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Abstract

:

Simple Summary


It is well known that actin forms a cytoplasmic network of microfilaments, the part of the cytoskeleton, in the cytoplasm of eukaryotic cells. The presence of nuclear actin was elusive for a very long time. Now, there is a very strong evidence that actin plays many important roles in the nucleus. Here, we discuss the recently discovered functions of the nuclear actin pool. Actin does not have nuclear localization signal (NLS), so its import to the nucleus is facilitated by the NLS-containing proteins. Nuclear actin plays a role in the maintenance of the nuclear structure and the nuclear envelope breakdown. It is also involved in chromatin remodeling, and chromatin and nucleosome movement necessary for DNA recombination, repair, and the initiation of transcription. It also binds RNA polymerases, promoting transcription. Because of the multifaceted role of nuclear actin, the future challenge will be to further define its functions in various cellular processes and diseases.




Abstract


Actin is one of the most abundant proteins in eukaryotic cells. There are different pools of nuclear actin often undetectable by conventional staining and commercial antibodies used to identify cytoplasmic actin. With the development of more sophisticated imaging and analytical techniques, it became clear that nuclear actin plays a crucial role in shaping the chromatin, genomic, and epigenetic landscape, transcriptional regulation, and DNA repair. This multifaceted role of nuclear actin is not only important for the function of the individual cell but also for the establishment of cell fate, and tissue and organ differentiation during development. Moreover, the changes in the nuclear, chromatin, and genomic architecture are preamble to various diseases. Here, we discuss some of the newly described functions of nuclear actin.
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1. Introduction


Nuclear actin was first described in bovine thymus cells [1,2], two different slime molds [3,4], Xenopus frog and newt Triturus oocytes [5,6,7], and liver cells [8]. However, these findings met with disbelieve and criticism [9], and after decades of skepticism and denial, finally around ten years ago, main-stream science not only accepted the existence of nuclear actin but appreciated its importance in the regulation of structure, function, homeostasis, and health of eukaryotic cells [10].



One of the reasons for the denial of nuclear actin existence was due to an inability to visualize nuclear actin using conventional phalloidin or antibody staining. Actin has three main polymerization states, monomeric (globular) G-actin, oligomeric, and polymeric (filamentous) F-actin. While the cytoplasmic actin is mainly monomeric or polymeric, nuclear actin is either monomeric, dimeric, oligomeric, or may adopt some other unusual conformations [11,12,13,14]. Nuclear actin oligomers, which cannot be stained by phalloidin, are often recognized by specific antibodies, such as the 2G2 antibody. This antibody recognizes the epitope composed of three nonsequential regions (aa131–139, aa155–169, and aa176–187) located in the vicinity of the nucleotide-binding region [15]. This indicates that nuclear actin adopts a specific conformation, absent in the cytoplasmic F-actin, which compacts these three separate regions into a single antibody-recognizable epitope [15,16]. Recent studies indicate that different antibodies recognize different pools of nuclear actin, with different conformation, and different locations within the nucleus, suggesting different functions [17]. Although our knowledge about the conformations adopted by nuclear actin is still very limited, there is a lot of information about the structural and functional roles of nuclear actin. We describe the role of intranuclear actin network and nuclear actin rods, and the role of nuclear actin in nuclear envelope breakdown, chromatin organization and remodeling, and transcription. For the description of the other roles of nuclear actin, such as apoptosis [18], viral infection [19], structure of nuclear membrane [20,21,22,23], we direct readers to the cited above papers.




2. Role of Intranuclear Actin Network


The presence of intranuclear actin monomers (unpolymerized G-actin) has been confirmed by many studies. The monomeric G actin constantly shuttles between the nucleus and cytoplasm. The Importin 9 protein imports G actin into the nucleus and the Exportin 6 protein mediates actin export to the cytoplasm [24,25]. These proteins function with the participation of the small GTPase Ran [25,26,27,28,29]. During the nuclear import, the GTP-bound Ran detaches cargo from the importin and returns importin to the cytoplasm. During the nuclear export, the nuclear GTP-bound Ran aggregates with exportin and cargo. This trimeric complex moves to the cytoplasm, where the hydrolysis of Ran GTP to Ran GDP results in the release of the cargo [29,30]. The presence of F-actin in the nucleus is based on indirect and direct evidence. The indirect evidence includes studies showing that Fragmin, which restricts the polymerization of actin filaments, inhibits transcription of salamander lampbrush chromosomes, and the antibodies against nuclear motor protein myosin-I, which binds the barbed end of actin filaments, inhibit the transcription [16,31]. Among the direct evidence are studies showing a transient presence of F-actin in the nuclei of fibroblasts [32], fibrosarcoma cells [33], breast epithelial [34], and early embryonic mouse cells [35]. Studies also show that during the exit from the mitotic division, the F-actin forms in the nuclei of the daughter cells, where it promotes enlargement of the nucleus, chromatin decondensation, and the formation of nuclear protrusions [32]. The polymerization of nuclear F-actin filaments was also observed during cell spreading and stimulation by fibronectin via interaction with the extracellular matrix [36]. Among the proteins which regulate actin is cofilin, which accelerates actin filament polymerization/depolymerization dynamics [37]. Cofilin severs actin filaments and increases the number of free ends to which actin monomers can be added or removed [37]. Another protein is the actin-monomer-binding protein profilin, which is necessary for the formation of actin cables [38], and fascin, which is required for actin filament bundling [39]. During the stress, cofilin is actively imported into the nucleus using its nuclear localization signal (NLS). Cofilin NLS is importin-α/β-dependent. The interaction of cofilin NLS with the adapter protein importin α and nuclear transport protein importin β transports cofilin through the nuclear pore complex (NPC) into the nucleus. The directionality of the transport and cofilin release in the nucleus is regulated by the GTP-binding nuclear protein Ran (Figure 1). Cofilin also plays a role in the import of actin into the nucleus [40,41,42]. Actin does not have NLS in its sequence, but interestingly, Wada et al. [43] identified in actin’s sequence two nuclear export signals (NES1 and NES2) [43]. Thus, actin entry into the nucleus has to be facilitated by the proteins containing NLS, such as cofilin [42]. The export of nuclear actin is facilitated by the Exportin 6 and the actin-binding protein Profilin (Figure 1) [20,25,44]. Many studies have shown that, in contrast to the cytoplasm, the intranuclear actin does not form long F-actin filaments but short oligomeric filaments. This is possibly to prevent interference with the chromatin [45,46,47] or prevent inhibition of transcription [48]. The field emission scanning electron microscopy (feSEM) studies of Xenopus oocytes [47] showed that the nucleus contains a network of short but highly branched, forked, and bundled actin filaments, which are connected to the nuclear pore complexes at one end, and the subnuclear organelles such as Cajal bodies and snurposomes (both involved in the assembly of ribonucleoproteins and mRNA processing), and nucleoli, at the other end. These nuclear pore-linked filaments (PLFs) are 12–100 nm diameter and contain actin, and actin-scaffolding protein 4.1. Because a single actin filament is 8–9 nm in diameter, the intranuclear filaments must also contain other bounds or transiently interacting proteins of unknown identity. The probable candidates could be the actin-interacting proteins identified in the nuclei of Drosophila and human cells, such as the ubiquitous protein EAST, the α-actinin-like actin-binding domain-containing protein NUANCE, and the nucleoporins [47,49,50]. Interestingly, in Xenopus oocyte nuclei, protein 4.1 is regularly spaced on the filaments at ~120 nm intervals, and the pairs of protein 4.1-containing speckles are present at the filament forks [47,51]. Besides Xenopus, the presence of protein 4.1 on the intranuclear filaments was also observed in the nuclei of human fibroblasts [47]. In human erythrocytes, the protein 4.1, also known as the Beatty’s Protein, regulates the stability of the erythrocyte membrane through its interaction with the short actin filaments and spectrin [52]. It seems that some of the functions of intranuclear actin filaments could be the facilitation of intranuclear transport between the nuclear pores and subnuclear organelles, and a displacement of the membrane-underlying chromatin to form the chromatin-free spaces under the nuclear pores, which will facilitate the transport of the molecules [47,53]. Some of the existing techniques of actin visualization in live cells involve the tagging of actin with fluorescent proteins or the expression of GFP-actin [54]. However, the comprehensive analysis of nuclear actin functions will require the development of novel, super-resolution imaging techniques. Recently developed multiplexed super-resolution volumetric imaging and expansion microscopy (ExM) enable visualization of nanoscale details of actin filament organization [55].




