pulled-down
with PIP2-coated agarose beads from the nuclear extract. To compare, PI(3,4)P2- and PI(3,4,5)P3- coated
agarose beads were used. Bound proteins were detected by immunoblotting. (C) Direct binding of NM1 to
PIP2 was confirmed by incubations of recombinant WT NM1-flag and its PIP2-binding mutant
NM1(K908A)-flag with a various phospohoinositides spotted on a nitrocellulose membrane. Recombinant
NM1 and NM1(K908A)-flag were immunodetected via the flag tag by anti-flag antibody. (D) Overexpressed
NM1-EGFP co-localizes with PIP2 (detected by a specific antibody) in a discrete domains as shown in the
inset and in an intensity profile along the line. Scale bar, 5 um.
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Figure 3
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Figure 2. NM1/Myo1c and PIP2 are present in the lipo-protein complexes inside the cell nucleus. (A) HeLa
nuclei extracted by Brij98 were subjected to a flotation on a sucrose density gradient. Nuclear extract was
placed at the bottom of the gradient and after centrifugation 20 ul of each fraction were loaded onto SDSPAGE, transfered to a nitrocellulose membrane and immunodetected for the presence of NM1, Myo1c, CTD
of RNA polymerase II and RPA194 of RNA polymerase I. To detect PIP2, 50 ul of each fraction was spotted
onto a nitrocellulose membrane and immunodetected. Both NM1/Myo1c and PIP2 are present in the light
detergent-insoluble fraction (1) containing lipo-protein microdomains and also in the soluble fraction (10). (B)
To show that targeting of NM1/Myo1c into the lipo-protein microdomains is achieved through PIP2, we
extracted nuclei originated from cells stably expressing WT tail domain of NM1/Myo1c or tail lacking PIP2
binding ability (tail(K908A)). After performing flotation on a sucrose density gradient we saw that tail(K908A)
does not localize to the lipo-protein microdomains (fraction 1). (C) In order to analyze proteins and lipids that
associate with PIP2-containing microdomains in the nucleus, we stably expressed WT PLCdPH domain or
mutant PLCdPH(R40A) fused to strep tag. We used strep-tactin agarose to pull-down the PIP2-interacting
proteins. NM1/Myo1c and bound proteins were detected by immunoblotting. We also identified lipids bound
in this complex, which are summarized in table 1.
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Figure 4
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Figure 4: Interaction between NM1/Myo1c and PIP2 is required for efficient RNA polymerase II transcription.
(A) By shRNA-mediated knock-down we generated stable H1299 cell line with decreased expression of
NM1/Myo1c (2). On top of that, we further introduced NM1-flag (3), Myo1c-flag (4) or NM1(K908A)-flag (5). As
a control, cell line expressing non-targeting shRNA was used (1). (B) We monitor RNA polymerase II
transcription levels in these cell lines by short-pulse labelling with florouridine (FU) after actinomycin treatment
to block RNA polymerase I transcripion. Cells were fixed and FU-incorporated nascent transcripts were detected
using anti-BrdU antibody. Amount of transcripts equals to intensity of fluorescence acquired by a fluorescence
microscope. For acquisition, we used ScanR high-throughput wide-filed microscope and analyzed around 2,000
cells for each sample. Data are expressed as mean value ± standard deviation from 3 independent experiments.
n, number of cells analyzed; **p value ≤ 0.01, *p value ≤ 0.05. (C) We prepared nuclear extracts (NE) from
H1299 cells stably expressing NM1/Myo1c constructs as described in (A) for immunoprecipitations. Complexes
bound to anti-flag agarose were analyzed by western blotting using anti-flag and anti-CTD antibodies. (D) We
prepared a tail domain of NM1/Myo1c, which is identical for both NM1 and Myo1c. We stably expressed wildtype (WT) and PIP2-binding mutant (here designated as K908A) fused to strep tag (strep-tail) in Hela suspension
cells. After preparation of the nuclear extracts (NE) we performed pull-down using strep-tactin sepharose and
analyzed bound complexes by immunoblotting.
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ABSTRACT
Although actin monomers polymerize into filaments in the cytoplasm, the form of actin in the
nucleus remains elusive. We searched for the form and function of

-actin fused to nuclear

localization signal and to enhanced yellow fluorescent protein (EN-actin). Our results reveal that ENactin is either dispersed in the nucleoplasm (homogenous EN-actin) or forms branched filaments in
the nucleus (EN-actin filaments) independently of the EN-actin concentration. Among numerous
actin-binding proteins tested, only cofilin is recruited to the EN-actin filaments. Overexpression of
EN-actin causes increase in the nuclear levels of actin-related protein 3 (Arp3). Although Arp3, a
member of actin nucleation complex Arp2/3, is responsible for EN-actin filament nucleation and
bundling, the way cofilin affects nuclear EN-actin filaments dynamics is not clear and several
possibilities are discussed. Live-cell observations reveal that generation of nuclear EN-actin filaments
prevents cells from undergoing mitosis, while cells with homogenous nuclear EN-actin maintained
unaffected mitosis during which EN-actin re-localizes to the plasma membrane. The introduction of
EN-actin manifests in two defects in mitosis - formation of binucleic cells and generation of
micronuclei - suggesting that cells suffer aberrant cytokinesis and/or impaired chromosomal
segregation.
In interphase, nuclear EN-actin filaments passed through chromatin region regardless of
transcription activity. Nuclear EN-actin filaments do not co-localize with either chromatin remodeling
complexes or RNA polymerases I and II, but significantly increase the overall transcription levels in
the S-phase by yet unknown mechanism.
Taken together, EN-actin can forms filaments in the nucleus which affect important cellular
processes such as transcription and mitosis.

Keywords: nuclear actin, transcription, mitosis, actin-related protein 3, cofilin
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INTRODUCTION
Actin is a highly abundant intracellular protein essential for maintenance of many cellular
functions. It is widely expressed across the species and present in all eukaryotic cell types. In the
cytoplasm, actin is present in the form of monomers (globular actin, G-actin), which can polymerize
to form filaments (F-actin) that can be specifically visualized by phalloidin. The formation of F-actin is
driven by the availability of G-actin subunits – a filament grows when G-actin levels exceed the
critical concentration required for polymerization, and a filament shrinks if the critical concentration
was not reached. Actin filaments are highly dynamic structures that can assemble or disassemble
rapidly based on cell needs.
There are many actin-binding proteins available in the cytoplasm. Depending on their relative
binding affinities, they can promote, block or alter the formation of actin filaments. In addition,
various actin-binding proteins cross-link actin filaments to form bundles or networks (reviewed in
Winder and Ayscough 2005). Such structures are important for the maintenance of cell shape,
polarity, mechanical resistance, adhesion and movement.
Actin shuttles between cytoplasm and nucleus employing importin 9 and exportin 6 (Dopie et
al. 2012). In the nucleus, actin is present in form of monomers, however its ability to form nuclear
filaments in the same manner as it occurs in the cytoplasm has been questioned for a long time
(Jockusch et al. 2006; Kukalev et al. 2005; McDonald et al. 2006; Obrdlik et al. 2008; Pendleton et al.
2003). Despite the initial observed lack of phalloidin staining in the nucleus, several studies have
reported formation of nuclear polymeric structures. Under various stress conditions (e. g. heat shock,
DMSO treatment, virus infection etc.), nuclear actin rods and paracrystals were observed (reviewed
in Hofmann 2009). Moreover, recent findings show that an actin-binding domain of utrophin fused to
nuclear localization signal (NLS) stains punctate structures in the nucleus of U2OS cells which were
susceptible to phalloidin staining under physiological conditions (Belin et al. 2013). Even though
these polymeric structures do not co-localize with any actin-binding proteins, they are found
predominantly in the interchromatin space and probably serve as a structural platform that
facilitates nuclear organization (Belin et al. 2013). Miyamoto et al. (2011) also used utrophin probe
and detected nuclear actin filaments in nuclei of somatic cells transplanted into oocytes of Xenopus
leavis. In agreement with this, another recent study revealed the presence of actin filaments in nuclei
of NIH3T3 cells after overexpression of LifeAct, an F-actin marker, fused to NLS. These filaments were
formed after serum induction in a formin-dependent manner (Baarlink et al. 2013). These two latter
studies suggest that specific conditions are necessary for the production of the actin filaments in the
nucleus.
Even though the state of nuclear actin is not entirely clear, its functional importance has
been known for some time. Actin together with the actin-related proteins is required for chromatin
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remodeling (Ikura et al. 2000; Kapoor et al. 2013; Mizuguchi et al. 2004; Shen et al. 2000; Szerlong et
al. 2008; Zhao et al. 1998). Actin also associates with all three RNA polymerases (Hofmann et al.
2004; Hu et al. 2004; Philimonenko et al. 2004), and in cooperation with nuclear myosin 1 (NM1)
facilitates transcription initiation and recruitment of chromatin modifying complexes during the
elongation phase (reviewed in de Lanerolle and Serebryannyy 2011). Furthermore, actin also
participates in RNA processing and export by interacting with heterogenous ribonucleoproteins
(hnRNPs; (Obrdlik et al. 2008; Percipalle et al. 2002).
From the data available, it seems that the state of nuclear actin engaged in chromatin
remodeling complexes and in complex with hnRNPs (Kapoor et al. 2013; Obrdlik et al. 2008;
Percipalle et al. 2002) is rather monomeric, whereas in transcription both forms seem to be involved
(Miyamoto et al. 2011; Obrdlik and Percipalle 2011; Qi et al. 2011; Wu et al. 2006; Ye et al. 2008; Yoo
et al. 2007). Similarly, actin in its polymeric form is essential for the movement of genomic loci
throughout the nucleus during transcriptional activation (Dundr et al. 2007; Hu et al. 2008). The
presence of polymeric actin in the nucleus is also supported by the findings that various proteins
known to bind F-actin in the cytoplasm also localize to the nucleus (reviewed in Castano et al. 2010))
and are implicated in nuclear processes such as transcription (Baarlink et al. 2013; Miyamoto et al.
2011; Obrdlik and Percipalle 2011; Wu et al. 2006; Yoo et al. 2007).
Kokai et al. (2014) have previously reported that ectopically expressed -actin fused to NLS is
imported into the nucleus, where it forms filaments that are cross-linked into parallel bundles. The
formation of such structures alters the shape of neuronal-like rat PC12 cells and inhibits SRFmediated transcription. In this study, we employed similar fusion protein, -actin fused to enhanced
yellow fluorescent protein (EYFP) and to NLS (EN-actin), aiming to explore (i) the formation of ENactin filaments in the nucleus, (ii) contribution of actin-binding proteins to the EN-actin filaments
formation and dynamics, (iii) association of nuclear EN-actin filaments with complexes where
endogenous actin is known to localize, and (iv) an effect of the nuclear EN-actin filament formation
on cell cycle and transcription in human osteosarcoma cells (U2OS).

MATERIALS AND METHODS
Cells and transfections
U2OS, H1299, HEK293 and human skin fibroblasts were cultured in D-MEM supplemented
with 10 % FBS in 5 % CO2/air, 37°C and humidified atmosphere. Cells were transfected with
Lipofectamine 2000 (Life Technologies) and TurboFect (Thermo Scientific) according to
manufacturer‘s protocol. 2 g of DNA and 5 l of Lipofectamine or 3 l of TurboFect was used to
transfect 5x105 cells. Cells were incubated for 6 to 12 hrs with a transfection mix and additional 36
hrs before fixation and imaging. Linear polyethylenimine (PEI), 25 kDa, was purchased from
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Polysciences. 1 mg/ml stock solution was prepared and pH adjusted to 7. 9 ul of this solution was
mixed with 1.5 ug DNA in serum-free media and incubated for 15 min at room temperature. 5x105
cells were incubated with transfection mix for 4 hrs and then grown for 48 hrs before imaging.
5

g of exogenous DNA was delivered into 5x105 primary mouse skin fibroblasts by

nucleofection using Amaxa nucelofector (Lonza), programme C005. Cells were seeded onto
coverslips and imaged 48 hrs after nucleofection.

Constructs used in this study
EN-actin was generated as described previously (Hofmann 2009). Shortly, NLS was inserted
between the EYFP and actin into the plasmid pEYFP-actin (Clontech). cDNA of mouse NM1 was
cloned into pCDNA3.1-mCherry using NheI and HindIII by standard methods of molecular biology.

Indirect immunofluorescence and confocal fluorescence microscopy
U2OS cells seeded on glass coverslips were fixed with 4 % paraformaldehyde in PBS for 20
min and permeabilized with 0.1% Triton X-100 in PBS for 10 min afterwards. Non-specific labelling
was further blocked with 5 % BSA in PBS for 30 min. After washes with PBS, coverslips were
incubated with the respective primary antibodies diluted in PBS for 1 hr at RT in a wet chamber and
washed with PBST (PBS supplemented with 0.05 % Tween 20). Subsequently, coverslips were
incubated with corresponding secondary antibodies for 1 h at RT in a wet chamber. After final
washes in PBST, coverslips were mounted in ProLong Gold anti-fade reagent with DAPI. For detection
of emerin, cells were fixed with ice-cold methanol for 5 min without additional permeabilization.
Images were acquired using confocal microscope Leica TCS SP5 AOBS TANDEM with 63x (NA 1.4)
immersion oil objective lens with 405, 512, 561 and 631 laser excitations, and LAS AF software.

Antibodies
Following primary antibodies were used in this study: lamin B (Santa Cruz clone M20); filamin
(Santa Cruz cat. no. sc28284); alpha-actinin (Abcam cat. no. ab96866) spectrin (Sigma Aldrich cat. no.
S1390); paxillin (Millipore clone 5H11); vinculin (Sigma Aldrich clone VIN-11-5); nesprin (Abcam cat.
no. ab57397); SUN2 (Abcam cat. no. ab124916); emerin (Abcam cat. no. ab40688); Arp3 (a generous
gift from M. Welch (Welch et al. 1997)); cofilin (Abcam cat. no. ab11062); Arp6 (Sigma Aldrich cat. no.
R35554); Arp5 (Kitayama et al. 2009); Arp8 (Aoyama et al. 2008); Brg1 (Abcam cat. no. ab70558);
hnRNP U (Santa Cruz clone 3G6); H3K4Me2 (Millipore cat. no. 17-648); H3K4Me2 (Millipore cat. no.
07-030); CTD-phosphoS2 (Abcam cat. no. ab24758); RPA194 (Santa Cruz, cat. no. sc-28714); BrdU
(Sigma Aldrich, clone BU-33).
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Secondary antibodies used in this study: donkey anti-rabbit IgG conjugated with Alexa Fluor
568 (A10042), goat anti-mouse IgG cojugated with Alexa Fluor 647 (A21236) and donkey anti-goat
IgG cojugated with Alexa Fluor 647 (A21447) all purchased from Life Sciences.

Fluorouridine incorporation and EN-actin fluorescence measurements
U2OS cells grown on coverslips were transfected with EN-actin using Lipofectamine as
described above. 48 hrs after the transfection, cells were incubated for 30 min at 37 °C, 5 % CO 2/air
with 2 mM fluorouridine (FU) added directly to the complete culture media. After this time period,
cells were washed, fixed, permeabilized and FU incorporated into nascent transcripts was detected
using anti-BrdU antibody as described above. Images were acquired as four 200-nm optical stacks of
a total thickness of 2

m using the above mentioned fluorescence confocal microscope. Total

intensity of FU fluorescence in the nucleus was integrated from 3D reconstruction (maximal
projection) of all four optical stacks in LAS AF, background subtracted and normalized to the nuclear
area. The measurement was repeated three times and fluorescence intensities of the cells expressing
EN-actin were in each replicate normalized to the controls to prevent variations caused by antibodies
dilutions etc. Results are presented as a mean of three experiments ± standard deviation (SD), and
they were plotted using Prism GraphPad. Each cell imaged was manually classified according to the
EN-actin expression pattern as G-actin (homogenous signal), F-actin (nuclear filaments) or control (no
expression of EN-actin). Fluorescence of EN-actin was quantified in the same way.

RESULTS

EN-actin forms filaments in the nucleus
We studied the behavior of exogenous -actin in the nucleus. In order to achieve its nuclear
localization, we fused -actin with NLS and EYFP (EN-actin). It has been observed previously that the
overexpression of NLS- -actin leads to the formation of filamentous structures inside of the nucleus
in various cell lines (Kokai et al. 2014). When we overexpressed EN-actin in human osteosarcoma cell
line (U2OS), majority of cells (95 to 99 %) exhibited homogenously dispersed nuclear signal,
apparently corresponding to the free G-actin or short actin filaments undetectable by phalloidin (Fig.
1a). However, in 1 to 5 % of cells, EN-actin assembled into branched filamentous structures which
stretched through the whole nuclear volume with the exception of nucleoli (Fig. 1b and c). The ENactin filaments adopt various shapes from straight long (Fig. 4c) to curved (Fig. 1b) or they form a
dense meshwork (Fig. 1c). These nuclear actin filaments are phalloidin-positive structures (Fig. 2a)
which in some cases run along the nuclear membrane (Fig. 2b, white arrows) sometimes reaching the
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nuclear lamina (Fig. 2c and d). The thickness of and the length of the filaments range from 50 to 100
nm and 1 to 15 m, respectively. This corresponds to actin bundles rather than single filaments, as
has been concluded previously (Kokai et al. 2014).
In parallel to its nuclear localization, EN actin was also incorporated into canonical
cytoplasmic filaments in both cells with homogenous nuclear pattern (Fig. 1a), as well as in the cells
that contained nuclear EN-actin filaments (Fig. 1c). This suggests that the presence of cytoplasmic
EN-actin filaments does not restrict nuclear EN-actin filaments formation, and vice-versa.
Since nuclear EN-actin filaments are present only in a small fraction of cells, this raises the
question which stimulus triggers their formation. One could predict that when the critical
concentration of actin monomers inside a compartment is reached, the polymerization process
starts. To find out whether there is a difference in the amount of EN-actin in the nucleus between
the cells forming filaments and those having homogenous dispersion of EN-actin, we measured the
total fluorescence intensity of EN-actin in the nuclei of those cells. Because there is a variability in
size of the nuclei among the cells, we normalized total fluorescence intensity to the nuclear area
after background subtraction. We found that there is no significant difference in normalized
fluorescence intensity between nuclei with homogenously dispersed EN-actin (G-actin) and
filaments-forming nuclei (F-actin; Fig. 2e).
In addition, we tested the impact of transfection method on the filament formation. For this
purpose, we used Lipofectamine2000 (Life Technologies), TurboFect (Thermo Scientific) and linear
polyethylenimine (Polysciences) according to the manufacturers’ protocols (see Material and
Methods). Even though the efficiencies of the transfections varied, the percentage of transfected
cells containing nuclear actin filaments did not change significantly (data not shown).
Taken together, after overexpression of EN-actin, 1 to 5 % of cells contain branched nuclear
EN-actin filaments assembled into bundles. Formation of these filaments is dependent neither on the
intranuclear concentration of EN-actin nor on the transfection method.

