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Summary
Actin is best-known from its functions in the cytoplasm, where it is a key component of the
cytoskeleton. Cytoskeleton is vital for cells as it enables cell movement and maintains cell shape.
Nevertheless, functions of actin are not restricted to the cytoplasm, since actin is also present in the
nucleus, where it has been linked to multiple functions from gene activation to chromatin
remodeling. Live cell imaging with different nuclear actin probes have demonstrated the
importance of actin dynamics inside the nucleus, but the molecular mechanisms by which actin
operates in the nucleus are still poorly understood. This is mainly because of the lack of wellcharacterized binding partners for nuclear actin. Therefore, the aim of this thesis was to identify
and characterize novel nuclear actin-binding partners and elucidate the molecular mechanisms
behind actin regulated transcription factors.
To identify nuclear actin-binding partners, we used two complementary mass spectrometry (MS)
techniques, affinity purification combined with MS (AP-MS) and proximity dependent biotin
identification with MS (BioID). AP-MS protocol was optimized to preserve complete nuclear
complexes and BioID was geared towards identifying more transient interactions. We utilized
different actin constructs to discriminate nuclear versus cytoplasmic interactions and to assess the
requirement for actin polymerization for the putative nuclear interactions. Analysis of our
interactome data revealed that actin can form stable complexes with proteins related to chromatin
remodeling but seems to function in a dynamic fashion in other nuclear processes, such as
transcription and DNA replication. In our experimental setup actin seemed to be monomeric when
it associated with nuclear complexes. We also discovered a novel actin-containing complex, human
Ada-Two-A-containing complex (hATAC). HATAC is a histone modifying complex and further
studies showed that actin directly binds one of it subunits, lysine acetyltransferase 14 (KAT14). We
showed that actin-binding modulates histone acetyl transferase (HAT) activity of KAT14 in vitro
and in cells. We obtained numerous RNA splicing and mRNA processing factors with our BioID
approach, which led us to investigate the role of actin in RNA splicing. Bimolecular fluorescent
complementation (BiFC) assays demonstrated that actin associates with different splicing factors
and we further showed, for the first time, that actin has a functional role in mRNA splicing, as
alterations in nuclear actin levels disturbed survival motor neuron protein 2 (SMN2) alternative
exon skipping. In addition, the nuclear actin interactome analysis provided new insights into
nuclear processes already earlier linked to actin, such as chromatin remodeling, transcription and
DNA replication, and hence this work provides a protein interaction platform for further
mechanistic studies of nuclear actin-dependent functions.
One well-known protein, which is known to bind nuclear actin and to regulate transcription is
myocardin-related transcription factor A (MRTF-A), a co-activator of serum response factor (SRF).
MRTF-A has three RPEL repeats, which can regulate the localization and activity of MRTF-A in
response to actin dynamics. Interestingly, also phosphatase and actin regulator (Phactr) protein
family contains RPEL repeats and binds protein phosphatase 1 (PP1). However, the functional
significance of the RPEL repeats in the Phactr-proteins is unknown. The molecular properties of
MRTF-A intrigued us to study if the Phactr-proteins could be putative binding partners of nuclear
actin. We revealed that the RPEL repeats of Phactr4 do not regulate the subcellular localization of
Phactr4. Instead, Phactr4 controls the activity of PP1 in response to actin monomer levels in the
cytoplasm, thereby creating a feedback loop that maintains actin homeostasis in cells. In addition,
we were able to show that MRTF-A subcellular localization is not solely dependent on actin, since
DDX19, an ATP-dependent RNA helicase, can regulate nuclear import of full-length MRTF-A
independently of actin dynamics.
This thesis work has thereby broadened the knowledge of nuclear actin-binding partners as well as
revealed novel regulatory properties of actin-regulated RPEL domain containing proteins.

1. Introduction
1.1. Actin
Actin is an essential component of the eukaryotic cell and it is best-known from its crucial role as
part of the cell cytoskeleton. Actin is one of the most abundant proteins in the cell, and
astonishingly conserved between different species as the similarity between actin amino acid
sequences in yeast and human is over 80 %. Although actin is restricted to eukaryotes, it seems that
ancestral actin exists in prokaryotes, as different bacterial cells possess distant homologues of actin:
MreB, ParM and MamK (reviewed in Gunning et al., 2015). Although their amino acid sequences
have minor resemblance to actin in eukaryotes, these proteins exhibit similar filament structures
as actin (reviewed in Fink et al., 2016).
Structurally, actin is a globular, 42 kDa protein, which consists of four subdomains (Kabsch et al.,
1990). In cells actin can be found in two different forms - a monomer and a filament. Actin,
especially in its filamentous form, is one of the key elements of the cytoskeleton. Within the cell,
thin actin filaments can be organized into higher-order structures such as bundles or threedimensional networks. These networks provide mechanical support, determine cell shape, and
allow movement of the cell surface, thereby enabling cells to migrate, engulf particles, and divide.
For example, in migrating cells, dense branched actin networks can push the cell membrane and
form lamellipodial protrusions, which drive the movement of cell front, the leading edge, to wanted
direction. Another kind of protrusions are filopodia, which are thinner protrusions forming from
lamellipodium and they consist of unipolar and parallel actin bundles, which contain 15-30
individual actin filaments. These protrusions have been shown to function as sensory organs at the
leading edge, where they probe surroundings of the cells and act as sites for signal transduction. In
muscle cells, actin cooperates with myosin and a number of other actin-binding proteins (ABPs) to
form sarcomeres, which are responsible for muscle contraction. Also in non-muscle cells there are
high-order acto-myosin structures, which are known as stress fibers. Stress fibers are often coupled
to an extracellular matrix (ECM) via focal adhesion and allow cells to respond to the physical
stringency of the ECM. These dynamic, mechanosensitive structures contribute to cell adhesion,
morphogenesis and migration (reviewed in Svitkina, 2018).
In lower eukaryotes like yeast, there is only one gene encoding actin. However, in higher
eukaryotes, several different isoforms of actin are encoded by a family of actin genes. Humans have
six different actin encoding genes: three alpha-actin (ACTA1, ACTA2 and ACTC1), one beta-actin
(ACTB) and two gamma-actin (ACTG1 and ACTG2) genes. All the isoforms have highly similar
amino acid sequences (over 90 %) and there are only minor differences in the N-terminus. The
alpha-actin isoforms are expressed primarily in skeletal, cardiac, and smooth muscle cells. Of the
two gamma-actin isoforms, one is expressed in smooth muscle cells and the other one is expressed
ubiquitously, similarly to beta-actin, the sixth isoform in mammalian cells. Most of the isoforms
seem to be essential and needed for specialized functions, but in muscle cells some functions seem
to overlap as transgenic overexpression of certain isoforms can partially rescue the knockout
phenotype of the others (reviewed in Ampe and Van Troys, 2017). Furthermore, a recent
publication, where the nucleotide sequence of the beta-actin gene was changed to encode gammaactin, shows that mice with this replacement were able to develop normally (Vedula et al., 2017).
This is interesting because earlier studies have demonstrated that beta-actin (Bunnell et al., 2011)
but not gamma-actin (Belyantseva et al., 2009) knockout in mice is lethal. This indicates that
different functions of homologous isoforms could be defined by their nucleotide, rather than their
amino acid sequence.
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1.2. Actin dynamics: filament formation and disassembly
As mentioned earlier, cell movement and maintenance of the cell shape are highly dependent on
actin polymerization occurring in the cytoskeleton (reviewed in Svitkina, 2018). Also, conditions
inside the cells favor actin polymerization, as actin can spontaneously polymerize in physiological
salt conditions in vitro. Monomeric actin has specific binding sites that mediate head-to-tail
interactions with two other actin monomers, allowing actin monomers to polymerize into
filamentous actin. The first state in de novo filament formation is nucleation, where actin
monomers form a filament “nuclei” consisting of at least three actin monomers. Filament nuclei
formation is a delicate process, which is quite unfavorable as actin dimers and trimers rather easily
dissociate. However, when the stable actin trimer is formed, actin swiftly polymerizes and forms an
elongated filament. During polymerization all actin monomers are oriented in the same direction,
which results in a polarized filamentous actin with two distinguishable filament ends: the growing
barbed (+) end and the shrinking pointed (-) end (reviewed in Pollard, 2016).
Actin monomers are constantly associating and disassociating from both ends of actin filaments,
which eventually leads to a so-called steady-state, where both actin filaments and monomers are in
equilibrium and no net growth of the filament occurs. As the steady-state is dependent on actin
monomer concentration, there is a critical concentration of actin monomers at which the rate of
their polymerization into filaments equals the rate of dissociation. The critical concentration is ~0,1
μM at the barbed end and ~0,6 μM at the pointed end under physiological conditions (reviewed in
Pollard, 2016).
Being an ATPase, actin can bind adenosine diphosphate (ADP) or adenosine triphosphate (ATP) in
the nucleotide binding cleft located between the four subdomains. As actin has higher affinity for
ATP than ADP, and since there is more ATP than ADP available in cells, majority of actin monomers
are ATP-bound. ATP-actin monomers prefer to associate with barbed end over the pointed end,
resulting in filament elongation mainly from the barbed end. In the actin filament, ATP is rapidly
hydrolyzed to ADP and inorganic phosphate (Pi), which later detaches from the filament.
Subsequently, ADP-actin subunits dissociate from the pointed end of the filament. Detached ADPactin monomers undergo a nucleotide exchange, where ADP is changed back to ATP. Newly formed
ATP-actin monomers can then again be added to the barbed end and polymerization cycle, also
called treadmilling, continues (illustrated in Figure 1). Treadmilling illustrates the dynamic
behavior of actin filaments, which is required for multiple functions in different cellular processes
(reviewed in Pollard, 2016). In vitro, treadmilling is a relatively slow process and does not explain
higher-order actin structures. Therefore the cell contains numerous ABPs, which can regulate
treadmilling and will be discussed in more detailed in the next chapter.
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Figure 1. Actin treadmilling. Actin monomers, which are bound to ATP, are added to the barbed (+) plus
end of the actin filament. Briefly after the addition, ATP-actin is hydrolyzed to ADP-pi-actin. After
hydrolysis inorganic phosphate (Pi) is released from ADP-actin and ADP-actin monomers at the pointed (-)
end dissociate from the filament. After the release, monomeric ADP-actin is converted back into ATP-bound
form and readily formed ATP-actin monomers can be again added to the barbed end to repeat the filament
assembly cycle (adapted from Pollard, 2016).

1.3. Actin-binding proteins (ABPs) in cells
Constant actin filament dynamics allows cell to organize its filamentous networks and in this way
produce force to maintain cell shape and movement. Actin polymerization in vitro is a slow process
and if actin assembly is the driver of cell locomotion, then the rate of treadmilling must be higher
in vivo. Here the ABPs come into the picture. These proteins affect the elongation of actin filaments
by controlling filament depolymerization and the ability of either monomers or filament ends to
participate in the polymerization reaction. They are also responsible for organizing higher-order
actin structures, like bundles and cross-linked networks (reviewed in Pollard, 2016; Svitkina,
2018).

1.3.1. Proteins involved in filament nucleation
As mentioned previously, the first step in filament assembly is the formation of the actin trimer,
the filament “nuclei”. De novo nucleation is slow and energetically unfavorable process. In order to
rapidly reorganize actin filament networks needed for movement and cell shape changes, cell needs
specific nucleating proteins to accelerate this process (reviewed in Pollard, 2016).
The best-known actin nucleator is the Arp2/3 complex, which forms branched actin filaments, and
is needed for cell movement as the branched filaments are the core components of protruding edge
of lamellipodium (reviewed in Swaney and Li, 2016). The classical Arp2/3 complex consists of
seven polypeptides – Arp2 and Arp3 and five stabilizing subunits, although recent publications
have suggested that several versions of Arp2/3 complexes may coexist in cells (Pizarro-Cerda et al.,
2017). Importantly, the Arp2/3 complex by itself is an inefficient nucleator, and its activation
requires binding to actin filaments and certain proteins termed nucleation promoting factors
(NPFs). Mammalian cells express several NPFs: the well-characterized Wiskott-Aldrich syndrome
protein (WASP), neuronal WASP (N-WASP), three WASP and verprolin homologs (WAVEs), a
more recently identified WASP homolog associated with actin, membranes and microtubules
(WHAMM), WASP and Scar homolog (WASH), and junction mediating regulatory (JMY) protein
3

(reviewed in Alekhina et al., 2017). NPF binding to Arp2/3 requires their activation by different
signaling molecules such as Rho GTPase family members (reviewed in Steffen et al., 2017).
Activated NPFs can bind Arp2/3, which can then bind to the side of actin filament and nucleate the
formation of new branched filaments that extend from the sides of existing filaments at a 70° ± 8
angle (Mullins et al., 1998). Indeed, most of the NPFs promote formation of branched filaments
(reviewed in Swaney and Li, 2016), although newly discovered WISH/DIP/SPIN90 proteins seem
to be NPFs that activate the Arp2/3 complex without binding to filamentous or monomeric actin,
and thus promote the formation of unbranched actin filaments (Wagner et al., 2013).
Formins are another well-characterized family of actin nucleators. In contrast to the Arp2/3
complex, they represent multidomain proteins that function as dimers to assemble unbranched
actin filaments. Formins both nucleate actin and act as elongation factors that associate with
growing barbed ends. Structurally they contain conserved formin homology (FH) FH1 and FH2
domains. First the dimeric, donut-shaped FH2 domain wraps around an actin dimer or filament
barbed end and in this way catalyzes actin filament nucleation. After nucleation FH2 domain stays
connected to the barbed end and the FH1 domain stimulates elongation by recruiting profilinbound monomeric actin to be added to the end of the filament. By this mechanism formins
efficiently elongate unbranched actin filaments, because FH2 domain-binding prevents other
ABPs, such as capping proteins or Arp2/3, from binding to the barbed end. Formins are regulated
in various ways, but the best-known mechanism for specific formins is based on allosteric
autoinhibition through intramolecular interactions between the Dia autoregulatory domain (DAD)
and Dia inhibitory domain (DID) (reviewed in Kuhn and Geyer, 2014).
Last group of nucleators are the tandem-monomer-binding factors. Proteins like spire, cordon-bleu
(Cobl), leiomodin (Lmod) and bacterial proteins VopL/VopF as well as SCA2 belong to this group.
Common feature among these proteins is that they contain multiple monomeric actin-binding
WASP homology 2 (WH2) domains, which bring together monomers to form a polymerization
nucleus. Despite their shared ability to nucleate actin by gathering monomers into a nucleation
complex, members of this family have been proposed to form nuclei with distinct structural
arrangements. For example, spire favors the formation of a long-pitch helix structure of four actin
monomer, whereas Cobl assembles a trimeric cross-filament nucleus. While the WH2 domain is
the most common actin-binding motif in these nucleators, they also have additional actin-binding
elements or ability to recruit other proteins needed for the optimal nucleation activity (reviewed in
Dominguez, 2016).

1.3.2. Proteins regulating the actin monomer pool
Cells can have remarkably high concentrations of ATP-actin monomers (as much as 150 μM),
regardless of the fact that pure actin in such high concentrations would instantly polymerize in
vitro. As the salt conditions are physiological according to the critical concentration only 0,1 μM of
actin should remain monomeric. This shows that cells have mechanisms to prevent actin
monomers from incorporation into actin filaments. Also, in motile cells it is necessary that there is
a large pool of monomeric actin that can be released to allow for rapid filament extension when
needed. There are various ways to regulate the monomeric actin pool in cells. A group of proteins,
called actin monomer-sequestering proteins, maintains actin in its monomeric form. Some
proteins break down the actin filaments to increase actin monomer levels, and others can hinder
or boost the nucleotide exchange from ADP-actin to ATP-actin (reviewed in Skruber et al., 2018).
One way to control the monomeric actin pool, is to prevent actin monomers from associating with
the filaments. This can be achieved through monomer-sequestering proteins, which stabilize
monomeric actin pool by making monomers polymerization-incompetent. Two main actinsequestering proteins in eukaryotes are profilin and thymosin-β4. Thymosin family proteins,
especially thymosin-β4, interact with ATP-actin by clamping it top to bottom. This effectively caps
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both ends of actin and in this way prevents monomer incorporation into filaments. Another wellknown sequestering protein is profilin. Profilin prefers to bind ATP-actin and can accelerate the
exchange of ADP-actin to ATP-actin. Thymosin-β4 is clearly an actin monomer-sequestering
protein, but profilin is a multifunctional protein, which in the absence of free barbed ends,
functions as an actin monomer-sequestering protein. However, when the barbed ends are available,
profilin promotes the assembly of actin filaments. As profilin and thymosin-β4 both prefer to bind
monomeric actin, it is logical to conclude that they compete for binding to actin. In moving cell,
profilin activation through different signaling molecules at the cell cortex leads to a quick release
of actin from thymosin-β4, which further leads to increased amount of actin monomers available
for polymerization (reviewed in Pollard, 2016; Skruber et al., 2018).
Another way to increase the monomeric actin pool is to break down the existing actin filaments.
Best-characterized proteins to depolymerize actin filaments are the actin depolymerizing factor
(ADF) and the cofilin family members. They bind ADP-actin monomers with higher affinity
compared to ATP- or ADP-Pi subunits. For this reason, ADF/cofilin binds to actin filament towards
their pointed end. It enhances the detachment of Pi of ADP-actin filaments and changes the
filament structure, which induces the filament depolymerization. As ADF/cofilin binds the ADPactin monomers it inhibits the nucleotide exchange from ADP-actin to ATP-actin, and by this
increases the monomeric actin pool. Interestingly, ADF/cofilin seems to sever the actin filaments
only at low concentrations as high concentrations of cofilin appear to be able to nucleate actin
monomers, as well as to saturate and stabilize actin filaments. Probably at low concentrations
cofilin can bind to actin filaments only occasionally, which promotes filament disassembly. Various
kinases (like LIMK and TESK) and phosphatases (like Slingshot and chronophin phosphatases)
can phosphorylate/dephosphorylate ADF/cofilin. Phosphorylated cofilin is inactivated and
precisely regulated phosphorylation and dephosphorylation of ADF/cofilin enable the cell to
respond rapidly to signals and to remodel the dynamics of the actin cytoskeleton. Also other factors
[twinfilins, actin interacting protein 1 (Aip1), adenylyl cyclase associated protein 1 (CAP1) and
coronins] cooperate with ADF/cofilin to enhance the disassembly of actin filaments (reviewed in
Kanellos and Frame, 2016).