3. Enigmatic Role of Intranuclear Actin Rods


Actin rods are several μm-long aggregates of actin filaments and actin-interacting proteins [56,57]. Because they form in the nucleus and/or cytoplasm in response to mechanical or chemical/environmental stress (heat shock, hypoxia, pathogens, toxin, drugs), the actin rods are the marker of the so-called Actin Stress Response (ASR) that correlates with many human diseases. The intranuclear rods were first discovered around 1980 in the dimethyl sulfoxide (DMSO)-stressed Dictyostelium amoeba, human HeLa, and fetal lung WI-38 cells, and rat kangaroo kidney epithelial PtK2 cells [58,59]. Although the function of the intranuclear rods is not clear, it seems that they may act as a protective mechanism by eliminating actin-treadmilling and, thus, frees up ATP that can be utilized for the immediate needs of stressed cells [56,60,61]. Several actin-interacting proteins have been identified in the intranuclear rods [56]. One of these proteins is Cofilin, which in the nuclear rods of some, but not all cells, binds the whole length of actin filaments, which makes the rods undetectable by a routine actin staining by phalloidin [62]. Studies on Drosophila heat shock model showed that the formation of intranuclear actin rods requires an increase in the nuclear pool of free actin and a heat-induced increase in the activity of cofilin [63,64]. Studies on the nuclear rod formation in Drosophila ovaries showed that cofilin is regulated by nuclear actin-bundling protein fascin [65].



Another protein present in the actin rods is the Actin-interacting protein 1 (Aip1), a WD repeat-containing protein that facilitates the disassembly of actin filaments [66]. Other proteins are the actin-binding protein Coronin (CorA), which also belongs to the WD-repeat family of proteins and is involved in actin cytoskeleton organization [67], and the calcium-regulated Actin-bundling protein B (AbpB) [56]. The nuclear rods of Dictyostelium contain the actin variant Filactin (Fia) [56]. Ishikawa-Ankerhold, et al. [56] described the spatiotemporal sequence of the formation of intranuclear rods and recruitment of its components in DMSO-stressed Dictyostelium. The formation of the rod starts 5 min after stressor application and lasts 30–60 min. During the first 5–10 min, the actin aggregates with the cofilin into short spikes in the vicinity of the nuclear envelope. Between 15 and 20 min, the spikes recruit Fia and Aip1 and aggregate into bundles, and between 30 and 60 min, the bundles associate with AbpB and CorA, and aggregate into mature, thick rods. The knockout studies showed that while the Aip1 is necessary, the Fia and CorA are not essential for the formation of the rods. After removal of the stressor, the rods were disassembled within 30 min. The disassembly was delayed in the absence of CorA or Fia, and faster in the absence of Aip1, which was expected because the Aip1-deficient cells did not form fully developed rods [56].



There are indications that the intranuclear rod formation during the stress is induced by the proteolytic fragments of small GTPase RhoA [68]. RhoA is a major regulator of actin polymerization and, thus, actin-related cell functions [69]. Under stress conditions, depending on the type of stressor, RhoA can be either activated or downregulated by the proteolytic cleavage by calpain, caspases, and serine proteases. The amino-terminal cleavage fragment (RhoA-NTF) or carboxy-terminal fragment (RhoA-CTF), which form after the exposure of fibroblasts to H2O2, induce the actin stress fibers in the cytoplasm, while RhoA-CTF also induces the cytoplasmic actin rods in the vicinity of the nuclear membrane [68,70]. This suggests that RhoA-CTF may also translocate to the nucleus and promote intranuclear rod formation [68].



It should be noted that the inability of the cell to disassemble actin rods can be highly toxic and correlates with many human diseases [71,72]. Although it is often unknown if the nuclear/cytoplasmic actin rods are the causative agent or the byproduct of the disease, there are a hallmark of Alzheimer’s, various neurodegenerative diseases, Huntington’s disease and nemaline myopathy [62,73,74,75,76]. The pathology of Alzheimer’s brains shows extracellular plaques of β-amyloid (Aβ) peptides. The soluble form of Aβ causes activation of cofilin, which promotes the formation of actin rods. Rods accumulate in neurites and cause synaptic dysfunction [62]. Similarly, in Huntington’s disease, the inability to clear the nuclear rods from the nerve cells may lead to disease development and progression [74,75]. The intranuclear actin rods are also present in many forms of congenital myopathy, which are caused by the mutation in the α skeletal actin (ACTA1) gene. The mutated ACTA1 induces intranuclear actin rods, which are aggregated through the interaction with α actinin. The accumulation of intranuclear rods in the muscle cells causes their dysfunction and muscle weakness [77]. Because of these findings, actin rods are a potential novel therapeutic target in many human diseases.




4. Actin Role in Nuclear Membrane Rupture


In the majority of dividing cells, the nuclear envelope breaks before the division, allowing the attachment of the chromosomes to the division spindle [78]. The nuclear envelope consists of the outer and inner membrane, nuclear pore complexes, and nuclear lamina, which underlines the inner membrane and is composed of a variety of the type V intermediate filament proteins, called nuclear lamins [79]. In humans, the mutations in nuclear lamins cause many hereditary diseases, including muscular dystrophy, peripheral neuropathy, and progeria [80]. The first step in the nuclear envelope breakdown (NEBD) is the disassembly of the nuclear pore complexes. This is followed by the depolymerization of the nuclear lamina, and, thus, the weakening of the nuclear envelope [81,82]. Common belief has been that the mechanical force needed for the final breakage of the nuclear envelope comes from the microtubules, which after attaching, through the motor protein dynein, to the weakened nuclear envelope, pull and break the membrane [83,84]. Although this is certainly true for small-size somatic cell nuclei, recent studies showed that in the large-size oocyte nuclei, instead of the microtubules, actin is very much involved in the breakage of the nuclear envelope [85]. Studies on starfish oocytes showed that, before the NEBD, an Arp2/3 complex-dependent polymerization of actin leads to the formation of a shell consisting of densely packed branched actin within the nuclear lamina (Figure 2) [86,87]. Subsequently, the actin spikes, protruding from the actin shell, pierce and fragment the nuclear membrane while leaving the nuclear lamina intact (Figure 2) [87,88]. Because the actin shell is also present in the nuclei of oocytes and dividing embryos in other echinoderm species, it seems that the actin-aided rupture of the nuclear envelope is, if not universal, much more common than previously thought [85].




5. Actin Role in Chromatin Organization and Remodeling


A single human cell contains around 2m of DNA that is packed into a ~10μm nucleus. To achieve this, the DNA is wounded around histones and compacted into the heterochromatin [89]. Because such condensed DNA is unavailable to the transcription factors, it has to undergo remodeling into the more open, transcription factors-accessible euchromatin [90]. The nucleus contains chromatin and the interchromatin compartments [91,92]. In the interphase nucleus, the individual chromosomes occupy their designated place—a chromosome territory [93]. Thus, chromatin is not randomly distributed within the chromatin compartment but is sub-compartmentalized into defined and functionally different domains, whose chromatin is anchored to the nuclear lamina, nucleoli, or other subnuclear bodies. One of the functions of chromatin/chromosome compartmentalization is the inclusion or exclusion of the specific factors involved in the regulation of gene splicing, silencing, transcription, and replication [94]. Chromatin compartmentalization is accompanied by the compartmentalization of nuclear actin [91]. In the interphase nucleus, chromatin displays constant movements and reordering, which allow for repositioning of the loci and the placement of the transcriptionally active genes in a common nuclear space, where they can be co-transcribed [93]. Time-lapse observations of the fluorescently tagged loci or chromatin territories showed that in mammalian cells, the chromatin is more mobile in the early G1 phase than in the S or G2 phase of the cell cycle. These studies showed that in early G1 the chromatin territories move between 0.47 and 4.44 μm, and only 0.25–2.11 μm in the later stages [95,96]. There are two major mechanisms of chromatin mobility, one is the Brownian’s motions, and another is an active, actin-dependent, and ATP-dependent movement, which allows reordering chromatin compaction to access genetic loci for transcription or repair. Actin functions in this process as a subunit of the chromatin-modifying (remodeling) complexes (Figure 3) [16,97].



