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Cytokinesis is the step of the cell cycle in which the cell must faithfully separate the chromosomes and cytoplasm, yielding two daughter cells. The assembly and contraction of the contractile network is spatially and temporally coupled with the formation of the mitotic spindle to ensure the successful completion of cytokinesis. While decades of studies have elucidated the components of this machinery, the so-called usual suspects, and their functions, many lines of evidence are pointing to other unexpected proteins and sub-cellular systems as also being involved in cytokinesis. These we term the unusual suspects. In this review, we introduce recent discoveries on some of these new unusual suspects and begin to consider how these subcellular systems snap together to help complete the puzzle of cytokinesis.
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OVERVIEW OF CYTOKINESIS

The growth and development of cells and tissues depend in part on the segregation of genetic and cytoplasmic components of a mother cell into two daughter cells during cell division. Defects in any step of this process can result in missegregation of genetic material, leading to multinucleation, polyploidy, and eventually aneuploidy, which is associated with many diseases, including cancer (Storchova and Pellman, 2004; Normand and King, 2010). The final step of cell cycle is cytokinesis, when a contractile network (CN) composed of actin filaments, non-muscle myosin II and other necessary factors work to physically divide the mother cell (Fujiwara et al., 2005; Shi and King, 2005; Robinson et al., 2012; Leite et al., 2019; Pollard and O’Shaughnessy, 2019). The CN is the driver and responder to active force production and can be organized into meshworks like those in mammalian and amoeboid cells or rings like those in yeasts (Fishkind and Wang, 1993; Kamasaki et al., 2007; Reichl et al., 2008). Furthermore, the fluid dynamics of the system that are created in part by cortical tension and the cell’s viscoelastic properties are also major contributors to cytokinesis (Zhang and Robinson, 2005). Collectively, furrow ingression is driven by active (ATP consuming) contraction from myosin II pulling on actin filaments and the Laplace pressures created by cortical tension and local (cleavage furrow) and global/polar (emerging daughter cell) membrane curvatures (Zhang and Robinson, 2005; Poirier et al., 2012).

The process of the CN formation is spatially and temporally coupled with the assembly of the antiparallel, interdigitating microtubules, which can be formed either by the astral microtubules or the central spindle (Baker et al., 1993; Ding et al., 1993). The central spindle plays multiple roles during cell division, including segregation of chromosomes, positioning of the cleavage furrow, and separation of daughter cells (Straight and Field, 2000). Cytokinesis is completed by the process of abscission, facilitated by the ESCRT-III complexes, resulting in complete physical separation of the two daughter cells (Ettema and Bernander, 2009; Mierzwa and Gerlich, 2014).

While it has been appreciated for decades that cytokinesis is a highly robust and dynamic process, we are beginning to understand some of the mechanisms responsible for this robustness (Kee et al., 2012; Srivastava and Robinson, 2015; Srivastava et al., 2016; Singh et al., 2019). Crosstalk between and integration of various sub-cellular systems exist to ensure fidelity and coordination of the entire cellular system (Kothari et al., 2019a). The field has appropriately focused on what we will term the usual suspects – i.e., the players of actomyosin II CN, microtubule-based mitotic spindles, RhoGTPase regulators, and many others (Figure 1). However, many lines of evidence are pointing to many unexpected proteins and sub-cellular systems as also being involved in cytokinesis – we term these proteins the unusual suspects.
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FIGURE 1. The usual suspects of cytokinesis. (A) During cytokinesis, the cell cortex contracts at the midzone forming the cleavage furrow. The system at work is presented as a jigsaw puzzle with multiple pieces coming together. Many players of this process can be categorized into two main sets of machinery: the contractile network (CN) and the mitotic spindle, represented by the two large jigsaw pieces. (B) The CN consists of actin filaments, myosin II, and actin crosslinkers, which are organized into meshworks or rings and which generate mechanical forces at the cleavage furrow. One major regulator of this CN in metazoans is the RhoA small GTPase (Chircop, 2014). (C) The mitotic spindle is composed of antiparallel, interdigitating microtubules that form either the astral microtubules or the central spindle. Along with its binding proteins and motors, the mitotic spindle segregates the chromosomes, positions the cleavage furrow, and helps regulate daughter cell separation.


In this review, we focus on recent discoveries implicating some of these new unusual suspects- factors and proteins involved in pathways and networks that are generally assigned different sub-cellular roles, but that appear to be contributing to the cytokinesis machinery too. These unusual suspects are categorized into a total of four groups: membrane-associated proteins, RNA-related proteins, nuclear proteins, and metabolic enzymes. We anticipate that embracing these new players will lead the field to uncover a more holistic understanding of how cytokinesis works. But, perhaps more importantly, they will also guide us to a deeper understanding of how cellular systems are integrated in complex biological processes more broadly. Moreover, we want to state up front that we believe that this list of unusual suspects is just beginning to take off, and therefore, we expect that the list presented here is neither comprehensive nor final.