1.3.3. Proteins involved in filament capping
Capping proteins in cells control the elongation by blocking addition of new actin monomers to the
filament ends. This mechanism allows cells to target the filament assembly towards specific
direction when the cell moves. Capping of the filament barbed ends also results in shorter
filaments, which are more efficient in pushing the lamellipodium plasma membrane during cell
migration than long, thinner filaments (reviewed in Pollard, 2016; Svitkina, 2018). However, one
family of capping proteins, tropomodulins, can bind and cap pointed ends of actin filaments
(reviewed in Rao et al., 2014). Best-known barbed end capping protein families are CapZ and
gelsolin.
In mammals there are eight (gelsolin, adseverin, villin, advillin, supervillin, flightless I homolog
and CapG) different gelsolin family proteins. All these proteins contain multiple gelsolin domains,
which are activated by calcium ions. Activation changes conformation of gelsolin conformation and
exposes actin-binding sites, allowing gelsolin to bind actin. In addition to capping, gelsolin can also
sever actin filaments, which makes it an efficient actin filament dissolver (reviewed in Nag et al.,
2013). Another well characterized capping protein is CapZ, which is found in all eukaryotic cells
but is particularly abundant in striated muscles, where it plays a defining role in the maintenance
of sarcomere organization. CapZ is a heterodimer comprising alpha- and beta-subunits, which are
both required for the high affinity binding of filament barbed ends (reviewed in Edwards et al.,
2014).
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In vivo, the capping of actin filaments is regulated by second messengers, phosphatidylinositides
(PIP and PIP2) (reviewed in Edwards et al., 2014). Phosphoinositides are a minor class of shortlived membrane phospholipids, which have crucial functions in cell signaling and motility
(reviewed in Balla, 2013). PIP and PIP2 promote removal of capping protein from actin filaments,
creating areas with dramatically increased numbers of free barbed ends in cells (reviewed in
Edwards et al., 2014; Nag et al., 2013). This allows actin polymerization to proceed in well targeted
regions of the cell.

1.3.4. Proteins regulating crosslinking of actin filaments
Crosslinking ABPs are needed to form higher-order, three-dimensional actin structures like
isotropic gels (e.g. cortical actin) and actin bundles. There are various crosslinking ABPs in cells
such as alpha-actinin, spectrin, filamin A, fimbrin, fascin, espin, scruin, anillin and some myosins
(like myosin-II). Many of them have common actin-binding domains, and they seem to behave
similarly in in vitro assays at low concentrations. At higher concentrations smaller crosslinkers
tend to tightly pack actin filaments into parallel bundles and the bigger ones tend to induce more
complex filament structures. Their functions in cells are diverse, as many of these proteins also
interact with other cell organelles like membranes, Z discs, microtubules and cell junctions
(reviewed in Lieleg et al., 2010; Svitkina, 2018).

1.4. Nuclear actin
Alongside cytoplasm, scientists have been able to detect actin from the nuclear extracts already
decades ago (Jockusch et al., 1974; Jockusch et al., 1971). Although these earliest studies faced
harsh criticism, discovery of actin specific nuclear export (Stuven et al., 2003) and import (Dopie
et al., 2012) factors and studies underlining nuclear actin dynamics in living cells with improved
light microscopy techniques (Baarlink et al., 2013; McDonald et al., 2006; Plessner et al., 2015)
have clearly demonstrated the presence of actin inside the nucleus. Moreover, functional studies
have proven the importance of nuclear actin, by showing that actin is involved in different nuclear
functions from chromatin remodeling to pre-mRNA processing and maintenance of genomic
integrity.

1.5. Nuclear actin dynamics
As the highly versatile actin cytoskeleton is necessary for proper maintenance of cell shape, cell
movement and division (reviewed in Svitkina, 2018), also nuclear actin dynamics has been shown
to play an important role in many nuclear functions, although the amount of actin in the nucleus is
substantially lower than in the cytoplasm. Nuclear actin dynamics can be controlled mainly in two
ways. First, cells can regulate the amount of actin inside the nucleus by affecting the nucleocytoplasmic shuttling of actin, and second, cells can alter the actin polymerization status inside the
nucleus (illustrated in Figure 2). It is crucial to understand that nuclear actin dynamics consistently
balance between these two processes, which are ultimately reliant on each other.

1.5.1. Actin levels in the nucleus, nuclear import and export of actin
As actin has distinctive functions in the cytoplasm and it is synthesized there, actin must be
imported into the nucleus in order to operate in this cellular compartment. Import and export of
proteins into the nucleus is mediated by channels in the nuclear envelope (NE) termed nuclear pore
complexes (NPCs). Small molecules and proteins (less than ~30-40 kDa) can freely diffuse across
the NPCs, while bigger proteins need to be transported actively. Active transport requires energy
and is assisted by the nuclear transport receptors (reviewed in Wente and Rout, 2010). Actin is a
42 kDa protein, which places it on the upper limit of passively transported proteins. Nevertheless,
actin seems to use active transport systems via import factor Importin 9 (Ipo9) (Dopie et al., 2012)
and export factor Exportin 6 (Exp6) (Stuven et al., 2003) to shuttle in and out of the nucleus,
respectively. Besides of Ipo9 and Exp6, actin also needs help from the ABP cofilin (import) (Dopie
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et al., 2012) and profilin (export) (Stuven et al., 2003). As both of these proteins bind actin
monomers, this implies that actin is transported in and out of the nucleus as a monomer. Indeed,
actin monomer levels have been shown to limit both nuclear import and export rates of actin (Dopie
et al., 2012). In addition, recent study supports this molecular model as mechanical strain can
activate emerin and non-muscle actin-mediated actin polymerization at the outer nuclear
membrane, which locally lowers the import-compatible actin monomers in the cytoplasm, resulting
in decreased nuclear actin amounts as well as diminished transcription (Le et al., 2016).
Different regulatory mechanisms for both nuclear import and export of actin have been described.
For example, it has been shown that the phosphorylation status of cofilin affects nuclear import of
actin and thus regulates nuclear actin levels (Dopie et al., 2015; Dopie et al., 2012).
Dephosphorylation of cofilin is needed for effective nuclear actin import, and genome-wide RNAi
screen done in cultured Drosophila melanogaster cells identified four different factors (Chinmo,
Rack1, Shi and Cpb) that regulate the phosphorylation status of Twinstar (Dopie et al., 2015), which
is the cofilin ortholog in flies. Chinmo, which is a transcriptional repressor (Zhu et al., 2006), was
shown to control expression levels of the cofilin kinase TesK (testicular protein kinase, also called
Cdi in Drosophila melanogaster) and in this way regulate nuclear actin levels in mammalian and
Drosophila melanogaster cells as well as in fly tissues in vivo (Dopie et al., 2015). In addition, some
of the hits affected RanBP9 (fly homolog to importin 9) expression levels by an unknown
mechanism, while the other hits seemed very diverse in their cellular functions. Therefore, other
cellular processes alongside cofilin phosphorylation might also have an impact on nuclear import
of actin. Nuclear export of actin has been most extensively studied in the Xenopus laevis oocyte,
where actin export via Exp6 is down-regulated to acquire high actin levels in the nucleus (Bohnsack
et al., 2006). This leads to the assembly of an actin meshwork that is needed to stabilize and
maintain the shape of the huge oocyte nuclei. This same actin meshwork has been shown to prevent
the gravity-induced sedimentation of ribonucleoprotein (RNP) droplets in these large nuclei (Feric
and Brangwynne, 2013). Aside from the Xenopus laevis oocyte nuclei, quite little is known about
the regulatory mechanisms of nuclear actin export. However, a comparative RNAi screen done in
Drosophila melanogaster SR2+ revealed multiple hits, whose depletion led to accumulation of
actin into the nucleus in a form of filamentous actin bar. Hits obtained in this screen can therefore
either affect nuclear export of actin or they regulate nuclear actin polymerization. A subset of these
hits were conserved and displayed the same phenotype also in mammalian cells. These two factors,
CDC73 and CDC2L5, are involved in transcription and alternative splicing. Interestingly, many of
the hits from the Drosophila melanogaster screen were components of the spliceosome, which
suggests that regulation of actin levels in the nucleus might be linked to different RNA-related
processes (Rohn et al., 2011). It has also been suggested that phosphatidylinositol 3-kinase (PI3K)
signaling can inhibit Exp6 expression, and thus promotes cancer cell-like proliferation.
Furthermore, it seemed that extracellular matrix protein laminin 111 (LN1) can moderate the PI3Kpathway, which leads to Exp6 upregulation and diminished nuclear actin levels (Fiore et al., 2017).
Earlier studies have linked LN1-mediated decrease in nuclear actin amounts to cellular quiescence
as well as reduced transcription (Spencer et al., 2011).
Existence of active import and export mechanism indicates that actin levels in both nucleus and
cytoplasm need to be tightly regulated to maintain cellular homeostasis. Indeed, decreasing as well
as increasing nuclear actin levels by depletion of Ipo9 or Exp6, respectively, inhibits transcription
(Dopie et al., 2012). Nuclear accumulation of actin is also linked to regulation of osteogenesis in
mesenchymal stem cells (Sen et al., 2015) as well as macrophage differentiation in HL-60 cells (Xu
et al., 2010). Xu and colleagues showed that β-actin translocates from the cytoplasm into the
nucleus upon the phorbol 12-myristate 13-acetate (PMA) treatment, which causes the
differentiation of HL-60 cells to macrophages. Nuclear accumulation of actin could be blocked by
specific kinase inhibitors, which indicates that these kinases could regulate nuclear actin import or
export in differentiating cells. Chromatin immunoprecipitation-on-ChIP assays revealed that actin
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binds to a broad range of different gene promoters upon PMA treatment. Since knockdown of βactin decreased expression of selected genes, it seems that nuclear actin levels in HL-60 cells are
increased to regulate the expression of specific gene sets required to execute a differentiation
program. In addition, actin seems to accumulate inside the nucleus upon cell senescence (Kwak et
al., 2004).

1.5.2. Regulation of actin polymerization inside the nucleus
Relatively low levels of nuclear actin and lack of phalloidin-stainable actin filaments in most cell
nuclei first led to an assumption that nuclear actin would be only monomeric or would not
polymerize in a similar fashion as in the cytoplasm. Indeed, certain antibodies raised against special
forms of monomeric actin showed strong nuclear staining in the cells and the authors suspected
that nuclear actin would be mainly monomeric or have specific conformations inside the nucleus
(Schoenenberger et al., 2005). Nuclear actin monomers have also been studied with nuclear actin
monomer probe RIEN1 (Belin et al., 2013), which contains nuclear localization signal (NLS) and
an actin monomer-binding RPEL motif (Guettler et al., 2008) attached to a green fluorescent
protein (GFP). Monomeric actin staining with RIEN1 could be observed throughout the nucleus
(Belin et al., 2013), which supports the studies done with the specific antibodies (Schoenenberger
et al., 2005). Interestingly, RIEN1 seemed to accumulate in tiny globular structures inside the
nucleus, which could also be stained with nuclear speckle marker SC35 (Belin et al., 2013).
Therefore, these studies support the notion that actin is mostly monomeric in the nucleus, where it
can accumulate in certain areas like nuclear speckles. This suggests that actin monomers
themselves can have distinctive roles inside the nucleus and actively contribute to nuclear
functions. Although actin seems to be mostly monomeric inside the nucleus, nuclear actin filaments
have been described already decades ago upon cellular stress events such as heat shock (Welch and
Suhan, 1985) and DMSO treatment (Fukui and Katsumaru, 1979). Also ATP depletion (Pendleton
et al., 2003), as well as replication stress (Johnson et al., 2013), have been shown to induce nuclear
actin filament formation. Nevertheless, further studies are needed to evaluate the exact role of
nuclear actin polymerization upon cellular stress. In addition, nuclear actin filament formation has
been reported in certain diseases, for example in intranuclear rod myopathy (IRM) (Domazetovska
et al., 2007). Moreover, increased actin amounts in the nucleus either by Exp6 depletion (Dopie et
al., 2012) or overexpression of NLS-tagged actin (Kokai et al., 2014) can promote nuclear actin
filament formation. Therefore, it is evident that actin can polymerize inside the nucleus and
induced nuclear actin filament formation can be seen for example upon high nuclear actin levels or
during cell stress. This indicates that actin amounts, as well as actin polymerization, are tightly
controlled in the nucleus in normal conditions.
The first evidence of a dynamic nuclear actin network came from McDonald and colleagues who
utilized fluorescence recovery after photobleaching (FRAP) assays to reveal that there are
kinetically different actin pools in the nucleus and that they resemble monomeric and filamentous
actin pools found in the cytoplasm (McDonald et al., 2006). Further FRAP studies revealed that
there was still another substantial fraction of actin, the stable pool, which did not fit the description
of the monomeric and the polymeric actin pools (Dopie et al., 2012). This stable pool of nuclear
actin could correspond to actin, which interacts with variable, quite stable nuclear protein
complexes, as the turnover of actin in this pool was relatively slow. Moreover, the monomeric pool
of actin inside the nucleus seems to determinate nuclear transport of actin at steady-state (Skarp
et al., 2013), which implies that the binding events, including possible polymerization, especially in
the nucleus, influence the quantity of nuclear actin.
Nowadays, it has become progressively clear that nuclear actin dynamics plays an important role
in multiple functions inside the nucleus. As the visualization of actin filaments in the nucleus has
been a challenge, improved live imaging techniques and development of nuclear probes, which
recognize different forms of actin, have tackled this problem. The first probes were introduced by
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Belin and colleagues, who constructed GFP-labelled fusion proteins, which recognize actin with
isolated actin-binding domains and localize to the nucleus by means of an NLS (Belin et al., 2013).
One actin filament probe, Utr230-EN, contains a truncated version of calponin homology domain
found in the ABP utrophin and it can bind actin filaments (Burkel et al., 2007). Utr230-EN protein
appeared to localize as small, punctate structures inside the nucleus. These filamentous structures
found with Utr230-EN were excluded from the chromatin-rich regions, and did not co-localize with
RNA polymerases. This suggested that filamentous actin could assist viscoelastic properties of the
nucleoplasm and in this way help to organize the nuclear content (Belin et al., 2013). Utr230-EN
has been used to visualize nuclear actin filaments also upon DNA damage response (role of actin in
DNA damage response will be discussed more detailed in the chapter 1.7.3) (Belin et al., 2015; Wang
et al., 2017). Moreover, filament assembly upon DNA damage seemed to be induced by formin-2
(FMN2), together with spire1/2, and these filaments could be detected also with phalloidin (Belin
et al., 2015). In addition, latest studies have linked Arp2/3 complex (Caridi et al., 2018; Schrank et
al., 2018) and diaphanous-related formin (mDia) (Wang et al., 2017) to nuclear actin
polymerization upon DNA damage response. Interestingly, mDia1/2 has been also shown to induce
rapid nuclear actin polymerization upon serum stimulation (Baarlink et al., 2013). Baarlink and
colleagues visualized nuclear actin filaments with another nuclear actin probe, NLS-Lifeact. Lifeact
is a small peptide probe derived from budding yeast protein Abp140, which can bind both
monomeric and filamentous actin (Riedl et al., 2008). Intriguingly, these long and fine filaments
inside the nucleus were the first nuclear actin filaments which could be stained with phalloidin
(Baarlink et al., 2013). Although NLS-Lifeact was the first probe used to witness signal-induced
actin filament assembly inside the nucleus (Baarlink et al., 2013), it has been suggested to stabilize
or even enhance nuclear actin filament formation in a concentration dependent manner (Belin et
al., 2015), which needs to be taken into account when using this probe.
The most recently developed actin filament recognizing probe is nuclear actin-chromobody (nAC),
which is a small antigen-binding domain derived from heavy chain antibodies of camelids fused
with NLS (Plessner et al., 2015). Actin-chromobody was developed by Chromotek company and
was previously used to stain actin cytoskeleton in plants (Rocchetti et al., 2014). Importantly, the
actual actin-binding properties of this probe have not been extensively studied, thus we cannot be
sure if this probe can also bind actin monomers as well as actin filaments. However, studies have
shown that AC seems to interfere less with endogenous actin dynamics than for example Lifeact
(Plessner et al., 2015; Rocchetti et al., 2014), which define it as an extremely valuable tool to study
the highly dynamic actin filament assembly inside the nucleus. Plessner and colleagues used nAC
to visualize nuclear actin polymerization upon cell spreading and fibronectin stimulation (Plessner
et al., 2015). Observed filaments seemed thicker and shorter than the filaments detected upon
serum stimulation (Baarlink et al., 2013). Nevertheless, the formation of these filaments was also
mediated by mDia1/2 and linker of cytoskeleton and nucleoskeleton (LINC) complex (Plessner et
al., 2015). Interestingly, there is evidence that nuclear lamina, which associates with LINC complex
in the nucleus (reviewed in Chang et al., 2015) might regulate nuclear actin dynamics. Proteins of
the nuclear lamina, such as A-type and B-type lamins (Simon et al., 2010) as well as emerin
(Holaska et al., 2004), directly bind to actin in vitro. Further biochemical experiments revealed
that emerin binds pointed ends of actin filaments and in this way promotes actin polymerization
(Holaska et al., 2004). Interestingly, studies with emerin have shown emerin mis-localization in
lamin A/C deficient [Lmna(-/-)] cells. This mis-localization of emerin caused alterations in nuclear
actin dynamics, which could be rescued with overexpression of ectopic emerin and the actinbinding capacity of emerin was crucial for the rescue (Ho et al., 2013). This indicates that nuclear
lamina might be directly involved in regulation of nuclear actin dynamics. In addition, this also
links nuclear actin dynamics to nuclear laminopathies, a group of genetic diseases, which are
caused by mutations in, for example, the Lmna gene (reviewed in Kang et al., 2018). As nuclear
actin levels can be controlled by mechanical strain (Le et al., 2016) and the nuclear actin filament
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formation is linked to integrin signaling (Plessner et al., 2015) as well as to nuclear lamina (Ho et
al., 2013), there is a possibility that mechanical stress can also affect the nuclear actin dynamics.
Indeed, a recent study shows that overexpression of NLS-actin in cells, which were cultured in stiff
ECM, led to prominent nuclear actin filament structures across the whole nucleoplasm, whereas a
finer, almost exclusively perilaminar nuclear actin structures were observed in cells, which were
cultured in soft ECM (Chang et al., 2018). Although mechanical stress seems to induce nuclear actin
filament formation, precise studies showing how mechanical stimuli affects the endogenous
nuclear actin dynamics are needed, because overexpression of NLS-actin alone has been shown to
induce actin filament formation in the nucleus (Kokai et al., 2014).
Recently actin filaments have been shown to emerge in early G1 phase of the cell cycle (role of
nuclear actin in cell cycle will be discussed more detailed in the chapter 1.7.1) (Baarlink et al., 2017;
Parisis et al., 2017). These constantly reorganizing nuclear actin filaments were detected with nAC
and they could be observed for 60-70 min in the early G1, followed by filament depolymerization
when the cells progressed to later phases of the cell cycle (Baarlink et al., 2017). These filaments
were not affected by depletion of the nuclear lamina proteins emerin or lamin A/C. Also,
disturbance of the LINC complex did not influence the filament formation, which indicated that
these filaments differ from the ones observed upon cell spreading (Plessner et al., 2015). Quite
unexpectedly, Baarlink and colleagues did not find any role for formins in nuclear actin filament
formation in early G1 phase, whereas cofilin was shown to be one key factor in filament
reorganization and successive disassembly before the cells proceeded with the cell cycle (Baarlink
et al., 2017). Intriguingly, Parisis and colleagues observed that cells, which were treated with formin
inhibitor SMIFH2 (Rizvi et al., 2009), had longer and more persistent nuclear actin filaments in
the G1 phase than the non-treated cells (Parisis et al., 2017). This suggests that formins could be
involved in filament formation in early G1, but further studies are needed to support this
hypothesis.
Usage of these specifically targeted probes have elucidated the molecular basics for the nuclear
actin filament formation. Most of these identified regulatory ABPs (see above) are actin filament
nucleators, which induce filament formation. However, at least the signal-induced nuclear actin
filament assembly and disassembly are extremely fast (Baarlink et al., 2013), which indicates that
the depolymerization needs to be actively regulated. The depolymerization factors reported to be
involved in nuclear actin dynamics are molecules interacting with CasL (MICAL) family protein 2
(MICAL-2), which induces redox-dependent depolymerization of nuclear actin filaments
(Lundquist et al., 2014) and cofilin, which regulates filament depolymerization in early G1
(Baarlink et al., 2017). As cofilin activity is dependent on its phosphorylation status, future studies
could focus on investigating cofilin phosphorylation in the nucleus during serum stimulation to
understand, which upstream regulatory pathways could control the depolymerization of nuclear
actin filaments. Moreover, only quite few ABPs have actually been shown to regulate nuclear actin
dynamics. This is rather unexpected as so many of them can localize into the nucleus (Table 1).
Most probably this is due to the difficulties in demonstrating specific nuclear functions for these
ABPs, because they are key players manipulating actin networks in the cytoplasm (reviewed in
Svitkina, 2018). It has to also be taken into account that some ABPs might have actin-independent
roles inside the nucleus. Nevertheless, such a large amount of ABPs inside the nucleus makes it
intriguing to speculate that traditional actin treadmilling could take place in the nuclear
environment, but further studies with new methods and probes are needed to elucidate the
regulatory pathways of nuclear actin dynamics.
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Table 1: Actin-binding proteins (ABPs) in the nucleus
ABP