Among many actin-containing chromatin remodeling complexes in yeast, invertebrate, and vertebrate cells, the most studied are BAF, INO80, NuA4/TIP60, SWR1, and Mi-2 [16,98,99]. BAF, the ATP-dependent Brahma-related gene (Brg)/Brahma-associated factor, also called the SWItch/Sucrose Non-Fermentable (SWI/SNF) is critical for lineage specification in the early mouse embryo and neuronal development in humans [98,100]. Mutations of the BAF subunits are linked to autism, schizophrenia, and many neurodevelopmental disorders [100]. INO80 complex contains the Ino80 ATPase that is a member of the SNF2 family of ATPases [101]. It is possible that in ATP-dependent chromatin remodeling complexes such as INO80, ATP binding to actin results in the conformational change of the whole complex allowing it to remodel. These complexes, using the energy produced by ATP hydrolysis, also participate in the movement of nucleosomes and the chromatin [102]. These complexes use the ATP-derived energy to displace or exchange, package, and position the histones/or histone variants within the nucleosomes [16,103,104,105,106,107,108]. On the other hand, the monomeric actin found in the INO80 complex regulates its ability to bind and mobilize nucleosomes and repair DNA damage. It has been suggested that the actin-Arps that modulates INO80 is also present in other remodeling complexes serving as a platform to contact the nucleosomal DNA [16]. Additionally, the analysis of the crystal structure of the Arp8 module of the Saccharomyces cerevisiae INO80, showed that during chromatin remodeling, the actin-Arps complex facilitates recognition of the extranucleosomal 40-bp linker DNA [109,110]. Two different functions of actin in the chromatin remodeling complexes have been proposed. Either the complex is attached to the actin filament and moves along the filament propelled by the filament polymerization-depolymerization, or the monomeric actin directly interacts with the chromatin, or other unconventional forms of actin oligomers, performing some (currently unknown) functions in the chromatin remodeling complexes [16]. Another chromatin-modifying complex is the histone acetyltransferase complex NuA4/TIP60, which is involved in chromatin-binding, histone modifications, transcription, DNA damage response, control of the cell cycle, nonhomologous end joying, and homologous recombination [16,111,112,113]. Recent studies showed that the SWR1 remodeling complex deposits Htz1 histone into the chromatin and prevents genome instability, which is often associated with tumorigenesis [114,115]. The incorporation of Htz1 histone into the chromatin may stabilize damaged replication forks (by preventing fork regression), or if the replication fork had collapsed, the Htz, incorporated at the sites of replication damage, prevents DNA double-strand breaks [115]. The Mi-2/NuRD (Nucleosome Remodeling Deacetylase) complex has ATP-dependent chromatin remodeling activity and also histone deacetylase activity [99]. Studies on Drosophila showed that the chromatin containing DNA with the double-strand breaks relocates to the nuclear periphery for repair. The relocation of this damaged DNA occurs through a myosin-dependent sliding on the actin filaments, which polymerase in response to the DNA damage [110,116]. Recent studies using Xenopus cell-free extracts, human bone osteosarcoma epithelial cells U2OS, and mouse-tail fibroblast cell lines showed that nuclear actin together with Arp2/3 and WASP are recruited into the chromatin undergoing the homology-directed repair (HDR) [117]. These studies also showed that actin repositions DNA containing the double-strand brakes (DSBs) undergoing HDR, into the specific chromatin repair domains and that the inhibition of actin nucleation decreases HDR efficiency [117]. Another study on Xenopus cell-free extracts and human somatic cells showed that DNA replication (both initiation and elongation) depends on nuclear shuttling dynamics of actin and formin [22,118]. Live and supper-resolution imaging studies of human lung fibroblast cell line IMR90 showed that during replication stress (induced by DNA polymerase inhibitor aphidicolin or the ribonucleotide reductase inhibitor hydroxyurea), the replication foci are translocated along actin filaments to the nuclear periphery where they undergo repair [119].




6. Actin Role in Transcription


Besides being a component of chromatin remodeling complexes, nuclear actin regulates various transcription factors and associates with all RNA polymerases [120,121], i.e., RNA polymerase I that transcribes rRNA, RNA polymerase II that transcribes mRNA, miRNA, snRNA, and snoRNA, and RNA polymerase III that transcribes tRNA and 5S rRNA [26,120,121,122]. The interaction of actin with these three RNA polymerases is mediated by the RNA-binding proteins, Rbp6 and Rbp8 [121]. Both G-actin and actin oligomers are known to associate with RNA polymerases [122,123]. The in vivo and in vitro studies of the Pol I-, Pol II-, and Pol III-dependent transcription [121] showed that actin is recruited into the gene promoters, where it recruits polymerases, becomes a part of the polymerase preinitiation complexes (Figure 3), and together with the nuclear myosin-1 is involved in transcript elongation [99]. Recent studies using RNA-seq and super-resolution imaging [120] showed that the serum stimulation and interferon-γ treatment induce the assembly of nuclear actin filaments, which in turn, enhance the clustering of polymerase II (Pol II) and promote transcription of serum- and interferon-γ-inducible genes in the CRISPR-edited osteosarcoma U2OS cell line [120]. However, it is still unknown how nuclear actin assembles the clusters of Pol II on the specific genes [120].



Actin also directly interacts with the heterogeneous nuclear ribonucleoprotein U (hnRNP U), which contains the actin-binding site in its C-terminus and is a component of pre-mRNA particles [99]. Studies of the conditional knockout of the Hnrnpu gene in the mouse heart showed that the hnRNP U is required for mRNA splicing and heart development [124]. Studies of the transcription process in the dipteran Chironomus showed that actin binds directly to the hnRNP, HRP65-2 that facilitates the recruitment of H3-specific acetyltransferase p2D10 [99,121,122,125]. After transcription, actin, incorporated into the hnRNPs, moves with the newly synthesized transcript to the polyribosomes [110].



Because the changes in the chromatin and genome architecture are also known attributes of the embryonic and post-embryonic cellular differentiation and correlate with many different diseases, one of the fascinating roles of nuclear actin is its involvement in the establishment of cell fate, differentiation programs during neurogenesis, myogenesis, organs’ development, and development of various diseases [110,124].




7. Nuclear Actin in Macrophages and Other Immune Cells


The multifunctionality of nuclear actin suggests that nuclear actin has to be also important for the differentiation and functions of immune cells. For over a decade, our laboratory has studied the structure and functions of macrophages in the rejection of transplanted organs. Our studies in rodent transplantation models showed that the integrity of macrophage actin cytoskeleton is indispensable for the macrophage-dependent long-term phase of graft rejection [126,127,128]. These findings also prompted our interest in the role of nuclear actin in the macrophages and the immune cells, in general. In the following paragraph, we describe what is currently known about nuclear actin in macrophages and other immune cells.



During the activation of the immune response, the monocytes circulating in the blood are recruited by the inflammatory signals to the site of inflammation or infection, where they differentiate into the macrophages. In the in vitro experiments, the blood-derived monocytes or bone marrow-derived cells can be forced to differentiate into macrophages, and/or polarized into different macrophage subtypes by the addition of various cytokines and factors, such as, mentioning a few, interferon-gamma, interleukins, the bacterial cell wall component lipopolysaccharide (LPS) or phorbol 12-myristate 13-acetate (PMA) [126,127,128]. Interestingly, the LPS has been shown to reorganize actin cytoskeleton in many different cell types, including macrophages [129]. Studies of human blood-derived monocytes and promyelocytic leukemia cells (HL-60) showed that during the PMA-induced differentiation of these cells into the macrophages, there is a massive influx, dependent on the p38 mitogen-activated kinase, of actin into the cell nucleus. Nuclear actin content increased 12–32-fold during 24–72 h of PMA treatment, and the recruited nuclear actin was incorporated into Pol-II complexes [130,131]. The ChiP-on-chip experiments identified the actin-bound promoters of the genes related to the chromatin remodeling, transcription, RNA splicing, apoptosis, and immune response, and the knockout experiments showed that actin binding to the promoters modulated the expression of these genes [130]. Studies on the migration of keratinocytes showed that nuclear actin regulates transcription of genes related to the focal adhesions and cell migration and that the knockout of the importin 9, which lowered nuclear actin level, increased keratinocyte migration [132]. These studies are also relevant to the macrophages and other immune cells, which have to actively migrate to the target tissues and organs.



Studies of the nuclear signaling events during CD4+ T cell activation showed that the T cell antigen receptor (TCR) signaling, which drives T cell differentiation and proliferation, induces the formation of the nuclear actin network. Nuclear actin regulates the expression of IL-2, IL-6, IL-9, IL-10, IL-21, IFN-γ, and TNF-α, thus, the immune functions of the T cells [133]. Additionally, the actin-dependent recruitment of RNAPII at promoter sites regulates the transcription of genes involved in T cell differentiation [134].