MEMBRANE-ASSOCIATED PROTEINS


Discoidin

Discoidin I and II are N-acetylgalactosamine (GalNAc)-binding lectins found predominantly in the cytoplasm of the amoeba Dictyostelium discoideum (Alexander et al., 1992). Classically, the discoidins are considered key to Dictyostelium development as their expression increases as the Dictyostelium cells enter the developmental stage (Rosen et al., 1973; Frazier et al., 1975). Originally, discoidins were suggested to play a role in mediating cell–cell interaction owing to their lectin properties. However, Discoidin I was recently found to interact genetically and biochemically with a key protein involved in cell contractility and cytokinesis, namely cortexillin I (Robinson and Spudich, 2000; Kothari et al., 2019b). Myosin II and the actin crosslinker Cortexillin I are essential components of the CN and their mechanosensory ability and accumulation at the cleavage furrow were proven to be vital for the progression and completion of cytokinesis (Faix et al., 2001; Zhang and Robinson, 2005; Effler et al., 2007; Kee and Robinson, 2008; Ren et al., 2009). In vivo interactions of discoidin I and cortexillin I as well as IQGAP2, an activator of Cortexillin I and Myosin II, were also confirmed using fluorescence cross-correlation spectroscopy. Interestingly, discoidin also acts as a genetic suppressor of cortexillin I null mutants through a selection for genetic suppressors where discoidin overexpression could rescue the developmental phenotypes of cortexillin I null cells (Robinson and Spudich, 2000). Collectively, discoidin proteins might provide a scaffolding function and help recruit essential components of the CN system to the division site during cytokinesis.

Another possibility is that the discoidins may help to directly connect the CN to the plasma membrane. It is not fully understood in any system how the CN is attached to the membrane, particularly in the context of cytokinesis. Dividing Dictyostelium cells show an enrichment of glycosylated proteins at the cleavage furrow membrane as the lectin concanavalin A preferentially labels the cleavage furrow membrane (Faix et al., 2001). Thus, the combination of observations suggests a provocative hypothesis that extracellular discoidin might also interact with the cortical cytoskeleton through a transmembrane domain containing protein. The human discoidin domain receptor (DDR1) protein does exactly this, except it contains a transmembrane domain and interacts with non-muscle myosin IIA (Huang et al., 2009). Invasive tumors and associated metastases show elevated expression of DDR1, suggesting its role as a promoter of tumor cell invasion (Yang et al., 2010; Henriet et al., 2018). However, this type of function would most likely be distinct from discoidin’s function in forming complexes with cortexillin and IQGAP2 in the cytoplasm.

Discoidin was not the first sugar-related protein that was speculated to be crucial in cytokinesis-related processes. Mucin is also a glycosylated protein and is a component of ring canals and intercellular bridges, structures formed by incomplete cytokinesis, in various cell types and tissues in Drosophila melanogaster (Robinson and Cooley, 1997; Kramerova and Kramerov, 1999). Even though the exact functions of mucinoprotein in ring canal networks are not well-understood, it is possible that it might be an important constituent of a complex or backbone that facilitates the assembly of these structures. Further studies are needed to elaborate on the exact roles and functions of discoidin and other sugar-binding proteins that take part in cytokinesis.



Chloride Intracellular Channels

Another unexpected class of membrane proteins that were found to play a role in cytokinesis are the highly-conserved chloride intracellular channels (CLICs). Comprised of six members that exist primarily as membrane-bound proteins, CLICs are involved in diverse cellular functions, including cell-cell interactions, angiogenesis, and membrane potential regulation (Rual et al., 2005; Singh and Ashley, 2007; Chalothorn et al., 2009). Multiple studies have also implicated CLIC4 in cancer progression. The expression level of CLIC4 was found to be gradually decreased in squamous cancer cells as they transformed from benign to malignant, a prominent indicator of a role in mitosis regulation (Suh et al., 2012).

Growing evidence implicates the function of CLIC4 in actin-mediated processes (Suginta et al., 2001; Singh et al., 2007; Singh, 2010). For instance, CLIC4 is recruited to the plasma membrane and the cleavage furrow upon activation of RhoA in an F-actin-dependent manner (Ponsioen et al., 2009; Argenzio et al., 2018). Additionally, CLIC4 is a direct molecular interactor of profilin-1 and a component in the RhoA-mDia2 signaling pathway that induces cortical actin polymerization (Argenzio et al., 2018). A previous proteomics study investigating the biochemical changes at the cell surface during cell division revealed a significant enrichment of both CLIC4 and CLIC1 on the surface of rounded up mitotic cells compared with flat interphase cells (Ozlu et al., 2015). A recent study comparing the interaction networks of CLIC4 and a CLIC4 mutant version defective in putative substrate binding led to the identification of ezrin, anillin, and ALIX, proteins known to be crucial for cytokinesis, as partners of CLIC4 (Uretmen Kagiali et al., 2020). Furthermore, double knockout of CLIC4 and CLIC1 subsequently impaired the stability of membrane-cortical actin interaction. HeLa cells lacking both CLIC4 and CLIC1 displayed abnormal bleb formation and defective abscission (Uretmen Kagiali et al., 2020). In another study, cells absent of CLIC4 had significantly decreased recruitment of myosin IIA and IIB to the furrow, similarly leading to membrane blebbing and impeding CN maturation (Peterman et al., 2020). It was also previously found that cortical actin controls cell cycle progression, and tumor cells lose their dependence on cortical branched actin (Molinie et al., 2019). Through their role in maintaining cortical and CN stability, CLICs might facilitate normal mitotic progression and prevent the transformation from benignity to malignancy in cancer cells.

Overall, CLIC4 and CLIC1 are two additional membrane-associated proteins that are recruited to the cortex, where they potentially help anchor the CN, allowing for proper contraction and cell division.