Formation of nuclear EN-actin filaments varies among cell types
We analyzed the formation of nuclear EN-actin filaments in various cell types. The pattern of
overexpressed EN-actin was inspected in immortalized human embryonic kidney cell line (HEK293),
human cervical carcinoma cell line (HeLa), human non-small cell lung carcinoma cell line (H1299), and
primary mouse skin fibroblasts. Formation of nuclear actin filaments was noticed in all immortalized
human cell lines (HEK293, HeLa, H1299; Fig. 3c-e), however no nuclear filaments were found in
primary mouse fibroblasts (Fig. 3a-b). In mouse fibroblasts, EN-actin was preferentially incorporated
into cytoplasmic fibers (Fig. 3a, optical section focused to the cytoplasmic fibers), while only a small
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portion was imported into the nucleus, where it stayed homogenously dispersed in the monomeric
form (Fig. 3b, the same cell – optical section in the equatorial position).
However, we noticed some differences between the immortalized cell lines. HEK293 cells
(Fig. 3e) formed nuclear actin filaments more readily than U20S cells, reaching up to 10 to 20 % of
cells with filaments. On the other hand, the proportion of H1299 cells forming nuclear actin filaments
was only around 0.5 % (Fig. 3d). Even though we found nuclear EN-actin filaments in some H1299
cells, EN-actin was not imported into the nucleus efficiently; it rather stayed in the cytoplasmic
filaments in majority of cells (not shown).
Altogether, we conclude that the ability to translocate EN-actin into the nucleus and form
nuclear EN-actin filaments is cell-type specific and reflects diverse nuclear environment and/or
nucleo-cytoplasmic transport properties.

Cells with nuclear EN-actin filaments undergo a mitotic block
In order to investigate the behavior of nuclear EN-actin during cell cycle, we observed
localization of homogenously dispersed EN-actin and EN-actin incorporated into the filaments at
various stages of mitosis by light microscopy (Fig. 4a-f). We revealed that homogenously dispersed
EN-actin is at the onset of mitosis exported from the nucleus (Fig. 4b). In later phases of mitosis, ENactin is not associated with chromosomes; it is enriched at the plasma membrane and in plasma
membrane protrusions instead (Fig. 4c-e). EN-actin is imported into the nucleus after the reassembly of the nuclear envelope during cytokinesis (Fig. 4f).
Interestingly, cells containing nuclear EN-actin filaments in the interphase did not enter
mitosis. This statement is based on a long-term live-cell observations in which we did not see any
cells containing nuclear EN-actin filaments to progress through mitosis. Other cells in the field of view
which contained cytoplasmic EN-actin filaments and homogenous nuclear EN-actin, divided normally
(data not shown). We also noticed that many cells carrying nuclear actin filaments exhibited two
types of morphological abnormalities: in the first case, cells evolved additional micronuclei (Fig. 5a)
containing DAPI-stainable chromatin and also a homogenous or filamentous EN-actin. Second, some
cells did not complete cytokinesis resulting in retention of both daughter nuclei within one cell (Fig.
5b). Of the binucleic cells, 90 % contained nuclear EN-actin filaments in both nuclei, while only 10 %
of cells had homogenous EN-actin. The other way around, of all the nuclear EN-actin filamentcontaining cells, 10 % were binucleic, while only 1 % of cells with homogenous nuclear EN-actin was
binucleic. In the binucleic cells, both nuclei always contained the same pattern of EN-actin – either
filamentous or homogenous.
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Based on the results we propose that nuclear EN-actin filaments may prevent cells from
progressing into mitotic phase of a cell cycle. In case the cell still undergoes mitosis, irregularities in
structure of daughter cells or aberrant cytokinesis appear as a consequence.

Cofillin co-localizes with nuclear EN-actin filaments and Arp3 is enriched in cells with EN-actin
The initial experiment (Fig. 2e) showed that the concentration of EN-actin is not the only
factor which triggers assembly of nuclear EN-actin filaments. To see if actin-binding proteins
participate in the regulation of EN-actin filaments formation in the nucleus, we observed their
localization in respect to the nuclear EN-actin filaments by confocal light microscopy (Fig. 6). We
considered particular protein as co-localizing when it was accumulated or enriched at the EN-actin
filaments or in their close vicinity.
As we have established that EN-actin does not form individual filaments but bundles instead,
we explored the localization of F-actin cross-linking proteins filamin, -actinin, and spectrin (Fig. 6ac) which are known to localize to the nucleus (Bedolla et al. 2009; Dingova et al. 2009). None of these
actin cross-linkers however showed preferential co-localization with nuclear EN-actin filaments;
therefore it remains unclear by which mechanism nuclear EN-actin filaments become bundled.
Next, we explored the localization of the F-actin binding proteins paxillin and vinculin (Fig.
6d-e). These two proteins typically associate with focal adhesions, where vinculin mediates the
association between integrin and F-actin and binds also paxillin (Turner et al. 1990). Besides, both
vinculin and paxillin also localize to the nucleus (Dingova et al. 2009; Dong et al. 2009; Kano et al.
1996). Yet, they do not bind the nuclear filaments formed after the overexpression of EN-actin (Fig.
6d-e). Therefore we speculate that nuclear-specific isoforms of actin-bundling proteins assist in crosslinking of EN-actin filaments.
Our results show that nuclear EN-actin filaments join nuclear lamina occasionally (Fig. 2c-d).
Therefore we also tested their association with other nuclear envelope-associated proteins - nesprin,
a component of outer nuclear membrane that binds various cytoskeletal fibers; SUN2, a member of
linker of nucleoskeleton and cytoskeleton complex (LINC); and emerin, an inner nuclear membrane
protein, which binds lamin A/C and nesprin (Fig. 6f-h). Of these, only emerin was in some cases
connected to nuclear EN-actin filaments (Fig. 7a-b) in a similar manner as lamin B1 (Fig. 2c-d).
However, none of these envelope-associated proteins exposed any preferential interaction with ENactin filaments.
Next, we investigated the localization of proteins which affect F-actin assembly. First of them,
cofilin, binds to the pointed end of F-actin filaments and causes their disassembly. Surprisingly, cofilin
strongly co-localized with the nuclear EN-actin filaments (Fig. 7c, red arrowheads) not only at the
ends, but along the entire length of the filament (Fig. 7d, red arrowheads).
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Branching proteins bind to the existing filaments to trigger nucleation and growth of new
branches of the actin filaments. We found that levels of Arp3, a member of Arp2/3 nucleation
complex, are increased upon expression of EN-actin (Fig. 7e-f). It is therefore plausible that Arp3 relocalizes to the nucleus after elevation of EN-actin to induce growth of new filaments.
Among the actin-binding proteins observed, only Arp3 and cofilin co-localize with the ENactin, and hence are implicated in the regulation of nuclear EN-actin assembly. Such restricted colocalization indicates that assembly and bundling of nuclear EN-filaments are controlled by nuclearspecific regulators or nuclear-specific isoforms of actin-associated proteins.

Nuclear EN-actin filaments formation enhances transcription in the S-phase
It is known that actin is found in chromatin remodeling complexes (Szerlong et al. 2008; Zhao
et al. 1998). To test the functional involvement of the EN-actin filaments in chromatin remodeling,
we performed co-localization studies with protein hallmarks of chromatin remodeling using confocal
microscopy. However, no significant co-localization was observed with the actin-related proteins
(Arp5, Arp8, Arp6), Brahma-related gene 1 (Brg1) or hnRNP U (Fig. 8a-e).
Numerous studies have repeatedly emphasized the importance of actin in transcription
(Hofmann et al. 2004; Hu et al. 2004; Philimonenko et al. 2004). NM1 is a transcription factor, which
exerts its function in cooperation with actin (Ye et al. 2008). Even though one would expect NM1,
which requires oligo- or polymeric actin for its function, to be predominantly found on the EN-actin
filaments, it is not the case (Fig. 8f). Overexpressed NM1-mCherry is in the nucleoplasm present in
the vicinity of the EN-actin filaments, but no evidence points towards their association.
We then proceeded with the study of participation of EN-actin in transcription and observed
its occurrence in transcriptionally inactive and active chromatin regions, marked by H3K9Me2 and
H3K4Me2 histone modification, respectively. Nuclear EN-actin filaments did not show any
preferential enrichment in either type of chromatin, neither did homogenously dispersed EN-actin
(Fig. 8g-h). On the other hand, EN-actin filaments did not avoid either type of chromatin; they passed
through the chromatin regions instead. Therefore we asked whether EN-actin filaments or free ENactin do indeed affect transcription as has been previously published (Miyamoto et al. 2011; Wu et
al. 2006; Ye et al. 2008). To answer this question, we explored the presence of the catalytic subunit
of RNA polymerase I (RPA194) as well as the active form of RNA polymerase II phosphorylated on
serine 2 (CTD-PS2), as these would indicate active transcription. Both CTD-PS2 and RPA194 were
present in the cells containing nuclear EN-actin filaments (Fig. 8i-j), and no obvious changes in their
localization were noticed in comparison to non-transfected cells (not shown). In order to assess the
impact of homogenous and filamentous EN-actin on transcription, we compared transcription levels
of those cells with cells having no overexpression of actin (control). As it is known that transcription
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is inactivated during mitosis, gradually activated during G1 and its levels are maximal in S and G2
phases (Klein and Grummt 1999; Oelgeschlager 2002; White et al. 1995), we measured the
transcription levels in different stages of the cell cycle based on the proliferating cell-nuclear antigen
(PCNA) pattern. Nascent transcripts were labelled with fluorouridine (FU) in vivo, which was then
detected by indirect immunofluorescence microscopy. Total fluorescence intensity of FU in the
nucleus was quantified and normalized to the nuclear area. Transcription levels of cells expressing
either homogenous EN-actin or EN-actin filaments did not differ from the control cells in the G1 and
G2 phases of the cell cycle. However, we detected changes in transcription in the S-phase when cells
forming nuclear EN-actin filaments significantly increased their transcription levels by 30 % (Fig. 8k, Factin) in comparison to control cells. On the other hand, S-phase transcription of cells having
homogenous nuclear EN-actin (Fig. 8k, G-actin) did not significantly differ either from control cells or
from the cells with EN-actin filaments.
To conclude, nuclear EN-actin filaments do not participate in chromatin remodeling, do not
preferentially associate with transcriptionally active or inactive chromatin, but their presence causes
increase in general transcription levels in the S-phase in comparison to control cells.

DISCUSSION
The fundamental ability of actin is to form polymers. Although polymeric structures are long
known to exist in the cytoplasm, their presence and form in the nucleus remains unclear.
We showed that actin is able to polymerize into the filaments in the nucleus when EN-actin is
overexpressed in the cell. This triggered formation of single filaments, which were further crosslinked into bundles. This observation is in agreement with a previous work by Kokai et al. (2014). The
nuclear bundles adopt various shapes from straight long (Fig. 4c) to curved (Fig. 1b) and dense
meshwork (Fig. 1c). However, in human osteosarcoma U2OS cells, EN-actin localizes not only to the
nucleus, but is also incorporated into cytoplasmic filaments (Fig. 1a and c). The incorporation of ENactin into the cytoplasmic fibers affected neither formation of nuclear filaments nor nuclear
translocation, which was indeed favored (Fig. 1c). The distribution of EN-actin within a cell seems to
be cell-type specific, because cytoplasmic retention was not observed in rat PC12 cells (Kokai et al.
2014), whereas in primary mouse skin fibroblasts (Fig. 3a-b) EN-actin resided preferentially in the
cytoplasm and did not form nuclear filaments. At the same time, EN-actin was readily imported into
the nucleus of HEK293 cells (Fig. 3e). This may reflect differential requirements of actin in the nuclear
processes in various cell types.
The formation of nuclear filaments after expression of exogenous EN-actin is relatively rare in
U2OS cells, since only 1 to 5 % of cells show such phenomenon. Such a low incidence of EN-actin
filament formation suggests that specific conditions are required to trigger polymerization. It is
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known that actin begins to polymerize when the critical concentration of free actin monomers is
achieved. However, we did not observe such concentration dependency, since the expression levels
of EN-actin normalized to nuclear area did not differ significantly in cells with homogenous EN-actin
versus cells containing EN-actin filaments (Fig. 2e). This indicates that the amount of actin in the
nucleus is not the only factor determining the filament formation, but seems to be a prerequisite. In
agreement, blocking the actin export has been reported to cause actin polymerization inside of the
nucleus (Dopie et al. 2012; Stuven et al. 2003).
We observed that cells containing nuclear EN-actin filaments did not enter mitosis. In
contrast, cells containing homogenous EN-actin did progress through mitosis, during which majority
of EN-actin re-localized to the plasma membrane (Fig. 3a-e), which corresponds to previously
described localization of endogenous actin (Yang et al. 2004). However, we observed two
abnormalities in the interphase cells which seem to originate in mitosis - formation of additional
micronuclei, or retention of both daughter nuclei within one cell (Fig. 4c-e). These two irregularities
were previously observed by Moulding (Moulding et al. 2007) as a consequence of increase in
cytoplasmic F-actin assembly, which caused its mislocalization and led to delay in mitosis and defects
in cytokinesis. Besides, both micronuclei formation and bridging the two daughter nuclei together
are also results of improper chromosome segregation, which is caused by aberrant centromeric
incidence (reviewed in (Fenech et al. 2011). Because F-actin is as well required for the anchoring of
mitotic spindle to the cell cortex and moreover to establish the direction of spindle movement
(Woolner 2008), it is plausible that the excessive amount of overexpressed EN-actin (which may form
filaments during mitosis) prevents correct spindle positioning and manifests in chromosome
segregation errors. Since 90 % of the binucleic cells contained nuclear EN-actin filaments, whereas
only 10 % of the cells contained homogenous nuclear EN-actin, we speculate that the effect is
reinforced with increasing filamentous EN-actin levels. In conlusion, multiple aspects seem to
contribute to the defects in mitosis; however the severity is related to the amount of EN-actin which
is available for polymerization into nuclear filaments.
It has been shown that the increase in cofilin expression causes arrest in G1 phase of a cell
cycle by a mechanism which involves cyclin-dependent kinase inhibitor p27Kip1 (Tsai et al. 2009).
Although we did not observe elevated levels of cofilin, we showed a strong co-localization between
cofilin and the nuclear EN-actin filaments (Fig. 4j-k). We also noticed an increase in number of cells in
G1 and G2 phases of the cell cycle by 25 % upon nuclear EN-actin filament formation (data not
shown). Therefore we speculate that cofilin might trigger the nuclear p27Kip1 leading to G1 arrest. In
conclusion, the defective mitosis is probably a result of more than one aspect and additional
experiments need to be performed to understand this issue clearly.
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Numerous actin-binding proteins localize and exert their functions in the nucleus (reviewed
in (Castano et al. 2010). Among those tested in this study, cofilin strongly co-localized with the
nuclear EN-actin filaments (Fig. 7c-d). Besides its involvement in cell cycle progression, cofilin
employs multiple modes of action - upon increase in G-actin amount, cofilin maintains actin import
into the nucleus (Pendleton et al. 2003), and at the same time regulates actin dynamics. Cofilin
severs actin filaments at low actin concentrations and nucleates actin filaments at high actin
concentrations (Andrianantoandro and Pollard 2006). When filaments are bundled, they become
more resistant to cofilin severing (Michelot et al. 2007). Therefore we suggest that cofilin promotes
EN-actin filament formation.
We also found Arp3 upregulated upon EN-actin overexpression (Fig. 7e-f). Since Arp3 is a
member of Arp2/3 complex, it can trigger nucleation of the existing, and branching of new nuclear
EN-actin filaments. Besides cofilin and Arp3, we could not identify any other actin-associated protein
to regulate nuclear EN-actin filaments dynamics, despite testing many potential candidates.
However, as recent studies identified nuclear actin filament formation being dependent on nuclear
formin (Baarlink et al. 2013), Toca-1, (Miyamoto et al. 2011), N-WASP (Wu et al. 2006), and JMY
(Zuchero et al. 2009), we assume that other nuclear-specific actin-binding proteins assist in EN-actin
dynamics too.
We showed here that nuclear EN-actin is neither in the homogenous nor in the polymeric
form preferentially enriched in transcriptionally active or inactive chromatin. On the other hand, ENactin does not avoid, but stretches through the chromatin independently of its state (Fig. 8g-h).
Based on the absence of co-localization between nuclear EN-actin filaments and chromatin
remodeling complexes (Fig. 8a-f), we support the notion that the actin in chromatin remodeling
complexes and in complex with hnRNPs is monomeric (Obrdlik et al. 2008; Percipalle et al. 2002) and
nuclear EN-actin filaments do not seem to affect chromatin state.
Similarly, formation of nuclear EN-actin filaments did not affect the gross localization of
active forms of RNA polymerases I and II (Fig. 8i-j) which were concentrated in discrete foci
throughout the nucleolus and nucleoplasm, respectively. The pattern of transcription foci was
identical to the control cells (not shown), and all the cells were transcriptionally active. After we
quantified transcription levels, we found that there is an elevation in the S-phase of the cell cycle in
presence of nuclear EN-actin filaments by 30 % in comparison to control, whereas presence of
homogenous EN-actin did not affect transcription significantly (Fig. 8k). In G1 and G2 phases, the
transcription levels in all the cells were similar. It is plausible that recruitment of EN-actin filaments
to the transcription complexes in the S-phase is enabled by a more permissive state of chromatin in
the S-phase. This finding also points towards the possibility that polymeric state of actin is required
for transcription as has been suggested previously (Miyamoto et al. 2011; Obrdlik and Percipalle
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2011; Wu et al. 2006; Ye et al. 2008; Yoo et al. 2007). Up to date, numerous studies focused on the
involvement of actin in transcription of SRF-regulated genes. To trigger transcription, SRF requires its
cofactor MAL which is only imported into the nucleus when free of G-actin (Vartiainen et al. 2007).
Collectively, these studies revealed that formation of F-actin in the nucleus or in the cytoplasm
depletes levels of G-actin, which cannot sequester MAL. MAL is in turn imported into the nucleus
leading to upregulation of SRF-mediated transcription (Baarlink et al. 2013; Kokai et al. 2014;
Vartiainen et al. 2007). It is therefore reasonable to speculate that the elevation of transcription
upon EN-actin filaments formation that we observed occurs via exhaustion of free G-actin
monomers. However, to answer this clearly, more experiments need to be performed.
To sum up, our study documents a potential for EN-actin to form filaments in the nucleus
closely resembling actin filaments in the cytoplasm. Generation of nuclear EN-actin filaments recruits
cofilin and Arp3 into the nucleus and affects cellular processes. Since our observations of the ENactin polymerization, its behavior during cell cycle, co-localization with actin-binding proteins and
transcriptional activity are in agreement with previous studies, we suggest that EN-actin fusion
protein mimics the endogenous actin and may be used as a tool for future challenging research
focusing on actin functions in the nucleus.
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FIGURE LEGENDS
Fig. 1 Overexpressed EN-actin forms filaments in the nucleus of U2OS cells. In vast majority of cells
(95 to 99 %), EN-actin was imported into the nucleus, where it was homogenously dispersed
throughout the cytoplasm (a). Minority of cells (1 to 5 %) displayed EN-actin assembled into thick
nuclear filaments (b). At the same time, EN-actin was also incorporated into cytoplasmic filaments (a,
c). Single focal plane in the equatorial position (b) and 3D reconstructions of the entire cells (a, c) are
shown. Scale bars 5 m