Putative nuclear functions

Reference

transcription activation

(Neufeld et al., 2000)

nuclear actin dynamics, DNA repair, Pol
II-mediated transcription

(Caridi et al., 2018; Schrank et al., 2018;
Yoo et al., 2007)

ARP4

chromatin remodeling, DNA repair

(Harata et al., 1994; Knoll et al., 2018;
Nishimoto et al., 2012)

ARP5

chromatin remodeling, DNA repair

(Eustermann et al., 2018; Kitayama et
al., 2008; Morita and Hayashi, 2014)

ARP6

chromatin remodeling, spatial
positioning of chromatin

(Kitamura et al., 2015; Maruyama et al.,
2012; Ohfuchi et al., 2006)

ARP8

chromatin remodeling, DNA repair

(Brahma et al., 2018; Knoll et al., 2018;
Osakabe et al., 2014)

CAP2

cell differentiation

(Peche et al., 2007)

CapG

Pol I-mediated transcription

(De Corte et al., 2004; Hubert et al.,
2008)

Cofilin

actin import, nuclear actin dynamics,
Pol II-mediated transcription

(Baarlink et al., 2017; Dopie et al., 2012;
Obrdlik and Percipalle, 2011)

Emerin

nuclear actin dynamics, nuclear lamina

(Ho et al., 2013; Holaska et al., 2004)

Fascin

Drosophila oogenesis

(Groen et al., 2015; Kelpsch et al., 2016)

FHOD1

Pol I-mediated transcription

(Menard et al., 2006)

Filamin A

nuclear actin dynamics, DNA repair, Pol
II-mediated transcription

(Deng et al., 2012; Kircher et al., 2015;
Loy et al., 2003; Savoy et al., 2015; Yue
et al., 2009)

Flightless I

chromatin accessibility, Pol II-mediated
transcription

(Jeong, 2014; Lee et al., 2004)

nuclear actin dynamics, DNA repair

(Aymard et al., 2017; Belin et al., 2015)

Gelsolin

transcription activation

(Nishimura et al., 2003)

IQGAP1

cell cycle, stress response

(Johnson et al., 2013)

transcription activation

(Coutts et al., 2007; Zuchero et al.,
2009)

nuclear lamina

(Simon et al., 2013)

transcription activation

(Guo et al., 2006; Petit et al., 2005)

nuclear actin dynamics, DNA repair, Pol
II-mediated transcription

(Baarlink et al., 2013; Miki et al., 2009;
Parisis et al., 2017; Plessner et al., 2015;
Wang et al., 2017)

APC
ARP2/3

FMN2

JMY
Lamin A/B
LPP

mDia1/2
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Moesin

mRNA export

(Batchelor et al., 2004; Kristo et al.,
2017)

MRTF-A

transcription activation

(Vartiainen et al., 2007)

Myo II

Pol II-mediated transcription

(Li and Sarna, 2009)

Myo Va

mRNA processing

(Pranchevicius et al., 2008)

Myo Vb

Pol I-mediated transcription

(Lindsay and McCaffrey, 2009)

Myo VI

Pol II-mediated transcription

(Vreugde et al., 2006)

cell cycle regulation

(Cameron et al., 2007)

(Myo1C)

Pol I-, Pol II- and Pol III-mediated
transcription

(Almuzzaini et al., 2015; Nowak et al.,
1997; Pestic-Dragovich et al., 2000;
Sarshad et al., 2013)

N-WASP

Pol II-mediated transcription

(Wu et al., 2006)

Paxillin

transcription activation

(Kasai et al., 2003)

Profilin

actin export, pre-mRNA processing

(Skare et al., 2003; Stuven et al., 2003)

SCAR

nuclear actin dynamics, DNA repair

(Caridi et al., 2018)

Spectrin αII

chromosome stability

(Sridharan et al., 2003; Zhang et al.,
2010)

Spectrin βII

transcription activation

(Tang et al., 2003)

formation of PML bodies

(Tse et al., 2001)

nuclear actin dynamics, DNA repair

(Belin et al., 2015)

DNA repair

(Brieger et al., 2007; Huff et al., 2004)

cell differentiation

(Kong and Kedes, 2004)

Vimentin

nuclear architecture, Pol II-mediated
transcription

(Hartig et al., 1998; Traub et al., 1992)

WASH

nuclear actin dynamics, DNA repair,
nuclear lamina, Pol II-mediated
transcription

(Caridi et al., 2018; Verboon et al., 2015;
Xia et al., 2014)

WASP

nuclear actin dynamics, DNA repair, Pol
II-mediated transcription

(Sadhukhan et al., 2014; Schrank et al.,
2018; Taylor et al., 2010)

transcriptional reprogramming

(Miyamoto et al., 2013)

α-actinin

nuclear actin rod formation, Pol IImediated transcription

(Domazetovska et al., 2007; Kumeta et
al., 2010; Zhao et al., 2017)

β-catenin

Pol II-mediated transcription

(Behrens et al., 1996; Yamazaki et al.,
2016)

Myo XVI
NM1

Spectrin βIVΣ5
Spire 1/2
Thymosin B4
Tropomodulin

WAVE1
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Figure 2. Actin dynamics inside the nucleus. 1. Importin 9 (Ipo9) together with active cofilin (C)
mediate nuclear import of actin monomers. Cofilin can be inactivated by Tes and Lim kinases (TesK and
LimK) and dephosphorylated to its active form by Slingshot (Ssh). Bach2 can regulate import of actin by
regulating TesK levels to maintain active cofilin. 2. Actin is exported as a monomer and Exportin 6 (Exp6),
together with profilin (P), mediate actin nuclear export. 3. Polymerization of nuclear actin to canonical
filaments can be promoted by several mechanisms. Serum stimulation and cell adhesion activate nuclear
actin polymerization through the formins mDia1/2 (a). FMN2 with spire1/2 can polymerize nuclear actin
upon DNA damage response (b). Arp2/3 complex can branch actin filaments, and it has been shown
to promote nuclear actin polymerization upon DNA damage repair (c). Also nuclear lamina protein emerin,
has been linked to nuclear actin polymerization, but the mechanism is not clear, and hence indicated
with a question mark (d). Actin can also form small punctate filaments inside the nucleus, but how
they are assembled and their relationship with larger actin filaments still remain unclear and are thus
marked with a question mark (e). 4. Mical2 can promote depolymerization of actin filaments through oxidation and cofilin disassembles nuclear actin filaments upon early G1 cell cycle phase. 5. Beside the
monomeric and polymeric actin pools, a large fraction of nuclear actin can be found in stable complexes.
These could represent actin bound to for example in chromatin remodeling complexes and other
transcription related complexes (adapted from Viita and Vartiainen, 2017).
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1.6. Actin in gene expression
Regulation of gene expression is clearly one of the key functions of the nucleus. It is essential that
gene expression runs flawlessly, and the right genes are expressed at the right time. In order to do
so, different processes in the nucleus need to be regulated in a systematic manner. These processes
include activation of transcription factors, chromatin remodeling and transcription of DNA to RNA
as well mRNA processing and export out of the nucleus followed by translation in the cytoplasm.
Intriguingly, actin has been linked to most of the processes related to gene expression.

1.6.1. Actin in gene activation
The basic model for gene activation is that regulatory proteins called transcription factors (TFs)
promote or inhibit gene expression from a locus by binding to specific DNA sequences. There are
hundreds of various TFs, which regulate specific sets of genes. As cells need to adapt to changes in
the environment, they also need to regulate the activation of TFs to alter their transcriptional
pathways. TFs can be regulated in multiple levels, for example, post-translational modifications
(PTMs) such as phosphorylation of TFs can affect their DNA binding capacity, nuclear import or
protein-protein interactions. Protein-protein interactions with so-called co-factors have a key role
in regulation of TF activity. Binding of co-factors can increase or decrease DNA-binding affinity of
TFs but it can also affect the functional specificity by allowing TFs to bind only precise DNA
sequences (reviewed in Lelli et al., 2012; Swift and Coruzzi, 2017). Actin has been linked to gene
activation as changes in the cytoplasmic as well as nuclear actin dynamics have been shown to
regulate the activity of different TFs.

1.6.1.1. Actin-mediated gene activation through MRTF-A/SRF pathway
The best-known actin-regulated TF is serum response factor (SRF), which regulates the expression
of multiple cytoskeletal genes in response to changes in actin dynamics in the cytoplasm
(Sotiropoulos et al., 1999) and in the nucleus (Baarlink et al., 2013). The signal from the actin
networks is mediated by transcription co-activator MRTF-A, which is one of the myocardin-related
transcription factors (MRTFs). There are three different MRTFs in metazoan: myocardin, MRTFA and MRTF-B. These proteins are well known co-activators of SRF (Wang et al., 2001; Wang et
al., 2002), which controls its target genes by binding to promoter sequence CC(A/T)6GG [also
known as CArG box or serum response element (SRE)] (Treisman, 1986). Myocardin, which is the
founding member of this family, is a nuclear protein mainly expressed in the cardiovascular system
(Wang et al., 2001), whereas MRTF-A and -B are nucleo-cytoplasmic shuttling proteins, which are
broadly expressed in multiple cell types (Miralles et al., 2003; Wang et al., 2002). Furthermore,
knockout studies in mice have shown that these SRF co-activators are essential at different
developmental stages and smooth muscle cell (SMC) differentiation (reviewed in Olson and
Nordheim, 2010). These proteins also share homology in several functional domains (illustrated in
Figure 3), which specify them as co-activators of SRF. These include a basic element 1 (B1) and a
glutamine rich (Q) domain, which are required for binding to SRF, and a C-terminal transcriptional
activation domain (TAD), which is important for stimulating SRF activity (Miralles et al., 2003;
Wang et al., 2001). All family members also contain a highly conserved SAF-A or SAF-B, acinus,
PIAS (SAP) domain (Aravind and Koonin, 2000), which is most probably a DNA binding element
needed for target gene activation as deletion of this domain disrupts the ability of myocardin to
activate a subset of SRF-dependent genes (Wang et al., 2001). Leucine zipper (LZ) domain mediates
homo- and heterodimerization between the family members (Hayashi and Morita, 2013; Miralles
et al., 2003). A particularly strongly conserved domain, located at the N-terminus, is the RPEL
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domain. RPEL domain consists of three [Arginine-Proline-X-X-X-Glutamine-Leucine (RPEL)]
repeats, which can bind actin monomers (Miralles et al., 2003; Mouilleron et al., 2008).

Figure 3. Different functional domains of MRTF-A. MRTF-A has three conserved RPEL (ArginineProline-X-X-X-Glutamine-Leucine) repeats, which bind actin monomers. The bipartite NLS is located within
the RPEL domain. SRF-binding is mediated by B1 (basic element 1) and Q (glutamine rich stretch). SAP
(SAF-A or SAF-B, acinus, PIAS) domain is a putative DNA-binding element and LZ (leucine zipper) is
needed for dimerization of MRTFs. TAD (transcriptional activation domain) is required to induce SRF
activity (adapted from Pawlowski et al., 2010)

Actin can regulate the subcellular localization of MRTF-A and thus regulates the SRF target genes.
MRTF-A has been shown to translocate into the nucleus in response to actin polymerization
mediated by Rho-family GTPases (Miralles et al., 2003). MRTF-A can bind actin monomers with
its RPEL domain and in this way act as an actin monomer sensor. When there are lots of actin
monomers, binding of actin to MRTF-A inhibits nuclear import of MRTF-A, because this binding
masks the NLS signal embedded in the RPEL repeats of MRTF-A (Mouilleron et al., 2011;
Pawlowski et al., 2010; Vartiainen et al., 2007). Nuclear import of MRTF-A is mediated by the
classical import factors importin α/β, which have been shown to compete with actin for MRTF-A
binding (Pawlowski et al., 2010). Also the actin monomer-sequestering protein, thymosin β4, has
been linked to nuclear import of MRTF-A. Apparently, MRTF-A and thymosin β4 compete for
binding to actin and this can disturb the formation of MRTF-A-actin complex in the cytoplasm,
which induces MRTF-A accumulation into the nucleus. (Morita and Hayashi, 2013). Nuclear
export of MRTF-A is mediated by exportin 1 (also known as CRM1) as treatment with leptomycin
B (LMB), a specific CRM1 inhibitor (Fornerod et al., 1997), causes MRTF-A to accumulate in the
nucleus (Vartiainen et al., 2007). Interestingly, binding of actin also seems to control nuclear export
of MRTF-A, because disturbance of MRTF-A-actin complex with actin-binding drugs or with
mutations in the RPEL repeats prevents nuclear export. Furthermore, Vartiainen and colleagues
showed with extensive nuclear import and export studies that inhibition of nuclear export rather
than enhancement of nuclear import mediate the nuclear accumulation of MRTF-A upon serum
response. These two regulatory aspects locate MRTF-A predominantly to the cytoplasm in
unstimulated cells. The same regulatory mechanisms also accumulate MRTF-A inside the nucleus
upon serum stimulation, when the actin monomer levels in the cytoplasm as well as in the nucleus
decrease. Also, phosphorylation seems to control the nucleo-cytoplasmic shuttling of MRTF-A as
serum stimulation activates extracellular signal-regulated kinase 1/2 (ERK1/2) that phosphorylates
S454 in MRTF-A (Muehlich et al., 2008). This has been suggested to enhance the actin-mediated
nuclear export of MRTF-A. Indeed, a recent report shows that phosphorylation sites (S33 and S98)
in the RPEL domain regulate the nuclear import and export of MRTF-A (Panayiotou et al., 2016).
Moreover, this study also revealed five novel nuclear export signals (NES) located throughout the
MRTF-A sequence and that these NES function cooperatively with each other, and with the Nterminal phosphorylation sites, to maintain MRTF-A in the cytoplasm in resting cells. Intriguingly,
MRTF-A accumulation inside the nucleus is not sufficient to activate SRF, because actin-binding
to MRTF-A prevents the activation (Vartiainen et al., 2007). Thus, actin regulates MRTF-A activity
at three levels: nuclear import, nuclear export and activation of target gene transcription.
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Perturbations of actin dynamics also in the nucleus affect MRTF-A-dependent SRF-mediated
transcription. Studies show that mDia1/2-dependent actin polymerization inside the nucleus can
activate MRTF-A (Baarlink et al., 2013; Plessner et al., 2015). Constitutively active mDia1 mutant
could rescue SRF activation, when actin monomer pool inside the nucleus was increased by
overexpression of NLS-actin. Regulation of actin dynamics took place in the nucleus, because
replacement of endogenous mDia2 with a construct that cannot enter the nucleus could not fully
restore the SRF activity (Baarlink et al., 2013). Upon cell spreading MRTF-A located to the nucleus
at the same time as the nuclear actin filaments were observed. This could be blocked with nuclear
dominant negative mDia1/2, which indicates that formin-dependent nuclear actin polymerization
upon cell spreading mediate the nuclear localization of MRTF-A and SRF activation (Plessner et
al., 2015). Also, impaired nuclear lamina affects MRTF-A localization. Series of different
fluorescent microscopy assays revealed that upon serum stimulation MRTF-A could not
accumulate into nucleus in lamin A/C deficient [Lmna(-/-)] cells due to enhanced MRTF-A export
(Ho et al., 2013). As the lamin A/C deficient cells are connected to nuclear laminopathies (reviewed
in Kang et al., 2018), Ho and colleagues link MRTF-A/SRF-pathway to genetic diseases (Ho et al.,
2013). Interestingly, this mis-localization of MRTF-A upon serum stimulation could be rescued
with exogenous wild type emerin, but not with emerin mutants incapable of binding actin. This
indicates, that loss of emerin disturbs nuclear actin dynamics, which leads to impaired MRTF-A
localization as well as decreased SRF activation (Ho et al., 2013). Similarly, overexpression of
MICAL-2, a protein regulating nuclear actin polymerization by oxidizing actin, leads to nuclear
accumulation of MRTF-A. Further studies with different SRF target genes showed an increase in
MRTF-A/SRF-mediated gene expression in vitro and in vivo, which indicates that alterations in
nuclear actin dynamics by MICAL-2 activates the MRTF-A/SRF-pathway (Lundquist et al., 2014).
Also, an actin filament-binding protein, Filamin A (FLNA), has been linked to MRTF-A/SRFmediated transcription activation in a pathway involving formation of actin filaments in the nucleus
upon serum stimulation (Kircher et al., 2015). In addition, also phosphorylation of MRTF-A seems
to play important role in SRF activation, as multiple phosphorylation sites throughout MRTF-A
enhance transcriptional activation (Panayiotou et al., 2016).
To sum up, actin seems to be the main regulator of MRTF-A localization and transcriptional
activation in cells. SRF target genes, regulated by MRTF-A, are mainly involved in cytoskeletal
dynamics and cell contractility (Esnault et al., 2014). Notably, actin is also one of the key target
genes of MRTF-A/SRF-pathway (Salvany et al., 2014). Therefore, actin itself maintains the
appropriate production of its own mRNA to ensure sufficient actin levels in cells and this feedback
system provides the basis for cellular actin dynamics.