RNA-RELATED PROTEINS


RNA-Binding Proteins

RNPs (ribonucleoproteins) are a large family of RNA-binding proteins that have important roles in mRNA translation and regulation (Ziemienowicz et al., 2003). RNPs commonly localize in nuclei and cytoplasmic mRNP granules. In general, they contain one or more RNA-recognition motifs (RRMs) and often have a predicted intrinsically disorganized region (IDR). While the exact functions of many RNPs are still being defined, studies in some systems indicate that RNPs contribute to cytokinesis.

In Dictyostelium, overexpression of RNP-1A suppresses the effect of nocodazole, a microtubule inhibitor, on cellular growth of Dictyostelium discoideum (Zhou et al., 2010; Ngo et al., 2016). This protein has protective functions on the microtubule ends, and also localizes to the polar cortex in dividing cells and to the leading edges of migrating cells. These strongly suggest a role of RNP-1A in regulating microtubule dynamics, possibly through stabilizing the linkage between microtubules and the cortex. A later study using proteomics found that a separate RNP, RNP-1B, was a molecular interactor of cortexillin I (Kothari et al., 2019b). In the same study, using fluorescence cross-correlation spectroscopy, RNP-1A was found to interact strongly with cortexillin I. The full significance of these interactions is still under investigation.

The recognition of RNA-binding proteins as potential effectors of cytokinesis was not entirely surprising, as CAR-1, another RNA-binding protein found at P granules and the mitotic spindle during cell division, was identified using an RNA-interference screen for genes essential for cytokinesis in C. elegans embryos (Zipperlen et al., 2001; Boag et al., 2005; Squirrell et al., 2006). In car-1-depleted embryos, cleavage furrow ingression was significantly disrupted, and the anaphase spindle structure was greatly defective (Audhya et al., 2005). As the study was conducted primarily in early C. elegans embryos where tight temporal-spatial regulations of maternally supplied RNAs are critical, the defects found in car-1-depleted cells may be due to the local translational incompetence of microtubule components. This effect was similar to a previously characterized RNA-binding protein, CPEB, whose inhibition also results in spindle structural defects (Groisman et al., 2000). Overall, these roles of RNA-binding proteins in cytokinesis regulation elucidates an important crosstalk between local protein translation and steps in cell division. It is tempting to speculate that the unique localization and interactions of these RNP-1 proteins facilitates localized mRNA translation during cytokinesis when cells are undergoing dynamic and robust cell shape changes.



RNA Helicases

Another unusual suspect that falls under the realm of RNA-related proteins are the RNA helicases. The importance of RNA helicases in regulating cell cycle progression and mitosis is not entirely surprising. Indeed, since the progression of the cell cycle requires the coordination of enormous cohorts of differentially expressed proteins through each step, cells need mechanisms to tightly regulate mRNA transcription, translation, and protein degradation to facilitate this dynamic process. For example, RNA helicases have been implicated to play critical roles in mRNA export pathways that are tightly linked to gene products involved in mitosis regulation (Strasser and Hurt, 2001; Herold et al., 2003). Indeed, the RNA helicases UAP56 and URH49 were characterized to form distinct mRNA export machineries to regulate a subset of genes specifically involved in mitosis (Yamazaki et al., 2010). Depletion of these RNA helicases, as a result, leads to mitotic progression defects.

However, unexpected functions of several RNA helicases in cytokinesis independent from its traditional roles in regulating mitotically expressed proteins have been discovered. CGH-1, a DEAD box RNA helicase that localizes to P granules and other possible mRNA–protein particles, was originally identified to be in a multiprotein complex together with CAR-1, another unusual suspect mentioned above, and a localization regulator of CAR-1 in C. elegans (Navarro et al., 2001; Audhya et al., 2005). Embryos depleted of cgh-1 had penetrant sterility while those partially depleted exhibited perturbed localization of CAR-1 and phenocopied car-1-depleted cells with defects in microtubule structures. The study suggested that CGH-1 and CAR-1 cooperatively regulate anaphase spindle structure in embryonic cytokinesis.

Interestingly, CGH-1 is the C. elegans homolog of DDX6, a member of DEAD box RNA helicase proteins DDXs, which is involved diverse pathways, including mRNP assembly and export, immune response, regulation of cell cycle progression and tumorigenesis (Fuller-Pace, 2013). The exact functions of DDXs in regulating cell cycle and tumorigenesis remain controversial. Knockdown of DDX3 in mice embryonic cells led to reduced growth and proliferation (Li et al., 2014). However, a recent study elucidated a possible mechanism through which DDX3, another member of the DDX family, positively controls cytokinesis and subsequently acts as a tumor suppressor. DDX3 localizes to centrosomes throughout the cell cycle and prevents chromosome misalignment by inactivating and aggregating supernumerary centrosomes (Chen et al., 2017). DDX silencing subsequently led to chromosome misalignment, segregation defects, and eventually cell death. In another study, loss of DDX3 led to enhanced cell proliferation (Chang and Liu, 2010). Moreover, DDX3 localizes to the midbody during late cell division (Chen et al., 2017). These studies support the possibility of novel roles of RNA helicases in maintaining structural integrity of essential mitotic and cytokinesis components, therefore ensuring successful completion of cell division.