All these studies indicate that the drugs modulating the nuclear/cytoplasmic actin dynamics in the immune cells could be potentially used as an anti-inflammatory and/or anti-cancer therapies [126,127,135].



Taking into consideration the multifaceted role of nuclear actin and a dynamic exchange between the nuclear and cytoplasmic actin pool, the future challenge will be to further define the functions of nuclear actin in various cellular processes and different cell types and organisms.







Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We thank The William Stamps Farish Fund and Novartis for support to MK and RMG. During the writing of this article, JZK was supported by “Kościuszko” grant # 508/2017/DA from the Polish Ministry of National Defense. Some of the images used to make figures were from the Servier Medical ART: SMART, smart.servier.com.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ohnishi, T.; Kawamura, H.; Yamamoto, T. Extraction of a Protein Resembling Actin from the Cell Nucleus of the Calf Thymus. J. Biochem. 1963, 54, 298–300. [Google Scholar] [CrossRef]

	



Ohnishi, T.; Kawamura, H.; Tanaka, Y. Actin and Myosin-Like Proteins in the Calf Thymus Cell Nucleus. J. Biochem. 1964, 56, 6–15. [Google Scholar] [CrossRef]

	



Jockusch, B.M.; Brown, D.F.; Rusch, H.P. Synthesis and Some Properties of an Actin-Like Nuclear Protein in the Slime Mold Physarum polycephalum. J. Bacteriol. 1971, 108, 705–714. [Google Scholar] [CrossRef]

	



Pederson, T. Isolation and characterization of chromatin from the cellular slime mold, Dictyostelium discoideum. Biochemistry 1977, 16, 2771–2777. [Google Scholar] [CrossRef]

	



Parfenov, V.N.; Davis, D.S.; Pochukalina, G.N.; Sample, C.E.; Bugaeva, E.A.; Murti, K.G. Nuclear Actin Filaments and Their Topological Changes in Frog Oocytes. Exp. Cell Res. 1995, 217, 385–394. [Google Scholar] [CrossRef]

	



Clark, T.G.; Merriam, R.W. Diffusible and bound actin in nuclei of xenopus laevis oocytes. Cell 1977, 12, 883–891. [Google Scholar] [CrossRef]

	



Lane, N.J.; Kleinfeld, R.G.; Sisken, J.E. Intranuclear fibrillar bodies in actinomycin d-treated oocytes. J. Cell Biol. 1969, 40, 286–291. [Google Scholar] [CrossRef] [PubMed]

	



Douvas, A.S.; Harrington, C.A.; Bonner, J. Major nonhistone proteins of rat liver chromatin: Preliminary iden-tification of myosin, actin, tubulin, and tropomyosin. Proc. Natl. Acad. Sci. USA 1975, 72, 3902–3906. [Google Scholar] [CrossRef] [PubMed]

	



Goldstein, L.; Rubin, R.; Ko, C. The presence of actin in nuclei: A critical appraisal. Cell 1977, 12, 601–608. [Google Scholar] [CrossRef]

	



Castano, E.; Philimonenko, V.V.; Kahle, M.; Fukalová, J.; Kalendová, A.; Yildirim, S.; Dzijak, R.; Dingová-Krásna, H.; Hozák, P. Actin complexes in the cell nucleus: New stones in an old field. Histochem. Cell Biol. 2010, 133, 607–626. [Google Scholar] [CrossRef]

	



Schoenenberger, C.-A.; Buchmeier, S.; Boerries, M.; Sütterlin, R.; Aebi, U.; Jockusch, B. Conformation-specific antibodies reveal distinct actin structures in the nucleus and the cytoplasm. J. Struct. Biol. 2005, 152, 157–168. [Google Scholar] [CrossRef]

	



McDonald, D.; Carrero, G.; Andrin, C.; De Vries, G.; Hendzel, M.J. Nucleoplasmic β-actin exists in a dynamic equilibrium between low-mobility polymeric species and rapidly diffusing populations. J. Cell Biol. 2006, 172, 541–552. [Google Scholar] [CrossRef]

	



Vartiainen, M.K. Nuclear actin dynamics—From form to function. FEBS Lett. 2008, 582, 2033–2040. [Google Scholar] [CrossRef]

	



Jockusch, B.M.; Schoenenberger, C.-A.; Stetefeld, J.; Aebi, U.; Stetefeld, J. Tracking down the different forms of nuclear actin. Trends Cell Biol. 2006, 16, 391–396. [Google Scholar] [CrossRef]

	



Gonsior, S.M.; Platz, S.; Buchmeier, S.; Scheer, U.; Jockusch, B.M.; Hinssen, H. Conformational difference between nu-clear and cytoplasmic actin as detected by a monoclonal antibody. J. Cell Sci. 1999, 112 Pt 6, 797–809. [Google Scholar]

	



Kapoor, P.; Shen, X. Mechanisms of nuclear actin in chromatin-remodeling complexes. Trends Cell Biol. 2014, 24, 238–246. [Google Scholar] [CrossRef]

	



Wineland, D.M.; Kelpsch, D.J.; Tootle, T.L. Multiple Pools of Nuclear Actin. Anat. Rec. Adv. Integr. Anat. Evol. Biol. 2018, 301, 2014–2036. [Google Scholar] [CrossRef]

	



DeSouza, M.; Gunning, P.W.; Stehn, J.R. The actin cytoskeleton as a sensor and mediator of apoptosis. BioArchitecture 2012, 2, 75–87. [Google Scholar] [CrossRef]

	



Fuchsová, B.; Serebryannyy, L.A.; De Lanerolle, P. Nuclear actin and myosins in adenovirus infection. Exp. Cell Res. 2015, 338, 170–182. [Google Scholar] [CrossRef]

	



Bohnsack, M.T.; Stuven, T.; Kuhn, C.; Cordes, V.C.; Gorlich, D. A selective block of nuclear actin export stabilizes the giant nuclei of Xenopus oocytes. Nat. Cell Biol. 2006, 8, 257–263. [Google Scholar] [CrossRef]

	



Feric, M.; Brangwynne, C.P. A nuclear F-actin scaffold stabilizes ribonucleoprotein droplets against gravity in large cells. Nat. Cell Biol. 2013, 15, 1253–1259. [Google Scholar] [CrossRef] [PubMed]

	



Parisis, N.; Krasinska, L.; Harker, B.; Urbach, S.; Rossignol, M.; Camasses, A.; Dewar, J.; Morin, N.; Fisher, D. Initiation of DNA replication requires actin dynamics and formin activity. EMBO J. 2017, 36, 3212–3231. [Google Scholar] [CrossRef] [PubMed]

	



Caridi, C.P.; Plessner, M.; Grosse, R.; Chiolo, I. Nuclear actin filaments in DNA repair dynamics. Nat. Cell Biol. 2019, 21, 1068–1077. [Google Scholar] [CrossRef] [PubMed]

	



Dopie, J.; Skarp, K.-P.; Rajakylä, E.K.; Tanhuanpää, K.; Vartiainen, M.K. Active maintenance of nuclear actin by importin 9 supports transcription. Proc. Natl. Acad. Sci. USA 2012, 109, E544–E552. [Google Scholar] [CrossRef]

	



Stüven, T.; Hartmann, E.; Görlich, D. Exportin 6: A novel nuclear export receptor that is specific for profilin actin complexes. EMBO J. 2003, 22, 5928–5940. [Google Scholar] [CrossRef]

	



De Corte, V.; Van Impe, K.; Bruyneel, E.; Boucherie, C.; Mareel, M.; Vandekerckhove, J.; Gettemans, J. Increased importin-beta-dependent nuclear import of the actin modulating protein CapG promotes cell invasion. J. Cell Sci. 2004, 117 Pt 22, 5283–5292. [Google Scholar] [CrossRef]

	



Padavannil, A.; Sarkar, P.; Kim, S.J.; Cagatay, T.; Jiou, J.; Brautigam, C.A.; Tomchick, D.R.; Sali, A.; D’Arcy, S.; Chook, Y.M. Importin-9 wraps around the H2A-H2B core to act as nuclear importer and histone chaperone. eLife 2019, 8. [Google Scholar] [CrossRef]

	