1.6.1.2. Phosphatase and actin regulator protein (Phactr) family
Similar actin-binding RPEL domains as in MRTFs can be also found in Phactr protein family. This
family consist of four proteins: Phactr1, Phactr2, Phactr3/Scapinin and Phactr4 (Allen et al., 2004).
These proteins have been shown to have C-terminal RPEL domains and they can also bind protein
phosphatase one (PP1) with their C-terminal tail (Figure 4) (Allen et al., 2004; Kim et al., 2007;
Sagara et al., 2009). In humans, these proteins have been implicated in a variety of human diseases,
including Parkinson’s (Wider et al., 2009), cardiovascular diseases (Debette et al., 2015;
Rodriguez-Perez et al., 2016), and cancer (Solimini et al., 2013). Experiments with rodents have
shown that Phactr proteins are abundantly expressed in the rat brain (Allen et al., 2004). They also
seem to have distinctive expression patterns. Phactr1 is highly expressed in cerebral cortex,
hippocampus and piriform cortex, whereas Phactr2, in contrast, is highly expressed in cerebellum,
choroid plexus and thalamus. Moreover, Phactr3 is diffusely expressed throughout the brain and
Phactr4 highly expresses in periventricular regions, cerebellum and hippocampus. Also, distinctive
expression patterns of Phactr proteins have been observed in the developing nervous system of
mice, implying they would be required in different developmental stages (Kim et al., 2012). Indeed,
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Phactr3 seems to have critical role in neuronal development as it is linked to modulation of
neuroplasticity (Farghaian et al., 2011) and Phact4 is required for neural tube closure and enteric
neural cell migration (Kim et al., 2007; Zhang et al., 2012).
The actin-binding RPEL repeats in Phactr proteins are similar as in MRTFs (illustrated in Figure
5) (Allen et al., 2004) and as expected, also Phactr proteins have been linked to multiple actindependent processes. Indeed, overexpression of GFP-Phactr proteins seems to modify the shape of
the cells and induce formation of hair-like cytoplasmic extensions of varying lengths (Favot et al.,
2005a). Enhanced Phactr1 expression appears to lead to actin cytoskeleton rearrangements, which
are needed for breast cancer cell migration (Fils-Aime et al., 2013). Phacrt1 is also linked to
angiogenesis as depletion of Phactr1 disturbs blood vessel formation by disrupting actin
polymerization. Furthermore, defects in actin polymerization caused by Phactr1 depletion altered
lamellipodial dynamics (Allain et al., 2012). Also, Phactr3 can modulate actin cytoskeleton as it was
shown to enhance cell spreading and motility of Hela cells (Sagara et al., 2009) and to inhibit axon
elongation of rat cortical neurons (Farghaian et al., 2011), which underlines its importance in
regulation of cell shape. Interestingly, sequence analysis have shown that Phactr proteins might
possess putative NLS near the RPEL repeats (Favot et al., 2005a), but their subcellular localization
in cells seems to vary as cell membrane, cytoplasmic and nuclear localizations have been reported
(Favot et al., 2005a; Sagara et al., 2003; Zhang and Niswander, 2012). In addition, membrane
binding domain (MBD) has been identified in the N-terminus of Phactr3 (Itoh et al., 2014), which
would explain localization to cell membranes. Unexpectedly, neither nucleo-cytoplasmic shuttling
properties of Phactr proteins nor the possible role of RPEL repeats in this process have been
thoroughly investigated.
Alongside the RPEL domain, Phactr proteins also have another functional domain, a protein
phosphatase 1 (PP1) binding tail, which allows them to regulate PP1 activity (Allen et al., 2004; Kim
et al., 2007; Sagara et al., 2003). PP1 is a ubiquitously expressed enzyme involved in a wide array
of physiological processes, including gene expression, regulation of actin cytoskeleton, muscle
contraction and neuronal development (reviewed in Rebelo et al., 2015). As Phactr proteins can
regulate PP1 activity, they may thus affect numerous functions mediated by PP1. The humpty
dumpty mouse mutant phenotype with failure to close the neural tube and optic fissure is caused
by a missense mutation in Phactr4, which specifically disrupts Phactr4 binding to PP1 (Kim et al.,
2007). Further experiments with this Phactr4 mutant (also called humdy mutant) have
demonstrated that the PP1-binding activity of Phactr4 is critical for directional migration of enteric
neural cells. In this case the defects in cell migration were related to abnormal phosphorylation of
cofilin (Zhang et al., 2012).
Intriguingly, in Phactr proteins, both RPEL domain and PP1-binding tail are located near each
other in the C-terminus (Allen et al., 2004) and in Phactr3 the last RPEL repeat and PP1 domain
even overlap (Sagara et al., 2003). This might suggest an interplay between actin and PP1 binding,
which has however not been studied yet.

Figure 4. Different functional domains of Phactr proteins. Phactr proteins have N-terminal MBD
(membrane-binding domain) which mediates protein localization to the plasma membrane. They have three
conserved RPEL repeats localized in their C-terminus next to the PP1 (protein phosphatase 1 binding tail),
which is required for PP1 activation (adapted from Allen et al., 2004).
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1.6.1.3. Actin-mediated gene activation outside MRTF-A/SRF pathway
In agreement with previous publications, gene expression profiling studies on cells overexpressing
nuclear actin revealed down-regulation of numerous genes associated with cell adhesion and
motility, most of which were regulated via MRTF-A/SRF-pathway (Sharili et al., 2016). However,
several genes were significantly up-regulated by nuclear actin. These findings indicate that nuclear
actin can regulate gene expression also by other pathways independent of MRTF-A/SRF. Indeed,
in mesenchymal stem cells actin accumulation inside the nucleus induces the transcriptional
activation of Runt-related transcription factor 2 (RUNX2) mediated osteogenic genes OSX and
BGLAP, leading to osteogenesis. Normally, Yes-associated protein (YAP) binding inhibits RUNX2.
However, nuclear accumulation of actin induces nuclear export of YAP, which results in the release
of RUNX2 from its repressive interaction with YAP (Sen et al., 2015). Also, polymerized actin in the
nucleus has been shown to regulate the expression of specific genes. For example, actin oligomers
can activate toll-like receptor (TLR) response genes by removing gene silencing complexes from
chromatin. Apparently, when coronin 2A, a subunit of nuclear receptor co-repressor complex
(NCoR), interacts with actin polymers, NCoR turnover can be induced by TLRs (Huang et al., 2011).
Actin polymerization also activates retinoic acid (RA) induced HoxB expression. Importantly, ChIP
assays implied that recruitment of actin, actin polymerization factor N-WASP and elongating Pol
II to the HoxB enhancer region was dependent on actin polymerization (Ferrai et al., 2009). These
results suggest that actin also has an important role in gene activation by recruiting active
transcription machineries. Moreover, actin polymerization seems to be required for transcriptional
reactivation of the pluripotency gene Oct4 (Miyamoto et al., 2011; Yamazaki et al., 2015). Further
studies with different actin polymerization regulators identified transducter of Cdc42-dependent
actin assembly 1 (TOCA1), as a mediator of Oct4 reactivation in Xenopus laevis nuclear transfer
system (Miyamoto et al., 2011). All of these findings imply that actin can regulate gene activation
in multiple ways independent of MRTF-A/SRF-pathway.
Also actin dynamics in the cytoplasm can affect transcription factors other than MRTF-A. Indeed,
Presequence Protease 2 (PREP2) (Haller et al., 2004) and Yin-Yang 1 (YY1) (Favot et al., 2005b)
are transcription factors, which are bound to actin filaments in the cytoplasm and depolymerization
of actin filaments releases them to the nucleus to activate transcription. In addition, the growth
regulating Hippo-pathway is modulated by actin dynamics (reviewed in Seo and Kim, 2018) and
recent findings imply that Hippo- and SRF-pathways interact indirectly through their ability to
control cytoskeletal dynamics (Foster et al., 2017). These findings indicate that actin can control
gene expression by regulating the transcription factor localization and activity, both in the
cytoplasm and in the nucleus (Illustrated in Figure 5).
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Figure 5. Actin in gene activation. Actin may affect gene activation through several mechanisms. 1. Actin
dynamics in the cytoplasm control subcellular localization of different transcription factors. Low amount of
actin monomers promote MRTF-A to accumulate inside the nucleus (a) whereas PREP2 and YY1 associate
with actin filaments and are released to nucleus upon filament depolymerization (b) 2. Nuclear actin
polymerization by mDia1/2 releases MRTF-A from the actin monomer to activate SRF and allows expression
of SRF targeted genes. 3. Expression of Toll-like receptor (TLR) responsive genes requires NCoR repressor
complex clearance from the promoter. Actin oligomers bind to the NCoR subunit Coronin2A (Coro2A) and
prevent liver X receptor (LXR) from blocking NCoR turnover. 4. Actin accumulation inside the nucleus
activates RUNX2-mediated osteogenic genes. Increased nuclear actin levels induce nuclear export of YAP,
which normally inhibits RUNX2, leading to RUNX2 activation. How actin associates with YAP to induce its
nuclear export has not yet identified and thus marked with question mark (adapted from Viita and
Vartiainen, 2017).
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1.6.2. Actin in chromatin remodeling complexes
Dynamic changes in the chromatin structure are necessary for the regulation of gene expression
and chromosome function. Chromatin remodeling and PTMs of histones carried out by dedicated
protein complexes affect DNA accessibility, which is critical in such processes as transcription,
DNA replication and repair. Therefore, modulation of chromatin structure by these complexes
control the activation and repression of gene expression at given regions on the chromosome. Actin
has been linked to both ATP-dependent chromatin-remodeling complexes, which alter the density
and spacing of nucleosomes, and to histone acetyltransferases (HATs), which covalently modify
histones to ensure efficient transcription of active genes (reviewed in Clapier et al., 2017; Steunou
et al., 2014). Also, nuclear actin has been linked to histone deacetylases (HDACs) 1 and 2
(Serebryannyy et al., 2016a), which implies a wide role for actin in regulation of histone
modifications.
In mammals actin seems to have an important role as a subunit of Brg associated factor (BAF)
complex (Zhao et al., 1998) and the inositol-requiring 80 complex (INO80) (Knoll et al., 2018).
ATPase complex composition studies in mammals have also identified actin in two other ATPase
complexes: Tat interactive protein 60 (TIP60) (Ikura et al., 2000) and snf2-related CREBBP
activator protein (SRCAP) (Cai et al., 2005). In yeast, actin has been shown to be a part of
INO80 (Shen et al., 2000), nucleosomal acetyltransferase of histone 4 (NuA4) (Galarneau et al.,
2000) as well as SWR1 (Cao et al., 2016; Mizuguchi et al., 2004). In these complexes, actin seems
to cooperate with actin-related proteins (Arps), which have the same basic fold as actin. Six Arps
(Arp4-Arp9) out of ten localize mainly to the nucleus, where they appear to be essential components of different chromatin remodeling complexes (reviewed in Klages-Mundt et al., 2018).
Most ATPases of these remodeling complexes have a helicase/SAINT-associated (HSA) domain,
which seems to act as a binding platform for actin-Arp and Arp-Arp modules (Szerlong et al.,
2008). Although the exact function of actin in some of these complexes is still unknown, in
BAF actin directly binds the ATPase, Brahma-related gene 1 (BRG1), and together with Arp4 promotes its ATPase activity (Zhao et al., 1998), as treatment with latrunculin, an actin monomer-sequestering drug (Coue et al., 1987), abrogates BAF’s DNA-dependent ATPase activity. Further
studies with BAF complex have implied that actin and Arp4 form a heterodimer, which is needed
for stabilizing the structural integrity of the BAF complex (Nishimoto et al., 2012). Structural
work on actin and SWR1 HSA domain has shown that actin would be in its monomeric form in
the SWR1 complex. Crystal structures showed that the HSA domain together with Arp4 sequester
the barbed end of actin, and thus prevent actin polymerization in this complex. It also seemed
that the SWR1 HSA domain and Arp4-bound actin would adopt a twisted conformation, which
prevents actin from binding to ATP (Cao et al., 2016). Furthermore, Knoll and colleagues generated an Arp4-actin heterodimer recognizing nanobody (NactNB), and by using this probe in
affinity purification followed by MS, the authors were able to identify all yeast ATPase complexes
(INO80, NuA4 and SWR1), which have been earlier associated with this heterodimer. This
suggested that NactNB can bind to endogenous Arp4-actin heterodimer. Moreover, the
NactNB could recognize ATP-bound actin, which indicates that in native environment actin
can be in ATP-bound state when it forms the heterodimer with Arp4 (Knoll et al., 2018).
Within the INO80 chromatin remodeler, actin and two Arps (Arp4 and Arp8) form a stable
subcomplex when bound to the HSA domain of the INO80 ATPase (Szerlong et al., 2008).
Biochemical assays with this subcomplex showed that Arp4 preferentially binds monomeric ADPactin via the barbed end. Arp4 binding to actin monomers inhibits actin polymerization and Arp4,
assisted by Arp8, can also depolymerize actin filaments (Fenn et al., 2011). Studies in yeast showed
that removal of Arp8 from INO80 complex results in the loss of actin and Arp4, which supports the
idea that Arp8 recruits actin and Arp4 to INO80 (Shen et al., 2003). The same group has also shown
that actin is monomeric in the INO80 complex and that actin seems to contribute to the chromatin20

binding capacity of this complex (Kapoor et al., 2013). Knoll and colleagues have reported a highresolution structure of mammalian Arp8, Arp4 and actin subcomplex (referred to as the Arp8module) together with partial INO80 HSA domain. This data confirms that actin-Arp4 heterodimer
is recruited by Arp8 and this heterodimer binds to the INO80 HSA domain with the barbed ends.
In addition, these three subunits form a sandwich-like structure, where actin is between Arp8 and
Arp4. Functionally, this module is involved in the recognition of extranucleosomal linker DNA
(Knoll et al., 2018).
Notably, also ABPs have been shown to influence the activity of chromatin remodeling complexes.
WASH, which is an activator of Arp2/3 complex (see chapter 3.1), associates with the nucleosome
remodeling factor (NURF) complex and assists its interaction with the c-Myc gene promoter.
Importantly, c-Myc-mediated induction of differentiation in hematopoietic cells depends on actin
nucleating ability of the VCA-domain of WASH (Verboon et al., 2015).