NUCLEAR PROTEINS


Importin-β

Importin-β (human transportin/karyopherin b2) acts as a transporter for proteins and complexes, moving them into the nucleus. Once thought to be exclusively a transporter, importin- β is gradually emerging as a regulator of various other cellular processes, including cell cycle and cytokinesis. For instance, a mutation in the coding gene Kap104, which codes for the importin-β homolog in budding yeast, promotes mitotic exit (Asakawa and Toh-e, 2002). Overexpression of importin-β also leads to aberrant spindle formation and delayed mitotic progression (Roscioli et al., 2012).

In the context of cytokinesis, importin-β might function through interacting with anillin – a direct interactor of the cytokinetic regulator RhoA and a scaffolding protein of the CN. Anillin contains a highly conserved nuclear localization signal (NLS) that binds to importin-β and is needed to mediate cortical polarization during cytokinesis; mutating its NLS significantly reduces anillin’s affinity for the equatorial cortex (Beaudet et al., 2017). Interestingly, overexpression of importin-β negatively regulates anillin’s cortical localization, instead of enhancing it, suggesting that importin-β competes with a cortical receptor for anillin binding. Thus, free importins may function as a molecular ruler, or buffer, for which an optimal level is required to maintain the appropriate cortical recruitment of anillin. Binding of importin-β is directly regulated by Ran-GTP and therefore, the potential functions of importin-β in cytokinesis are likely to be coupled with Ran and its GTP gradient, whose potential cytokinetic functions are discussed next.



RAN

Ras-related nuclear protein (Ran) is a small G-protein involved in transporting various proteins and cellular components in and out of the nucleus through the nuclear pore complex. The function of Ran is tightly regulated by the GTP gradient across the nuclear membrane. Ran has been implicated in numerous cellular processes such as DNA synthesis, nuclear envelope structure, and cell cycle progression (Sazer and Dasso, 2000). Mounting evidence now suggests that Ran also participates in regulating cytokinesis.

Recent studies revealed that chromatin-associated signals can regulate the cortical dynamics during cytokinesis (Norden et al., 2006; Mendoza et al., 2009). Due to its concentration gradient with the peak occurring around the chromatin, chromatin-associated Ran-GTP is potentially also a regulator of the cortex. During meiosis of mouse oocytes, chromatin positioned near the cortex induces the formation of an actin cap via Ran-GTP, and the placement of DNA-coated beads near the cortex induces cortical polarity independent of microtubules (Deng et al., 2007). Active Ran regulates human anillin during anaphase and decreasing Ran-GTP leads to the ectopic localization of anillin and myosin to the cell poles and blocks proper furrowing (Beaudet et al., 2017). These studies suggested that a chromatin-associated Ran-GTP gradient may function as a molecular ruler that helps recruit and organize essential components at the cortex.

In another study, Ran-GTP was found to positively regulate the actomyosin cortex for pseudocleavage furrowing in the early Drosophila embryo development (Silverman-Gavrila et al., 2008). Ran controls pseudocleavage furrow organization independently of its role in regulating the microtubule cytoskeleton. Further, disruption of the Ran pathway prevented pseudocleavage furrow formation and restricted the depth and duration of furrow ingression of those pseudocleavage furrows that did form. To further elucidate the mechanism through which Ran-GTP acts to regulate cytokinesis, the authors found that Ran is required for the pseudocleavage furrow localization of the septin, peanut, a protein whose association with anillin contributes to stabilization of the CN. In fact, the direct binding of the nuclear transport receptors importin-α and -β to anillin prevented the binding of peanut to anillin (van Oostende Triplet et al., 2014), and since binding of importin-β is directly regulated by Ran-GTP, Ran appears to be a regulator of anillin and peanut’s association. Therefore, Ran-GTP plays an important role in pseudocleavage furrow ingression in syncytial embryos.

Overall, Ran-GTP acts as a microtubule-independent pathway that regulates polarization of contractile protein anillin (a process traditionally thought to require microtubules) to couple signals from the chromatin to the cortex and to ensure robustness of cytokinesis.



Lamin B

Lamins are important constituents of the nuclear lamina in eukaryotes. Apart from their functions in maintaining the structural integrity of the nuclear pores and membranes, lamins are crucial for the assembly and disassembly of the nuclear envelope during mitosis (Lopez-Soler et al., 2001; Gruenbaum et al., 2005). In addition to its canonical roles within the nucleus, lamin B, a ubiquitously expressed type of lamin, helps regulate mitosis. In M-phase-arrested Xenopus egg extracts, lamin B associates with the mitotic spindles as well as the surrounding regions of the spindle. When expression of lamin B was reduced using siRNA in HeLa cells, typical spindle defects such as poor spindle morphology and lack of chromosome segregation were detected, suggesting a role for lamin B in facilitating spindle assembly (Tsai et al., 2006). In the same study, the authors also reported that lamin B is also an essential component in the formation of the mitotic matrix, allowing for tethering for other spindle assembly factors. Dominant negative forms of lamin B significantly disrupted this matrix formation, leading to severing of the mitotic spindles and cytokinesis arrest. These results indicate the significant role of lamin B in maintaining the integrity of mitotic spindles during cytokinesis. The prevailing idea to explain these observations is that the disassembled lamin B is dispersed throughout the cytoplasm during mitosis. However, a fraction of lamin B may remain associated with the mitotic spindle and/or mitotic chromosomes (Beaudouin et al., 2002). This pattern of localization of lamin B elucidates its novel role in regulating cytokinesis. Interestingly, association of lamin B with the mitotic spindle is regulated by Ran-GTP, eliciting the possibility of an entirely novel pathway of mitotic spindle regulation involving Ran and its downstream targets (Ma et al., 2007; Cavazza and Vernos, 2015). Strikingly, ESCRT-III-mediated membrane fusion facilitates reintegration of lagging chromosome fragments into micronuclei through lamin-based channels during cytokinesis in Drosophila, emphasizing the intricate integration between the abscission and chromosome segregation machineries during cytokinesis (Warecki et al., 2020).