99

Fig. 2 Properties of nuclear EN-actin filaments formed in U2OS cells. Nuclear EN-actin filaments are
susceptible to phalloidin staining (a), run along the nuclear lamina (b, white arrows) and occasionally
join the nuclear lamina (c-d). No significant difference in the total nuclear fluorescence intensity of
EN-actin normalized to the nuclear area was found between the cells forming EN-actin filaments (Factin; e) and cells containing homogenously dispersed EN-actin (G-actin; e). As a control, cells having
no expression of EN-actin but present within the same coverslip were used. Results are presented as
mean ± SD of three independent experiments, whiskers indicate minimal and maximal values. In
total, 30 cells for F-actin, 69 cells for G-actin and 130 control cells were analyzed (e). Scale bars 5 m
(a-e), 1.25 m (f-g)

Fig. 3 Formation of nuclear EN-actin filaments varies among cell types. In primary mouse skin
fibroblasts, EN-actin (delivered by nucleofection) incorporates preferentially into cytoplasmic fibers
(a, optical section focused on the cytoplasmic fibers) and does not form filaments in the nucleus (b,
optical section of the same cell in the equatorial position). EN-actin, delivered by transfection,
assembled into filaments in the nuclei of Hela (c), H1299 (d) and HEK293 (e) cells. Scale bars 10 m
(a-c), 5 m (d-e)

Fig. 4 EN-actin is enriched at the plasma membrane during mitosis. Localization of overexpressed ENactin was observed at various stages of mitosis in U2OS cells (a-f). At the onset of mitosis, EN-actin is
exported from the nucleus to the plasma membrane (b-e). When the nuclear envelope re-assembles,
EN-actin is imported back into the nucleus (f). Maximal projections of 5 optical sections are shown.
Scale bars 10 m

Fig. 5 Cells with EN-actin filaments exhibit irregularities in the interphase. U2OS cells with EN-actin
filaments exhibit two phenomena originated in mitosis – presence of DAPI-stainable micronuclei (a)
and retention of both daughter nuclei within a single cell (b). Scale bars 10 m
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Fig. 6 Nuclear EN-actin filaments do not co-localize with the actin-binding proteins tested. Colocalization of the nuclear EN-actin filaments with various actin-binding proteins was tested by
indirect immunofluorescence microscopy in the U2OS cells (a-g). A protein was considered as colocalizing when it predominantly accumulated at the nuclear EN-filaments or was enriched in their
close vicinity. Scale bars 5 m

Fig. 7 Nuclear EN-actin filaments recruit Arp3 and cofilin. Co-localization of the nuclear EN-actin
filaments with various actin-binding proteins was tested by indirect immunofluorescence microscopy
in the U2OS cells (a-f). EN-actin filaments occasionally come into contact with emerin (a and b, inset).
EN-actin filaments co-localize with cofilin in the nucleus (c and d, inset) and recruit Arp3 into the
nucleus (e and f, inset). Scale bars 2.5 m

Fig. 8 Nuclear EN-actin filaments enhance DNA transcription. Co-localization of overexpressed
nuclear EN-actin and hallmarks of various nuclear functional complexes was observed in U2OS cells
by indirect immunofluorescence microscopy. A protein was considered as co-localizing when it
predominantly accumulated at the nuclear EN-filaments or was enriched in their close vicinity.
Nuclear EN-actin filaments do not co-localize with components of chromatin remodeling complexes
(a-f), but passed through both transcriptionally inactive (g) and active chromatin (h). The catalytic
subunits of RNA polymerases II (i) and I (j) are present in nucleoplasmic and nucleolar foci,
respectively after the assembly of nuclear EN-actin filaments. Generation of nuclear EN-actin
filaments causes increase in the overall transcription levels in the S-phase (k). In this experiment, Sphase transcription levels of cells containing EN-actin filaments (k, F-actin) were compared to cells
with homogenous EN-actin (k, G-actin) and to cells with no expression of EN-actin, which resided
within the same coverslips (k, control). Nascent transcripts were labelled by FU in the U2OS cells and
their amounts were then quantified by indirect immunofluorescence using anti-BrdU antibody. Total
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fluorescence intensity in the nucleus was normalized to the nuclear area. The experiment was
repeated three times and the values in each replicate were further normalized to the control.
Normalized mean values ± SD of three independent experiments are shown in the graph where
whiskers represent the min and max values. More than 20 cells were analyzed in each experiment.
Scale bars 5 m
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Abstract Actin is a well-known protein that has shown a
myriad of activities in the cytoplasm. However, recent
findings of actin involvement in nuclear processes are
overwhelming. Actin complexes in the nucleus range from
very dynamic chromatin-remodeling complexes to structural elements of the matrix with single partners known as
actin-binding proteins (ABPs). This review summarizes the
recent findings of actin-containing complexes in the
nucleus. Particular attention is given to key processes like
chromatin remodeling, transcription, DNA replication,
nucleocytoplasmic transport and to actin roles in nuclear
architecture. Understanding the mechanisms involving
ABPs will definitely lead us to the principles of the regulation of gene expression performed via concerting nuclear
and cytoplasmic processes.
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Introduction: the history of actin and actin-binding
proteins in the nucleus
The relevance of actin in the nucleus has been demonstrated during the last few decades, changing the status
from a controversial finding to an understanding that actin
is a key protein required in several nuclear processes (Chen
and Shen 2007; Schleicher and Jockusch 2008). However,
the precise structure and mechanism of action of nuclear
actin is still enigmatic. In the cytoplasm, actin forms a
highly versatile and dynamic filamentous network, which is
involved in shaping the cell, distributing the cellular
organelles, cellular motility and adhesion just to name
some key functions. In the nucleus, however, the situation
is different: the notoriously known forms of polymeric
actin existing in the cytoplasm have not been found (with
some exceptions mentioned below) and actin forms, at
most, short stretches of fibers which may represent atypical
structures since they do not bind to phalloidin—a hallmark
of filamentous actin (Cooper 1987). In addition to actin,
there are several well-known actin-binding proteins
(ABPs), which are of relevance in a myriad of processes in
the cytoplasm (for reviews, see e.g. Insall and Machesky
2009; Pollard and Cooper 2009). Thus, ABPs anchor the
actin network to the plasma membrane and other cellular
structures, move cargo along the filaments, promote growth
of actin fibers by capping the growing ends and shielding
them from disassembly, promote the network arboring by
branching the filaments, increase the strength of the filaments by bundling them or prune the network by severing
and depolymerizing the filaments. Since most of these
processes involve polymeric actin, it is quite interesting to
note that many of these ABPs are also found in the nucleus.
In recent years, the nuclear form of actin and its binding
partners have been shown to take part in several key
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cellular mechanisms. Table 1 shows a comprehensive list
of ABPs that have been found in the nucleus. The large
number of proteins fulfilling diverse functions in the cell is
indicative of the complex function of nuclear actin. In this
review, we will focus on the involvement of ABPs in some
of the key nuclear processes: chromatin remodeling, transcription, DNA repair, DNA replication and formation and
maintenance of nuclear structure. The facts about nuclear
ABPs will be summarized and discussed in separate
chapters according to these principal nuclear functions, and
the activities of ABPs in the nucleus are schematically
depicted in Figs. 1, 2.

ABPs in chromatin remodeling
Modification of chromatin is a key process during cell
differentiation, DNA duplication and repair, as well as
gene expression. These chromatin modifications are
achieved by multi-subunit complexes that exhibit two
kinds of activity. They are able to either move and/or
replace nucleosomes on DNA strands (remodel chromatin)
or mark histones or DNA with covalent modifications.
Interestingly, actin and ABPs are part of both types of these
complexes and this association is conserved from yeast to
humans. In addition to actin, actin-related proteins (Arps)
are very prominent components of chromatin-modifying
complexes. Arps are actin-derived proteins, which share
the same three-dimensional structure of ATP-binding
pockets known as the ‘‘actin fold’’. They are classified into
11 subfamilies where Arp 1 is the most similar in sequence
to conventional actin, and Arp 11 the least similar (Muller
et al. 2005). Arps 4–9 are located in the nucleus and they
have all been found to physically associate with chromatinremodeling complexes. Out of four classes of chromatin
remodelers SWI/SNF, ISWI, INO80 and Mi-2/CHD (Bao
and Shen 2007), actin together with Arps are prominent
parts of two of them: SWI/SNF and INO80. Originally, the
association of actin and Arps with SWI/SNF-related
remodelers was reported. Later actin and ARPs were found
also in INO80 and related SWR1-associated complexes as
well as in some histone acetyltransferases (reviewed by
Chen and Shen 2007).
Arp4 (in humans one of the Brg1-associated factors,
Baf53) is the most widely distributed Arp in chromatinmodifying complexes (for a review, see Meagher et al.,
2009). It is present, depending on species, in SWI/SNF and
INO80 complexes as well as in various histone acetyltransferases. Arp4 was found as a heterodimer with actin in
SWI/SNF of Drosophila and humans, while in yeast SWI/
SNF Arp 4/actin is replaced by Arp7/Arp9 dimer. The
depletion of Arp4 by siRNA led to the expansion of
chromosome territories and decompaction of the
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chromatin, reduction of H3-K9 dimethylation and an
increase of H3-K79 methylation followed by cell cycle
arrest. This suggests that Arps are essential for maintenance of global chromatin structure contributing to chromatin fiber folding and/or interactions with non-histone
architectural components (Lee et al. 2007a). Arp4 accumulates in the nucleus prior to the onset of mitosis and
associates with mitotic chromosomes suggesting that it
might be involved in chromatin architecture transition
during chromosome decompaction (Lee et al. 2007b).
Furthermore, one of the histone acetyltransferases that
contribute to chromatin remodeling and subsequent transcription—NuA4 (Doyon and Cote 2004)—is also found in
complex with actin and Arp4 (Harata et al. 2002). In fission
yeast, a point mutation in a conserved region of Arp4
homolog Alp5 lead to mitotic arrest caused by chromosome missegregation. This phenotype could be rescued by
the addition of trichostatin A—an inhibitor of histone
deacetylases of classes I and II. Fission yeast Arp4 forms a
complex with the histone acetyltransferase Mst1. It was
suggested that Arp4 is required for proper function of the
kinetochore through its contribution to histone acetylation
(Minoda et al. 2005).
In Saccharomyces cerevisiae, a second, more abundant
SWI/SNF-like complex exists, which is known as RSC
complex. Although RSC complexes contain SWI/SNF-like
ATPase activity derived from the Sth1 subunit, biochemical studies suggest that SWI/SNF and RSC complexes
regulate expression of distinct sets of genes (Szerlong et al.
2003). Arp7 and Arp9 are components of the RSC complex
in yeast but homologs can also be found in plants. Arp7 is
an essential gene in Arabidopsis required for normal
embryo development and survival. Arp7 knockdown by
siRNA affected plant architecture and considerably
delayed abscission of floral organs (Kandasamy et al.
2005). Immunocytochemical studies showed nuclear
localization of Arp7, while aberrant plant embryos did not
have detectable levels of Arp7 protein in the nucleus. This
data suggested the involvement of Arp7 in plant chromosomal rearrangement during cell development.
Arp6 is a component of INO80 class remodelers that
seem to be involved in heterochromatin maintenance and
transcription inhibition. In yeast, Arp6 binds to telomere
DNA as shown by CHIP analysis (Ueno et al. 2004).
Drosophila Arp4/Arp6 co-localizes with heterochromatin
protein 1 (HP1) at the pericentric heterochromatin (Kato
et al. 2001), and direct interaction of chicken and human
Arp6 with HP1 was shown by pull-down experiments and
yeast two-hybrid assays (Ohfuchi et al. 2006). On the other
hand, Arp6 was also implicated in activation of transcription. For example, in plants, Arp6 has been shown to be
required for high expression of FLOWERING LOCUS C
in both FRIGIDA-containing lines and in autonomous
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Arp8

Arp9

53

Arp7

Fungi and
plants

Eucaryota

Fungi and
plants

Eucaryota

50

Eucaryota

Arp6

49

Arp3

Eucaryota

Eucaryota

44

Arp2

Mammals

68

4.9

Thymosin b4

Eucaryotes

Arp5

92

MAL cofactor

Caenorhabditis
elegans

Eucaryota

260

CABP14

Animals

53

125

c-Abl

Organism

Arp4

MW (kDa)

Name(s)

Relation to actin

Actin fold

Actin fold

Actin fold

Actin fold

Actin fold

Actin fold

Actin fold

Actin fold

Dimerizes with actin

Nucleation

Nucleation

N-terminal helix, G-actinSequestering
binding domain, capping helix

Cytoplasmic localizing domain, Actin inhibits interaction
actin binding, NLS
of MAL with SRF

Not determined

Alternative domain, SrcBundling, crosslinker
homology domain, SH3, SH2
domains, modular domain,
tyrosine kinase, ATP binding,
NLS, DNA binding, G- and Factin binding, NES

Structural domains

Table 1 Overview of actin-binding proteins in the nucleus

Diffuse nucleoplasmic (Posern
et al. 2004)

Along the cleavage furrow of
dividing cells (Aroian et al.
1997)

Diffuse nucleoplasmic (Nihira
et al. 2008)

Nuclear localization

Not described

Not described

Not described

Not described

Not described

Not described

De novo actin filament
formation

De novo actin filament
formation

Actin-sequestering (Hannappel 2007)

Coactivator of SRF transcription
factor (Vartiainen et al. 2007)

Possible role in cell division (Aroian
et al. 1997)

DNA damage response (regulation of
cell cycle, apoptosis) (Wang 2000)
proposed possible effect on
transcription (Baskaran et al. 1993)

Nuclear (expected) function

Diffuse/punctuate
nucleoplasmic during mitosis
stains the chromosomes
(Aoyama et al. 2008)

Diffuse (Grava et al. 2000)

Diffuse/punctate nucleoplasmic

Forms part of RSC and SWI/SNF
chromatin-remodeling complexes
(Chen and Shen 2007; Kandasamy
et al. 2005; Szerlong et al. 2003)

Forms part of INO80, depletion
causes defects in chromosome
misalignment during mitosis
(Aoyama et al. 2008)

Forms part of RSC and SWI/SNF
(Chen and Shen 2007)

Forms part of SWR1, dISWI,
hSRCAP (Chen and Shen 2007;
Martin-Trillo et al., 2006)

Forms part of INO80. Involve in
replication (Shimada et al. 2008)

Forms part of SWI2/snf2, INO80.
INO80, SWR1, NuA4, dBAP,
dPBAP, hSWI/SNF, hPBAF,
hWINAC, hSRCAP,hp400, hTip60
Remodeling chromosome territories
and decompactation of chromatin.
Arp4 is the only known nuclear Arp
that has been shown to have ATPbinding ability dependent on the
conserved ATP/ADP-binding
pocket (Chen and Shen 2007; Lee
et al. 2003, 2007a, b)

Diffuse/punctuate
Possible bridge with N_WASP and
nucleoplasmic and
PSF-NonO with RNA pol II (Wu
cytoplasmic (Yoo et al. 2007)
et al. 2006; Yoo et al. 2007)

Diffuse/punctuate
Possible bridge with N_WASP and
nucleoplasmic and
PSF-NonO with RNA pol II (Yoo
cytoplasmic (Yoo et al. 2007)
et al. 2007)

Actin-sequestering, regulation
Diffuse nucleoplasmic (Huff
of actin polymerization
et al. 2004)
(Zoubek and Hannappel 2007)

Signaling molecule (Miralles
et al. 2003)

Participate in remodeling of
cytoskeleton in early
development of oocyte,
cytokinesis (Aroian et al.
1997)

Signal transduction via nonreceptor kinase activity (Van
Etten 1999), actin bundling
(Van Etten et al. 1994)

Function in cytoplasm
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123

123

113

100

Actinin

Spectrin II

68

61, 54, 55,
92 in
plants

WAVE1,2,3

Paxillin

52

WASP

240–280

54

N-WASP

Filamin

MW (kDa)

Name(s)

Table 1 continued

Eucaryota

Eucaryota

Eucaryota

Eucaryota

Eucaryota

Vertebrates

Organism

Relation to actin

Crosslinker

The N-terminus contains five
Binds actin
aspartate-rich LD motifs and
several SH2-binding domains.
The C-terminus consists of
four LIM domains

N-terminus with two calponin
Crosslinker
homology domains (CH1 and
CH2) followed by a rod region
comprised of numerous repeat
segments. C-terminal domain
for dimerization

N-terminal actin-binding
Crosslinker
domain, two calponin
homology (CH) domains, four
spectrin repeats, four EF-hand
calcium-binding domains,
C-terminal calmodulin-like
domain

Verprolin-homology domain, a
cofilin-homology domain, and
an acidic region

Verprolin-homology domain, a
cofilin-homology domain, and
an acidic region

Verprolin-homology domain, a
cofilin-homology domain, and
an acidic region

Structural domains

Diffuse/punctuate
nucleoplasmic (Moulding
et al. 2007)