1.6.3. Actin in RNA polymerase transcription
Transcription is a tightly regulated complex process in which DNA serves as template in the
synthesis of RNA molecules mediated by three different RNA polymerases (Pols). These multisubunit complexes resemble each other, but have different functions in the cells. Pol I is responsible
for synthesis of the ribosomal RNA (rRNA) in the nucleolus, whereas Pol II transcribes messenger
RNA (mRNA), small non-coding RNA (snRNA) and micro RNA (miRNA). Pol III, on the other
hand, produces transfer RNA (tRNA) and small RNA (reviewed in Vannini and Cramer, 2012).
Biochemical studies have shown that actin co-purifies with all three RNA polymerases: Pol I
(Fomproix and Percipalle, 2004), Pol II (Egly et al., 1984; Smith et al., 1979) and Pol III (Hu et al.,
2004). This could indicate that actin may influence the transcription of all different RNAs. Indeed,
actin antibodies have been shown to inhibit Pol I transcription and here actin seems to work
together with nuclear myosin 1 (Myo1C, NM1) (Philimonenko et al., 2004). In support of this, Pol
I recruitment to genes seems to be dependent on polymerized actin and NM1 motor activity (Ye et
al., 2008). Further experiments with NM1 mutants, which were incapable of binding actin, showed
that actin interaction with NM1 is necessary for Pol I transcription activation (Sarshad et al., 2013).
In addition, experiments with β-actin knockout cells have shown that actin mutants with
polymerization defects cannot rescue impaired rRNA synthesis, which suggests that
polymerization-competent form of actin is needed for efficient Pol I transcription (Almuzzaini et
al., 2016). These results support the hypothesis that actin and NM1 induce Pol I-mediated
transcription in an actomyosin-based mechanism. Activation of Pol I can be mediated by chromatin
remodeling complex B-WICH, which consists of William Syndrome Transcription Factor (WSTF),
SNF2h and NM1. Because NM1 interacts with B-WICH via SNF2h and this interaction prevents
NM1 association with actin, it has been speculated that NM1 would be moving between B-WICH
and actin-bound Pol I complexes and in this way regulate the different functions of Pol I (Percipalle
et al., 2006; Sarshad et al., 2013). Also, regulation of NM1 activity by glycogen synthase kinase 3
beta (GSK3b) phosphorylation seems to be especially important to activate rDNA transcription
after mitosis (Sarshad et al., 2014). In addition, many other myosins have been demonstrated to
localize in the nucleus (see Table 1), but most of the studies have focused on NM1.
Pol II was the first RNA polymerase whose activity was shown to be affected by actin (Egly et al.,
1984; Smith et al., 1979). Since Pol II mediates transcription of protein coding genes, the molecular
mechanisms behind this phenomenon have been extensively studied. The transcription by Pol II
can be roughly divided into four different steps; pre-initiation, initiation, elongation and
termination (reviewed in Shandilya and Roberts, 2012). Nuclear actin levels, especially availability
of nuclear actin monomers, have been shown to be an important factor in Pol II transcription as
alterations in nuclear actin levels (Dopie et al., 2012), formation of stable nuclear actin filaments
(Serebryannyy et al., 2016b) as well as decreased nuclear actin amounts upon mechanical stimuli
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(Le et al., 2016) inhibit transcription activity. The wide role of actin in Pol II-mediated transcription
is supported by a genome-wide analysis done in Drosophila melanogaster ovaries showing that
actin interacts with essentially all transcribed genes (Sokolova et al., 2018). Actin could be found
before the transcription start sites (TSS) on most genes, which indicates that actin could be required
for the transcription pre-initiation. However, actin was also detected on the gene bodies of highly
expressed genes together with Pol II. These findings indicate that actin seems to be involved in
several steps of Pol II-mediated transcription. Indeed, earlier publications support the fact that
actin would be part of pre-initiation as Hofmann and colleagues showed that actin is recruited to
specific class II gene promoter regions and has a function during the assembly of the pre-initiation
complex (PIC). Also, actin antibodies were shown to inhibit formation of nascent RNA transcripts
by Pol II (Hofmann et al., 2004). After formation of the PIC cells have different regulatory
mechanisms, which determine if transcription proceeds to active elongation or abortive initiation.
Pol II has a carboxyl terminal domain (CTD), which contains numerous heptapeptide repeats
consisting of Tyrosine-Serine-Proline-Threonine-Serine-Proline-Serine residues. CTD can bear
different PTMs such as glycosylation, peptidyl-propyl isomerization and phosphorylation. These
modifications recruit different protein complexes, which then regulate Pol II transcription.
Phosphorylation of CTD recruits factors that promote elongation, mRNA splicing and export
(reviewed in Shandilya and Roberts, 2012). Positive elongation factor b (pTEFb) phosphorylates
serine 2 and releases Pol II from the paused state. Subunit of pTEFb, cyclin-dependent kinase 9
(CDK9), interacts with actin monomers and this interaction seems to enhance the pTEFb activity
on Pol II (Qi et al., 2011). This indicates that actin could control transcription elongation by
affecting CTD phosphorylation. Notably, also various ABPs have been linked to Pol II functions.
For example, fractionation experiments have hinted that actin monomer-binding protein cofilin,
actin and Pol II associate with each other in the nucleus. These three proteins were shown to occupy
promoter-related exons of the active EP300 gene. The gene occupancy could be diminished with
drugs that affect actin polymerization and by cofilin depletion (Obrdlik and Percipalle, 2011). Also,
actin filament-binding proteins like Arp2/3 and its coactivator N-WASP seem to interact with Pol
II and promote transcription of class II genes (Wu et al., 2006; Yoo et al., 2007). Furthermore,
Miyamoto and colleagues have presented a completely new functin for nucleation promotion factor
WAVE1, which is independent of its actin-binding ability. Apparently, in the nucleus WAVE1 uses
its WHD domain, which in the cytoplasm binds to actin, to bind active transcription components
and thus can promote Pol II in transcription. WAVE1 is also required for efficient transcriptional
reprogramming of oocyte transplanted nuclei (Miyamoto et al., 2013).
During Pol II elongation the transcribed mRNA will immediately be in contact with different
proteins, which regulate its maturation and transport. One set of such proteins are heterogeneous
nuclear ribonucleoproteins (hnRNPs). Various kinds of hnRNPs are present in metazoans and they
have multiple functions from chromatin remodeling to splicing and packaging the mRNA (reviewed
in Geuens et al., 2016). The first clue that actin could be in complexes with hnRNPs was a study
done in Chironomus tentans, where actin was found to bind Hrp36 (Percipalle et al., 2001).
Recognition of this possible interaction led to series of DNAse I pull down assays with nuclear RNP
preparations to screen novel complexes, which would involve hnRNPs and actin. These studies
identified Chironomus tentans hrp65–2, whose mammalian homolog is polypyrimidine-tractbinding-protein-associated splicing factor–non-Pou-domain octamer-binding protein/p54nrb
(PSF-NonO), and hnRNPU as proteins associated with actin and having an important role in Pol II
elongation (Kukalev et al., 2005; Percipalle et al., 2003; Percipalle et al., 2002). Further studies
with truncated hnRNPU protein and peptides concluded that hnRNPU possesses a specific Cterminal motif, which associates with actin. This motif was conserved in both insects and mammals
(Kukalev et al., 2005). In mammals, the interaction between hnRNPU and actin recruits a
p300/CBP associated factor (PCAF). Because the abrogation of the actin-hnRNPU interaction
resulted in the loss of HAT activity and inhibition of Pol II transcription, Obrdlik and colleagues
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suggested that the interaction between actin and hnRNPU recruits PCAF, which then leads to
acetylation of histone H3 lysine 9 (H3K9) along the gene (Obrdlik et al., 2008). Therefore, actin
seems to facilitate Pol II elongation through binding to nascent pre-mRNA complexes.
Interestingly, actin stays incorporated in mature RNPs all the way from the nucleus to the cytosol
(Percipalle et al., 2001), which suggests that actin might be involved also in other pre-mRNArelated processes like mRNA splicing and mRNA transport. However, the role of actin in these
processes has not been further investigated. In addition, actin monomer-binding protein profilin
has been found inside the nuclear speckles and partly co-localizes with small nuclear RNP (snRNP)
proteins (Skare et al., 2003). This could suggest that profilin might be involved in pre-mRNA
processing alongside with actin.
Finally, actin has also been associated with Pol III and depletion of actin from the Pol III
preparation inhibited transcription of the U6 snRNA gene. Actin was found to interact with
RPABC2 and RPABC3, which are subunits of Pol III. Because these subunits are found in all three
Pols, this study suggested that actin might interact with the Pols through these proteins (Hu et al.,
2004). Even though the involvement of actin in Pol III transcription is still quite poorly understood,
B-WICH complex has been found to associate with specific genes that are transcribed by Pol III
(Cavellan et al., 2006). As B-WICH has been shown to be enriched also in a subset of Pol II
promoter regions (Almuzzaini et al., 2015), this suggests that B-WICH could be involved with all
Pol-actin functions.
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Figure 6. Actin in gene regulation. Actin has been linked to various steps of gene expression 1. Actin
regulates phosphorylation status of Pol II CTD by interacting with pTEFb subunit CDK9. 2. Actin and
different ABPs, such as Arp2/3 complex, N-WASP and WAVE1, have been linked to RNA polymerase (Pol)
function. 3. Actin is a subunit of different chromatin remodeling complexes such as BAF/pBAF and INO80.
Actin works together with ARPs in these complexes. 4. Actin interacts with several hnRNPs and this
interaction may be required for linking pre-mRNA processing to chromatin remodeling, and thus to
maintenance of an active chromatin state. 5. Actin might function together with myosins, most notable
nuclear myosin 1c (NM1) in both RNA polymerase and chromatin remodeling-related functions (adapted
from Viita and Vartiainen, 2017).
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1.7. Actin in maintenance of genomic integrity
Maintenance of genomic integrity is crucial for cell survival. Genomic instability is most often
caused by abnormal DNA replication, uncoordinated cell division or DNA damage. These defects
can lead to chromosomal aberrations and gene mutations, which alter the cellular homeostasis.
Cells can tolerate small genomic alterations, but massive changes usually lead to disabilities or cell
death. Therefore, cells have adapted in different ways to cope with these genome changes. There
are three highly conserved cellular pathways, which are responsible of maintaining the genomic
integrity: DNA damage repair, coordinated DNA replication and chromosome segregation
(reviewed in Papamichos-Chronakis and Peterson, 2013). Recent publications have linked actin to
DNA replication (Parisis et al., 2017), chromatin reorganization after mitotic exit (Baarlink et al.,
2017) and DNA damage response (Andrin et al., 2012; Belin et al., 2015; Caridi et al., 2018; Schrank
et al., 2018; Wang et al., 2017). These findings indicate that nuclear actin has an important role in
stabilizing the genomic DNA.

1.7.1. Nuclear actin in cell cycle
During cell cycle, first the essential cellular components are doubled and then precisely separated
into dividing daughter cells. The cell cycle can be divided into different phases, which are G1-, S-,
G2- and M-phase. DNA replication occurs in the S-phase of cell cycle, whereas the replicated
chromosomes segregate into the daughter cells in the M-phase. The two Gap phases (G1 and G2)
between S-phase and mitosis are active periods, where cells regulate their growth and proliferation,
organize the replicated genome as well as prepare for chromosome segregation (reviewed in
Barnum and O'Connell, 2014).
Recently the nAC probe has been used to show that nuclear actin polymerization seems to drive
nuclear expansion and chromatin decondensation after mitotic exit in the early G1-phase of the cell
cycle (Baarlink et al., 2017). Intriguingly, chromatin decondensation is not only a simple reversal
of events leading to chromatin condensation, but an energy-dependent active process as the mitotic
exit requires both inactivation of the mitotic kinases and the reversal of mitotic phosphorylation
(reviewed in Antonin and Neumann, 2016). However, the molecular mechanisms behind
chromatin decondensation are poorly understood. Baarlink and colleagues described formation of
dynamic actin filament structures in the newly formed nuclei at mitotic exit and early G1-phase of
the cell cycle (Baarlink et al., 2017). Exactly at this point chromatin starts to decondense and the
nuclei of the daughter cells expand. Moreover, inhibition of actin filament formation by
overexpressing Exp6, the nuclear export receptor for actin (Stuven et al., 2003) or nuclear R62Dactin, an actin mutant that cannot polymerize (Posern et al., 2002), led to defects in both chromatin
decondensation and nuclear expansion. Quite unexpectedly, Baarlink and colleagues did not find
any role for formins in nuclear actin filament formation in early G1. However, it seems that cofilin
can regulate the dynamics of these actin filaments as depletion of cofilin led to smaller nuclei and
impaired chromatin reorganization (Baarlink et al., 2017).
Concurrently, another group identified multiple actin polymerization-related proteins in their MS
screen, which was used to screen for novel DNA replication-associated proteins in transcriptionally
silent Xenopus laevis egg extracts (XEE) (Parisis et al., 2017). This indicated that actin
polymerization might be linked to DNA replication. Indeed, further experiments with XEE model
system and somatic mammalian cells proved that actin dynamics are needed for efficient DNA
replication. The authors were also able to show similar actin filaments in early G1 and demonstrate
that the disassembly of the filaments was required for entering the S-phase, which implies the
regulation of nuclear actin dynamics rather than actin polymerization as such are needed for
efficient cell division. Parisis and colleagues suggested that nuclear actin polymerization in early
G1 phase could be formin-mediated as different formins came up in their MS screen and usage of
SMIFH2, which is a formin inhibitor (Rizvi et al., 2009), stalled cells from entering S-phase as well
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as inhibited DNA replication in XEE (Parisis et al., 2017). Further experiments revealed that
induction of endogenous formin activity with GFP-labelled nuclear mDia2 diaphanous
autoregulatory domain (nuc-DAD) lengthened the S-phase in cells. Elongated S-phase can be a sign
of impaired progression of DNA replication and the authors were able to show arrested
proliferating cell nuclear antigen (PCNA) foci as well as increased DNA damage in cells, which were
in S-phase and expressed nuc-DAD. Moreover, formin inhibition with SMIFH2 in the XEE
prevented loading of CDK2 and PCNA to chromatin. These results indicate that nuclear actin
dynamics and alterations in nuclear formin activity disturb progression of S-phase by inhibiting
DNA replication pre-initiation complex formation. In addition, this study demonstrated that
inhibition of nuclear actin filament formation by cytochalasin D (CytD) or inhibition of formins
caused aberrations in the formation of NPCs in XEE. As nuclear transport of different proteins is
dependent on NPC formation and function, further experiments with XEE showed that disturbance
of filament formation lead to decreased import of NLS-bearing cargo. However, in mammalian cells
inhibition of formins but not CytD treatment led to decreased nuclear translocation of NF κB,
which indicated that in mammalian cells general nuclear transport is sensitive to reduction in
formin activity but perhaps not to actin polymerization. Apparently impaired filament formation
increase binding of actin to RanGTP and in this way prevent cargo release from importin. However,
further studies are needed to elucidate molecular details behind this interaction and role of nuclear
actin in the nuclear transport.
In light of these findings, we can conclude that nuclear actin dynamics are essential to organize the
nucleus at mitotic exit and in DNA replication. Further experiments are still needed to clarify the
regulatory aspects of nuclear actin dynamics in different cell cycle phases, for example, can
different ABPs along formins regulate the filament formation upon early G1-phase? It is also
interesting to speculate can formins independently regulate DNA replication in S-phase or is their
role restricted to possible regulation of nuclear actin dynamics.

1.7.2. Actin in DNA damage response
DNA is continuously damaged by countless endogenous and environmental mutagens, and
therefore cells require efficient DNA repair pathways to avoid harmful mutations that may
eventually lead to genomic instability and cancer. Numerous DNA repair mechanisms have evolved
to deal with the wide array of damage commonly induced throughout the genome. Two major
pathways of DNA double stranded break (DSB) repair are non-homologous end-joining (NHEJ)
and homologous recombination (HR). HR requires a region of DNA sequence homology on the
sister chromatid to act as a template to repair the damaged DNA site and is therefore restricted to
late S- and G2-phase of the cell cycle. The NHEJ-pathway is active throughout the cell cycle and
although it is a more error prone mechanism of DNA repair, it is preferred over allowing the
persistence of the damaged DNA (reviewed in O'Connor, 2015).
First evidence regarding nuclear actin involvement in DNA damage repair came from Andrin and
colleagues who showed that different DNA damage response-related proteins MRE11, RAD51 and
KU80 seem to associate with polymeric actin in vitro (Andrin et al., 2012). Experiments with
purified proteins revealed that actin binds directly to the heterodimer KU70-KU80, which links
polymeric actin to NHEJ-mediated DNA repair. Further experiments with nuclear nonpolymerizable actin mutant (G13R-actin) and actin filament depolymerizing drugs revealed that
indeed, nuclear actin polymerization is necessary for DNA damage repair. Actual nuclear actin
filaments upon DNA damage were first time visualized by Belin and colleagues, who showed that
FMN2 together with spire1/2 polymerize nuclear actin upon DNA damage and that the filament
formation promotes the clearance of DSB (Belin et al., 2015). Indeed, diminished nuclear actin
amounts caused by Ipo9 depletion increased the amount of DSBs in cells and this phenotype could
be rescued with nuclear WT actin but not with non-polymerizable actin mutant (NLS-R62D-actin).
The actin filaments upon DNA damage were detected with three different nuclear actin probes,
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Utr230-EN, NLS-Lifeact and NLS-F-tractin. However, the Utr230-EN expressing cells had a
highest fraction of cells, which contained DNA damage-induced nuclear actin filaments when
compared to cells expressing NLS-Lifeact or NLS-F-tractin. This is most probably due to the higher
fluorescence baseline of NLS-Lifeact and NLS-F-tractin in the nucleus, which can obscure dynamic
actin filaments (Belin et al., 2014). Recently, nuclear actin polymerization has also been linked to
recruitment of DNA damage response factor Ataxia telangiectasia and Rad3-related protein (ATR)
to the sites of damaged DNA (Wang et al., 2017). This study revealed that rapid accumulation of
phosphoinositides to the DNA damage sites attracts ATR and this recruitment is dependent on
kinase activity of inositol polyphosphate multikinase (IPMK). Interestingly, actin polymerization
inside the nucleus was needed for efficient ATR recruitment as dose-dependent latrunculin
treatment suppressed recruitment of endogenous ATR as well as nuclear actin filament formation
on the DNA damage sites.
FMN2 has also been linked to movement of DSBs as depletion of FMN2 decreased DSB clustering
in experiments, which were done with mammalian DIvA (DSB inducible via AsiSI) cells (Aymard
et al., 2017). In these cells, the DSBs located in the euchromatin can be specifically induced by 4
hydroxytamoxifen (4OHT) treatment (Aymard et al., 2014) and these cells have been used to study
the movement and clustering of DSBs (Aymard et al., 2017). Recently, the DIvA cells were used to
show that Arp2/3 together with WASP, can induce nuclear actin polymerization, which is needed
for DSB movement (Schrank et al., 2018). Although WASP seems to bind DSBs independently of
the repair pathway, Arp2/3 can only bind DSB which are undergoing HR-mediated DNA repair.
This suggests that WASP promotes Arp2/3-mediated actin filament formation specifically during
HR. Also, inhibition of Arp2/3 complex in G2 but not in G1 cells substantially slowed the repair
kinetics of DSB sites, which further supports that Arp2/3 would have role in the HR- but not in the
NHEJ-mediated DNA repair. In mammalian cells the DSB movement seems to be undirected
(Schrank et al., 2018), however a concurrent study done in Drosophila melanogaster showed that
in flies the heterochromatin DBS repair foci were directed along Arp2/3-nucleated actin filaments
to the nuclear periphery (Caridi et al., 2018). Indeed, in fly cells, depletion of Arp2/3 resulted in
heterochromatic DSB re-localization defects. Arp2/3 seemed to be activated via SCAR and WASH
as simultaneous depletion of these factors caused similar defects as depletion of Arp2/3 alone.
However, depletion of either SCAR or WASH alone led to milder re-localization defects, which
suggest that these factors independently activate the Arp2/3-pathway. Arp2/3 drives nuclear actin
polymerization as actin filaments could be detected at the damaged DNA sites. Also, actin
polymerization is needed for efficient re-localization of DSBs as overexpression of NLS-WT-actin
but not non-polymerizable actin mutant (NLS-R62D-actin) led to normally localizing
heterochromatin DSBs. In this experiment, the authors had diminished endogenous nuclear actin
amounts by depleting Ipo9, which determined that only overexpression of the NLS-actin constructs
affected the re-localization of DSBs. Further experiments revealed that myosin I, myosin V and
myosin stabilizing protein UNC45 were needed for the actual movement of the damaged DNA sites
to the nuclear periphery. This suggested that myosins move the DSBs to the periphery by walking
along the actin filaments similarly as they move different cargo in the cytoplasm. Interestingly,
disturbed re-localization of DSBs impair the heterochromatin repair and thus nuclear actin
polymerization together with myosins can promote the heterochromatin integrity.
Based on these studies it is evident that nuclear actin filaments are needed in DNA damage repair,
but further investigations are needed to reveal the underlying molecular mechanisms of nuclear
actin polymerization between different DNA repair pathways, specific chromatin contexts,
individual cell types and DNA-damaging agents.