METABOLIC ENZYMES


Methylmalonate-Semialdehyde Dehydrogenase

Methylmalonate-semialdehyde dehydrogenase (mmsdh) is an enzyme typically thought of being located in the mitochondria and that helps catalyze the production of propionyl- and acetyl-CoA (Kedishvili et al., 2000). Recent studies suggests a possible novel role of mmsdh in regulating cytokinesis. Previously identified in a genetic suppression screen in Dictyostelium, over-expression of mmsdh suppressed the dominant-negative phenotype of a myosin II phosphomimetic (Ren et al., 2014). For context, to generate force, the non-muscle myosin II must polymerize into bipolar filaments, and this assembly is regulated by heavy chain phosphorylation. The myosin II phosphomimetic mimics this phosphorylated state and impairs bipolar filament assembly (Egelhoff et al., 1993). Mmsdh promoted myosin II phosphomimetic accumulation at the cortex and cleavage furrow in myoII null cells, thus potentially acting as a modulator of myosin II function (Ren et al., 2014).

Importantly, mmsdh showed up again as a molecular interactor of cortexillin I and IQGAP2, core mechanosensory proteins in the contractility system (Kothari et al., 2019b). It is possible that mmsdh functions in cytokinesis through a metabolic pathway that leads to post-translational modification of several contractile enzymes, including myosin II. Mmsdh catalyzes the degradation of valine, leading to the production of propionyl-CoA. Indeed, post-transtional modifications are important in modulating proteins involved in cytokinesis. In mammalian cells, anillin and myosin IIA are acetylated during cytokinesis, and histone deacetylase (HDAC) inhibitors lead to cytokinetic defects, consistent with this concept (Chuang et al., 2010; Coulton et al., 2010; Marinova et al., 2011).



AMP-Activated Protein Kinase

AMP-activated protein kinase (AMPK) is a highly conserved serine/threonine kinase that plays central roles in metabolic stress sensing that facilitates intracellular ATP preservation in response to energy deprivation (Hardie, 2007; Jones and Thompson, 2009). AMPK is present in the nucleus and cytoplasm, and its intracellular distribution is regulated by stress and cell growth (Kodiha et al., 2007). In addition to its role as an energy sensor, AMPK was found to act as a suppressor of cell proliferation. Enhanced activation of AMPK inhibits tumor growth and oncogenic transformation of several cancer cell lines (Zakikhani et al., 2006; Kuhajda, 2008). Many studies followed to elucidate the mechanisms of AMPK regulating cell division. Substantial evidence now suggests that AMPK plays obligatory role in chromosome segregation and cytokinesis completion. A Drosophila genomic screen identifies AMPK as a gene crucial for proper cell cycle progression. S2 cells lacking AMPK expression show strong defects in spindle morphology (Bettencourt-Dias et al., 2004). In human cancer-derived epithelial cells, the active form of AMPK α-catalytic subunit transiently associates with several mitotic structures including centrosomes and central spindle midzone from early stages of mitosis to cytokinetic completion (Vazquez-Martin et al., 2009). Furthermore, kinase activity of Plk1, a major regulator of mitotic progression, regulates localization and activation of AMPK at the mitotic apparatus. Pharmacological inhibition of PLK1 disrupts normal localization and phosphorylation of AMPK at its catalytic site, leading to cytokinesis failure (Vazquez-Martin et al., 2011). Studies in budding yeast reveal similar observations. Loss of Snf1, the budding yeast ortholog of AMPK, caused cells to display aberrant spindle alignment, further highlighting its role in regulating the mitotic spindle (Tripodi et al., 2018). The exact mechanisms and functions of AMPK in the context of cytokinesis regulation remain to be elucidated, but AMPK could be central to physically and temporally tethering the energy state of a cell to cell cycle progression.