Fiore, A.P.Z.P.; Spencer, V.A.; Mori, H.; Carvalho, H.F.; Bissell, M.J.; Bruni-Cardoso, A. Laminin-111 and the Level of Nuclear Actin Regulate Epithelial Quiescence via Exportin-6. Cell Rep. 2017, 19, 2102–2115. [Google Scholar] [CrossRef]

	



Cavazza, T.; Vernos, I. The RanGTP Pathway: From Nucleo-Cytoplasmic Transport to Spindle Assembly and Beyond. Front. Cell Dev. Biol. 2016, 3. [Google Scholar] [CrossRef]

	



Lui, K. RanGTPase: A Key Regulator of Nucleocytoplasmic Trafficking. Mol. Cell. Pharmacol. 2009, 1, 148–156. [Google Scholar] [CrossRef]

	



Scheer, U.; Hinssen, H.; Franke, W.W.; Jockusch, B.M. Microinjection of actin-binding proteins and actin antibodies demonstrates involvement of nuclear actin in transcription of lampbrush chromosomes. Cell 1984, 39, 111–122. [Google Scholar] [CrossRef]

	



Baarlink, C.; Plessner, M.; Sherrard, A.; Morita, K.; Misu, S.; Virant, D.; Kleinschnitz, E.-M.; Harniman, R.; Alibhai, D.; Baumeister, S.; et al. A transient pool of nuclear F-actin at mitotic exit controls chromatin organization. Nat. Cell Biol. 2017, 19, 1389–1399. [Google Scholar] [CrossRef]

	



Denais, C.; Lammerding, J. Nuclear Mechanics in Cancer. Adv. Exp. Med. Biol. 2014, 773, 435–470. [Google Scholar] [CrossRef]

	



Spencer, V.A.; Costes, S.; Inman, J.L.; Xu, R.; Chen, J.; Hendzel, M.J.; Bissell, M.J. Depletion of nuclear actin is a key mediator of quiescence in epithelial cells. J. Cell Sci. 2010, 124 Pt 1, 123–132. [Google Scholar] [CrossRef]

	



Okuno, T.; Li, W.Y.; Hatano, Y.; Takasu, A.; Sakamoto, Y.; Yamamoto, M.; Ikeda, Z.; Shindo, T.; Plessner, M.; Morita, K.; et al. Zygotic Nuclear F-Actin Safeguards Embryonic Development. Cell Rep. 2020, 31, 107824. [Google Scholar] [CrossRef]

	



Plessner, M.; Melak, M.; Chinchilla, P.; Baarlink, C.; Grosse, R. Nuclear F-actin Formation and Reorganization upon Cell Spreading. J. Biol. Chem. 2015, 290, 11209–11216. [Google Scholar] [CrossRef]

	



Wioland, H.; Guichard, B.; Senju, Y.; Myram, S.; Lappalainen, P.; Jégou, A.; Romet-Lemonne, G. ADF/Cofilin Accelerates Actin Dynamics by Severing Filaments and Promoting Their Depolymerization at Both Ends. Curr. Biol. 2017, 27, 1956–1967.e7. [Google Scholar] [CrossRef]

	



Sagot, I.; Rodal, A.A.; Moseley, J.B.; Goode, B.L.; Pellman, D. An actin nucleation mechanism mediated by Bni1 and Profilin. Nat. Cell Biol. 2002, 4, 626–631. [Google Scholar] [CrossRef]

	



Jansen, S.; Collins, A.; Yang, C.; Rebowski, G.; Svitkina, T.; Dominguez, R. Mechanism of Actin Filament Bundling by Fascin. J. Biol. Chem. 2011, 286, 30087–30096. [Google Scholar] [CrossRef]

	



Lappalainen, P.; Drubin, D.G. Cofilin promotes rapid actin filament turnover in vivo. Nat. Cell Biol. 1997, 388, 78–82. [Google Scholar] [CrossRef]

	



Pendleton, A.; Pope, B.; Weeds, A.; Koffer, A. Latrunculin B or ATP Depletion Induces Cofilin-dependent Translocation of Actin into Nuclei of Mast Cells. J. Biol. Chem. 2003, 278, 14394–14400. [Google Scholar] [CrossRef]

	



Bamburg, J.R.; Wiggan, O.P. ADF/cofilin and actin dynamics in disease. Trends Cell Biol. 2002, 12, 598–605. [Google Scholar] [CrossRef]

	



Wada, A.; Fukuda, M.; Mishima, M.; Nishida, E. Nuclear export of actin: A novel mechanism regulating the subcellular localization of a major cytoskeletal protein. EMBO J. 1998, 17, 1635–1641. [Google Scholar] [CrossRef]

	



Birbach, A. Profilin, a multi-modal regulator of neuronal plasticity. Bioessays 2008, 30, 994–1002. [Google Scholar] [CrossRef]

	



Bettinger, B.T.; Gilbert, D.M.; Amberg, D.C. Actin up in the nucleus. Nat. Rev. Mol. Cell Biol. 2004, 5, 410–415. [Google Scholar] [CrossRef]

	



Pederson, T.; Aebi, U. Nuclear Actin Extends, with No Contraction in Sight. Mol. Biol. Cell 2005, 16, 5055–5060. [Google Scholar] [CrossRef]

	



Kiseleva, E.; Drummond, S.P.; Goldberg, M.W.; Rutherford, S.A.; Allen, T.D.; Wilson, K.L. Actin- and protein-4.1-containing filaments link nuclear pore complexes to subnuclear organelles in Xenopus oocyte nuclei. J. Cell Sci. 2004, 117, 2481–2490. [Google Scholar] [CrossRef]

	



Serebryannyy, L.A.; Parilla, M.; Annibale, P.; Cruz, C.M.; Laster, K.; Gratton, E.; Kudryashov, D.; Kosak, S.T.; Gottardi, C.J.; De Lanerolle, P. Persistent nuclear actin filaments inhibit transcription by RNA polymerase II. J. Cell Sci. 2016, 129, 3412–3425. [Google Scholar] [CrossRef]

	



Zhen, Y.-Y.; Libotte, T.; Munck, M.; Noegel, A.A.; Korenbaum, E. NUANCE, a giant protein connecting the nucleus and actin cytoskeleton. J. Cell Sci. 2002, 115, 3207–3222. [Google Scholar]

	



Wasser, M.; Chia, W. The EAST protein of Drosophila controls an expandable nuclear endoskeleton. Nat. Cell Biol. 2000, 2, 268–275. [Google Scholar] [CrossRef]

	



Krauss, S.W.; Chen, C.; Penman, S.; Heald, R. Nuclear actin and protein 4.1: Essential interactions during nuclear assembly in vitro. Proc. Natl. Acad. Sci. USA 2003, 100, 10752–10757. [Google Scholar] [CrossRef]

	



Takakuwa, Y. Protein 4.1, a multifunctional protein of the erythrocyte membrane skeleton: Structure and func-tions in erythrocytes and nonerythroid cells. Int. J. Hematol. 2000, 72, 298–309. [Google Scholar] [PubMed]

	



Ishii, K.; Arib, G.; Lin, C.; Van Houwe, G.; Laemmli, U.K. Chromatin Boundaries in Budding Yeast: The nuclear pore connection. Cell 2002, 109, 551–562. [Google Scholar] [CrossRef]

	



Melak, M.; Plessner, M.; Grosse, R. Actin visualization at a glance. J. Cell Sci. 2017, 130, 525–530. [Google Scholar] [CrossRef] [PubMed]

	



Park, C.E.; Cho, Y.; Cho, I.; Jung, H.; Kim, B.; Shin, J.H.; Choi, S.; Kwon, S.-K.; Hahn, Y.K.; Chang, J.-B. Super-Resolution Three-Dimensional Imaging of Actin Filaments in Cultured Cells and the Brain via Expansion Microscopy. ACS Nano 2020, 14, 14999–15010. [Google Scholar] [CrossRef] [PubMed]

	



Ishikawa-Ankerhold, H.C.; Daszkiewicz, W.; Schleicher, M.; Müller-Taubenberger, A. Actin-Interacting Protein 1 Contributes to Intranuclear Rod Assembly in Dictyostelium discoideum. Sci. Rep. 2017, 7, 40310. [Google Scholar] [CrossRef] [PubMed]

	



Kelpsch, D.J.; Tootle, T.L. Nuclear Actin: From Discovery to Function. Anat. Rec. Adv. Integr. Anat. Evol. Biol. 2018, 301, 1999–2013. [Google Scholar] [CrossRef] [PubMed]