1.7.3. Actin in intranuclear movements
In addition to movement of DSBs, actin has been suggested to be involved in movement of different
nuclear particles. For example, nuclear actin filaments promote both capsid movement to the
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nuclear periphery and nuclear egress of certain viruses such as the herpesvirus HCMV (human
cytomegalovirus) (Wilkie et al., 2016) and the baculovirus AcMNPV (Autographa californica
multiple nucleopolyhedrovirus) (Ohkawa and Welch, 2018). The AcMNPV virus also induces
nuclear translocation of actin (Gandhi et al., 2012) and actin nucleator Arp2/3 complex (Goley et
al., 2006), which drives the nuclear actin filament formation required for efficient viral infection in
insect cells. In addition, nuclear actin polymerization has been linked to movement of HIV-1
proviruses away from the PML bodies, which is necessary for their efficient activation (Lusic et al.,
2013). These results indicate that different viruses rely on actin-based intranuclear movement,
which allows them to remodel the cell nucleus to facilitate the infection.
Actin together with myosins has been linked to long-range chromosomal movement of
chromosomal loci, since expression of non-polymerizable actin (G13R-actin) or treatment with
butanedione monoxime (BDM), which is a myosin inhibitor, could block or delay viral protein VP16
transcription activation domain induced repositioning towards the nuclear interior (Chuang et al.,
2006). The same group has also shown that actin-dependent movement of HSP70 (heat shock
protein 70) transgene towards the nuclear speckles has functional consequences on transcriptional
activation, which suggest that this movement might be important in optimizing the cellular
response to heat shock (Khanna et al., 2014). There is also evidence, that polymerized actin is
involved in movement of U2 snRNA genes near to rather immobile Cajal bodies as the repositioning
could be disturbed by overexpression of non-polymerizable actin mutant (G13R-actin) (Dundr et
al., 2007). Actin and myosin have also been suggested to mediate movement of whole
chromosomes, since rapid repositioning of chromosome territories upon serum starvation is
dependent on the function of both actin and NM1 (Mehta et al., 2010). Overall, actin seems to have
an important role in intranuclear transport of genes and nuclear bodies. However, it is not clear
how actin is connected to the moving chromatin. Therefore, structural and mechanistic studies are
still needed to illustrate how actin can move these elements.
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2. Aims of the study
The aim of this thesis project is to identify and characterize nuclear ABPs, and thereby understand
how actin is involved in different nuclear processes. Because actin has been linked to crucial gene
expression tasks in the nucleus, this study will therefore provide vital insights into basic biological
processes required in the cell. The specific aims of this thesis included:
1. Identify novel nuclear actin-binding partners and characterize identified interactions in
molecular detail
2. Study, if all actin-binding RPEL domain proteins interact with nuclear actin
In addition, one key element in this study was to set up recombinant protein expression systems to
produce materials to study protein-protein interactions.
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3. Materials and Methods
Methods I have personally used in this study are listed below (table 2). Details of the used methods
can be found in the publication marked with roman numerals I-III
Table 2. Methods used in this study
Method

Publication

Recombinant protein expression in insect cells

I, III

Recombinant protein expression in bacteria

II, III

Rabbit skeletal muscle actin purification

I, II, III

Mammalian cell culture and transfection

I, II

GST pull down assay

I, II

Bimolecular fluorescence complementation (BIFC) assay
Plasmid construction

I
I, II, III

Co-immunoprecipitation assay

I

Splicing assay

I

Fluorescence microscopy

I

Affinity purification mass spectrometry (AP-MS)

I

Proximity dependent biotin identification MS (BioID)

I

HAT assay

I

Protein phosphatase activity assay

II
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4. Results and Discussion
4.1. Identification and characterization of novel interaction partners for
nuclear actin
Actin has been shown to have multiple functions inside the nucleus. For example, it has been linked
to different steps of gene expression from gene activation to processing of the mRNA. However, the
lack of well-characterized nuclear actin interactors has made it difficult to unravel the molecular
mechanisms behind these processes.

4.1.1. Two different mass spectrometry (MS) methods to obtain an
extensive view of nuclear actin interacting proteins (I)
To identify possible interaction partners for actin in the nucleus, we decided to use two
complementary MS based techniques: Twin-Strep-tag fused with hemagglutinin (HA-Strep) based
affinity purification (AP) MS (Varjosalo et al., 2013) and proximity-dependent biotin identification
MS (BioID) (Roux et al., 2012) (I, Figure 1A). These techniques complement each other, because
AP-MS aims to catch stable, complete protein complexes in mild lysis conditions, while
biotinylation of near neighbors of bait protein in BioID allows us to detect also transient
interactions. In addition, as biotinylation is a covalent modification, we were able to use harsher
lysis conditions in BioID than in AP-MS to break down chromatin structures. The essential role of
actin in the cytoplasm as well as low amounts of actin in the nucleus makes it hard to distinguish
nuclear actin interactions from the abundant cytoplasmic ones. To overcome these difficulties, we
added NLS to actin and to enrich actin in the nucleus (I, Supplementary Figure 1A,B). As a control,
besides of the diffusively localizing GFP (I, Supplementary Figure 1C), we used wild type (WT)
actin, which enabled us to compare cytoplasmic and nuclear actin pools with our two MS
techniques (I, Supplementary Figure 1A,B). By these means, we were able to use total cell extracts
for the MS-analysis, as it is problematic to fractionate nuclear actin from cells because of large
cytoplasmic background. Also, spontaneous polymerization capacity of actin in physiological salt
conditions (Pardee and Spudich, 1982) might cause problems in fractionation as high-salt buffers
are commonly used to extract the nuclear proteins. Usage of total cell extracts allowed us to use less
starting material for the MS-analysis and diminished the MS sample preparation time, which helps
to keep the overall reproducibility rate high between biological replicates (Glatter et al., 2009).
Database for Annotation, Visualization and Integrated Discovery (DAVID) (Huang et al., 2009)
annotation analysis showed that addition of the NLS increased the amount of high-confidence
interactors (HCI) with GO term nucleus (GO: 0005634) in the nuclear actin interactomes (58 %
AP-MS-NLS-actin and 65 % in BioID-NLS-actin) compared to actin interactomes without NLS (38
% AP-MS-actin and 0 % BioID) (I, Figure 1B), demonstrating that we were able to obtain nuclear
actin HCIs by adding NLS to actin. We also used non-polymerizable actin mutant (R62D-actin)
(Posern et al., 2002) to study if polymerization status of actin could affect its nuclear binding
partners (I, Supplementary Figure 1 A,B). Unexpectedly, most NLS-actin and NLS-R62D-actin
HCIs were overlapping (I, Figure 1C), which indicates that actin does not need the capacity to
polymerize to interact with the proteins detected in our experimental setup. These findings support
the hypothesis that actin would be monomeric in the nuclear complexes. Indeed, most of the known
actin interaction partners in the nucleus such as, MRTF-A (Vartiainen et al., 2007), pTEFb (Qi et
al., 2011), BRG1 (Zhao et al., 1998), and hnRNPU (Kukalev et al., 2005), seem to bind monomeric
actin. Furthermore, in chromatin remodeling complexes actin, as a monomer, seems to pair up
with Arp4 to bind the ATPase HSA domain (Cao et al., 2016; Szerlong et al., 2008). Also, the fact
that phalloidin stainable actin filament are only rarely seen in the nucleus supports the hypothesis
that actin is mostly monomeric in the nucleus and monomers alone might have distinctive
functions in the nucleus. Our data also further supports the hypothesis that the stable pool of actin
observed in FRAP assays (Dopie et al., 2012), could indeed be actin monomers incorporated to
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stable nuclear complexes. However, one reason for these results can be that nuclear actin filaments
are observed in quite specific situations such as upon DNA damage (Belin et al., 2015; Caridi et al.,
2018; Schrank et al., 2018; Wang et al., 2017) and in certain cell cycle phases (Baarlink et al., 2017;
Parisis et al., 2017). We have not addressed these situations in our experimental setup. It is
intriguing to speculate whether the differences between NLS-actin and NLS-R62D-actin
interactomes would have been more pronounced if we would have, for example, treated the samples
with ultraviolet (UV) radiation to increase DNA damage or synchronized cells to a certain cell cycle
stage. Because there were only minor differences between the two interactomes (I, Figure 1C), we
combined the actin and R62D-actin datasets during the analysis and thus obtained overall four
different actin interactomes: NLS-actin AP-MS, NLS-actin BioID, actin AP-MS and actin BioID (I,
Supplementary table 2). Interestingly, also the actin interactome obtained with AP-MS showed
several hits with GO term nucleus (38 % of all HCIs), and most of these hits overlapped with NLSactin interactome (I, Supplementary table 2). These hits were more pronounced in the nonpolymerizable actin mutant R62D-actin than in WT actin interactome (data not shown). This result
can be explained by the molecular properties of R62D-actin: first, it cannot be incorporated into
the actin cytoskeleton as tightly as WT actin (Posern et al., 2002) and second, it is more likely
imported into the nucleus, because it has higher nuclear import rate than WT actin (Dopie et al.,
2012). The shared HCIs from the actin AP-MS and the actin BioID were linked, as expected, to
regulation of actin cytoskeleton and actin polymerization (I, Supplementary Figure 2A,B).
Overall, the addition of NLS to actin affected the obtained actin interactome as we observed
different protein with NLS-actin when compared to WT actin. Therefore, our results indicate that
enrichment of nuclear actin pool and comparison of the different actin pools against each other,
allowed us to identify possible nuclear actin interactions partners.

4.1.2. Shared hits and unique hits from AP-MS strengthen the role of
actin in chromatin remodeling and modifying complexes (I)
Next, we compared the different interactomes obtained with the two methods. The NLS-actin APMS interactome had fewer HCIs than the BioID (I, Figure 2A), likely because BioID can also detect
transient interactions. Indeed, comparison of these two techniques with core histones H2B and H3
has shown similar size differences between BioID and AP-MS interactomes (Lambert et al., 2015).
Furthermore, a recent publication where proteins were tagged simultaneously with BirA*- and
Strep-tag (MAC-tag), show similar trend in interactome size depending on the used MS-technique
(AP-MS or BioID) (Liu et al., 2018). Most of the shared hits from the AP-MS and BioID (I, Figure
2B) include already established interactions of actin in chromatin remodeling complexes, including
BAF (Zhao et al., 1998) (ARP4, BRG1 and BAF170) and SRCAP/TIP60 (Cai et al., 2005; Ikura et
al., 2000) (ARP4, EP400, YEATS4, DMAP1). Three shared hits, KHSRP (Russo et al., 2011),
hnRNPF (Wang and Cambi, 2009), and SSB (Liang et al., 2013), seem to be involved in alternative
RNA splicing. In addition, the shared hits contained several subunits (KAT14, ZZZ3, MBIP,
YEATS2) of the human Ada-Two-A-containing (hATAC) complex, which is a novel actin-containing
chromatin modifying complex. hATAC complex is a histone acetyl transferase complex, which can
acetylate H3 and H4 in mammals (Guelman et al., 2009) and in fruit fly (Guelman et al., 2006;
Suganuma et al., 2008). Unique hits obtained only with AP-MS advocate the role of actin in
chromatin remodeling and modifying complexes as we were able to pull down further subunits
from the BAF (BAF155, BAF57 and BAF60b) (Euskirchen et al., 2012), SRCAP/TIP60 (RUVBL1/2,
TRRAP, BRD8, MRGBP and ING3) (Doyon et al., 2004) and hATAC (ADA2A) (I, Figure 2C)
complexes. Unpredictably, we were not able to obtain specific subunits from the INO80 complex
as HCIs, although the presence of actin in this complex has been clearly demonstrated in earlier
studies (Fenn et al., 2011; Kapoor et al., 2013; Knoll et al., 2018). Recent structural studies have
shown that actin is incorporated differently into the INO80 complex than to other chromatin
remodeling complexes. In INO80 actin forms a sandwich like structure together with Arp8 and
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Arp4 (the Arp8-module), whereas in BAF and SRCAP/TIP60 complexes actin only associates with
Arp4. One explanation to our results can be that we have used tagged actin in our experiments. It
might be that the tagged actin cannot bind directly to the Arp8-module or that the tagged actin
cannot compete the endogenous actin out from this complex. Therefore, it is good to be aware that
usage of tagged actin in our experimental setup can influence the observed nuclear actin interactors
and this need to be taken into account in future studies.
The unique HCIs from AP-MS contained also several proteins, which are known to interact with
actin (I, Figure 2C), including Phactr2, Phactr4 (Allen et al., 2004), FLNA (Shao et al., 2016),
TMOD2 (Fowler and Dominguez, 2017), MARCKSL1 (El Amri et al., 2018), SPTBN1 (Machnicka et
al., 2014) and MRTF-B (Miralles et al., 2003). According to the literature, many of these proteins
have been shown to localize to the nucleus. Indeed, some of them have distinctive nuclear functions,
and for example FLNA has been linked to DNA repair (Yue et al., 2009) and it also seems to regulate
activation of SRF target genes by binding to MRTF-A (Kircher et al., 2015). On the other hand,
MRTF-B, which is a MRTF-A homolog, is most probably regulated by nuclear actin in a similar way
as MRTF-A (Vartiainen et al., 2007). Another hit was transcription coactivator LRRFIP2 (Liu et al.,
2005), which can be linked to actin dynamics because it binds gelsolin like protein FLII (Fong and
de Couet, 1999) (I, Figure 2B). These results also further confirm that this experimental setup
allows us to identify actin interactors. Furthermore, these interactions have most probably
occurred inside the nucleus, because we used the WT actin without NLS to remove cytoplasmic
interactions from the nuclear interactomes. However, it is important to remember that many ABPs
have been demonstrated to shuttle in and out of the nucleus (see Table 1) and analysis against the
WT actin can eliminate interactions, which take place both in the cytoplasm and in the nucleus.
Finally, over 30% of the unique hits from the AP-MS were linked to translation (I, Supplementary
table 2). These findings can be explained by the fact actin has been linked to both assembly of
ribonucleoprotein complexes and Pol I-mediated transcription (Percipalle, 2009).
Collectively, these results indicate that actin seems to be rather stably bound to chromatin
remodeling and modifying complexes as we were able to pull several subunits down with both of
our techniques (I, Figure 2) and even more subunits with AP-MS alone (I, Figure 2C). These
findings emphasize that we were able to obtain intact complexes with AP-MS.