CONCLUSION

While substantial progress has been made with regard to the intricacies of the CN and mitotic spindle formation and function, we are now in position to appreciate that cytokinesis results from the function of a truly integrated and collaborative cellular system (Figure 2). Further, these examples of unusual suspects in cytokinesis can help motivate us to think beyond the scope of just a few sub-cellular systems and pathways that drive a cellular process. We also should take into consideration that under physiological contexts, a cellular system is under constant environmental pressures that can be chemical and mechanical in nature. Cells are exquisitely exceptional at coping with these challenges. Recent studies have drawn upon this principle to identify new roles of known factors as well as new unknown factors. For instance, a study recently published used mechanically loaded cellular systems to study cytokinesis in the context of mechanics and identified new functions of several factors (Singh et al., 2019). The authors found that factors such as MEL-11 and LIN-5, canonically involved in regulating myosin II function and spindle positioning, respectively, are also involved in regulating cortical rotation, further elucidating how cells simultaneously respond to and create forces during cytokinesis.
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FIGURE 2. Piecing together the unusual suspects of the cytokinesis system. (A) An overview of cytokinesis with both the usual and unusual suspects, represented by the jigsaw pieces. Expanding our understanding of cytokinesis by studying these unusual suspects allows us to fully appreciate an intricate cellular system complete with cross talks, redundancy, and network integration. (B) Membrane-associated proteins. Upon activation of RhoA, CLICs localize to the cortex where they bind various cortical components, such as profilin-1 and ezrin. Through these interactions, CLICs may help stabilize the cortex and anchor the CN to the membrane. Discoidin, through its interaction with the actin crosslinker cortexillin I and its regulator IQGAP2, might facilitate the assembly of the contractility network. (C) RNA-associated proteins. RNP-1A through its protection of microtubules during cytokinesis may stabilize the mitotic spindle, ensuring successful cytokinesis. CAR-1 and CGH-1’s roles are proposed to facilitate local translation of microtubule components, ensuring proper formation of the mitotic spindle. On the other hand, RNP-1B interacts with cortexillin I and might play a role in regulating the contractility network. (D) Nuclear proteins. Ran and importin-β, through their interactions with various cortical proteins, such as anillin and myosin II, may act as molecular rulers, or buffers, coupled with a GTP gradient to ensure optimal recruitment of these components to the cortex. In addition, lamin B, an interactor of Ran, is crucial for mitotic spindle assembly. (E) Metabolic enzymes. Mmsdh appears to help myosin II function and is a biochemical interactor of cortexillin I and IQGAP2. Along with its original known biochemical activity in valine degradation, leading to the production of propionyl- and acetyl-CoA, mmsdh may promote the post-translational modification of contractile proteins, such as myosin II. AMPK is also important for mitotic apparatus assembly and regulation. Activation of AMPK by Plk1 may be important to couple cellular bioenergetic state to cell cycle progression.


Expanding our understanding of cytokinesis by studying these unusual suspects allows us to fully appreciate an intricate cellular system loaded with cross talks, redundancy, and network integration. By doing so, we will begin to better understand how other systems operate. For example, RNPs localize to and help organize P-granules, leading to the concept of phase transitions. It is also important to note that most current scientific methods still focus on cells and tissues in their most optimal culturing or physiological conditions. However, cells in their native contexts, such as in the tissue of an organism, are embedded in a complex 3D environment where they are constantly challenged with stresses and signals from their surroundings. No doubt, the concept of cellular complexes being formed through low affinity, highly dynamic, and responsive interactions is a more general underpinning of highly integrated, robust, and adaptive cellular systems and processes for which cytokinesis is a model example.



AUTHOR CONTRIBUTIONS

LN and DR wrote and edited the review.



FUNDING

This work was supported by the National Institutes of Health (GM66817 and HL124099) and DARPA (HR0011-16-C-0139).



ACKNOWLEDGMENTS

We thank the members of the Robinson lab for providing helpful feedback on the review.



REFERENCES

Alexander, S., Sydow, L. M., Wessels, D., and Soll, D. R. (1992). Discoidin proteins of Dictyostelium are necessary for normal cytoskeletal organization and cellular morphology during aggregation. Differentiation 51, 149–161. doi: 10.1111/j.1432-0436.1992.tb00691.x

Argenzio, E., Klarenbeek, J., Kedziora, K. M., Nahidiazar, L., Isogai, T., Perrakis, A., et al. (2018). Profilin binding couples chloride intracellular channel protein CLIC4 to RhoA-mDia2 signaling and filopodium formation. J. Biol. Chem. 293, 19161–19176. doi: 10.1074/jbc.RA118.002779

Asakawa, K., and Toh-e, A. (2002). A defect of Kap104 alleviates the requirement of mitotic exit network gene functions in Saccharomyces cerevisiae. Genetics 162, 1545–1556.

Audhya, A., Hyndman, F., McLeod, I. X., Maddox, A. S., Yates, J. R. III, Desai, A., et al. (2005). A complex containing the Sm protein CAR-1 and the RNA helicase CGH-1 is required for embryonic cytokinesis in Caenorhabditis elegans. J. Cell Biol. 171, 267–279. doi: 10.1083/jcb.200506124

Baker, J., Theurkauf, W. E., and Schubiger, G. (1993). Dynamic changes in microtubule configuration correlate with nuclear migration in the preblastoderm Drosophila embryo. J. Cell Biol. 122, 113–121. doi: 10.1083/jcb.122.1.113

Beaudet, D., Akhshi, T., Phillipp, J., Law, C., and Piekny, A. (2017). Active Ran regulates anillin function during cytokinesis. Mol. Biol. Cell 28, 3517–3531. doi: 10.1091/mbc.E17-04-0253

Beaudouin, J., Gerlich, D., Daigle, N., Eils, R., and Ellenberg, J. (2002). Nuclear envelope breakdown proceeds by microtubule-induced tearing of the lamina. Cell 108, 83–96. doi: 10.1016/s0092-8674(01)00627-4

Bettencourt-Dias, M., Giet, R., Sinka, R., Mazumdar, A., Lock, W. G., Balloux, F., et al. (2004). Genome-wide survey of protein kinases required for cell cycle progression. Nature 432, 980–987. doi: 10.1038/nature03160