	



Fukui, Y.; Katsumaru, H. Nuclear actin bundles in Amoeba, dictyostelium and human HeLa cells induced by dimethyl sulfoxide. Exp. Cell Res. 1979, 120, 451–455. [Google Scholar] [CrossRef]

	



Sanger, J.W.; Kreis, T.E.; Jockusch, B.M.; Sanger, J.M. Reversible translocation of cytoplasmic actin into the nucleus caused by dimethyl sulfoxide. Proc. Natl. Acad. Sci. USA 1980, 77, 5268–5272. [Google Scholar] [CrossRef]

	



Bernstein, B.W.; Chen, H.; Boyle, J.A.; Bamburg, J.R. Formation of actin-ADF/cofilin rods transiently retards decline of mitochondrial potential and ATP in stressed neurons. Am. J. Physiol. Physiol. 2006, 291, C828–C839. [Google Scholar] [CrossRef]

	



Munsie, L.N.; Desmond, C.R.; Truant, R. Cofilin nuclear–cytoplasmic shuttling affects cofilin–actin rod formation during stress. J. Cell Sci. 2012, 125, 3977–3988. [Google Scholar] [CrossRef]

	



Bamburg, J.R.; Bernstein, B.W. Actin dynamics and cofilin-actin rods in alzheimer disease. Cytoskeleton 2016, 73, 477–497. [Google Scholar] [CrossRef]

	



Figard, L.; Zheng, L.; Biel, N.; Xue, Z.; Seede, H.; Coleman, S.; Golding, I.; Sokac, A.M. Cofilin-Mediated Actin Stress Response Is Maladaptive in Heat-Stressed Embryos. Cell Rep. 2019, 26, 3493–3501.e4. [Google Scholar] [CrossRef]

	



Biel, N.; Figard, L.; Sokac, A.M. Imaging Intranuclear Actin Rods in Live Heat Stressed Drosophila Embryos. J. Vis. Exp. 2020, 159, e61297. [Google Scholar] [CrossRef]

	



Kelpsch, D.J.; Groen, C.M.; Fagan, T.N.; Sudhir, S.; Tootle, T.L. Fascin regulates nuclear actin during Drosophila oogenesis. Mol. Biol. Cell 2016, 27, 2965–2979. [Google Scholar] [CrossRef]

	



Hayakawa, K.; Sekiguchi, C.; Sokabe, M.; Ono, S.; Tatsumi, H. Real-Time Single-Molecule Kinetic Analyses of AIP1-Enhanced Actin Filament Severing in the Presence of Cofilin. J. Mol. Biol. 2019, 431, 308–322. [Google Scholar] [CrossRef]

	



Cai, L.; Makhov, A.M.; Schafer, D.A.; Bear, J.E. Coronin 1B Antagonizes Cortactin and Remodels Arp2/3-Containing Actin Branches in Lamellipodia. Cell 2008, 134, 828–842. [Google Scholar] [CrossRef]

	



Girouard, M.-P.; Pool, M.; Alchini, R.; Rambaldi, I.; Fournier, A.E. RhoA Proteolysis Regulates the Actin Cytoskeleton in Response to Oxidative Stress. PLoS ONE 2016, 11, e0168641. [Google Scholar] [CrossRef]

	



Pertz, O.; Hodgson, L.; Klemke, R.L.; Hahn, K.M. Spatiotemporal dynamics of RhoA activity in migrating cells. Nat. Cell Biol. 2006, 440, 1069–1072. [Google Scholar] [CrossRef]

	



Kulkarni, S.; Goll, D.E.; Fox, J.E.B. Calpain Cleaves RhoA Generating a Dominant-negative Form That Inhibits Integrin-induced Actin Filament Assembly and Cell Spreading. J. Biol. Chem. 2002, 277, 24435–24441. [Google Scholar] [CrossRef]

	



Maloney, M.T.; Bamburg, J.R. Cofilin-mediated neurodegeneration in alzheimer’s disease and other amyloidopathies. Mol. Neurobiol. 2007, 35, 21–43. [Google Scholar] [CrossRef]

	



Serebryannyy, L.A.; Yuen, M.; Parilla, M.; Cooper, S.T.; De Lanerolle, P. The Effects of Disease Models of Nuclear Actin Polymerization on the Nucleus. Front. Physiol. 2016, 7, 454. [Google Scholar] [CrossRef]

	



Bernstein, B.W.; Shaw, A.E.; Minamide, L.S.; Pak, C.W.; Bamburg, J.R. Incorporation of cofilin into rods depends on disulfide intermolecular bonds: implications for actin regulation and neurodegenerative disease. Neurosci. 2012, 32, 6670–6681. [Google Scholar] [CrossRef]

	



Munsie, L.; Caron, N.; Atwal, R.S.; Marsden, I.; Wild, E.J.; Bamburg, J.R.; Tabrizi, S.J.; Truant, R. Mutant huntingtin causes defective actin remodeling during stress: Defining a new role for transglutaminase 2 in neurodegenerative disease. Hum. Mol. Genet. 2011, 20, 1937–1951. [Google Scholar] [CrossRef]

	



Munsie, L.N.; Truant, R. The role of the cofilin-actin rod stress response in neurodegenerative diseases uncovers potential new drug targets. BioArchitecture 2012, 2, 204–208. [Google Scholar] [CrossRef]

	



Clarkson, E.; Costa, C.F.; Machesky, L.M. Congenital myopathies: diseases of the actin cytoskeleton. J. Pathol. 2004, 204, 407–417. [Google Scholar] [CrossRef] [PubMed]

	



Domazetovska, A.; Ilkovski, B.; Cooper, S.T.; Ghoddusi, M.; Hardeman, E.C.; Minamide, L.S.; Gunning, P.W.; Bamburg, J.R.; North, K.N. Mechanisms underlying intranuclear rod formation. Brain 2007, 130, 3275–3284. [Google Scholar] [CrossRef]

	



Terasaki, M.; Campagnola, P.; Rolls, M.M.; Stein, P.A.; Ellenberg, J.; Hinkle, B.; Slepchenko, B. A New Model for Nuclear Envelope Breakdown. Mol. Biol. Cell 2001, 12, 503–510. [Google Scholar] [CrossRef]

	



Burke, B.; Stewart, C.L. The nuclear lamins: Flexibility in function. Nat. Rev. Mol. Cell Biol. 2013, 14, 13–24. [Google Scholar] [CrossRef] [PubMed]

	



Worman, H.J. Components of the Nuclear Envelope and Their Role in Human Disease. Novartis Found. Symp. 2005, 264, 35–42, discussion 42–50. [Google Scholar] [CrossRef] [PubMed]

	



Dultz, E.; Zanin, E.; Wurzenberger, C.; Braun, M.; Rabut, G.; Sironi, L.; Ellenberg, J. Systematic kinetic analysis of mitotic dis- and reassembly of the nuclear pore in living cells. J. Cell Biol. 2008, 180, 857–865. [Google Scholar] [CrossRef] [PubMed]

	



Gerace, L.; Blobel, G. The nuclear envelope lamina is reversibly depolymerized during mitosis. Cell 1980, 19, 277–287. [Google Scholar] [CrossRef]

	



Beaudouin, J.; Gerlich, D.; Daigle, N.; Eils, R.; Ellenberg, J. Nuclear Envelope Breakdown Proceeds by Microtubule-Induced Tearing of the Lamina. Cell 2002, 108, 83–96. [Google Scholar] [CrossRef]

	



Salina, D.; Bodoor, K.; Eckley, D.; Schroer, T.A.; Rattner, J.; Burke, B. Cytoplasmic Dynein as a Facilitator of Nuclear Envelope Breakdown. Cell 2002, 108, 97–107. [Google Scholar] [CrossRef]

	



Mogessie, B.; Schuh, M. Nuclear Envelope Breakdown: Actin’ Quick to Tear Down the Wall. Curr. Biol. 2014, 24, R605–R607. [Google Scholar] [CrossRef] [PubMed]

	



Goley, E.; Welch, M. The ARP2/3 complex: An actin nucleator comes of age. Nat. Rev. Mol. Cell Biol. 2006, 7, 713–726. [Google Scholar] [CrossRef] [PubMed]

	