Strong diffuse nucleoplasmic
stain and cytoplasmic (Wu
et al. 2006)

Nuclear localization

Chromatin remodeling

Chromatin remodeling

Interaction with RNA pol II ARP2/3,
PSF-NonO (Linardopoulou et al.
2007; Rebowski et al. 2008; Wu
et al. 2006)

Nuclear (expected) function

Nuclear in HepG2 hepatocytes

Regulation of Smad localization in the
TGF-b signaling pathway (Kitisin
et al. 2007)

Adaptor protein that recruits a Around interchromatin granules Assists in the translocation from the
number of signal transducers
in HeLa cells; nucleoplasm in
nucleus to focal adhesions for
to focal adhesions and
human lymphocytes (Dingova
proteins such as Abl and STAT3
transducing signals from
et al. 2009)
(Brown and Turner 2004).
Expression of nuclear-localized
integrins and growth factors to
paxillin LIM domains
downstream regulation of cell
stimulateDNA synthesis and cell
migration and gene expression
proliferation (Dong et al. 2009)

Participate in stability of actin Condensed and decondensed
Interacts with the androgen receptor
filaments at the cell periphery
chromatin and nucleoli in
(AR) and inhibited transcriptional
and link them to the plasma
HeLa cells, perichromatin in
activity of AR (Loy et al. 2003;
membrane, provide anchor of
human lymphocytes (Dingova
Ozanne et al. 2000). Plays an
transmembrane receptors to
et al. 2009)
important role in Smad-mediated
the actin cytoskeleton and
signaling (Sasaki et al. 2001).
serve as a scaffold for many
Associate with tumor suppressor
intracellular signaling
protein BRCA2 (Meng et al. 2004)
molecules
and FOXC1 (Berry et al. 2005)

A-actinin 1,4 mediate
Regions of decondensed
Actinin 4 regulates DNaseY activity
membrane attachment at
chromatin in nucleoplasm and
during apoptosis (Liu et al. 2004).
adherens-type junctions;
in the granular component of
A-actinin-4 co-localizes with p65/
A-actinin-2,3 are major
nucleoli in HeLa cells; at
RelA subunit of NF-kappa B during
structural components of
interchromatin granules and
cell activation by epidermal growth
Z-disk and analogous dense
nucleoli in human
factor (EGF) (Babakov et al. 2008).
bodies where they cross-links
lymphocytes (Dingova et al.
Possibly involved in transcriptional
actin filaments form adjacent
2009)
regulation
sarcomeres

Involved in actin reorganization
in neural tissue, controls
depolarization-induced
trafficking of the mitochondria
to dendritic spines WAVE2
regulating actin
polymerization in response to
T cell activation, particularly
in the formation of the
immunologic synapse

Regulate actin filament
organization, actin
polymerization

Induce filopodium formation

Function in cytoplasm
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200

150

80–95

1,014

630

80

Myo5a

Myo6

Myopodin

Syne/nesprin
(NUANCE,
enaptin)

Bpag1

Protein 4.1

120

114

Eukaryota

Vertebrates

Vertebrates

Vertebrates

Metazoa

Eucaryotes

Vertebrates

Multi-domain proteins that
interacts with microtubules,
actin filaments and
intermediate filaments, as well
as proteins found in cellular
junctions

Interacts with chromatin
structure regulator barrier-toauto integration factor,
presumably via the LEM
domain

NLS

Motor domain, single IQ
domain

Motor domain, 6 IQ domains,
dilute domain

Motor domain, three IQ
domains, PIP2-binding tail
domain

Binds actin

Bundling

Bundling

Motor

Motor

Motor

Motor domain, single IQ motif, Motor
and long tail with predicted
coiled-coil regions, ERM
domain, AAA domain, and
NLS (Salamon et al. 2003)

Myo1c/NM1

Vertebrates

285

Myo18b

N-terminal ankyrin repeat,
motor domain, single IQ
domain, and long tail with
several polyproline stretches
Motor

Vertebrates

Crosslinker

210

Spectrin repeats, actin-binding
domain (CH-domains), a
pleckstrin homology (PH)
domain, a Src homology 3
(SH3) domains, and a
calmodulin-like domain

Relation to actin

Myo16b

Eucaryota

Structural domains

Crosslinker

246–270

Spectrin IIS

Organism

Spectrin IVS5

MW (kDa)

Name(s)

Table 1 continued
Nuclear localization

Nuclear (expected) function

Diffuse/punctate nucleoplasmic

Cytoplasmic in myoblasts,
diffuse nuclear in myocytes
(Salamon et al. 2003)

Punctuate nucleoplasmic
(Cameron et al. 2007)

Transcription (Hofmann et al. 2006;
Pestic-Dragovich et al. 2000;
Philimonenko et al. 2004; Ye et al.
2008), chromatin remodeling
(Percipalle et al. 2006)

Tumor suppressor (Nishioka et al.
2002)

Unknown

Scaffolding for PML body proteins
(Tse et al. 2001)

Stabilizes the spectrin-actin
network and anchors it to the
plasma membrane

The dystonin/Bpag1
cytoskeletal interacting
proteins play important roles
in maintaining
cytoarchitecture integrity in
skin and in the neuromuscular
system

ENAPTIN belongs to a family
of recently identified giant
proteins that associate with
the F-actin cytoskeleton as
well as the nuclear membrane

Unknown

Hearing, endocytosis, Golgi
complex maintenance, cell
motility

Transcription (Vreugde et al. 2006)

Structural

Structural

Integrate the cytoskeleton with the
nucleoskeleton

Diffuse nuclear excluding
Tumor suppressor (Lin et al. 2001)
nucleoli in myoblasts, Z-discs
in myocytes (Faul et al. 2007;
Weins et al. 2001)

Punctate, colocalizes with
transcription

Vesicle transport and anchoring, Nuclear speckles (Pranchevicius Not known
spindle pole alignment and
et al. 2008)
RNA translocation

Adjusting of the hearing
sensors, exocytosis, axon
growth

Unknown

Unknown

PML nuclear bodies and the
nuclear matrix (Tse et al.
2001)

Control membrane organization, DNA-repair foci or diffuse
Involved in DNA repair and act as
stability and shape, participate
nuclear in lymhoblastoid cells
scaffolding protein for DNA-repair
in the trafficking of organelles
proteins (Sridharan et al. 2003)
along the secretory pathways,
and play a role in regulated
secretion

Function in cytoplasm
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123

75

34

1,014
Bilateria(predicted)
vertebrates
and insects

About 64

40

Lamin A

Emerin

123

Enaptin

Plastins

Tropomodulin

115

Vertebrates

Vertebrates

145

90

205

Flightless I

Gelsolin

Supervillin

Higher
eucaryotes

38

CapG

Vertebrates

Vertebrates

Eucaryota

Eutheriamammals

Eucaryota

Eucaryota

124

Anillin

Organism

MW (kDa)

Name(s)

Table 1 continued

Binds actin

Binds actin

Relation to actin

Crosslinking

Bundling

Capping

6 gelsolin like repeat domains,
NLS, Headpiece domain
(HD), Protein kinase A
phosphorylation sites

Bundling

6 gelsolin-like repeat domains
Severing, capping,
(LRR), 16 leucine-rich repeats
nucleating

NLS, NES, 6 gelsolin like repeat Severing
domains, 16 leucine-rich
repeats (LRR)

3 gelsolin-like repeat domains,
NLS

Unstructured N-terminal
Capping
domain, C-terminal domain
contains several leucine
repeats, NLS (Kong and
Kedes 2004; Kong and Kedes
2006)

EF-hands, Calponin homology
actin-binding domains, NES
(Delanote et al. 2005)

N-terminal alpha actinin-type
actin-binding domain, coiled
coil rod - spectrin repeats,
leucine zipper, C-terminal
transmembrane domain,
several NLSs

LEM domain, transmembrane
Capping (Holaska et al.
domain (Cai et al. 2007), NLS
2004)

ATPase domain

Structural domains

Nuclear localization

Inhibition of cell spreading by
binding to myosin IIA and
IIB, formation of actin
filament bundles (Wulfkuhle
et al. 1999)

Severing actin filaments and
capping the barbed ends,
nucleating actin
polymerization in a calcium
dependent manner (Burtnick
et al. 1997)

Possessing filamentous actin
severing activity via its
gelsolin like repeat domains
(Liu and Yin 1998)

Reversibly capping or blocking
actin monomer exchange at
the fast growing-barbed ends
of actin filaments (Southwick
and DiNubile 1986)

Stabilizing the pointed end of
actin filament (Fischer and
Fowler 2003)

Bundling of actin filaments

Bundling of actin filaments,
attachment of nucleus to the
cytoskeleton

Not described

Nuclear architecture

Localizes to the nucleus during
interphase, the cortex following
nuclear envelope breakdown, and
the cleavage furrow during
cytokinesis

Nuclear (expected) function

Chromatin remodeling, nuclear
receptor activation (Lee et al. 2004)

Promotes collagen invasion via
modulation of transcription (De
Corte et al. 2004)

Stabilizing pointed ends of actin
filament?

Not known

Diffuse/punctuate nuclear
(Pestonjamasp et al. 1997)

Nuclear receptor induced
transcription, enhancing of vitamin
D receptor activation (Ting et al.
2005)

Diffuse nuclear staining in
Chromosome decondensation by
endothelial cells (Salazar et al.
severing actin in the nucleus
1999)
(Ocampo et al. 2005). Androgen
receptor co-activator (Nishimura
et al. 2003)

Diffuse nuclear in fibroblasts
(Davy et al. 2001)

Diffuse nuclei and nucleoli
(Onoda et al. 1993)

Diffuse nucleoplasmic

Diffuse nucleoplasmic

Nuclear envelope (Padmakumar Not known
et al. 2004)

Nuclear envelope (Fairley et al. Maintenance of nuclear envelope
1999)

Nuclear envelope

Bind septins and is a component Diffuse/punctate nucleoplasmic
of the cytokinetic ring

Function in cytoplasm
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Unknown
Mediator of a signal
Diffuse excluding nucleoli
transduction pathway to actin
(Peche et al. 2007)
cytoskeleton. Cell migration,
endocytosis, embryonic
development (Hubberstey and
Mottillo 2002)
Sequestering

Chaperoning actin into the nucleus
(Pendleton et al. 2003). Repressor
of the glucocorticoid receptor
(Ruegg et al. 2004)
Localizes in intranuclear actin
rods under stress conditions
(Ono et al. 1996; Pendleton
et al. 2003)
Cell motility, cytokinesis,
endocytosis, exocytosis,
phagocytosis, regulation of
myofibril assembly.
Involvement in actin-based
motility of pathogenic
bacteria (Ono 2007)

613

Eucaryotes
CAP2

15–21
ADF/cofilin

Eucaryotes

ADF-homology (ADF-H)
domain

Severing and pointed-end
depolymerization

Cofactor of actin export from the
nucleus mediated by exportin 6
(Stuven et al. 2003). Regulates the
activity of Myb-related transcription
factor p42POP (Lederer et al. 2005).
Possible involvement in splicing
(Skare et al. 2003). Tumor
suppressor (Wittenmayer et al.
2004)
Regulation of actin dynamics at Fine granular nucleoplasm
plasma membranes during cell
staining (Rawe et al. 2006);
locomotion, cytokinesis,
nuclear gems (Sharma et al.
embryonic development,
2005), speckles, Cajal bodies
morphogenesis. Intracellular
(Skare et al. 2003)
vesicle trafficking.
Endocytosis nad exocytoses at
synapses (Jockusch et al.
2007)
Nucleotide exchange
factor, increases
polymerization
14–17
Profilins

Eucaryotes
vaccinia virus

MW (kDa)
Name(s)

Table 1 continued

Organism

Structural domains

Relation to actin

Function in cytoplasm

Nuclear localization

Nuclear (expected) function
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pathway mutants. In addition to FLOWERING LOCUS C,
Arp6 regulates additional flowering repressors (MartinTrillo et al. 2006). Arabidopsis Arp6 is located at specific
regions of the nuclear periphery as demonstrated by confocal microscopy, and its subnuclear localization is different from that of TFL2, a plant homolog of HP1 (Choi
et al. 2005). The mechanism of transcriptional regulation
by Arp6 in plants seems to be via promoting both histone
acetylation and methylation (Martin-Trillo et al. 2006).
To date, the structural organization and function of actin
and Arp molecules in the chromatin remodeling and acetyltransferase complexes is unknown. It is possible that
actin together with a myosin partner [Nuclear Myosin 1
(NM1), Myo1C or Myo6] may be needed as a motor for
chromatin rearrangement or for the relocation of multicomplex transcription machinery. There is some evidence
for the involvement of actin-based myosin motors in
chromatin remodeling. During active transcription, 10% of
cellular NM1 associates with the chromatin-remodeling
complex Williams syndrome transcription factor (WSTF)SNF2h (Cavellan et al. 2006; Percipalle et al. 2006).
Together with several other nuclear proteins, WSTFSNF2h and NM1 form a large 3-MDa complex referred to
as B-WICH. SNF2h is a member of the ISWI family of
chromatin-remodeling ATPases, and its functions depend
largely on the protein complex in which it is contained. For
instance, it partners with TIP5 to form nucleolar remodeling complex (NoRC), a chromatin-remodeling complex
that sits on the promoters of unused ribosomal genes and
inhibits their transcription (Santoro and Grummt 2005).
WSTF associates with both ISWI and SWI/SNF chromatinremodeling complexes. Together with SWI/SNF chromatin-remodeling complex, it is involved in regulation of
vitamin D coupled transcription (Kitagawa et al. 2003).
WSTF binds acetylated histones, mainly H3 acetylated at
lysine 14, through its bromodomain and tethers the chromatin-remodeling/modification complexes to the promoter
of vitamin D regulated genes (Fujiki et al. 2005). Because
WSTF associates with two different chromatin-remodeling
complexes, it was suggested that it acts as a platform
tethering the complexes to chromatin (Kitagawa et al.
2003). NM1 was shown to co-purify and co-immunoprecipitate with WSTF-SNF2h. The complex also contained
RNAs: Pol I transcript 45S rRNA and Pol III transcripts 5S
rRNA and 7SL RNA (part of signal recognition particle
SRP). NM1 was also found on rRNA, 5S and 7SL RNA genes
by ChIP. Intriguingly, siRNA knockdown of WSTF
decreases 5S and 7SL transcription (Cavellan et al. 2006).
RNA Pol I transcription is inhibited by WSTF knockdown
only on chromatin templates but not on naked DNA
(Percipalle et al. 2006). It was possible to immunoprecipitate
Pol I with the WSTF-SNF2h-NM1 complex, but only after in
vivo crosslinking, which indicates that the association of the
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614
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Fig. 1 The model depicts the nuclear processes involving actin and
actin-binding proteins and actin complexes in chromatin remodeling,
transcription initiation and elongation, DNA repair and replication.
The center of the model shows a pool of complexes for chromatin

remodeling that may interchange factors depending on the process.
Actin may function as a key protein for interchanging such factors by
bringing them together like a network that can be used in several
processes in the nucleus

complex with RNA Pol I is relatively weak or very dynamic
(Percipalle et al. 2006). Moreover, both activation and
repression of ribosomal genes could be achieved by similar
mechanisms. Ribosomal genes are repressed by NoRC,
where TIP5 binds to transcription termination factor 1 on
rDNA and brings SNF2h. SNF2h mobilizes histone deacetylases and DNA methyl transferases that modify the chromatin (Santoro and Grummt 2005). Conversely, WSTF
could bring the SNF2h and associated factors to the rDNA to
activate transcription, and the recruitment of WSTF itself
could occur via NM1 or other ABP and the Pol I-bound actin
(Grummt 2006; Percipalle and Farrants 2006).