Boag, P. R., Nakamura, A., and Blackwell, T. K. (2005). A conserved RNA-protein complex component involved in physiological germline apoptosis regulation in C. elegans. Development 132, 4975–4986. doi: 10.1242/dev.02060

Cavazza, T., and Vernos, I. (2015). The RanGTP pathway: from nucleo-cytoplasmic transport to spindle assembly and beyond. Front. Cell Dev. Biol. 3:82. doi: 10.3389/fcell.2015.00082

Chalothorn, D., Zhang, H., Smith, J. E., Edwards, J. C., and Faber, J. E. (2009). Chloride intracellular channel-4 is a determinant of native collateral formation in skeletal muscle and brain. Circ. Res. 105, 89–98. doi: 10.1161/CIRCRESAHA.109.197145

Chang, T. C., and Liu, W. S. (2010). The molecular evolution of PL10 homologs. BMC Evol. Biol. 10:127. doi: 10.1186/1471-2148-10-127

Chen, W. J., Wang, W. T., Tsai, T. Y., Li, H. K., and Lee, Y. W. (2017). DDX3 localizes to the centrosome and prevents multipolar mitosis by epigenetically and translationally modulating p53 expression. Sci. Rep. 7:9411. doi: 10.1038/s41598-017-09779-w

Chircop, M. (2014). Rho GTPases as regulators of mitosis and cytokinesis in mammalian cells. Small GTPases 5:e29770. doi: 10.4161/sgtp.29770

Chuang, C., Lin, S. H., Huang, F., Pan, J., Josic, D., and Yu-Lee, L. Y. (2010). Acetylation of RNA processing proteins and cell cycle proteins in mitosis. J. Proteome Res. 9, 4554–4564. doi: 10.1021/pr100281h

Coulton, A. T., East, D. A., Galinska-Rakoczy, A., Lehman, W., and Mulvihill, D. P. (2010). The recruitment of acetylated and unacetylated tropomyosin to distinct actin polymers permits the discrete regulation of specific myosins in fission yeast. J. Cell Sci. 123(Pt 19), 3235–3243. doi: 10.1242/jcs.069971

Deng, M., Suraneni, P., Schultz, R. M., and Li, R. (2007). The Ran GTPase mediates chromatin signaling to control cortical polarity during polar body extrusion in mouse oocytes. Dev. Cell 12, 301–308. doi: 10.1016/j.devcel.2006.11.008

Ding, R., McDonald, K. L., and McIntosh, J. R. (1993). Three-dimensional reconstruction and analysis of mitotic spindles from the yeast, Schizosaccharomyces pombe. J. Cell Biol. 120, 141–151. doi: 10.1083/jcb.120.1.141

Effler, J. C., Iglesias, P. A., and Robinson, D. N. (2007). A mechanosensory system controls cell shape changes during mitosis. Cell Cycle 6, 30–35. doi: 10.4161/cc.6.1.3674

Egelhoff, T. T., Lee, R. J., and Spudich, J. A. (1993). Dictyostelium myosin heavy chain phosphorylation sites regulate myosin filament assembly and localization in vivo. Cell 75, 363–371. doi: 10.1016/0092-8674(93)80077-r

Ettema, T. J., and Bernander, R. (2009). Cell division and the ESCRT complex: a surprise from the archaea. Commun. Integr. Biol. 2, 86–88. doi: 10.4161/cib.7523

Faix, J., Weber, I., Mintert, U., Kohler, J., Lottspeich, F., and Marriott, G. (2001). Recruitment of cortexillin into the cleavage furrow is controlled by Rac1 and IQGAP-related proteins. EMBO J. 20, 3705–3715. doi: 10.1093/emboj/20.14.3705

Fishkind, D. J., and Wang, Y. L. (1993). Orientation and three-dimensional organization of actin filaments in dividing cultured cells. J. Cell Biol. 123, 837–848. doi: 10.1083/jcb.123.4.837

Frazier, W. A., Rosen, S. D., Reitherman, R. W., and Barondes, S. H. (1975). Purification and comparison of two developmentally regulated lectins from Dictyostelium discoideum. Discoidin I and II. J. Biol. Chem. 250, 7714–7721.

Fujiwara, T., Bandi, M., Nitta, M., Ivanova, E. V., Bronson, R. T., and Pellman, D. (2005). Cytokinesis failure generating tetraploids promotes tumorigenesis in p53-null cells. Nature 437, 1043–1047. doi: 10.1038/nature04217

Fuller-Pace, F. V. (2013). DEAD box RNA helicase functions in cancer. RNA Biol. 10, 121–132. doi: 10.4161/rna.23312

Groisman, I., Huang, Y. S., Mendez, R., Cao, Q., Theurkauf, W., and Richter, J. D. (2000). CPEB, maskin, and cyclin B1 mRNA at the mitotic apparatus: implications for local translational control of cell division. Cell 103, 435–447. doi: 10.1016/s0092-8674(00)00135-5

Gruenbaum, Y., Margalit, A., Goldman, R. D., Shumaker, D. K., and Wilson, K. L. (2005). The nuclear lamina comes of age. Nat. Rev. Mol. Cell Biol. 6, 21–31. doi: 10.1038/nrm1550

Hardie, D. G. (2007). AMP-activated/SNF1 protein kinases: conserved guardians of cellular energy. Nat. Rev. Mol. Cell Biol. 8, 774–785. doi: 10.1038/nrm2249