Mori, M.; Somogyi, K.; Kondo, H.; Monnier, N.; Falk, H.J.; Machado, P.; Bathe, M.; Nédélec, F.; Lénárt, P. An Arp2/3 Nucleated F-Actin Shell Fragments Nuclear Membranes at Nuclear Envelope Breakdown in Starfish Oocytes. Curr. Biol. 2014, 24, 1421–1428. [Google Scholar] [CrossRef] [PubMed]

	



Wesolowska, N.; Avilov, I.; Machado, P.; Geiss, C.; Kondo, H.; Mori, M.; Lenart, P. Actin assembly ruptures the nuclear envelope by prying the lamina away from nuclear pores and nuclear membranes in starfish oocytes. eLife 2020, 9. [Google Scholar] [CrossRef]

	



Brahmachari, S.; Marko, J.F. DNA Mechanics and Topology. Adv. Exp. Med. Biol. 2018, 1092, 11–39. [Google Scholar] [CrossRef]

	



Phillips, T.; Shaw, K. Chromatin Remodeling in Eukaryotes. Nat. Educ. 2008, 1, 209. [Google Scholar]

	



Cruz, J.R.; De La Espina, S.M.D. Subnuclear compartmentalization and function of actin and nuclear Myosin I in plants. Chromosoma 2008, 118, 193–207. [Google Scholar] [CrossRef]

	



Cremer, T.; Cremer, M.; Dietzel, S.; Müller, S.; Solovei, I.; Fakan, S. Chromosome territories—A functional nu-clear landscape. Curr. Opin. Cell Biol. 2006, 18, 307–316. [Google Scholar] [CrossRef]

	



Mehta, I.S.; Amira, M.; Harvey, A.J.; Bridger, J.M. Rapid chromosome territory relocation by nuclear motor activity in response to serum removal in primary human fibroblasts. Genome Biol. 2010, 11, R5. [Google Scholar] [CrossRef]

	



Hildebrand, E.M.; Dekker, J. Mechanisms and Functions of Chromosome Compartmentalization. Trends Biochem. Sci. 2020, 45, 385–396. [Google Scholar] [CrossRef] [PubMed]

	



Walter, J.; Schermelleh, L.; Cremer, M.; Tashiro, S.; Cremer, T. Chromosome order in HeLa cells changes during mitosis and early G1, but is stably maintained during subsequent interphase stages. J. Cell Biol. 2003, 160, 685–697. [Google Scholar] [CrossRef] [PubMed]

	



Dion, V.; Gasser, S.M. Chromatin Movement in the Maintenance of Genome Stability. Cell 2013, 152, 1355–1364. [Google Scholar] [CrossRef] [PubMed]

	



Spichal, M.; Brion, A.; Herbert, S.; Cournac, A.; Marbouty, M.; Zimmer, C.; Koszul, R.; Fabre, E. Evidence for a dual role of actin in regulating chromosome organization and dynamics in yeast. J. Cell Sci. 2016, 129, 681–692. [Google Scholar] [CrossRef]

	



Panamarova, M.; Cox, A.; Wicher, K.B.; Butler, R.; Bulgakova, N.; Jeon, S.; Rosen, B.; Seong, R.H.; Skarnes, W.; Crabtree, G.; et al. The BAF chromatin remodelling complex is an epigenetic regulator of lineage specification in the early mouse embryo. Dev. 2016, 143, 1271–1283. [Google Scholar] [CrossRef]

	



Zheng, B.; Han, M.; Bernier, M.; Wen, J.-K. Nuclear actin and actin-binding proteins in the regulation of transcription and gene expression. FEBS J. 2009, 276, 2669–2685. [Google Scholar] [CrossRef]

	



Sokpor, G.; Xie, Y.; Rosenbusch, J.; Tuoc, T. Chromatin Remodeling BAF (SWI/SNF) Complexes in Neural Develop-ment and Disorders. Front. Mol. Neurosci. 2017, 10, 243. [Google Scholar] [CrossRef]

	



Conaway, R.C.; Conaway, J.W. The INO80 chromatin remodeling complex in transcription, replication and repair. Trends Biochem. Sci. 2009, 34, 71–77. [Google Scholar] [CrossRef]

	



Saha, A.; Wittmeyer, J.; Cairns, B.R. Mechanisms for Nucleosome Movement by ATP-dependent Chromatin Remodeling Complexes. In Chromatin Dynamics in Cellular Function. Results and Problems in Cell Differentiation; Laurent, B.C., Ed.; Springer: Berlin/Heidelberg, Germany, 2006; Volume 41. [Google Scholar] [CrossRef]

	



Lin, C.-L.; Chaban, Y.; Rees, D.M.; McCormack, E.A.; Ocloo, L.; Wigley, D.B. Functional characterization and architecture of recombinant yeast SWR1 histone exchange complex. Nucleic Acids Res. 2017, 45, 7249–7260. [Google Scholar] [CrossRef]

	



Aslam, M.; Fakher, B.; Jakada, B.H.; Cao, S.; Qin, Y. SWR1 Chromatin Remodeling Complex: A Key Transcriptional Regulator in Plants. Cells 2019, 8, 1621. [Google Scholar] [CrossRef]

	



Hota, S.K.; Bruneau, B.G. ATP-dependent chromatin remodeling during mammalian development. Development 2016, 143, 2882–2897. [Google Scholar] [CrossRef]

	



Pfaendtner, J.; Branduardi, D.; Parrinello, M.; Pollard, T.D.; Voth, G.A. Nucleotide-dependent conformational states of actin. Proc. Natl. Acad. Sci. USA 2009, 106, 12723–12728. [Google Scholar] [CrossRef]

	



Rould, M.A.; Wan, Q.; Joel, P.B.; Lowey, S.; Trybus, K.M. Crystal structures of expressed non-polymerizable monomeric actin in the ADP and ATP states. J. Biol. Chem. 2006, 281, 31909–31919. [Google Scholar] [CrossRef]

	



Sunada, R.; Görzer, I.; Oma, Y.; Yoshida, T.; Suka, N.; Wintersberger, U.; Harata, M. Nuclear actin-related protein Act3p/Arp4p is involved in the dynamics of chroma-tin-modulating complexes. Yeast 2005, 22, 753–768. [Google Scholar] [CrossRef]

	



Knoll, K.R.; Eustermann, S.; Niebauer, V.; Oberbeckmann, E.; Stoehr, G.; Schall, K.; Tosi, A.; Schwarz, M.; Buchfellner, A.; Korber, P.; et al. The nuclear actin-containing Arp8 module is a linker DNA sensor driving INO80 chromatin remodeling. Nat. Struct. Mol. Biol. 2018, 25, 823–832. [Google Scholar] [CrossRef]

	



Percipalle, P.; Vartiainen, M. Cytoskeletal proteins in the cell nucleus: A special nuclear actin perspective. Mol. Biol. Cell 2019, 30, 1781–1785. [Google Scholar] [CrossRef]

	



Espinosa-Cores, L.; Bouza-Morcillo, L.; Barrero-Gil, J.; Jiménez-Suárez, V.; Lázaro, A.; Piqueras, R.; Jarillo, J.A.; Piñeiro, M. Insights Into the Function of the NuA4 Complex in Plants. Front. Plant Sci. 2020, 11. [Google Scholar] [CrossRef]

	



Doyon, Y.; Selleck, W.; Lane, W.S.; Tan, S.; Côté, J. Structural and Functional Conservation of the NuA4 Histone Acetyltransferase Complex from Yeast to Humans. Mol. Cell. Biol. 2004, 24, 1884–1896. [Google Scholar] [CrossRef]

	



Jacquet, K.; Fradet-Turcotte, A.; Avvakumov, N.; Lambert, J.-P.; Roques, C.; Pandita, R.K.; Paquet, E.; Herst, P.; Gingras, A.-C.; Pandita, T.K.; et al. The TIP60 Complex Regulates Bivalent Chromatin Recognition by 53BP1 through Direct H4K20me Binding and H2AK15 Acetylation. Mol. Cell 2016, 62, 409–421. [Google Scholar] [CrossRef]

	



Krogan, N.J.; Baetz, K.; Keogh, M.-C.; Datta, N.; Sawa, C.; Kwok, T.C.Y.; Thompson, N.J.; Davey, M.G.; Pootoolal, J.; Hughes, T.R.; et al. Regulation of chromosome stability by the histone H2A variant Htz1, the Swr1 chromatin remodeling complex, and the histone acetyltransferase NuA4. Proc. Natl. Acad. Sci. USA 2004, 101, 13513–13518. [Google Scholar] [CrossRef]