4.1.3. BioID interactome links actin to transcription and pre-mRNA
processing (I)
Closer look into the transient interactions obtained with BioID link actin to different nuclear
functions such as chromatin remodeling, transcription, DNA replication and mRNA processing (I,
Figure 3A, Supplementary table 2). Many of the unique BioID HCIs link actin to different stages of
transcription from the PIC to Pol II-mediated transcription elongation (Figure 3B). These findings
support recent genome wide analysis done in Drosophila, where actin could be found before Pol II
near transcription start sites (TSSs), as well as on the gene bodies of highly transcribed genes
(Sokolova et al., 2018). Actin has also previously been suggested to participate in PIC formation
(Hofmann et al., 2004). Our data suggests that actin might be binding to the general transcription
factor (GTF) complexes TFIID, TFIIE, TFIIF and TFIIH (I, Figure 3B), which are known to have
major roles in transcription preinitiation (reviewed in Han and He, 2016). One HCI of our BioID
was the pTEFb complex (CDK9 and Cyclin T), which is a key regulator of early transcription
elongation (reviewed in Jonkers and Lis, 2015). Additional HCIs included pTEFb regulatory
proteins such as LARP7 (BioID), BRD4 (BioID) and DDX21 (AP-MS) (C. Quaresma et al., 2016) (I,
Supplementary table 2). This might indicate that actin regulates the activity of pTEFb by
moderating its association or release from these regulatory elements. In addition, the HCIs also
included other cyclin dependent kinases and their regulators, such as CDK12, CDK13 and Cyclin K
(Figure 3B, Supplementary table 2), which have all been linked to transcription elongation
(reviewed in Greifenberg et al., 2016). However, further experiments are needed to explicate, if
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actin can regulate Pol II CTD phosphorylation mediated by other CDKs similarly as it has been
suggested for the actin-CDK9 interaction (Qi et al., 2011). Unexpectedly, we were not able to
identify any Pol II subunits in our interactomes, although actin has been copurified with Pol II
already decades ago (Egly et al., 1984). Also another study, where possible nuclear ABPs were
pulled down from HeLa nuclear extracts with sepharose beads coupled with non-muscle actin,
could not obtain any Pol II subunits (Serebryannyy et al., 2016a). The lack of Pol II subunits in two
differently executed MS-screens (ours and Serebryannyy and colleagues) can be due to the
experimental procedures like lysis conditions or usage of tagged actin, but further studies are
needed to investigate this more thoroughly. In line with earlier studies (Kukalev et al., 2005;
Obrdlik et al., 2008; Percipalle et al., 2003; Percipalle et al., 2002; Percipalle et al., 2001) the HCIs
included several hnRNP proteins and hnRNP-associated proteins such as hnRNPF (shared HCIs),
hnRNPM (AP-MS), hnRNPP2 (BioID), PSF (BioID) (I, Supplementary table 2). Interestingly, we
also obtained several hits related to mRNA cleavage and polyadenylation (reviewed in Gruber et
al., 2014) (I, Figure 3B). Most recently actin has been found in a MS-screen done with Pol II CTD
T4P (Nojima et al., 2018), a phosphorylation site, which is enriched at the 3′ end of genes and
linked to transcription termination (Hintermair et al., 2012; Schlackow et al., 2017). This supports
the notion that actin could also be involved in mRNA cleavage and polyadenylation, as there is
evidence that transcription termination and mRNA cleavage might take place co-transcriptionally
(Nojima et al., 2018; Schlackow et al., 2017). Together these findings suggest that actin is involved
in all different regulatory steps of Pol II-mediated transcription from PIC formation to mRNA
processing.
Recently nuclear actin has been linked to DNA replication (Parisis et al., 2017) and movement of
damaged DNA (Caridi et al., 2018; Schrank et al., 2018). The BioID HCIs included ORC2, ORC5,
ORCA POLA1, POLA2, PRIM1 and PRIM2, which are related to DNA replication initiation
(reviewed in Li and Stillman, 2012) (I, Figure 3A, Supplementary table 2). However, the number of
proteins related to DNA damage was even smaller than the amount of proteins related to DNA
replication (I, Supplementary table 2). Our experimental setup most probably explains the low
number of HCIs linked with these two processes, since our interactome analysis was done in
normally cycling cells, without cell synchronization or DNA damage inducement. Thus, it is
appealing to speculate if the nuclear actin interactomes would have differed in experimental setups,
where we would have interfered with DNA replication or induced DNA damage.
We wanted to further validate the shared hits of the AP-MS and BioID-MS interactomes as they
represented different complexes from various nuclear processes. We decided to use light
microscopy based Bimolecular Fluorescence Complementation (BiFC) technique (Cabantous et al.,
2005; Kerppola, 2008; Zhou et al., 2011) to investigate, if these interactions occurred in intact cells
(I, Figure 4A). To test this, we generated a stable inducible cell line, which expressed HAGFP1-10actin and attached the smaller, epitope-like tag FlagGFP11 to our MS hits. As a control, we used
FlagGFP11-actin construct together with our inducible HAGFP1-10-actin cell line and observed
reformed GFP (BiFC-signal) in transfected cells with tetracycline induction, but not in non-induced
cells (I, Figure 4B). We tested eight proteins (BRG1, DMAP1, KAT14, MBIP, HNRNPF, SSB, TFIP11
and LAP2) out of our shared hits and we were able to verify six of them with BiFC (I, Figure 4C).
The BiFC-signal was detected inside the nucleus, which suggested that the interaction occurs in the
nucleus. Two hits, MBIP and LAP2, did not produce BiFC-signal, although both of them had good
expression levels in the cells (I, Figure 4C). This could imply that these two HCIs were false
positives, or that the orientation of the proteins prevented the reformation of GFP. Nevertheless,
further investigations are needed, as the BiFC approach does not enable real-time detection of
complex formation and reformation of split GFP complex is most probably irreversible (Kerppola,
2008).
Taken together, the usage of two complementary MS techniques allowed us to obtain extensive view
of the nuclear actin interactome. We were able to identify already acknowledged nuclear actin34

binding partners as well as novel interactions, which can be linked to earlier described nuclear actin
functions such as transcription, chromatin remodeling and DNA replication. In the future, these
putative interactions can be used to unravel the possible molecular mechanisms behind actin and
these nuclear processes.

4.1.4. Actin binds hATAC subunit KAT14 and regulates its HAT activity
(I)
As we were able to find novel actin-containing histone modifying complex, hATAC, we decided to
further investigate, how actin might be associated with this complex. Previously actin has been
shown to interact with nuclear Arps and in this way associate with different chromatin remodeling
complexes (discussed in detailed in chapter 1.6.2). Quite surprisingly, hATAC complex does not
contain nuclear Arps (Guelman et al., 2009; Wang et al., 2008), which made this connection even
more notable. The hATAC complex is also associated with PCAF, which is histone acetyl transferase
(HAT) earlier linked with actin and hnRNPU (Obrdlik et al., 2008). As we did not obtain PCAF in
our nuclear actin interactomes (I, Supplementary table 2), there might be another binding partner
for actin in the hATAC complex beside PCAF. As mentioned above, we found multiple subunits of
hATAC (KAT14, ZZZ3, MBIP, YEATS2, ADA2A) in our interactomes (I, Figure 2A,B), and decided
to investigate the possible interaction between actin and lysine acetyltransferase 14 (KAT14) in more
detail, as they gave pronounced signal in our BiFC assay (I, Figure 4C).
To further investigate this interaction, we did co-immunoprecipitation (Co-IP) assays with
overexpressed KAT14 and NLS-actin (I, Figure 5A). We were able verify the interaction by using
both proteins as baits and additionally, overexpressed KAT14 was able to pull down endogenous
actin (I, Figure 5A). As our interactome data suggested that actin does not need the capacity to
polymerize to associate with different nuclear complexes (I, Figure 1C), we decided to test if KAT14binding depends on the actin conformation. To study this we did Co-IPs with different actin
mutants: non-polymerizable actin mutant (R62D-actin) and a mutant, which favors polymerization
(V159N-actin) (Posern et al., 2002). In addition, we also tested an actin mutant, which has
mutations in the hydrophobic cleft (G168D, Y169D-actin) (Cao et al., 2016). Quantified results from
the western blots indicated that R62D-actin can bind KAT14 more efficiently than WT actin, and
the mutations in the hydrophobic cleft (G168D, Y169D-actin) prevented the interaction almost
entirely (I, Figure 5B). The polymerization favoring mutant (V159N-actin) had slightly smaller
signal compared to WT actin (I, Figure 5B). These results highly supported the hypothesis that
KAT14 would prefer binding to monomeric actin. Moreover, we were able to show that actin binds
directly to KAT14 as we did a binding assay with actin extracted from rabbit muscle and
recombinant His-tagged KAT14, which was expressed and purified from insect cells. In this assay
actin was observed on KAT14 coated beads but not on GST beads (Figure 5D).
We investigated the possible binding site of actin in KAT14 and did N- and C-terminal truncations
of KAT14, KAT14-1-546 and KAT14-547-782 (Figure 5C). Actin bound only to the KAT14-547-782
construct, which indicated that the actin-binding site is located in the C-terminus of KAT14. Also,
the HAT activity of KAT14 has been located to the C-terminus of the protein (Ma et al., 2017). We
therefore wanted to study, if binding to actin could influence KAT14 HAT activity. To investigate
this, we performed HAT assays with purified proteins and core histones (I, Figure 6A). As expected,
addition of KAT14 increased the relative abundance of H4K5Ac, a histone 4 acetyl site previously
shown to be targeted by KAT14 (Guelman et al., 2009) (I, Figure 6B). When actin and KAT14 were
added together there was a significant decrease in the H4K5Ac signal, which indicates that actinbinding inhibits the ability of KAT14 to acetylate histones in vitro (I, Figure 6B). In addition, actin
alone did not increase the acetylation above the negative control (I, Figure 6B). In the literature,
hATAC has been shown to possess double HAT activity, as two HAT proteins, KAT14 and GCN5,
have been detected in this complex (Guelman et al., 2009; Suganuma et al., 2008). KAT14
possesses minor HAT activity if compared to GCN5 (Guelman et al., 2009), although the HAT
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activities of both of these factors contribute to the total HAT activity of the hATAC complex
(Guelman et al., 2009; Suganuma et al., 2008). Also, both HATs seem to have distinct histone
substrate preferences. In addition, it seems that hATAC specific subunit ADA2A is unable to
stimulate HAT activity of GCN5 similar way as SAGA specific subunit ADA2B (Gamper et al.,
2009), which questions the role of GCN5 as the major HAT in the hATAC complex. Because of this
KAT14 might have even more pronounced role in hATAC-mediated histone acetylation than GCN5.
Therefore, in the future, it would be exciting to study if actin can regulate the activity of the whole
hATAC complex, or whether its functions are limited to KAT14.
Next, we decided to test if actin could regulate KAT14 HAT activity in cells. We used inducible
StrepHA-NLS-actin cells to overexpress actin inside the nucleus (I, Figure 6C) and observed a
significant decrease in the relative abundance of H4K5Ac in induced cells compared to non-induced
ones (I, Figure 6D). Remarkably, overexpression of StrepHA-NLS-R62D-actin led to even larger
decrease in H4K5Ac signal, which supports our findings that KAT14 seems to bind more efficiently
to monomeric actin (I, Figure 6D). Therefore, these findings indicated that nuclear actin, in its
monomeric form, likely regulates KAT14 HAT activity also in vivo. However, we cannot eliminate
the possibility that these cellular effects might be mediated by other means than KAT14. Indeed, a
recent paper showed that actin monomers would interact with HDAC1 and HDAC2, and that
nuclear actin polymerization could increase the HDAC activity, and in this way decrease histone
acetylation (Serebryannyy et al., 2016a). However, the authors could not show that the interaction
between actin and HDAC proteins would be direct. In the future, more experiments are needed to
elucidate exactly how actin is involved in the regulation of histone acetylation. KAT14 has also been
demonstrated to promote smooth muscle gene expression by co-activating transcription factor SRF
(Ma et al., 2017). As actin is known to regulate SRF via binding to co-activator MRTF-A (Vartiainen
et al., 2007), it might be reasonable to investigate, if SRF regulation via KAT14 is actin-dependent
or could KAT14 associate with MRTF-A to activate SRF target genes.

4.1.5. Actin is involved in RNA splicing (I)
Actin has been linked to early steps of pre-mRNA processing via binding to hnRNP proteins
(Obrdlik et al., 2008; Percipalle et al., 2002; Percipalle et al., 2001). Binding of actin to hnRNPU
has been linked to transcription elongation through Pol II and it seems to be dependent on the
presence of nascent RNA transcripts (Obrdlik et al., 2008). Also, it has been suggested that actin
would be coupled to the mRNA in the nucleus and follow mRNA all the way to the cytoplasm
through specific actin-hnRNP interactions (Percipalle et al., 2002; Percipalle et al., 2009).
However, a functional role for actin in pre-mRNA processing, outside of the Pol II transcription
context, has not been established. Interestingly, the most pronounced fraction of HCIs in the BioID
interactome (over 30 % of the unique hits from BioID) linked actin with mRNA splicing or
processing (I, Figure 3A). Also some of the shared hits (SSB, hnRNPF and KHSRP) as well as few
hits from the AP-MS (DDX21, CSDA2) have been associated with RNA splicing (I, Figure 2A,B).
Further analysis of the HCIs related to mRNA processing revealed that they contained small
nuclear ribonucleoproteins (snRNPs) from almost all the major subunits of the spliceosome (I,
Figure 3B). We also obtained other proteins, which are regulating the different spliceosome
compositions, and most of these proteins were related either to complex B or Bact formation (I,
Supplementary table 2). The complex B is formed after the pre-spliceosome has detected the intron
site by joining in the pre-formed tri-snRNP complex. The formed B complex is still inactive and will
undergo major compositional and conformational remodeling steps (forming complexes Bact and
subsequently B*) to become catalytically active spliceosome (reviewed in Wahl and Luhrmann,
2015). Therefore, our interactome analysis indicates that actin could be involved in RNA splicing.
To further study how actin might be associated with RNA splicing, we tested if actin could bind
specific RNA splicing proteins in our BiFC assay. All the tested splicing factors (SF3a120, SF3a60,
SF3b49 and CDC5L) gave BiFC-signal with actin, which strengthens our hypothesis that actin
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might take part in RNA splicing (I, Figure 7A). BiFC-signal showed that CDC5L and actin interact
in small punctate structures inside the nucleus. This could indicate that the interaction occurs in
nuclear speckles, nuclear areas which are known to be enriched in pre-mRNA splicing factors. To
test the functional significance of nuclear actin for mRNA splicing, we altered nuclear actin levels
by importin 9 (Ipo9) (Dopie et al., 2012) and exportin 6 (Exp6) (Bohnsack et al., 2006; Stuven et
al., 2003) siRNA depletion and performed survival motor neuron protein 1/2 (SMN1/2) minigene
splicing assay (Cartegni et al., 2006). Indeed, depletion of either Ipo9 or Exp6 increased exon 7
inclusion in the SMN2 minigene (I, Figure 7B). This indicates that alterations in nuclear actin levels
disturb SMN2 alternative splicing (I, Figure 7B), and therefore link actin, for the first time, directly
to RNA splicing. Nevertheless, it is good to remember, that splicing occurs co-transcriptionally
(reviewed in Herzel et al., 2017) and alterations in nuclear actin levels have been shown to result in
decreased transcription levels (Dopie et al., 2012). Therefore, this result might also be indirect if
actin, for example, is needed for efficient transcription of different splicing factors. In addition,
earlier studies have already suggested that some RNA splicing related proteins are involved in
nuclear actin dynamics or nucleo-cytoplasmic shuttling of actin (Rohn et al., 2011). Because of this,
it would be interesting to study if induced polymerization of the nuclear actin might affect the
alternative splicing of SMN2.

4.2. Actin dynamics regulate RPEL domain containing proteins MRTF-A
and Phactr4 differently (II, III)
The actin monomer-binding RPEL repeats can be found in two distinctive protein families, MRTFs
and Phactrs. MRTFs are co-activators of transcription factor SRF and one member of this family,
MRTF-A, has been shown to constantly shuttle in and out from the nucleus (see chapter 1.6.1.1.).
The nuclear import as well as the export of MRTF-A are regulated by actin monomeric-binding to
RPEL repeats. In addition, actin-binding to MRTF-A inside the nucleus prevents MRTF-A from
activating SRF-mediated transcription (Vartiainen et al., 2007). Therefore, MRTF-A is one of the
best-characterized nuclear ABPs. Phactr proteins have two major functional domains: the actinbinding RPEL domain, consisting of three RPEL repeats, and conserved C-terminal tail, which has
been linked to PP1-binding (see chapter 1.6.1.2). Although Phactr proteins share similar (37 %
identical) RPEL repeats with MRTF-A, the functional role of this domain in these proteins has not
been systematically studied. Also, some publications have shown that these proteins can locate in
the nucleus (Sagara et al., 2003; Zhang et al., 2012), which could make them putative ABPs inside
the nucleus.