A question remains how myosins would interact with
nuclear actin to fulfill their motor function as they require a
stretch of polymeric actin, and conventional F-actin is
not readily formed in most nuclei. One possibility is that
a ‘‘twisted’’ conformation of actin filament (so-called
T-actin) is present in nuclei (Egelman 2003). This conformation is more favorable to binding of ADF/cofilin and
does not allow tropomyosin binding with subsequent
myosin recruitment. However, a few tropomyosin isoforms
have been found to interact with actin filaments in the
presence of cofilin (Kuhn and Bamburg 2008). It is yet to
be explored whether these complexes also allow myosin
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Fig. 2 The model shows actin and actin-binding proteins involved in
nuclear structure, nucleocytoplasmic transport as well as chromosomal rearrangements. Actin is well known for its structural roles in
the cytoplasm; however, mechanisms for the nuclear structure
organization still need to be elucidated. Actin and actin-binding
proteins have been shown to participate in such processes, either by a
different form of actin polymerization or creating a link with different
partners

binding. The fact that 2G2 antibodies, raised against actin–
cofilin filaments, stain specifically nuclear actin (Gonsior
et al. 1999) speaks in favor of such a model. Alternatively,
actin and Arps could be used as bridges between different
sets of chromatin remodelers. This would create a link for
specific chromatin modifiers with ABPs to a network that
can be used in several processes in the nucleus, where
different modules can be exchanged depending on the
function needed (Hogan and Varga-Weisz 2007). Nevertheless, it remains unclear how myosins could bind to such
structures.
Babakov and co-workers (2004) found that a-actinin-4
co-localizes to the nucleus with p65/RelA subunit of

NF-kappa B during cell activation by epidermal growth
factor (EGF). Cell treatment with EGF leads to translocation of the proteins to membrane ruffles, and eventually to
migration into the nucleus. Chakraborty and colleagues
(2006) identified a-actinin-1 and -4 as class IIa HDACinteracting proteins and isolated a novel splice variant of
a-actinin-4 that is predominantly localized in the nucleus of
HeLa cells.
FliI is a nuclear receptor coactivator, it contains gelsolin-like domain that can bind to actin. The same
domain is important for the coactivator function. Coimmunoprecipitation experiments revealed FliI binding to
BAF53 via the first of the two gelsolin-like motifs. A
point mutation in the actin-binding motif of FliI reduced
binding to BAF53 and substantially diminished the coactivator activity of FliI. Yeast two-hybrid screening
assays demonstrated FliI binding to histone methyltransferase CARM1, which is a part of p160 coactivator
complex (Lee et al. 2004). Based on these findings one
can speculate that FliI may ensure the association of
SWI/SNF complex to p160 to maintain ATP-dependent
chromosome remodeling activity along with histone
acetylation by histone acetyltransferase p300 and/or CBP
and methylation by histone methyltransferase CARM1
and/or PRMT1.
In vitro studies of the binding properties of SWI/SNFlike BAF chromatin-remodeling complex to actin filaments
revealed an interesting role of phosphatidylinositol 4,5biphosphate (PIP2) (Rando et al. 2002). Isolated BAF
complexes were able to associate with actin pointed ends
and branch points upon binding to PIP2 micelles. The
authors suggested a model where PIP2 binding relieved
capping of actin associated with the BAF complex and
therefore allowed actin filament binding. They provide
some evidence that Brg1, which is also a component of
BAF remodeling complex, could be this capping component. However, a role of another actin-capping protein
cannot be excluded, and it was hypothesized that this
protein could be CapG (Gettemans et al. 2005). CapG is a
gelsolin family protein that has both nuclear and cytoplasmic localization (Onoda et al. 1993; Prendergast and
Ziff 1991). One recent study shows CapG also in the
nucleolus. This study indicates that transport of CapG to
the nucleolus is an ATP-dependent process, which requires
active RNA polymerase I transcription and translocation of
Ran GTPase to the nucleolus along with CapG (Hubert
et al. 2008).
All this data shows the relevance of ABPs in chromatin
remodeling where they are required for several process as
depicted in Fig. 1. However, recent transcriptional experiments using naked DNA templates have shown that actin
and ABPs play additional roles in the control of gene
expression, as outlined below.
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Fig. 3 The distribution of actin and filamin in the nuclei of
transcriptionally active HeLa cells and resting human lymphocytes
is compartment-specific. Actin labeling in HeLa cells is localized
preferentially in decondensed chromatin and in the nucleolus. In
resting human lymphocytes, clusters of actin labeling are located
mainly in decondensed chromatin at the border of heterochromatin
blocks. Filamin labeling in HeLa cells is intense and appears as a
dense mesh throughout the whole nucleus, including nucleoli. In
human lymphocytes, filamin clusters fuse together to form large

labeled areas that occupy a significant proportion of condensed
chromatin and perichromatin area but are mainly excluded from
interchromatin granules. Ultrathin sections of cells were goldimmunolabeled with antibodies to actin and filamin, and the label
density vas evaluated using our self-developed algorithms (Schöfer
et al. 2004; http://nucleus.img.cas.cz/gold). The areas of increased
labeling density in the nucleus are highlighted with red color.
Labeling in cytoplasm is not depicted. Bar 1 lm. Reproduced from
Dingova et al. 2009 with permission

ABPs in DNA transcription

recruitment through coactivator mediation of activation
signals and DNA looping to allow interaction of proteins
bound to distal sites with the GTFs on the promoter. In
some cases, it has been suggested that RNA pol II might
relocate directly from the enhancer to the promoter during
the activation process (Tchurikov et al. 2009). Tracking
and looping requires a mechanical force in which actininteracting molecules together with molecular motors like
NM1 might be up to the task. Work by Yoo and colleagues
(2007) showed that the Arp2/3 complex physically associates with RNA pol II and is involved in RNA pol
II-dependent transcriptional regulation both in vivo and in
vitro, as demonstrated by siRNA knockdown of Arp2 and
Arp3. A further body of work suggests a bridge for Arp2/3
complex with Neuronal Wiskott–Aldrich syndrome protein
(N-WASP) and PSF–NonO complex together with RNA
pol II (Wu et al. 2006). It is conceivable that these proteins
could properly position RNA pol II on the promoter. Some

Transcription initiation by all three polymerases was
originally investigated at the level of transcriptional
machinery recruitment. It became clear as early as in 70s,
that polymerases alone were insufficient for this process.
Roeder and colleagues were among the first to isolate a set
of additional proteins essential for transcription—general
transcription factors (GTFs). Their findings showed that
GTFs are needed to sustain a low level of in vitro transcription on naked DNA with the addition of RNA polymerases (for a review, see Roeder 2005). Nevertheless,
other additional factors are required for activating highlevel transcription. Therefore, the hypothesis emerged for
transcriptional regulation, in which regulation takes place
not only at the promoter level but also at distant control
elements, or enhancers. The activators bound to the
enhancers were proposed to facilitate promoter initiation
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Fig. 4 Actin and NMI are
localized in different nucleolar
compartment in
transcriptionally inactive human
lymphocytes. a An electron
micrograph of resting human
lymphocyte nucleolus labeled
with anti-actin antibody (12-nm
gold particles). b The same
image as a, but the nucleolar
compartments are outlined.
Fibrillar centers (FC), DFC and
granular component (GC) are
marked. Gold particles are
highlighted in red color. FC is
highly positive for actin. c An
electron micrograph of resting
human lymphocyte nucleolus
labeled with anti-NMI antibody
(12-nm gold particles). d The
same image as c, the nucleolar
components are outlined and
gold particles are highlighted as
in b. NMI is localized
predominantly in DFC. Bar
200 nm. Reproduced from
Kysela et al. 2005 with
permission

experiments have emerged to sustain this hypothesis. It is
known that Myo1c/NM1 can bind to actin via its head
domain to exert physical tension or movement of their
cargo and it was noted early on that NM1 can be found
within sites of transcription activity of RNA polymerase I
and II. Indeed, Hofmann and co-workers (2006) showed
that NM1 colocalizes and copurifies with RNA pol II.
Antibodies to NM1 inhibit Pol I in in vivo and in vitro
transcription assays, while addition of NM1 activates RNA
pol I transcription in vitro in a dose-dependent manner
(Philimonenko et al. 2004). Microinjections of anti-NM1
antibodies reduce RNA pol II transcription in vivo. Interestingly, antibodies to NM1 added to reconstituted RNA
pol II transcription system do not inhibit formation of the
RNA pol II pre-initiation complex but block the formation
of the first phosphodiester bond during transcription initiation (Hofmann et al. 2006). On the other hand, the
experiments with RNA Pol I transcription in nuclear
extracts indicate the involvement of NM1 in the later steps
of transcription, such as promoter escape or elongation
(Percipalle et al. 2006). Since NM1 can directly interact
with actin and N-WASP-PSF-NonO-RNA Pol II, this may

help the process of translocation from promoter regions to
transcription sites within the nucleus, as well as for further
fine positioning. However, the mechanism of how actin and
NM1 may function within these processes has not yet been
thoroughly tested.
Myo6 is another actin molecular motor recently found in
the cell nucleus and it seems to have very similar properties
to those of NM1. It colocalizes with RNA pol II and newly
transcribed mRNA in a transcription-dependent manner,
co-immunoprecipitates with RNA pol II complex, it is
present at the promoter and coding region of active genes;
knockdown of Myo6 inhibits transcription of these genes,
and antibodies to Myo6 reduce RNA pol II transcription in
vitro (Vreugde et al. 2006). Myo6 can also interact with
RNA pol II, apparently dimerizing upon cargo binding and
in this manner gaining processivity, i.e. the ability to
‘‘walk’’ many steps along a single actin filament before
dissociating. Myo6 is therefore especially interesting
because of its ability to exert force toward the minus end of
the actin filament and it can play further roles in which a
molecular motor is required (for review see Sweeney and
Houdusse 2007).
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Other mechanisms in which ABPs affect transcription
involve interactions with additional activators or coactivators. In particular, the members of the nuclear hormone
receptor family in which ABPs can activate or repress their
function are an excellent example. Ozanne and co-workers
(2000) identified filamin as an ABP that interacts with the
androgen receptor affecting its nuclear translocation. Loy
and colleagues (2003) showed that C-terminus of the
filamin A (FLNa) inhibits transcription of the androgen
receptor by modulating its activity since it competes with
its coactivator TIF2. FLNa also interacts with regulatory
proteins such as the tumor suppressor protein, BRCA2
(Yuan and Shen 2001) and protein FOXC1, which is a
component of a larger complex that regulates the initiation
of transcription. Moreover, FLNa is required for nuclear
localization of transcription factor PBX1 (Berry et al.
2005). Filamin also plays an important role in the signaling
mediated by Smad, protecting Smad proteins from ubiquitin-mediated degradation by masking an ubiquitin ligasebinding site of Smads (Sasaki et al. 2001). Supervillin,
another member of villin/gelsolin family, is a nuclear/
cytoplasmic actin-bundling protein and it is the primary
coactivator of androgen receptor, as it enhances the activity
of peroxisome proliferator-activated receptor-c (PPAR-c),
glucocorticoid receptor and estrogen receptor (Archer et al.
2004; Ting et al. 2002). This stimulation differs from other
nuclear receptor coactivator stimulations. While other
coactivators increase the activation between N-terminal
and C-terminal halves of the receptor, supervillin slightly
suppresses it. A supervillin fragment (831–1281) was also
found to colocalize with the androgen receptor in the
nucleus when 5 alpha-dihydrotestosterone was added (Ting
et al. 2002; Yu et al. 1990). The Ca2?-calmodulin-dependent protein kinase type II binds to FliI and influences bcatenin dependent gene expression (Seward et al. 2008).
FliI also regulates the development of Caenorhabditis
elegans affecting anterior-posterior polarity and asymmetric cell division (Deng et al. 2007). FliI was shown to
localize in the nucleus in the fibroblasts, where it translocates upon serum stimulation into the periphery of the cell
from the nuclear/perinuclear region. FliI not only binds to
actin but also binds to ARP4 as well as to p160 coactivators
(Lee et al. 2004). Coimmunoprecipitation studies show that
FliI associates with nuclear receptors such as thyroid hormone receptor and estrogen receptor, and siRNA silencing
of FliI affects hormone-stimulated reporter gene expression
(Lee et al. 2004). Furthermore, a G-ABP MAL is a coactivator of serum response factor. This is a transcription
factor that regulates many mitogen-responsive and musclespecific genes (Philippar et al. 2004). MAL binding to
nuclear G-actin makes it unable to bind to serum response
element and trigger transcription. MAL is then exported
from the nucleus to the cytoplasm in complex with G-actin
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and Crm1 exporter. When actin is polymerized, the pool
of free G-actin is reduced and the cofactor is released
(Vartiainen et al. 2007). Free MAL can complex with
serum response factor, which is able to bind serum response
sequence and trigger transcription (Miralles et al. 2003).
The third mechanism in which ABPs affect transcription
by RNA pol II is protein phosphorylation. It is known that
phosphorylation of RB by cyclin-dependent kinases at the
G1/S boundary leads to RB release and therefore activation
of the ABP c-Abl tyrosine kinase. Activated nuclear c-Abl
was shown to phosphorylate the C-terminal domain of
RNA pol II to modulate transcription (Baskaran et al.
1993).
In the case of RNA pol I transcription, NM1 was
observed in the dense fibrillar compartment, where transcription of ribosomal genes takes place. Here, it colocalizes with actin (Fomproix and Percipalle 2004; Nowak et al.
1997). Moreover, NM1 is indeed required for RNA Pol I
transcription and it is associated with RNA Pol I through
the basal transcription factor TIF-IA, a key regulator of Pol
I transcription (Philimonenko et al. 2004).
In addition to the chromatin-remodeling process, these
mechanisms for RNA pol I and II transcription show how
ABPs are involved in several key steps for transcription
control. ABPs together with actin and Arps may help to
create a very dynamic scaffold in which nuclear processes
can take place. As depicted in Fig. 1, ABPs are heavily
involved at different stages of gene regulation. The elucidation of how the three-dimensional structures including
actin, ABPs, and associated enzymes participate in these
processed will be part of future research needed to truly
understand gene activation in eucaryotic cells.

ABPs in DNA replication and repair
The most established role for ABPs in DNA replication and
repair involves chromatin remodeling. The process of
nucleosomes removal and their reincorporation are crucial
steps both in DNA replication and repair, for which chromatin remodelers with bound actin and histone-modifying
enzymes are needed. INO80 chromatin-remodeling complex plays a role in DSB DNA repair through recognition
and eviction of phosphorylated form of histone H2A (in
mammals called cH2AX) from DSB site to facilitate
ssDNA formation and subsequent repair events. The Arp4,
Arp5, Arp8 and actin form part of the INO80 complex and
are essential for nucleosome-remodeling activity in vitro. It
has been also shown that arp5 and arp8 mutants are
hypersensitive to DNA damage agents. For Arp4, a role in
recruitment of the complex to DSBs through interaction
with cH2AX has been proposed. Furthermore, INO80 was
shown to promote recovery of stalled replication forks in S.
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cerevisiae. INO80 complex is associated with stalled replication forks genome-wide in yeast, and strains lacking
INO80 show significant defects in the resumption of DNA
replication. The mechanism of INO80 function in
resumption of replication at stalled forks appears to be
different from its activity in DSB repair. The recruitment of
Arp5 to sites of initiation of DNA replication was independent of cH2A. Consistently, deletion of nhp10, which is
responsible for the recruitment of INO80 complex to
DSBs, did not have the same effect as ino80 or arp5
mutants on the recovery from replication arrest (Shimada
et al. 2008).
Another chromatin remodeler, SNF2h, plays a role in
DNA replication. It binds the WICH complex through
WSTF to proliferating-cell nuclear antigen (PCNA) on
replicated chromatin and prevents premature formation of
heterochromatin. This therefore allows the re-binding of
factors that transmit the epigenetic state to the newly
synthesized DNA (Poot et al. 2005). NM1 was shown to be
associated with a fraction of WICH involved in RNA Pol I
transcription (Percipalle et al. 2006). It might be therefore
interesting to investigate whether NM1 participates also in
replication of heterochromatin.
Other functions of ABPs during DNA replication/repair
could be recruitment of factors and scaffolding of functional complexes on filamentous actin. McMahon and
colleagues (1999, 2001) identified spectrin as a direct
binding partner of the Fanconi anemia protein FANCA.
Sridharan and co-workers (2003) demonstrated that spectrin relocalizes to the same nuclear foci along with DNArepair proteins, FANCA and XPF (nucleotide excision
repair protein) after damage with a DNA cross-linking
agent. This study suggested that nuclear spectrin may have
an important function of in the nucleus providing a scaffold
and aiding the recruitment of repair proteins to sites of the
DNA damage. Myo16b displays overlapping localization
with PCNA and cyclin in neuronal nuclei and tends to
associate with nuclear compartment containing profilin and
polymerized actin. It would be tempting to assume that
Myo16b works as a motor to direct the movement of
protein complexes in the nucleus during S phase. However,
an analysis of the sequence of Myo16b ATP-binding
pocket shows an amino acid replacement that significantly
reduces actin-dependent ATPase activity. Thus, a scaffolding function of Myo16b is more likely than a motor
function. Moreover, overexpression of Myo16b delays the
progression through S-phase and decreases BrdU incorporation. In cells that incorporate BrdU, Myo16b does not
colocalize with nascent DNA (Cameron et al. 2007). So,
Myo16b is obviously involved in regulation of replication
and S phase progression, but the precise mechanism should
be elucidated. Furthermore, elevated Myo6 expression was
induced by p53 during DNA damage. Upon p53 activation,

Myo6 translocates from endocytic vesicles, membrane
ruffles and cytoplasm to the Golgi complex, perinuclear
membranes, and to the nucleus where it may be involved in
DNA repair. RNAi knockdown of Myo6 leads to attenuated p53 activation and impaired Golgi integrity (Jung
et al. 2006). Another example is thymosin beta4, which is
transported to nucleus in complex with mismatch DNA
repair enzyme hMLH1, interacts with actin and may help
to direct the enzyme to other steps of this process (Brieger
et al. 2007).

ABPs involved in nucleocytoplasmic transport
The first evidence of actin involvement in nucleocytoplasmic transport was obtained as early as 1986 from isolated rat liver nuclei (Schindler and Jiang 1986).
Antibodies to actin or myosin significantly reduced the flux
rate of 64-kDa fluorescent dextran through the nuclear
pores as measured by FRAP. Moreover, while addition of
ATP greatly enhanced the flux rate in control nuclei, the
addition of actin-affecting drugs such as cytochalasin D or
phalloidin inhibited this stimulation of transport. Although
these results may be criticized for use of isolated nuclei,
more recent work confirms the role of actin in nucleocytoplasmic transport in intact cells. Hofmann and colleagues
(2001) demonstrated that intranuclear microinjection of
2G2 antibodies raised against actin–profilin complex
(Gonsior et al. 1999) blocked the nuclear Rev- and TAPmediated export of viral RNAs as well as export of protein
kinase A inhibitor both in Xenopus oocytes and in somatic
cells. This export was also blocked by latrunculin B, which
binds to G-actin but not by swinholide A that stabilizes
actin dimers. By using 2G2 antibody, it was also possible
to visualize actin present in the gelsolin-resistant fibers
emanating from the nuclear envelope and associated with
nuclear pore complexes (Hofmann et al. 2001). Another
independent study also demonstrated a network of porelinked filaments containing actin and an ABP 4.1 in
Xenopus oocyte nuclei (Kiseleva et al. 2004). Interestingly,
heterogeneous nuclear ribonucleoproteins (hnRNPs)
appear to bind actin (Kukalev et al. 2005; Percipalle et al.
2002, 2003), some of them being able to shuttle between
the nucleus and cytoplasm. This opens another interesting
possibility that such actin fibers may in general help to
dock the protein–RNA complexes at the pores via an ABP
present in the complex and thus facilitating their export to
cytoplasm. This model, at least for the case of preribosomal
subunits protein–RNA complexes, was supported by very
recent findings of Obrdlik and colleagues (2010). They
showed that NM1 is present in the complex with mature
rRNA transcripts and immunolocalized it at the top of
nuclear pore basket in Xenopus oocyte nuclei.
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Actin itself is exported from the nucleus by a nuclear
export receptor Exportin 6 in complex with an ABP profilin
(Stuven et al. 2003). Profilins are small proteins of
molecular weight 18–14 kDa. They pass through the
nuclear pores by simple diffusion and are quickly replenished in the nucleus. The dimer actin–profilin can couple
profilin-binding proteins to Exportin 6 and they can be
subsequently exported into the cytoplasm. Stuven et al
(2003) have also found other proteins that bind profilin and
actin to be present in a complex with Exportin 6. The
survival motor neuron (SMN) protein has been shown to
bind profilins I and II via the polyproline-rich motif
(Giesemann et al. 1999). SMN is ubiquitously expressed
protein that functions in assembly and transport of diverse
ribonucleoprotein complexes (Kolb et al. 2007). Therefore,
the Exportin 6-actin–profilin pathway may also participate
in the export of SMN protein complex to the cytoplasm.
Profilin also appears to play a significant role in nuclear
export in Drosophila. The mutants with down-regulated
profilin show mislocalization of RanGAP, protein that
catalyses the hydrolysis of GTP in Ran, and have defects in
nuclear export. Drosophila mutants that have down-regulated NTF2, a protein that imports small GTPase Ran into
the nucleus, exhibits few survivals with small or no eyes.
This phenotype was successfully rescued by crossing with
a stream that has down-regulated profilin (Minakhina et al.
2005).
A CRM1-dependent nuclear export pathway is also
involved in the regulation of the nuclear pool of actin,
although actin does not bind CRM1 directly (Stuven et al.
2003). An earlier study by Wada et al. (1998) showed that
after long exposure of cells to a CRM1 inhibitor leptomycin B, nuclear rod-like structures containing actin could
be observed. The Exportin 6 pathway was not able to
reduce the levels of nuclear actin so another mechanism to
export actin to the cytoplasm must exist and is apparently
dependent on CRM1. Thus, the plausible explanation for
the nuclear rod effect is that they appear after nuclear
sequestering of actin via blocking the nuclear export of
another nuclear ABP that mediates binding of actin to
CRM1 complex.
Due to its relatively low molecular weight of 43 kDa,
monomeric actin may be able to pass the nuclear pore by
diffusion. However, an active mechanism must exist that
transports actin into the nucleus since actin fused to GFP is
also able to localize into the nucleus (McDonald et al.
2006). One candidate for facilitating nuclear import of
actin is cofilin. Actin and cofilin are observed together
upon nuclear accumulation, and a function for cofilin was
suggested to chaperone actin into the nucleus. Anti-cofilin
antibody blocked nuclear entry of actin in permeabilized
cells upon treatment with latrunculin B and ATP depletion
(Pendleton et al. 2003). Nuclear translocation of cofilin is
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possibly triggered by dephosphorylation, as shown in
fibroblasts (Nebl et al. 1996; Ohta et al. 1989) and in T
cells (Samstag et al. 1994), while other data do not confirm
this (Abe et al. 1993; Saito et al. 1994).
Another candidate for involvement in nucleocytoplasmic transport is paxillin. Paxillin shuttles between focal
adhesions and the nucleus, as demonstrated by the experiments showing nuclear accumulation of paxillin after
mutation/deletion of its NES domain or after inhibition of
CRM1-dependent nuclear export by leptomycin B (Dong
et al. 2009; Woods et al. 2002). A function of paxillin was
proposed to assist in the translocation from the nucleus to
focal adhesions for such proteins as Abl and STAT3 (Lewis
and Schwartz 1998; Silver et al. 2004).
Taken together, these observations have shown that
ABPs together with actin are significantly involved in the
nuclear transport, as depicted in Fig. 2. However, the
mechanisms in which they work during this process still
remain mostly unresolved.