	



Srivatsan, A.; Li, B.-Z.; Szakal, B.; Branzei, D.; Putnam, C.D.; Kolodner, R.D. The Swr1 chromatin-remodeling complex prevents genome instability induced by replication fork progression defects. Nat. Commun. 2018, 9, 1–15. [Google Scholar] [CrossRef]

	



Caridi, C.P.; D’Agostino, C.; Ryu, T.; Zapotoczny, G.; Delabaere, L.; Li, X.; Khodaverdian, V.Y.; Amaral, N.; Lin, E.; Rau, A.R.; et al. Nuclear F-actin and myosins drive relocalization of heterochromatic breaks. Nat. Cell Biol. 2018, 559, 54–60. [Google Scholar] [CrossRef]

	



Schrank, B.R.; Aparicio, T.; Li, Y.; Chang, W.; Chait, B.T.; Gundersen, G.G.; Gottesman, M.E.; Gautier, J. Nuclear ARP2/3 drives DNA break clustering for homology-directed repair. Nat. Cell Biol. 2018, 559, 61–66. [Google Scholar] [CrossRef]

	



Baarlink, C.; Grosse, R. Formin’ actin in the nucleus. Nucleus 2014, 5, 15–20. [Google Scholar] [CrossRef]

	



Lamm, N.; Read, M.N.; Nobis, M.; Van Ly, D.; Page, S.G.; Masamsetti, V.P.; Timpson, P.; Biro, M.; Cesare, A.J. Nuclear F-actin counteracts nuclear deformation and promotes fork repair during replication stress. Nat. Cell Biol. 2020, 22, 1460–1470. [Google Scholar] [CrossRef]

	



Wei, M.; Fan, X.; Ding, M.; Li, R.; Shao, S.; Hou, Y.; Meng, S.; Tang, F.; Li, C.; Sun, Y. Nuclear actin regulates inducible transcription by enhancing RNA polymerase II clustering. Sci. Adv. 2020, 6, 6515. [Google Scholar] [CrossRef]

	



Percipalle, P. Co-transcriptional nuclear actin dynamics. Nucleus 2013, 4, 43–52. [Google Scholar] [CrossRef]

	



Percipalle, P.; Visa, N. Molecular functions of nuclear actin in transcription. J. Cell Biol. 2006, 172, 967–971. [Google Scholar] [CrossRef] [PubMed]

	



Qi, T.; Tang, W.; Wang, L.; Zhai, L.; Guo, L.; Zeng, X. G-actin Participates in RNA Polymerase II-dependent Transcription Elongation by Recruiting Positive Transcription Elongation Factor b (P-TEFb). J. Biol. Chem. 2011, 286, 15171–15181. [Google Scholar] [CrossRef] [PubMed]

	



Ye, J.; Beetz, N.; O’Keeffe, S.; Tapia, J.C.; MacPherson, L.; Chen, W.V.; Bassel-Duby, R.; Olson, E.N.; Maniatis, T. Function of hnRNP U. in the heart. Proc. Natl. Acad. Sci. USA 2015, 112, E3020–E3029. [Google Scholar] [CrossRef] [PubMed]

	



Percipalle, P.N.; Fomproix, K.; Kylberg, F.; Miralles, B.; Bjorkroth, B.; Daneholt, B.; Visa, N. An ac-tin-ribonucleoprotein interaction is involved in transcription by RNA polymerase II. Proc. Natl. Acad. Sci. USA 2003, 100, 6475–6480. [Google Scholar] [CrossRef]

	



Kloc, M.; Uosef, A.; Kubiak, J.Z.; Ghobrial, R.M. Macrophage Proinflammatory Responses to Microorganisms and Transplanted Organs. Int. J. Mol. Sci. 2020, 21, 9669. [Google Scholar] [CrossRef]

	



Kloc, M.; Uosef, A.; Villagran, M.; Zdanowski, R.; Kubiak, J.; Wosik, J.; Ghobrial, R. RhoA- and Actin-Dependent Functions of Macrophages from the Rodent Cardiac Transplantation Model Perspective -Timing Is the Essence. Biology 2021, 10, 70. [Google Scholar] [CrossRef]

	



Liu, Y.; Chen, W.; Wu, C.; Minze, L.J.; Kubiak, J.Z.; Li, X.C.; Kloc, M.; Ghobrial, R.M. Macrophage/monocyte-specific deletion of Ras homolog gene family member A (RhoA) downregulates fractalkine receptor and inhibits chronic rejection of mouse cardiac allografts. J. Heart Lung Transplant. 2017, 36, 340–354. [Google Scholar] [CrossRef]

	



Eswarappa, S.M.; Pareek, V.; Chakravortty, D. Role of actin cytoskeleton in LPS-induced NF-κB activation and nitric oxide production in murine macrophages. Innate Immun. 2008, 14, 309–318. [Google Scholar] [CrossRef]

	



Xu, Y.Z.; Thuraisingam, T.; Morais, D.A.D.L.; Rola-Pleszczynski, M.; Radzioch, D. Nuclear Translocation of β-Actin Is Involved in Transcriptional Regulation during Macrophage Differentiation of HL-60 Cells. Mol. Biol. Cell 2010, 21, 811–820. [Google Scholar] [CrossRef]

	



Misu, S.; Takebayashi, M.; Miyamoto, K. Nuclear Actin in Development and Transcriptional Reprogramming. Front. Genet. 2017, 8, 27. [Google Scholar] [CrossRef]

	



Sharili, A.S.; Kenny, F.N.; Vartiainen, M.K.; Connelly, J.T. Nuclear actin modulates cell motility via transcriptional regulation of adhesive and cytoskeletal genes. Sci. Rep. 2016, 6, 33893. [Google Scholar] [CrossRef] [PubMed]

	



Tsopoulidis, N.; Kaw, S.; Laketa, V.; Kutscheidt, S.; Baarlink, C.; Stolp, B.; Grosse, R.; Fackler, O.T. T cell receptor–triggered nuclear actin network formation drives CD4+T cell effector functions. Sci. Immunol. 2019, 4, 1987. [Google Scholar] [CrossRef]

	



Davari, K.; Lichti, J.; Gallus, C.; Greulich, F.; Uhlenhaut, N.H.; Heinig, M.; Friedel, C.C.; Glasmacher, E. Rapid Genome-wide Recruitment of RNA Polymerase II Drives Transcription, Splicing, and Translation Events during T Cell Responses. Cell Rep. 2017, 19, 643–654. [Google Scholar] [CrossRef]

	



Pergola, C.; Schubert, K.; Pace, S.; Ziereisen, J.; Nikels, F.; Scherer, O.; Hüttel, S.; Zahler, S.; Vollmar, A.M.; Weinigel, C.; et al. Modulation of actin dynamics as potential macrophage subtype-targeting anti-tumour strategy. Sci. Rep. 2017, 7, srep41434. [Google Scholar] [CrossRef]








[image: Biology 10 00304 g001 550] 





Figure 1. Nuclear actin shuttling and actin rode formation. Actin monomers in the cytoplasm form a complex with cofilin and importin 9. The complex is imported into the nucleus, where actin is released, and the importin is cycled back to the cytoplasm. The monomeric nuclear actin can form oligomers, polymers, or actin rods. The export of the actin from the nucleus is facilitated by the profilin and exportin 6. While in the cytoplasm, exportin is recycled back into the nucleus. This process depends on the balance between nuclear and cytoplasmic Ran GTP/GDP. Ran GTP promotes nuclear export and Ran GDP promotes nuclear import. 
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Figure 2. Actin’s role in the nuclear envelope breakdown. The nuclear envelope is composed of a double nuclear membrane and an underlying nuclear lamina. Prior to the nuclear envelope breakdown (NEBD), the actin shell polymerizes within the nuclear lamina. This is followed by the formation of the actin spikes, which displace the nuclear pore complexes (NPCs), and penetrate and fragment the nuclear membrane. 
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Figure 3. Actin’s role in chromatin remodeling and transcription. Nuclear G-actin, as a part of a chromatin remodeling complex, participates in remodeling a condensed transcriptionally inactive heterochromatin into the RNA polymerase accessible decondensed euchromatin. Monomeric or oligomeric actin forms a complex with RNAPII promoting the enrichment of RNPII at the promoter and the transcription of mRNA. In contrast, nuclear actin rods, which are formed during the stress, inhibit the actin-dependent activity of RNAPII. 
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