4.2.1. Phactr4 RPEL domain is needed to maintain cellular actin
homeostasis (II)
Alongside the nucleus, Phactr proteins have been shown to localize to various other parts of the cell
such as the plasma membrane and cytoplasm (Allen et al., 2004; Farghaian et al., 2011; Kim et al.,
2007; Sagara et al., 2009). They have also been linked to many distinct biological processes that
are dependent on the actin cytoskeleton. These findings suggest that binding to actin might be
involved in regulation of Phactr proteins in cells. As these proteins have similar RPEL repeats as
MRTF-A, we decided to test if the subcellular localization Phactr proteins might be regulated in the
same actin-dependent manner. First, we studied the localization of all four Phactr proteins in
unstimulated NIH 3T3 cells (II, Figure 2A). In these conditions MRTF-A was mostly cytoplasmic,
but Phactr proteins exhibited diffuse localization in cells, which could be shown also by
quantification (II, Figure 2A, B). This indicated that the Phactr proteins have less striking
distribution in unstimulated cells than MRTF-A. To further study the role of RPEL domain in the
subcellular localization of Phactr proteins, we focused on Phactr4, as it was the most abundant
protein of the four in the NIH 3T3 cells (data not shown). We revealed that the RPEL repeats of
Phactr4 did not respond to the same stimuli as the RPEL repeats in the MRTF-A (Figure 2C, D),
which indicated that RPEL domain of Phactr4 does not mediate the subcellular localization of this
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protein. Further studies with the import and export factors strengthened this idea, since the RPEL
domain of Phactr4 did not bind CRM1, the MRTF-A export factor, and bound only weakly to
importin α/β, which are the import factors of MRTF-A (II, Figure 2C, D, F) (Pawlowski et al., 2010;
Vartiainen et al., 2007). In addition, deletion of the RPEL domain from Phactr4 did not affect the
import rate of the protein, which further illustrated that the nuclear import of Phactr4 is not
dependent on the RPEL repeats. Overall, our results showed that the nucleo-cytoplasmic shuttling
of Phactr4 is not dependent on the RPEL domain, and therefore actin does not regulate the
subcellular localization of Phactr4. These findings were also supported by a concurrent study,
where Wiezlak and colleagues showed that Phactr1 is the only Phactr protein, whose subcellular
localization seems to be dependent on actin signaling through the RPEL repeats (Wiezlak et al.,
2012). These results do not rule out the possibility that Phactr4 could interact with nuclear actin,
especially since we did obtain this protein as HCI in our AP-MS screen (I, Figure 2B, Supplementary
table 2). Further studies to investigate the possible nuclear functions of Phactr4 would be necessary
to show if Phactr4 really binds actin inside the nucleus, and to reveal the possible function for this
interaction.
As actin did not regulate the subcellular localization of Phactr4, we wanted to study if actin-binding
could regulate other functions of Phactr4. Our Co-IP studies with different Phactr4 constructs
clearly showed that Phactr4 binds actin with its RPEL repeats likely in a very similar way as MRTFA (II, Figure 4). These results also confirmed the earlier findings, which showed that Phactr4 can
bind actin (Favot et al., 2005a; Kim et al., 2007). We were able to confirm the earlier results, which
showed that Phactr4 binds PP1 with its C-terminal tail (Allen et al., 2004; Kim et al., 2007; Sagara
et al., 2003) with our Co-IP assays (II, Figure 5). Notably, the Phactr4 mutant, which cannot bind
actin (Phactr***), bound PP1 more efficiently than WT Phactr4 in our Co-IP assays (II, Figure 5C).
This implied that actin and PP1 might compete for binding to Phactr4. Indeed, increased amounts
of actin diminished the amount of WT Phactr4 that co-immunoprecipitated with PP1, while the
amount of Phactr4*** remained unchanged (II, Figure 5C). Moreover, in vitro PP1 phosphatase
activity assay demonstrated that the C-terminal part of Phactr4 induces PP1 activity and that actin,
dose-dependently, abolished this increased activity (II, Figure 5D). In addition, Phactr*** was less
affected by the increased amount of actin and earlier described Phactr humdy mutant, which
cannot bind PP1 (Phactr-Humdy) (Kim et al., 2007), failed to increase PP1 activity to the in same
extent as WT Phactr (II, Figure 5D). Therefore, these findings suggest that Phactr4 can control the
phosphatase activity of PP1 in an actin monomer-dependent manner.
PP1 has been shown to be a general phosphatase, which has multiple cellular targets (reviewed in
Bollen et al., 2010). Interestingly, one PP1 target protein is the actin filament-severing factor cofilin,
which is regulated by phosphorylation (Ambach et al., 2000). Dephosphorylation activates cofilin
and activated cofilin can depolymerize and sever actin filaments, and in this way increase
monomeric actin levels in cells (Lappalainen and Drubin, 1997). In addition, earlier publications
had shown elevated phospho-cofilin levels in Phactr humdy mutant mice (Zhang et al., 2012),
which suggests that Phactr4-mediated PP1 activation could be needed to dephosphorylate cofilin.
Indeed, we observed that Phactr4 overexpression lowered phospho-cofilin levels and vice versa
siRNA silencing of Phactr4 led to increased levels of phospho-cofilin (II, Figure 6), which indicates
that Phactr4 can promote dephosphorylation of cofilin. This effect was mediated by PP1, because it
could be reversed with okadaic acid, which is well-known phosphatase inhibitor (II, Figure 6B)
(Holmes et al., 1990). Additionally, we showed that monomeric actin can regulate this process,
since overexpression of the non-polymerizable actin mutant, R62D-actin, rescued the phosphocofilin levels upon Phactr4 overexpression (II, Figure 6B). Moreover, increased actin monomer
levels were detected in cells overexpressing Phactr4, and this was dependent on cofilin activity (II,
Figure 7), which indicated that Phactr4 can regulate actin monomer levels in cells in response to
dynamic changes in the actin cytoskeleton. Altogether, we identified a feedback loop, where actin
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monomers regulate their own amounts via activation of cofilin, which is one of the key regulators
of actin dynamics.
Our results showed that the RPEL repeats in Phactr4 bind actin and the same mutations in the
RPEL repeats, which disturb the binding of actin to MRTF-A, also prevented Phactr4 from binding
to actin (II, Figure 2). This indicated that Phactr4 most probably has a similar actin-binding
mechanism as MRTF-A. Moreover, this idea is supported by structural studies done with Phactr1
RPEL repeats, where they showed that the relative orientation and proximity of the RPEL-bound
actins is virtually identical between RPEL repeats of Phactr1 and MRTF-A (Mouilleron et al., 2012).
Therefore, it is logical that also Phactr4 acts like an actin monomer sensor in cells (II, Figure 7).
Quite surprisingly, binding of actin to the RPEL repeats of Phactr4 did not regulate its subcellular
localization like in MTRF-A (II, Figure 2), however, it seems that the RPEL repeats in MRTF-A as
well as in Phactr4 regulate the cellular actin homeostasis (II, Figure 8). MRTF-A can activate gene
expression according to actin dynamics and as many of the SRF target genes are linked to regulation
of the cytoskeleton, this forms a feedback loop, where actin dynamics regulate the expression of
their own components (Vartiainen et al., 2007). Phactr4, on the other hand, more likely regulates
actin dynamics more locally by regulating cofilin activity. As Phactr1 also binds actin and PP1 in a
competitive manner and this mechanism is used to regulate acto-myosin assembly (Wiezlak et al.,
2012), it would be intriguing to study if also the other Phactr proteins (Phactr2 and
Phactr3/Scapinin) regulate cellular processes by controlling PP1 activity in response to actin
dynamics.

4.2.2. MRTF-A import is regulated by DDX19 (III)
Actin-dependent nuclear import of MRTF-A is mediated by the classical import factors, importin
α/β, which can recognize the NLS embedded inside the RPEL repeats (Pawlowski et al., 2010). To
further investigate if other proteins might be involved in the regulation of MRTF-A import, we
performed an RNAi screen with proteins involved in nucleo-cytoplasmic shuttling (data not
shown). Interestingly, in addition to importin α/β, depletion of DEAD-Box RNA Helicase 19
(DDX19) prevented nuclear accumulation of MRTF-A (III, Figure 1). Moreover, depletion of
DDX19 had no effect on the localization of NLS-MRTF-A, which can locate in the nucleus even
without actin-dependent stimuli (III, Figure 2). These results indicated that DDX19 in required for
the import of MRTF-A by regulating the endogenous NLS of MRTF-A. DDX19 is an ATP-dependent
RNA helicase, which is involved in both mRNA export from the nucleus into the cytoplasm and in
mRNA translation (reviewed in Hodroj et al., 2017). In this work, we show for first time that DDX19
mediates nuclear import of a specific protein. Earlier studies have shown that DDX19 primarily
localizes in the cytoplasm and at the nuclear rim, where it can bind the cytoplasmic fibrils of the
NPC and help in the later steps of mRNA export (Snay-Hodge et al., 1998; Tseng et al., 1998). To
study the biochemical requirements of DDX19 in MRTF-A nuclear import, we generated different
DDX19 mutants, which impaired either the helicase activity, NPC-binding capacity or the RNAbinding ability (III, Figure 3). All these activities are required for efficient DDX19-mediated mRNA
export, as shown with RNA fluorescent in situ hybridization (FISH) assays (III, Supplementary
Figure 4). However, only the RNA-binding activity seemed to be necessary for the DDX19-mediated
regulation of MRTF-A nuclear import (III, Figure 3). These results could indicate that MRTF-A
localization might also respond to cellular DDX19-RNA complexes alongside actin dynamics.
Further studies are needed to elucidate where in cells this interaction could occur, as DDX19 can
bind RNA at the nuclear rim upon mRNA export, but it also has a role in mRNA translation, which
links DDX19 to cytoplasmic mRNA processing (reviewed in Hodroj et al., 2017).
Interestingly, DDX19 seems to regulate the activity of endogenous NLS in MRTF-A (III, Figure 2).
As the NLS is located within the actin-binding RPEL repeats, we wanted to investigate if DDX19
could bind this region of MRTF-A. Indeed, endogenous DDX19 could bind the MRTF-A RPEL
repeat and importin β in our GST pull down assay (III, Figure 4A). Importantly, we were able to
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show with purified proteins, that DDX19 could bind directly to MRTF-A RPEL repeats (III, Figure
5). Notably, we needed to express our recombinant DDX19 in insect cells, because the DDX19
expressed in the bacteria was not able to bind the MRTF-A RPEL (data not shown). This indicated
that DDX19 cannot fold correctly in bacteria, because it most probably needs PTMs to properly fold
and maintain its activity. Next, we studied if actin could regulate the binding of DDX19 to MRTFA RPEL repeats similarly as it does with importin α/β (Pawlowski et al., 2010). To our surprise,
increased amounts of non-polymerizable latrunculin-actin had no effect on DDX19 binding to
MRTF-A RPEL repeats (III, Figure 4B). Furthermore, DDX19 was not able to regulate nucleocytoplasmic shuttling of constructs containing only the RPEL domain of MRTF-A (III, Figure 6)
although it could regulate the import of longer MRTF-A construct (MRTF-A-C471) and full-length
MRTF-A (III, Figure 1, 6). This was surprising, because previously it has been shown that RPEL
repeats of MRTF-A alone can sufficiently regulate the localization of MRTF-A (Guettler et al.,
2008). However, our results indicate that DDX19 regulates MRTF-A import actin-independently
and also other parts of MRTF-A, alongside the RPEL repeats, are needed to contribute to the full
regulation of MRTF-A localization. Indeed, earlier studies have also suggested that B1 region of
MRTF-A (see Figure 3) might contribute to the nuclear import of MRTF-A (Miralles et al., 2003)
and usage of our longer MRTF-A construct, MRTF-A-C471, which contains, in addition to RPEL
repeats, B1 region, Q and SAP domains, supports this idea. Further experiments with truncated
MRTF-A constructs would be needed to resolve exactly which regions of MRTF-A, alongside RPEL
repeats, are needed for efficient DDX19 mediated nuclear import of MRTF-A.
The finding that DDX19 was not able to regulate the localization of MRTF-A RPEL repeats but the
full-length protein (III, Figure 1,6), made us speculate that DDX19 might bind, in addition to the
RPEL repeats, also other parts of MRTF-A. Indeed, Co-IP experiments with different MRTF-A
constructs indicated that DDX19 can bind C-terminal region of MRTF-A, as C-terminal truncation
without the RPEL repeats (MRTF-A-ΔN), co-precipitated endogenous DDX19 from cell lysates (III,
Figure 7). Thus, we were able to show that DDX19 interacts directly with MRTF-A RPEL repeats,
but it has a second binding site in the C-terminus of MRTF-A. In the future, it would be interesting
to study if DDX19 binds directly also to this second binding site. Although our in vitro studied
indicated that DDX19 depletion did not affect the Ipo β binding to the MRTF-A RPEL repeats (III,
Supplementary figure 6), we decided to study the interaction between full-length MRTF-A and Ipo
β in living cells. Indeed, by using förster resonance energy transfer (FRET) measured by
fluorescence lifetime imaging (FLIM) we observed that the fluorescent lifetime of our donor,
MRTF-A-GFP, significantly decreased in the presence of our acceptor, Ipoβ-mCherry (III, Figure
8A). This result showed that GFP and mCherry tags are in close proximity to produce FRET and
thus indicates that MRTF-A and Ipo β interact with each other in vivo. Surprisingly, this fluorescent
lifetime decrease was abolished in DDX19 depleted cells, which hinted that DDX19 could be needed
for the efficient interaction between full-length MRTF-A and Ipo β (III, Figure 8A). In addition,
DDX19 depletion had no effect in the fluorescent lifetime decrease between MRTF-A-RPEL-GFP
and Ipoβ-mCherry (III, Figure 8A), which confirmed our in vitro results (III, Supplementary Figure
6) and suggested that C-terminal parts of MRTF-A might inhibit Ipo β-mediated nuclear import.
Because of these results, we wondered if DDX19 could affect the conformation of MRTF-A, as it has
interaction sites in both N- and C-terminus of MRTF-A (III, Figure 7). To test this, we designed a
FRET-based reporter to study conformational changes in MRTF-A. Indeed, addition of mCherry
and GFP tags to N- and C-terminal ends of MRTF-A allowed us to observe fluorescent lifetime
decrease of this construct compared to MRTF-A-GFP and free mCherry (III, Figure 8B). This
indicated that N- and C-terminal ends of MRTF-A come close together. Notably, the decrease was
even more pronounced in DDX19 depleted cells, which implies that absence of DDX19 promotes
the closed conformation of MRTF-A (III, Figure 8B).
Overall these results suggest a model, where DDX19 is needed to keep MRTF-A in an open
conformation, which is crucial for the nuclear import of MRTF-A (III, Figure 8D). Without DDX19,
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the nuclear import factors, importin α/β, cannot bind to MRTF-A, which leads to impaired nuclear
localization. Most importantly, DDX19 regulation is actin-independent, which adds a second layer
to the classical actin-based regulation of MRTF-A localization. Phosphorylation has been suggested
to affect both the conformation (Muehlich et al., 2008) and the nuclear import (Panayiotou et al.,
2016) of MRTF-A. Therefore, it would be exciting to study if phosphorylation could be an upstream
regulatory element in DDX19-mediated nuclear import of MRTF-A. Nevertheless, to fully
understand the molecular mechanisms behind these events structural and biochemical studies with
full-length MRTF-A and DDX19 would be needed. In addition, our data revealed a new role for
DDX19, which broadens DDX19 functions from regulation of mRNA to control of transcription
activation.
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5. Conclusions and future perspectives
This thesis work has provided new insights into novel nuclear ABPs and how actin can regulate
different transcription factors. Analysis of our interactome data revealed that actin can form stable
complexes with proteins related to chromatin remodeling but seems to function in a more dynamic
fashion in other nuclear processes such as transcription and RNA splicing. Our findings bring new
insights to how actin might interact with proteins in different nuclear processes and strengthen the
hypothesis that actin is a multi-functional protein inside the nucleus. Moreover, the fact that actin
seems to interact transiently with proteins, for example during transcription, can illustrate why it
has been hard to distinguish exactly how actin might be involved in these processes. With our
experimental setup, actin seemed to be in its monomeric form when it associates with different
nuclear complexes. However, recent publications have shown that actin filaments inside the
nucleus are highly dynamic and context-specific (Baarlink et al., 2017; Caridi et al., 2018; Schrank
et al., 2018). Therefore, in the future, specific experimental setups considering different cellular
events, like cell cycle stages or DNA damage response, are needed to explore, which proteins can
bind filamentous actin and be involved in the polymerization process. Moreover, utilization of
tagged actin in our experiments can also limit the detected interactions. Hence, there is a high
demand for new methods, which would allow us to study endogenous nuclear actin interactions.
For example, it would be interesting to screen specific binding partners of endogenous nuclear actin
with the new nuclear actin probes (nAC, Utr230-EN or RIEN1). By using precisely filamentous or
monomeric nuclear actin probes we might be able to clarify in which form actin binds different
nuclear complexes. In this thesis, I also revealed that actin can control histone acetylation by
interacting with KAT14. Acetylation of histones keeps the genomic regions open during
transcription, and therefore our results suggest yet another role for actin in gene expression
regulation. Actin has been linked also to histone deacetylation (Serebryannyy et al., 2016a), and
thus further experiments are needed to show exactly how actin participates in the acetylation of
core histones. We were able to show, for the first time, that actin is involved in RNA splicing.
However, as actin has been linked to different steps of transcription, further experiments are
needed to illustrate if this effect is direct. One way of studying the relationship between actin in
transcription versus RNA splicing could be deep RNA sequencing of nuclear actin manipulated
cells.
In this thesis work we also studied the role of RPEL repeats in Phactr4 and in transcription factor
MRTF-A. We were able to demonstrate that both Phactr4 and MRTF-A respond to the same stimuli,
reduced monomeric actin levels with their RPEL domains, but have different cellular responses.
The response of Phactr4 on cofilin activation is probably much faster than the transcription
response elicited by MRTF-A. Thereby, it is possible that Phactr4 could respond to even small
changes in the actin monomeric pool and thus modulates actin homeostasis more locally. MRTFA-mediated transcriptional activation would be needed when there are larger changes in
monomeric actin levels, which cannot be anymore corrected by simple modulation of cofilin
activity. My thesis work thereby clarified the role of RPEL repeats as general actin monomer
sensors, which maintain the cellular balance of actin. Interestingly, we obtained Phactr4 in our
interactome analysis, which suggest that this protein binds actin also inside the nucleus. Therefore,
future studies are needed to illustrate when and why this interaction could occur in the nucleus.
This could be achieved for example by thoroughly investigating which import and export factors do
affect the subcellular localization of Phactr4. As actin regulates PP1 activation through Phactr4 in
the cytoplasm, actin most probably could regulate PP1 also in the nucleus. Most recently PP1 has
been shown to mediate phosphorylation of Pol II CTD T4 (Kecman et al., 2018), which has been
earlier linked with transcription termination (Hintermair et al., 2012; Schlackow et al., 2017). As
actin has been identified with this same phosphorylation site (Nojima et al., 2018), it is intriguing
to speculate if actin, together with Phactr4, could contribute to Pol II CTD T4 phosphorylation.
Therefore, further functional experiments with nuclear Phactr4 and actin could be geared towards
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transcription termination. Furthermore, we were able to show that RNA helicase DDX19 can
modulate conformation of MRTF-A, and in this way affect its nuclear import. Notably, DDX19 can
bind to MRTF-A RPEL repeats, but this interaction is not dependent on actin. Thus, we think that
the conformational control of MRTF-A takes place upstream of actin-mediated import regulation.
However, precise structural studies with full-length MRTF-A would be needed to confirm our
hypothesis. Our study also expanded the multi-functional role of DDX19 by linking it to nuclear
import of MRTF-A. Previously DDX19 has been linked to mRNA export and translation, and we
were able to show that DDX19 requires its RNA binding capacity to efficiently import MRTF-A.
Therefore, in the future, it would be tempting to investigate if DDX19-mediated nuclear import of
MRTF-A could be regulated by general mRNA levels in cells.
Taken together, this work has described novel molecular mechanisms on how actin can regulate
different RPEL domain containing proteins and how actin interacts with novel binding partners
inside the nucleus. In addition, analysis of nuclear actin interactome revealed putative binding
partners for already acknowledged nuclear functions for actin. In the future, detailed biochemical
experiments with these putative interactors are necessary for us to understand the role of nuclear
actin in different nuclear processes and can later help us to develop ways to manipulate nuclear
functions through actin.
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