ABPs involved in nuclear architecture, dynamics
and sensing outside
Structural integrity and spatial compartmentalization of the
cell nucleus is important for its proper functioning. The
best characterized structural component of the cell nucleus
is nuclear lamina, composed of lamins belonging to the
family of intermediate filament proteins. Furthermore,
A-type lamin proteins are not only located at the nuclear
periphery, but also are part of the internal nucleoskeleton/
nuclear matrix. They are essential for nuclear structural
integrity, DNA replication, transcription, splicing, cell
signaling, DNA repair and cellular proliferation (Andres
and Gonzalez 2009; Dechat et al. 2009; Gonzalez-Suarez
et al. 2009; Vlcek and Foisner 2007). An interaction of the
carboxy-terminal domain of lamin A with actin has been
demonstrated in vitro, thus rendering lamin A a ‘‘nonclassical’’ ABP (Sasseville and Langelier 1998). A-type
lamins together with nesprins and SUN domain proteins
participate in the formation of the linker of cytoskeleton
and nucleoskeleton (LINC) complex. Nesprins are rod-like
nuclear membrane proteins, which interact with F-actin and
can mediate SUN protein binding. Nesprin 1 and 2 on
the outer nuclear membrane connect cytoplasmic actin
microfilaments to SuN1 and SuN2 on the inner nuclear
membrane; SuN1, in turn, binds to lamin A on the nuclear
scaffold (Crisp et al. 2006; Ostlund et al. 2009). Another
protein belonging to the nesprin family, enaptin, was
immunolocalized to actin stress fibers, the nuclear membrane, and interestingly, the nucleoplasm of COS7 cells thus
being a part of the nuclear structural assembly (Padmakumar
et al. 2004). LINC complex is important for nuclear
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positioning and movement within the cell. It can also play a
role in the transmission of mechanical signals from the
cytoplasm to the nucleus. Pulling on integrins in cultured
cells induces realignment of individual actin stress fibers and
nucleoli, and alters their positions and orientation along the
newly applied tension lines (Hu et al. 2005). It is not clear
what is transferring the tension inside the nuclei; however,
actin-based structures could well play this role.
Another protein that significantly contributes to the
nuclear structure is emerin. Emerin is an inner nuclear
membrane protein that is expressed in all differentiated cell
types. It interacts with chromatin structure regulator barrier-to-auto integration factor, presumably via the LEM
domain (Bengtsson and Wilson 2004). The lamin–emerin
interaction has been implicated in maintaining the structural integrity of the nucleus and in efficient progression of
the cell through the cell cycle. Emerin interacts with
transcription factors (GCL, Btf, Lmo), splicing regulators
(YT521-B), nuclear membrane protein nesprin-1a, actin
and NM1 (Holaska 2008). The first evidence that emerin
could bind a and b actin was provided by (Fairley et al.
1999). Holaska and collaborators (2007) showed later that
emerin binds F-actin at the pointed end and identified NM1
as a direct ATP-independent binding partner of emerin,
also by affinity purification of emerin-containing complexes from HeLa nuclear extracts. They found that NM1 is
present along with actin, aII-spectrin and lamins in one
protein complex that could participate in structural maintenance of the nuclear membrane.
There are two recent works that directly demonstrate the
role of actin and ABPs in structural properties of nuclei.
Bohnsack and co-workers (2006) found out that exportin 6,
which is responsible for the nuclear export of actin, is not
expressed in Xenopus oocytes before the onset of meiotic
maturation. Furthermore, after microinjection of exogenous
exportin 6 into oocyte nuclei, the intranuclear actin network disappeared, and at the same time the nuclei became
extremely fragile. This effect was highly specific for
exportin 6 injections and not observed upon control microinjections. These results point to the necessity of
intranuclear actin network for the stabilization of giant
oocyte nuclei. Indeed, application of actin-depolymerizing
drug cytochalasin B also made the nuclei very fragile,
while co-injection of F-actin-stabilizing phalloidin together
with exportin 6 prevented nuclear fragility. Krauss and
co-workers (2002, 2003) used Xenopus cell-free system of
nuclear assembly to demonstrate that actin, ABP 4.1 and
their functional interaction are required for proper formation of reconstituted nuclei and their replication competence. Protein 4.1 is an actin-scaffolding protein that can
also bind spectrin (Correas et al. 2001). Interestingly,
functional aminoacid sequences in the 4.1 domains
responsible for binding to spectrin and to NuMa were also

required for assembly of functional nuclei (Krauss et al.
2002).
This functional data is supported by ultrastructural work
of several groups. Intranuclear actin-containing filaments
were shown by electron microscopy in amphibian oocytes
(Hofmann et al. 2001; Kiseleva et al. 2004). Such filaments
emanated from the nuclear envelope and were often associated with nuclear pore complexes. Interestingly, filaments
containing actin together with protein 4.1 formed a network
that attached to Cajal bodies and other subnuclear organelles in Xenopus oocytes (Kiseleva et al. 2004; Pederson
and Aebi 2002). Actin-based intranuclear structures might
thus contribute to nuclear compartmentalization. Wang and
co-workers (2006) reported that actin polymers participate
in the reorganization of interchromatin granules clusters
upon inhibition of transcription and form a special compartment, where transcription begins after release from
inhibition. Preferential distribution of various ABPs, such
as a-actinin, filamin, paxillin, spectrin and tropomyosin in
specific nuclear compartments was shown ultrastructurally
(Dingova et al. 2009), see an example in Fig. 3. Interestingly, the intranuclear distribution of actin and NMI was
different in resting and activated human lymphocytes
(Kysela et al. 2005). Figure 4 demonstrates that while actin
and NMI are involved in rDNA transcription, in resting
human lymphocytes with very low levels of transcription
these two proteins localize in different nucleolar compartments. Actin and ABPs can be involved also in higher-order
nuclear compartmentalization, such as organization and
dynamics of chromosomal territories. Mehta and colleagues
(2010) found that chromosome territories relocated rapidly
within the cell nucleus when serum was removed from the
culture medium. This relocation was energy-dependent and
inhibited by drugs affecting polymeric actin or by NMI
knock-down by RNA interference.
Other ABPs in the nucleus can contribute to the structural properties by regulating the polymerization state and
dynamics of nuclear actin. Cyclase-associated protein 2
(CAP2) enhances actin filaments turnover. It is strongly
enriched in the nuclear membrane fraction as well as in the
nuclei. CAP2 is tightly bound and is released from the
nucleus primarily by adding 2 M NaCl, which indicates
that the detergent-resistant CAP2 is immobilized by
attachment to non-chromatin structures (Peche et al. 2007).
Furthermore, plastins may act in the nucleus as actin crosslinking proteins, which are generally thought to generate
force by organizing actin filaments into bundles (Loomis
et al. 2003; Vignjevic et al. 2003). Myopodin is also an
actin-bundling protein, which is localized in the nuclei of
differentiating myobasts (Weins et al. 2001). Formins also
nucleate and elicit rapid processive assembly of filaments
from profilin–actin, remaining bound to the growing barbed end (Chan and Leder 1996). Furthermore, in C2C12
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cells, the Bpag1 localizes predominantly to the nucleus, its
actin-binding domain interacts with the actin cytoskeleton
and with the plakin domain region as it translocates the
proteins to the nucleus. These results indicate that it is
necessary for regulating the localization and function of
plakin proteins required for structural work (Young et al.
2003).

Conclusions
Taken together, from all these observations, one can see the
vast and complex scenario in which actin, ABPs and Arps
are involved in a multitude of nuclear functions. Various
functions are schematically summarized Figs. 1, 2. Interestingly, their actions extend from the nucleus to the cell
surface as they seem to be also a part of the integral signaling pathways about events occurring on the cell surface,
and our limited knowledge points now especially to the
focal adhesions. Obviously, the still very fragmented data
on nuclear functions of these proteins need to be seen not
only as nuclear, but they need to be understood in the
cellular aspect. The crucial questions about nuclear actin
structure and about molecular properties of various
sophisticated complexes that include varieties of actin,
ABPs and Arps and their dynamics are still ahead. We can
therefore foresee that there is a long way to understand the
complexity of nuclear actions of actin, ABPs and Arps in
the structural and functional networks in the entire cell.
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4. DISCUSSION
4.1 Functions of Myo1c isoforms in the nucleus and their interaction with PIP2
Isoforms of Myo1c (NM1, Myo1c-isoC and Myo1c-isoA) all localize to the nucleus and
to the cytoplasm (Dzijak et al. 2012). However, the previous studies revealed solely
cytoplasmic functions of Myo1c-isoC and nuclear functions of NM1 and Myo1c-isoA. Here
we tried to put the whole picture together, to shed more light on the functions of the
isoforms in both nucleus and cytoplasm.
To study significance of NM1, we prepared KO mouse which lacks NM1 while Myo1cisoC remained unaltered. KO mouse did not show any defective phenotype and proliferation
assays together with qRT-PCR revealed unchanged expression of 45S pre-rRNA. This fact can
be explained only by the assumption that Myo1c-isoC is able to compensate for the loss of
NM1. By other set of experiments, we verified this hypothesis and further showed that also
Myo1c-isoC is able to stimulate RNA polymerase I transcription and associate with RNA
polymerase II. Interestingly, no compensatory overexpression of Myo1c-isoC was required,
the endogenous levels were sufficient. This finding in agreement with previous work (Dzijak
et al. 2012) and definitely proves that the N-terminal sequence of NM1 is not required for
the nuclear translocation. On the other hand, the Myo1c isoforms remain the only class 1
myosins implicated in nuclear processes.
PIP2 localizes to the nucleus where it modulates transcription (Osborne et al. 2001;
Yildirim et al. 2013) and splicing. Surprisingly, we observed that PIP2 links NM1 and Myo1cisoC to the nuclear lipo-protein microdomains. Lipids inside the nucleus assemble to lipid
microdomains (Cascianelli et al. 2008; Scassellati et al. 2010), similar to lipid islets occurring
at the plasma membrane. PIP2 and Myo1c-isoC are at the plasma membrane components of
lipid rafts (Brandstaetter et al. 2012; Hope and Pike 1996; Rozelle et al. 2000). At the plasma
membrane, Myo1c-isoC is a motor which facilitates recycling of lipid raft-containing vesicles
(brandsat). In the nucleus, the significance of NM1/Myo1c association with the lipo-protein
microdomains is not clear, however here we propose several hypothesis. First, NM1/Myo1cisoC binds to the surface of nuclear lipo-protein microdomains where it along with other
proteins shields the hydrophobic nature of the lipid microdomains and enables them to
retain the surrounding hydrophilic environment. This hypothesis is supported by finding
showing that various proteins are targeted to the plasma membrane microdomains by their
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lipid modifications (Zacharias et al. 2002). Second, NM1/Myo1c is stored in the lipo-protein
microdomains, until required to perform its desired function elsewhere. Such behaviour was
described for splicing and transcription factors which transiently accumulate in speckles
(Spector and Lamond 2011), nuclear structures also rich in phosphoinositides (Boronenkov
et al. 1998; Osborne et al. 2001). Third, NM1/Myo1c-isoC, as a transcription factor (Hofmann
et al. 2006; Venit et al. 2013; Ye et al. 2008) recruits transcription complexes to the surface
of microdomains via interaction with PIP2. This hypothesis is based on the fact that nuclear
microdomains rich in sphingomyelin associate with transcriptionally active chromatin and
transcription factors (Cascianelli et al. 2008; Scassellati et al. 2010). This hypothesis is
however in disagreement with our observation that the active forms of RNA polymerases I
and II (RPA194 and CTD, resp.) do not localize to the microdomains; they are enriched in the
detergent-soluble fraction. This detergent-soluble fraction represents a second pool in which
both NM1/Myo1c-isoC and PIP2 are enriched. Since our results indicate that NM1/Myo1cPIP2 complex is required for RNA polymerse II transcription, it prompted us to the
conclusion of co-existence of two NM1/Myo1c-PIP2 complex pools – first, microdomainsassociated and second, transcription-associated. The latter pool resembles PIP2 involved in
the nucleolar transcription where evidence points towards absence of lipid islets.
Altogether our data revealed that Myo1c-isoC perform similar tasks as NM1 in the
nucleus and is able to fully compensate for the loss of NM1. Both isoforms also in the
nucleus inteacts with PIP2 and are moreover tethered into nuclear lipo-protein. Besides, a
fraction of microdomain-free NM1/Myo1c-PIP2 complexes is required for RNA polymerase II
transcription.

4.2 Functions of Myo1c isoforms in the cytoplasm
We found out that both isoforms predominantly localize to the cytoplasm, where
they are tethered to the plasma membrane via the PH domain, as described previously for
Myo1c-isoC (Hokanson et al. 2006; Hokanson and Ostap 2006). The N-terminal domain does
not interfere with plasma membrane localization. This shows that NM1 thus exhibits similar
membrane-binding features as class 1 myosins (Nambiar et al. 2009) and does not stand
aside any more. NM1 and Myo1c-isoC are at the plasma membrane distributed equally, in

131

1:1 ratio, and do not overlap, similarly to their nuclear localization (Dzijak et al. 2012). This
proposes also plasma membrane-related functions of NM1.
We further noticed that upon deletion of NM1, cells exhibit increased tolerance to
hypotonic conditions. Pathways triggered after cell swelling (reviewed in Hoffmann et al.
2009) aim to restructure cytoskeleton/plasma membrane to prevent cell bursting. Since
Myo1c-isoC is known to affect membrane rigidity (Barile et al. 2005; Bose et al. 2004;
Brandstaetter et al. 2012; Dumont et al. 2002; Tiwari et al. 2013), it is plausible that also
NM1 acts similarly. Indeed, when we measured membrane elasticity of cultured fibroblasts
by AFM, we noticed an increase after deletion of NM1.
Based on these results we concluded that NM1 as well as other class 1 myosins
members creates a dynamic link between plasma membrane and cytoskeleton and thus
makes major contributions to membrane tension (reviewed in McConnell and Tyska 2010).
As a consequence of NM1 deletion, the overall number of myosin molecules on the plasma
membrane is reduced, less tight bonding of cytoskeleton to membrane is achieved and the
cells are more accessible for swelling, because the plasma membrane can remodel more
effectively. This is in agreement with previous finding that downregulation of any class 1
myosin isoform caused reduction in the rigidity of the plasma membrane (Nambiar et al.
2009). On the contrary, cells with exogenous overexpression of NM1 have overall higher
levels of class 1 myosins at the plasma membrane and the link becomes tighter. Since NM1
KO cells did not suffer any alteration in adhesion, spreading or motility (not shown), we
propose that the overall number of myosin 1 molecules at the plasma membrane of NM1 KO
cells is sufficient to carry out their functions under normal conditions. After exposure to
stress conditions, differences in mechanical properties of the cells can be detected. It is also
possible that multiple pathways contribute to the phenotype observed under stress
conditions.
The above mentioned findings are even supported two minor phenotypes discovered
in KO cells: first, mild hyperchromic macrocytosis was found in KO males, which is
characterized by larger red blood cells containing higher amount of hemoglobin. This
phenotype suggests impaired cell division during erythropoiesis (Aslinia et al. 2006). Since
we have not detected any defects in proliferative rates and cell cycle progression, the
explanation is again the inefficient link between plasma membrane and cytoskeleton.
Second, slight differences in bone mineral density of KO mice, and several genes with
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changed expression profiles related to lipid metabolism in adipocytes (data not shown). This
could relate bone metabolism with insulin signaling and energy metabolism as suggested
previously (Ferron et al. 2010; Fulzele et al. 2010). Since Myo1c-isoC is known to mediate
exocytosis of GLUT-4 vesicle in adipocytes (Bose et al. 2002), we cannot rule out the
possibility that also NM1 participates in such process. However, biochemical evidence for
such phenomenon is missing yet.
Taken together, both isoforms of Myo1c are involved in nuclear and cytoplasmic
processes. However, we are still far from understanding the significance of the N-terminal
stretches present in the NM1 and Myo1c-isoA. Currently, we support the notion that the
isoforms represent additional members of myosin class 1 which are expressed in a tissuespecific manner and may serve as a backup.

4.3 Actin in the nucleus
In the cytoplasm, actin is present in the globular form (G-actin), which polymerizes
into filaments (F-actin). Whether similar process occurs also in the cytoplasm has been
uncertain for a long time. The initial doubts on the existence of nuclear F-actin were based
on the lack of phalloidin staining in the nucleus. Eventually, numerous studies documented
existence of such structures in the nucleus (Baarlink et al. 2013; Belin et al. 2013; Kokai et al.
2014; Miyamoto et al. 2011). Here we asked, whether introduction of actin filaments into
the nucleus affects nuclear processes and recruits actin-binding proteins including NM1.
After overexpression of nucleus-targeted EYFP-NLS- -actin (EN-actin), we observed
formation of long thick curved and even bundled filaments, exhibiting same properties
(length, thickness) as canonical cytoplasmic F-actin assembled into bundles. This observation
is in agreement with a study performed earlier (Kokai et al. 2014). However, only 1 to 5 % of
the cells exhibited such phenomenon, whereas 95 to 99 % showed homogenous nonfilamentous signal. We therefore suggested that some event has to trigger the filament
formation. By measuring the fluorescence intensity, we excluded the concentration factor.
When we co-localized the EN-actin filaments with various actin-binding proteins, including
chromatin remodeling complexes, we found significant co-localization only with cofilin,
actin-depolymerizing factor, and Arp3, component of actin nucleation complex Arp2/3. We
did not find any co-localization with NM1 suggesting the inability of this motor to use such
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thick filaments for sliding. Previous study revealed localization of the actin polymeric
structures exclusively in the interchromatin space (Belin et al. 2013). Therefore we inspected
presence of EN-actin filaments in transcriptionally active and inactive chromatin. The ENfilaments were not preferentially enriched in any of these landscapes, but on the other hand
they were not excluded. EN-actin filaments did not co-localize with RNA polymerases I or II,
but on the other hand did not alter their localization. Thus we measured the overall
transcription levels in the cells carrying EN-filaments or homogenous EN-actin. We found
that the transcription is elevated in the S-phase in presence of EN-actin filaments, while in
other phases or cells expressing homogenous EN-actin no significant changes were
observed. Similarly, presence of polymeric actin increased transcription of SRF-regulated as
well as other genes (Baarlink et al. 2013; Kokai et al. 2014; Ye et al. 2008).
Most importantly, when we performed live-cell imaging, we did not found any ENactin filaments carrying cell to undergo mitosis, whereas cells with homogenous EN-actin
divided normally. Moulding et al. (2007) observed formation of binucleic cells and formation
of micronuclei upon increase in F-actin formation. Here we observed the same defects
suggesting that due to the presence of nuclear EN-actin cells either do not undergo mitosis
or undergo mitosis, during which defective nuclei are formed. The formation of two nuclei
bridged together or formation of micronuclei might be also consequences of aberrant
chromosome segregation (reviewed in Fenech et al. 2011). Cofilin, which causes arrest of the
cells in G1 phase of the cell cycle, might further contribute to this defective mitosis (Tsai et
al. 2009) and Arp3 might increase the F-actin nucleation (Moulding et al. 2007).
In conclusion, generation of nuclear F-actin that exhibits similar appearance and
features as the cytoplasmic F-actin is possible. However, the nuclear actin levels have to be
manipulated and as a result, cell behavior is altered.
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5. SUMMARY AND CONCLUSIONS
5.1 NM1 and Myo1c-isoC are interchangeable
NM1 KO mouse did not show any lethal phenotype, but suffered minor phenotypes such as
decreased bone mineral density and mild hyperchromic macrocytosis. Myo1c-isoC is
engaged in the RNA polymerse I and II transcriptions to the same extent as NM1. Myo1c-isoC
can functionally substitute for the loss of NM1

5.2 NM1 localizes to the plasma membrane and contributes to its elasticity
NM1 and Myo1c-isoC are tethered at the plasma membrane via the PH domain. NM1 and
Myo1c-isoC localize next to each other at the plasma membrane and do not overlap. NM1
KO causes higher survival in hypotonic conditions and increases elasticity of plasma
membrane.

5.3 NM1 and Myo1c-isoC interact with PIP2 in the nucleus
NM1 and Myo1c-isoC interact with PIP2 in the nucleus via their PH domain. PIP2 anchors
NM1 and Myo1c-isoC into lipo-protein microdomains, resistant to detergent extraction.
PIP2-NM1/Myo1c-isoC complex is enriched also in the soluble fraction where it cofractionates with RNA polymerases. Interaction with PIP2 is required for NM1/Myo1c-isoC
association with transcription machinery.

5.4 Nuclear actin filaments alter cellular behavior
Overexpression of nuclear targeted EN-actin yields in generation of bundled actin filaments
in the nucleus in 1 to 5 % of cells. These filaments resemblecytoplasmic canonical F-actin.
Nuclear EN-actin filaments co-localize with cofilin, F-actin depolymerizing factor, and recruit
Arp3 to the nucleus. Presence of nuclear EN-actin filaments interfere with mitosis – cells
either do not undergo mitosis or evolve defects such as binucleic cells or micronuclei
formation. Presence of nuclear EN-actin filaments does not affect localization of active forms
of RNA polymerases, but elevates overall transcription in the S-phase
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6. FUTURE PROSPECTS
Our results opened new field of research on myosin 1c isoforms and nuclear
phosphoinositides. We plan to address following questions.

6.1 Is there any functional importance of the N-terminal extension of NM1? Are
NM1/Myo1c indispensable or is it possible to substitute them by other class 1 myosin?
So far our results points towards overlap in functions of NM1 and Myo1c. Therefore the
importance of the N-terminal stretch of NM1 remains unclear. Therefore we plan to knockout both isoforms, NM1 and Myo1c and perform rescue experiments to test involvement of
NM1 and Myo1c in various nuclear processes. When we subjected NM1 KO cells to
expression profiling, we obtained almost 200 genes with altered expression. However, none
of them was from the myosin family. On the other hand, we did not test translocation of any
other class 1 myosin to the regions previously occupied by NM1/Myo1c. This would shed
more light on the cross-talk between class 1 myosins.

6.2 Do nuclear phosphoinositides affect transcription? What are their functions in the
nucleus?
Numerous studies demonstrated presence of phosphoinositides inside the cell nucleus. It is
known that PIP2 modulates transcription. In the RNA polymerase II transcription, it is
however not clear whether it directly associates with basal transcription factors or whether
it interacts with DNA or even affect expression by other means. We plan to address this issue
and moreover inspect localization of other nuclear phosphoinositides and their possible
cross-talk in nuclear processes.

6.3 What is the structure of nuclear actin? Does it indeed polymerize under physiological
conditions?
We plan to analyze binding partners of nuclear actin and observe the effect of their
depletion on the polymerization status of the actin. Besides, we would like to use probe
which would specifically recognize polymeric actin in the nucleus or its alternative form.

136

7. REFERENCES
Abe H, Nagaoka R, Obinata T (1993) Cytoplasmic localization and nuclear transport of cofilin in
cultured myotubes Experimental cell research 206:1-10 doi:10.1006/excr.1993.1113
Adams RJ, Pollard TD (1989) Binding of myosin I to membrane lipids Nature 340:565-568
doi:10.1038/340565a0
Alberts B. BD, Hopkin K., Johnson A. D., Lewis J., Raff M., Roberts K., Walter P. (2009) Essential Cell
Biology. 3rd edn. Garland Science,
Almeida CG, Yamada A, Tenza D, Louvard D, Raposo G, Coudrier E (2011) Myosin 1b promotes the
formation of post-Golgi carriers by regulating actin assembly and membrane remodelling at
the trans-Golgi network Nature cell biology 13:779-789 doi:10.1038/ncb2262
Arif E et al. (2011) Motor protein Myo1c is a podocyte protein that facilitates the transport of slit
diaphragm protein Neph1 to the podocyte membrane Molecular and cellular biology
31:2134-2150 doi:10.1128/MCB.05051-11
Aslinia F, Mazza JJ, Yale SH (2006) Megaloblastic anemia and other causes of macrocytosis Clinical
medicine & research 4:236-241
Baarlink C, Wang H, Grosse R (2013) Nuclear actin network assembly by formins regulates the SRF
coactivator MAL Science 340:864-867 doi:10.1126/science.1235038
Barile M, Pisitkun T, Yu MJ, Chou CL, Verbalis MJ, Shen RF, Knepper MA (2005) Large scale protein
identification in intracellular aquaporin-2 vesicles from renal inner medullary collecting duct
Molecular & cellular proteomics : MCP 4:1095-1106 doi:10.1074/mcp.M500049-MCP200
Barylko B, Jung G, Albanesi JP (2005) Structure, function, and regulation of myosin 1C Acta
biochimica Polonica 52:373-380
Barylko B, Wagner MC, Reizes O, Albanesi JP (1992) Purification and characterization of a mammalian
myosin I Proceedings of the National Academy of Sciences of the United States of America
89:490-494
Batters C, Wallace MI, Coluccio LM, Molloy JE (2004) A model of stereocilia adaptation based on
single molecule mechanical studies of myosin I Philosophical transactions of the Royal
Society of London Series B, Biological sciences 359:1895-1905 doi:10.1098/rstb.2004.1559
Belin BJ, Cimini BA, Blackburn EH, Mullins RD (2013) Visualization of actin filaments and monomers in
somatic cell nuclei Molecular biology of the cell 24:982-994 doi:10.1091/mbc.E12-09-0685
Berg JS, Powell BC, Cheney RE (2001) A millennial myosin census Molecular biology of the cell 12:780794
Boguslavsky S et al. (2012) Myo1c binding to submembrane actin mediates insulin-induced tethering
of GLUT4 vesicles Molecular biology of the cell 23:4065-4078 doi:10.1091/mbc.E12-04-0263
Boronenkov IV, Loijens JC, Umeda M, Anderson RA (1998) Phosphoinositide signaling pathways in
nuclei are associated with nuclear speckles containing pre-mRNA processing factors
Molecular biology of the cell 9:3547-3560
Bose A et al. (2002) Glucose transporter recycling in response to insulin is facilitated by myosin
Myo1c Nature 420:821-824 doi:10.1038/nature01246
Bose A, Robida S, Furcinitti PS, Chawla A, Fogarty K, Corvera S, Czech MP (2004) Unconventional
myosin Myo1c promotes membrane fusion in a regulated exocytic pathway Molecular and
cellular biology 24:5447-5458 doi:10.1128/MCB.24.12.5447-5458.2004
Brandstaetter H, Kendrick-Jones J, Buss F (2012) Myo1c regulates lipid raft recycling to control cell
spreading, migration and Salmonella invasion Journal of cell science 125:1991-2003
doi:10.1242/jcs.097212
Brzeska H, Guag J, Remmert K, Chacko S, Korn ED (2010) An experimentally based computer search
identifies unstructured membrane-binding sites in proteins: application to class I myosins,
PAKS, and CARMIL The Journal of biological chemistry 285:5738-5747
doi:10.1074/jbc.M109.066910

137

Brzeska H, Hwang KJ, Korn ED (2008) Acanthamoeba myosin IC colocalizes with phosphatidylinositol
4,5-bisphosphate at the plasma membrane due to the high concentration of negative charge
The Journal of biological chemistry 283:32014-32023 doi:10.1074/jbc.M804828200
Cascianelli G, Villani M, Tosti M, Marini F, Bartoccini E, Magni MV, Albi E (2008) Lipid microdomains in
cell nucleus Molecular biology of the cell 19:5289-5295 doi:10.1091/mbc.E08-05-0517
Cavellan E, Asp P, Percipalle P, Farrants AK (2006) The WSTF-SNF2h chromatin remodeling complex
interacts with several nuclear proteins in transcription The Journal of biological chemistry
281:16264-16271 doi:10.1074/jbc.M600233200
Cisterna B, Necchi D, Prosperi E, Biggiogera M (2006) Small ribosomal subunits associate with nuclear
myosin and actin in transit to the nuclear pores FASEB journal : official publication of the
Federation of American Societies for Experimental Biology 20:1901-1903 doi:10.1096/fj.055278fje
Dart AE, Tollis S, Bright MD, Frankel G, Endres RG (2012) The motor protein myosin 1G functions in
FcgammaR-mediated
phagocytosis
Journal
of
cell
science
125:6020-6029
doi:10.1242/jcs.109561
De La Cruz EM, Ostap EM (2004) Relating biochemistry and function in the myosin superfamily
Current opinion in cell biology 16:61-67 doi:10.1016/j.ceb.2003.11.011
de Lanerolle P, Serebryannyy L (2011) Nuclear actin and myosins: life without filaments Nature cell
biology 13:1282-1288 doi:10.1038/ncb2364
Diefenbach TJ, Latham VM, Yimlamai D, Liu CA, Herman IM, Jay DG (2002) Myosin 1c and myosin IIB
serve opposing roles in lamellipodial dynamics of the neuronal growth cone The Journal of
cell biology 158:1207-1217
Donaudy F et al. (2003) Multiple mutations of MYO1A, a cochlear-expressed gene, in sensorineural
hearing loss American journal of human genetics 72:1571-1577 doi:10.1086/375654
Dopie J, Skarp KP, Rajakyla EK, Tanhuanpaa K, Vartiainen MK (2012) Active maintenance of nuclear
actin by importin 9 supports transcription Proceedings of the National Academy of Sciences
of the United States of America 109:E544-552 doi:10.1073/pnas.1118880109
dos Remedios CG, Chhabra D, Kekic M, Dedova IV, Tsubakihara M, Berry DA, Nosworthy NJ (2003)
Actin binding proteins: regulation of cytoskeletal microfilaments Physiological reviews
83:433-473 doi:10.1152/physrev.00026.2002
Draeger A, Amos WB, Ikebe M, Small JV (1990) The cytoskeletal and contractile apparatus of smooth
muscle: contraction bands and segmentation of the contractile elements The Journal of cell
biology 111:2463-2473
Dumont RA, Zhao YD, Holt JR, Bahler M, Gillespie PG (2002) Myosin-I isozymes in neonatal rodent
auditory and vestibular epithelia Journal of the Association for Research in Otolaryngology :
JARO 3:375-389 doi:10.1007/s101620020049
Dundr M et al. (2007) Actin-dependent intranuclear repositioning of an active gene locus in vivo The
Journal of cell biology 179:1095-1103 doi:10.1083/jcb.200710058
Dzijak R, Yildirim S, Kahle M, Novak P, Hnilicova J, Venit T, Hozak P (2012) Specific nuclear localizing
sequence directs two myosin isoforms to the cell nucleus in calmodulin-sensitive manner
PloS one 7:e30529 doi:10.1371/journal.pone.0030529
Fan Y, Eswarappa SM, Hitomi M, Fox PL (2012) Myo1c facilitates G-actin transport to the leading
edge of migrating endothelial cells The Journal of cell biology 198:47-55
doi:10.1083/jcb.201111088
Fenech M et al. (2011) Molecular mechanisms of micronucleus, nucleoplasmic bridge and nuclear
bud formation in mammalian and human cells Mutagenesis 26:125-132
doi:10.1093/mutage/geq052
Ferron M et al. (2010) Insulin signaling in osteoblasts integrates bone remodeling and energy
metabolism Cell 142:296-308 doi:10.1016/j.cell.2010.06.003
Fomproix N, Percipalle P (2004) An actin-myosin complex on actively transcribing genes Experimental
cell research 294:140-148 doi:10.1016/j.yexcr.2003.10.028
138

Foth BJ, Goedecke MC, Soldati D (2006) New insights into myosin evolution and classification
Proceedings of the National Academy of Sciences of the United States of America 103:36813686 doi:10.1073/pnas.0506307103
Fukui Y, Katsumaru H (1979) Nuclear actin bundles in Amoeba, Dictyostelium and human HeLa cells
induced by dimethyl sulfoxide Experimental cell research 120:451-455
Fulzele K et al. (2010) Insulin receptor signaling in osteoblasts regulates postnatal bone acquisition
and body composition Cell 142:309-319 doi:10.1016/j.cell.2010.06.002
Gillespie PG (2004) Myosin I and adaptation of mechanical transduction by the inner ear
Philosophical transactions of the Royal Society of London Series B, Biological sciences
359:1945-1951 doi:10.1098/rstb.2004.1564
Gillespie PG, Cyr JL (2004) Myosin-1c, the hair cell's adaptation motor Annual review of physiology
66:521-545 doi:10.1146/annurev.physiol.66.032102.112842
Gillespie PG, Muller U (2009) Mechanotransduction by hair cells: models, molecules, and
mechanisms Cell 139:33-44 doi:10.1016/j.cell.2009.09.010
Gonsior SM, Platz S, Buchmeier S, Scheer U, Jockusch BM, Hinssen H (1999) Conformational
difference between nuclear and cytoplasmic actin as detected by a monoclonal antibody
Journal of cell science 112 ( Pt 6):797-809
Greenberg MJ, Lin T, Goldman YE, Shuman H, Ostap EM (2012) Myosin IC generates power over a
range of loads via a new tension-sensing mechanism Proceedings of the National Academy of
Sciences of the United States of America 109:E2433-2440 doi:10.1073/pnas.1207811109
Groth-Pedersen L, Aits S, Corcelle-Termeau E, Petersen NH, Nylandsted J, Jaattela M (2012)
Identification of cytoskeleton-associated proteins essential for lysosomal stability and
survival of human cancer cells PloS one 7:e45381 doi:10.1371/journal.pone.0045381
Hagan GN, Lin Y, Magnuson MA, Avruch J, Czech MP (2008) A Rictor-Myo1c complex participates in
dynamic cortical actin events in 3T3-L1 adipocytes Molecular and cellular biology 28:42154226 doi:10.1128/MCB.00867-07
Hoffmann EK, Lambert IH, Pedersen SF (2009) Physiology of cell volume regulation in vertebrates
Physiological reviews 89:193-277 doi:10.1152/physrev.00037.2007
Hofmann WA et al. (2004) Actin is part of pre-initiation complexes and is necessary for transcription
by RNA polymerase II Nature cell biology 6:1094-1101 doi:10.1038/ncb1182
Hofmann WA, Vargas GM, Ramchandran R, Stojiljkovic L, Goodrich JA, de Lanerolle P (2006) Nuclear
myosin I is necessary for the formation of the first phosphodiester bond during transcription
initiation by RNA polymerase II Journal of cellular biochemistry 99:1001-1009
doi:10.1002/jcb.21035
Hokanson DE, Laakso JM, Lin T, Sept D, Ostap EM (2006) Myo1c binds phosphoinositides through a
putative pleckstrin homology domain Molecular biology of the cell 17:4856-4865
doi:10.1091/mbc.E06-05-0449
Hokanson DE, Ostap EM (2006) Myo1c binds tightly and specifically to phosphatidylinositol 4,5bisphosphate and inositol 1,4,5-trisphosphate Proceedings of the National Academy of
Sciences of the United States of America 103:3118-3123 doi:10.1073/pnas.0505685103
Hope HR, Pike LJ (1996) Phosphoinositides and phosphoinositide-utilizing enzymes in detergentinsoluble lipid domains Molecular biology of the cell 7:843-851
Hu P, Wu S, Hernandez N (2004) A role for beta-actin in RNA polymerase III transcription Genes &
development 18:3010-3015 doi:10.1101/gad.1250804
Hu Q et al. (2008) Enhancing nuclear receptor-induced transcription requires nuclear motor and
LSD1-dependent gene networking in interchromatin granules Proceedings of the National
Academy of Sciences of the United States of America 105:19199-19204
doi:10.1073/pnas.0810634105
Huber LA et al. (2000) Both calmodulin and the unconventional myosin Myr4 regulate membrane
trafficking along the recycling pathway of MDCK cells Traffic 1:494-503
Chen CS, Alonso JL, Ostuni E, Whitesides GM, Ingber DE (2003) Cell shape provides global control of
focal adhesion assembly Biochemical and biophysical research communications 307:355-361
139

Choi CK, Vicente-Manzanares M, Zareno J, Whitmore LA, Mogilner A, Horwitz AR (2008) Actin and
alpha-actinin orchestrate the assembly and maturation of nascent adhesions in a myosin II
motor-independent manner Nature cell biology 10:1039-1050 doi:10.1038/ncb1763
Chuang CH, Carpenter AE, Fuchsova B, Johnson T, de Lanerolle P, Belmont AS (2006) Long-range
directional movement of an interphase chromosome site Current biology : CB 16:825-831
doi:10.1016/j.cub.2006.03.059
Ihnatovych I, Migocka-Patrzalek M, Dukh M, Hofmann WA (2012) Identification and characterization
of a novel myosin Ic isoform that localizes to the nucleus Cytoskeleton 69:555-565
doi:10.1002/cm.21040
Ikura T et al. (2000) Involvement of the TIP60 histone acetylase complex in DNA repair and apoptosis
Cell 102:463-473
Inoue T, Pecen P, Maddala R, Skiba NP, Pattabiraman PP, Epstein DL, Rao PV (2010) Characterization
of cytoskeleton-enriched protein fraction of the trabecular meshwork and ciliary muscle cells
Investigative ophthalmology & visual science 51:6461-6471 doi:10.1167/iovs.10-5318
Jockusch BM, Schoenenberger CA, Stetefeld J, Aebi U (2006) Tracking down the different forms of
nuclear actin Trends in cell biology 16:391-396 doi:10.1016/j.tcb.2006.06.006
Joensuu M et al. (2014) ER sheet persistence is coupled to myosin 1c-regulated dynamic actin
filament arrays Molecular biology of the cell 25:1111-1126 doi:10.1091/mbc.E13-12-0712
Kapoor P, Chen M, Winkler DD, Luger K, Shen X (2013) Evidence for monomeric actin function in
INO80 chromatin remodeling Nature structural & molecular biology 20:426-432
doi:10.1038/nsmb.2529
Kim SV et al. (2006) Modulation of cell adhesion and motility in the immune system by Myo1f Science
314:136-139 doi:10.1126/science.1131920
Kohler D, Ruff C, Meyhofer E, Bahler M (2003) Different degrees of lever arm rotation control myosin
step size The Journal of cell biology 161:237-241 doi:10.1083/jcb.200212039
Kokai E et al. (2014) Analysis of nuclear actin by overexpression of wild-type and actin mutant
proteins Histochemistry and cell biology 141:123-135 doi:10.1007/s00418-013-1151-4
Krendel M, Osterweil EK, Mooseker MS (2007) Myosin 1E interacts with synaptojanin-1 and dynamin
and is involved in endocytosis FEBS letters 581:644-650 doi:10.1016/j.febslet.2007.01.021
Kysela K, Philimonenko AA, Philimonenko VV, Janacek J, Kahle M, Hozak P (2005) Nuclear distribution
of actin and myosin I depends on transcriptional activity of the cell Histochemistry and cell
biology 124:347-358 doi:10.1007/s00418-005-0042-8
Lodish H, Berk A., Kaiser C. A. et al. (2012) Molecular cell biology vol 7th edition. W. H. Freeman and
company,
Maravillas-Montero JL, Gillespie PG, Patino-Lopez G, Shaw S, Santos-Argumedo L (2011) Myosin 1c
participates in B cell cytoskeleton rearrangements, is recruited to the immunologic synapse,
and contributes to antigen presentation Journal of immunology 187:3053-3063
doi:10.4049/jimmunol.1004018
McConnell RE, Higginbotham JN, Shifrin DA, Jr., Tabb DL, Coffey RJ, Tyska MJ (2009) The enterocyte
microvillus is a vesicle-generating organelle The Journal of cell biology 185:1285-1298
doi:10.1083/jcb.200902147
McConnell RE, Tyska MJ (2007) Myosin-1a powers the sliding of apical membrane along microvillar
actin bundles The Journal of cell biology 177:671-681 doi:10.1083/jcb.200701144
McConnell RE, Tyska MJ (2010) Leveraging the membrane - cytoskeleton interface with myosin-1
Trends in cell biology 20:418-426 doi:10.1016/j.tcb.2010.04.004
Miyamoto K, Pasque V, Jullien J, Gurdon JB (2011) Nuclear actin polymerization is required for
transcriptional reprogramming of Oct4 by oocytes Genes & development 25:946-958
doi:10.1101/gad.615211
Mizuguchi G, Shen X, Landry J, Wu WH, Sen S, Wu C (2004) ATP-driven exchange of histone H2AZ
variant catalyzed by SWR1 chromatin remodeling complex Science 303:343-348
doi:10.1126/science.1090701
140

Moulding DA et al. (2007) Unregulated actin polymerization by WASp causes defects of mitosis and
cytokinesis in X-linked neutropenia The Journal of experimental medicine 204:2213-2224
doi:10.1084/jem.20062324
Muratani M, Gerlich D, Janicki SM, Gebhard M, Eils R, Spector DL (2002) Metabolic-energydependent movement of PML bodies within the mammalian cell nucleus Nature cell biology
4:106-110 doi:10.1038/ncb740
Nambiar R, McConnell RE, Tyska MJ (2009) Control of cell membrane tension by myosin-I
Proceedings of the National Academy of Sciences of the United States of America 106:1197211977 doi:10.1073/pnas.0901641106
Nguyen E, Besombes D, Debey P (1998) Immunofluorescent localization of actin in relation to
transcription sites in mouse pronuclei Molecular reproduction and development 50:263-272
doi:10.1002/(SICI)1098-2795(199807)50:3<263::AID-MRD2>3.0.CO;2-H
Niederman R, Pollard TD (1975) Human platelet myosin. II. In vitro assembly and structure of myosin
filaments The Journal of cell biology 67:72-92
Nowak G, Pestic-Dragovich L, Hozak P, Philimonenko A, Simerly C, Schatten G, de Lanerolle P (1997)
Evidence for the presence of myosin I in the nucleus The Journal of biological chemistry
272:17176-17181
Obrdlik A, Kukalev A, Louvet E, Farrants AK, Caputo L, Percipalle P (2008) The histone
acetyltransferase PCAF associates with actin and hnRNP U for RNA polymerase II
transcription Molecular and cellular biology 28:6342-6357 doi:10.1128/MCB.00766-08
Obrdlik A, Louvet E, Kukalev A, Naschekin D, Kiseleva E, Fahrenkrog B, Percipalle P (2010) Nuclear
myosin 1 is in complex with mature rRNA transcripts and associates with the nuclear pore
basket FASEB journal : official publication of the Federation of American Societies for
Experimental Biology 24:146-157 doi:10.1096/fj.09-135863
Obrdlik A, Percipalle P (2011) The F-actin severing protein cofilin-1 is required for RNA polymerase II
transcription elongation Nucleus 2:72-79 doi:10.4161/nucl.2.1.14508
Odronitz F, Kollmar M (2007) Drawing the tree of eukaryotic life based on the analysis of 2,269
manually annotated myosins from 328 species Genome biology 8:R196 doi:10.1186/gb-20078-9-r196
Oh H, Kim H, Shin B, Lee KH, Yeo MG, Song WK (2013) Interaction of crk with Myosin-1c participates
in fibronectin-induced cell spreading International journal of biological sciences 9:778-791
doi:10.7150/ijbs.6459
Olety B, Walte M, Honnert U, Schillers H, Bahler M (2010) Myosin 1G (Myo1G) is a haematopoietic
specific myosin that localises to the plasma membrane and regulates cell elasticity FEBS
letters 584:493-499 doi:10.1016/j.febslet.2009.11.096
Osborne SL, Thomas CL, Gschmeissner S, Schiavo G (2001) Nuclear PtdIns(4,5)P2 assembles in a
mitotically regulated particle involved in pre-mRNA splicing Journal of cell science 114:25012511
Pendleton A, Pope B, Weeds A, Koffer A (2003) Latrunculin B or ATP depletion induces cofilindependent translocation of actin into nuclei of mast cells The Journal of biological chemistry
278:14394-14400 doi:10.1074/jbc.M206393200
Percipalle P et al. (2006) The chromatin remodelling complex WSTF-SNF2h interacts with nuclear
myosin 1 and has a role in RNA polymerase I transcription EMBO reports 7:525-530
doi:10.1038/sj.embor.7400657
Pestic-Dragovich L et al. (2000) A myosin I isoform in the nucleus Science 290:337-341
Philimonenko VV et al. (2004) Nuclear actin and myosin I are required for RNA polymerase I
transcription Nature cell biology 6:1165-1172 doi:10.1038/ncb1190
Pollard TD (1984) Polymerization of ADP-actin The Journal of cell biology 99:769-777
Pollard TD, Borisy GG (2003) Cellular motility driven by assembly and disassembly of actin filaments
Cell 112:453-465

141

Qi T, Tang W, Wang L, Zhai L, Guo L, Zeng X (2011) G-actin participates in RNA polymerase IIdependent transcription elongation by recruiting positive transcription elongation factor b
(P-TEFb) The Journal of biological chemistry 286:15171-15181 doi:10.1074/jbc.M110.184374
Richards TA, Cavalier-Smith T (2005) Myosin domain evolution and the primary divergence of
eukaryotes Nature 436:1113-1118 doi:10.1038/nature03949
Rozelle AL et al. (2000) Phosphatidylinositol 4,5-bisphosphate induces actin-based movement of raftenriched vesicles through WASP-Arp2/3 Current biology : CB 10:311-320
Sarshad A et al. (2013) Nuclear myosin 1c facilitates the chromatin modifications required to activate
rRNA gene transcription and cell cycle progression PLoS genetics 9:e1003397
doi:10.1371/journal.pgen.1003397
Scassellati C et al. (2010) Intranuclear sphingomyelin is associated with transcriptionally active
chromatin and plays a role in nuclear integrity Biology of the cell / under the auspices of the
European Cell Biology Organization 102:361-375 doi:10.1042/BC20090139
Shen X, Mizuguchi G, Hamiche A, Wu C (2000) A chromatin remodelling complex involved in
transcription and DNA processing Nature 406:541-544 doi:10.1038/35020123
Schoenenberger CA, Buchmeier S, Boerries M, Sutterlin R, Aebi U, Jockusch BM (2005) Conformationspecific antibodies reveal distinct actin structures in the nucleus and the cytoplasm Journal of
structural biology 152:157-168 doi:10.1016/j.jsb.2005.09.003
Schwab RS, Ihnatovych I, Yunus SZ, Domaradzki T, Hofmann WA (2013) Identification of signals that
facilitate isoform specific nucleolar localization of myosin IC Experimental cell research
319:1111-1123 doi:10.1016/j.yexcr.2013.02.008
Sielski NL, Ihnatovych I, Hagen JJ, Hofmann WA (2014) Tissue specific expression of myosin IC
isoforms BMC cell biology 15:8 doi:10.1186/1471-2121-15-8
Sokac AM, Schietroma C, Gundersen CB, Bement WM (2006) Myosin-1c couples assembling actin to
membranes to drive compensatory endocytosis Developmental cell 11:629-640
doi:10.1016/j.devcel.2006.09.002
Spector DL, Lamond AI (2011) Nuclear speckles Cold Spring Harbor perspectives in biology 3
doi:10.1101/cshperspect.a000646
Szarama KB, Gavara N, Petralia RS, Kelley MW, Chadwick RS (2012) Cytoskeletal changes in actin and
microtubules underlie the developing surface mechanical properties of sensory and
supporting cells in the mouse cochlea Development 139:2187-2197 doi:10.1242/dev.073734
Szerlong H, Hinata K, Viswanathan R, Erdjument-Bromage H, Tempst P, Cairns BR (2008) The HSA
domain binds nuclear actin-related proteins to regulate chromatin-remodeling ATPases
Nature structural & molecular biology 15:469-476 doi:10.1038/nsmb.1403
Tang N, Lin T, Yang J, Foskett JK, Ostap EM (2007) CIB1 and CaBP1 bind to the myo1c regulatory
domain Journal of muscle research and cell motility 28:285-291 doi:10.1007/s10974-0079124-7
Tiwari A, Jung JJ, Inamdar SM, Nihalani D, Choudhury A (2013) The myosin motor Myo1c is required
for VEGFR2 delivery to the cell surface and for angiogenic signaling American journal of
physiology Heart and circulatory physiology 304:H687-696 doi:10.1152/ajpheart.00744.2012
Toyoda T, An D, Witczak CA, Koh HJ, Hirshman MF, Fujii N, Goodyear LJ (2011) Myo1c regulates
glucose uptake in mouse skeletal muscle The Journal of biological chemistry 286:4133-4140
doi:10.1074/jbc.M110.174938
Tsai CH, Chiu SJ, Liu CC, Sheu TJ, Hsieh CH, Keng PC, Lee YJ (2009) Regulated expression of cofilin and
the consequent regulation of p27(kip1) are essential for G(1) phase progression Cell cycle
8:2365-2374
Uribe R, Jay D (2009) A review of actin binding proteins: new perspectives Molecular biology reports
36:121-125 doi:10.1007/s11033-007-9159-2
Vartiainen MK, Guettler S, Larijani B, Treisman R (2007) Nuclear actin regulates dynamic subcellular
localization and activity of the SRF cofactor MAL Science 316:1749-1752
doi:10.1126/science.1141084
142

Veigel C, Coluccio LM, Jontes JD, Sparrow JC, Milligan RA, Molloy JE (1999) The motor protein
myosin-I produces its working stroke in two steps Nature 398:530-533 doi:10.1038/19104
Venit T et al. (2013) Mouse nuclear myosin I knock-out shows interchangeability and redundancy of
myosin isoforms in the cell nucleus PloS one in press
Vicente-Manzanares M, Ma X, Adelstein RS, Horwitz AR (2009) Non-muscle myosin II takes centre
stage in cell adhesion and migration Nature reviews Molecular cell biology 10:778-790
doi:10.1038/nrm2786
Wagner MC, Barylko B, Albanesi JP (1992) Tissue distribution and subcellular localization of
mammalian myosin I The Journal of cell biology 119:163-170
Wang FS, Liu CW, Diefenbach TJ, Jay DG (2003) Modeling the role of myosin 1c in neuronal growth
cone turning Biophysical journal 85:3319-3328 doi:10.1016/S0006-3495(03)74751-1
Winder SJ, Ayscough KR (2005) Actin-binding proteins Journal of cell science 118:651-654
doi:10.1242/jcs.01670
Ye J, Zhao J, Hoffmann-Rohrer U, Grummt I (2008) Nuclear myosin I acts in concert with polymeric
actin to drive RNA polymerase I transcription Genes & development 22:322-330
doi:10.1101/gad.455908
Yildirim S, Castano E, Sobol M, Philimonenko VV, Dzijak R, Venit T, Hozak P (2013) Involvement of
phosphatidylinositol 4,5-bisphosphate in RNA polymerase I transcription Journal of cell
science 126:2730-2739 doi:10.1242/jcs.123661
Yip MF, Ramm G, Larance M, Hoehn KL, Wagner MC, Guilhaus M, James DE (2008) CaMKII-mediated
phosphorylation of the myosin motor Myo1c is required for insulin-stimulated GLUT4
translocation in adipocytes Cell metabolism 8:384-398 doi:10.1016/j.cmet.2008.09.011
Yoo Y, Wu X, Guan JL (2007) A novel role of the actin-nucleating Arp2/3 complex in the regulation of
RNA polymerase II-dependent transcription The Journal of biological chemistry 282:76167623 doi:10.1074/jbc.M607596200
Zadro C et al. (2009) Are MYO1C and MYO1F associated with hearing loss? Biochimica et biophysica
acta 1792:27-32 doi:10.1016/j.bbadis.2008.10.017
Zacharias DA, Violin JD, Newton AC, Tsien RY (2002) Partitioning of lipid-modified monomeric GFPs
into membrane microdomains of live cells Science 296:913-916 doi:10.1126/science.1068539
Zhao K, Wang W, Rando OJ, Xue Y, Swiderek K, Kuo A, Crabtree GR (1998) Rapid and phosphoinositoldependent binding of the SWI/SNF-like BAF complex to chromatin after T lymphocyte
receptor signaling Cell 95:625-636
Zuchero JB, Belin B, Mullins RD (2012) Actin binding to WH2 domains regulates nuclear import of the
multifunctional actin regulator JMY Molecular biology of the cell 23:853-863
doi:10.1091/mbc.E11-12-0992

143