Henriet, E., Sala, M., Abou Hammoud, A., Tuariihionoa, A., Di Martino, J., Ros, M., et al. (2018). Multitasking discoidin domain receptors are involved in several and specific hallmarks of cancer. Cell Adh. Migr. 12, 363–377. doi: 10.1080/19336918.2018.1465156

Herold, A., Teixeira, L., and Izaurralde, E. (2003). Genome-wide analysis of nuclear mRNA export pathways in Drosophila. EMBO J. 22, 2472–2483. doi: 10.1093/emboj/cdg233

Huang, Y., Arora, P., McCulloch, C. A., and Vogel, W. F. (2009). The collagen receptor DDR1 regulates cell spreading and motility by associating with myosin IIA. J. Cell Sci. 122(Pt 10), 1637–1646. doi: 10.1242/jcs.046219

Jones, R. G., and Thompson, C. B. (2009). Tumor suppressors and cell metabolism: a recipe for cancer growth. Genes Dev. 23, 537–548. doi: 10.1101/gad.1756509

Kamasaki, T., Osumi, M., and Mabuchi, I. (2007). Three-dimensional arrangement of F-actin in the contractile ring of fission yeast. J. Cell Biol. 178, 765–771. doi: 10.1083/jcb.200612018

Kedishvili, N. Y., Goodwin, G. W., Popov, K. M., and Harris, R. A. (2000). Mammalian methylmalonate-semialdehyde dehydrogenase. Methods Enzymol. 324, 207–218. doi: 10.1016/s0076-6879(00)24233-x

Kee, Y. S., Ren, Y., Dorfman, D., Iijima, M., Firtel, R., Iglesias, P. A., et al. (2012). A mechanosensory system governs myosin II accumulation in dividing cells. Mol. Biol. Cell 23, 1510–1523. doi: 10.1091/mbc.E11-07-0601

Kee, Y. S., and Robinson, D. N. (2008). Motor proteins: myosin mechanosensors. Curr. Biol. 18, R860–R862. doi: 10.1016/j.cub.2008.07.071

Kodiha, M., Rassi, J. G., Brown, C. M., and Stochaj, U. (2007). Localization of AMP kinase is regulated by stress, cell density, and signaling through the MEK–>ERK1/2 pathway. Am. J. Physiol. Cell Physiol. 293, C1427–C1436. doi: 10.1152/ajpcell.00176.2007

Kothari, P., Johnson, C., Sandone, C., Iglesias, P. A., and Robinson, D. N. (2019a). How the mechanobiome drives cell behavior, viewed through the lens of control theory. J. Cell Sci. 132:jcs234476. doi: 10.1242/jcs.234476

Kothari, P., Srivastava, V., Aggarwal, V., Tchernyshyov, I., Van Eyk, J. E., Ha, T., et al. (2019b). Contractility kits promote assembly of the mechanoresponsive cytoskeletal network. J. Cell Sci. 132:jcs226704. doi: 10.1242/jcs.226704

Kramerova, I. A., and Kramerov, A. A. (1999). Mucinoprotein is a universal constituent of stable intercellular bridges in Drosophila melanogaster germ line and somatic cells. Dev. Dyn. 216, 349–360. doi: 10.1002/(SICI)1097-0177(199912)216:4/5<349::AID-DVDY4<3.0.CO;2-X

Kuhajda, F. P. (2008). AMP-activated protein kinase and human cancer: cancer metabolism revisited. Int. J. Obes. (Lond.) 32(Suppl 4), S36–S41. doi: 10.1038/ijo.2008.121

Leite, J., Osorio, D. S., Sobral, A. F., Silva, A. M., and Carvalho, A. X. (2019). Network contractility during cytokinesis-from molecular to global views. Biomolecules 9:E194. doi: 10.3390/biom9050194

Li, Q., Zhang, P., Zhang, C., Wang, Y., Wan, R., Yang, Y., et al. (2014). DDX3X regulates cell survival and cell cycle during mouse early embryonic development. J. Biomed. Res. 28, 282–291. doi: 10.7555/JBR.27.20130047

Lopez-Soler, R. I., Moir, R. D., Spann, T. P., Stick, R., and Goldman, R. D. (2001). A role for nuclear lamins in nuclear envelope assembly. J. Cell Biol. 154, 61–70. doi: 10.1083/jcb.200101025

Ma, Y., Cai, S., Lv, Q., Jiang, Q., Zhang, Q., Sodmergen, et al. (2007). Lamin B receptor plays a role in stimulating nuclear envelope production and targeting membrane vesicles to chromatin during nuclear envelope assembly through direct interaction with importin beta. J. Cell Sci. 120(Pt 3), 520–530. doi: 10.1242/jcs.03355

Marinova, Z., Leng, Y., Leeds, P., and Chuang, D. M. (2011). Histone deacetylase inhibition alters histone methylation associated with heat shock protein 70 promoter modifications in astrocytes and neurons. Neuropharmacology 60, 1109–1115. doi: 10.1016/j.neuropharm.2010.09.022

Mendoza, M., Norden, C., Durrer, K., Rauter, H., Uhlmann, F., and Barral, Y. (2009). A mechanism for chromosome segregation sensing by the NoCut checkpoint. Nat. Cell Biol. 11, 477–483. doi: 10.1038/ncb1855

Mierzwa, B., and Gerlich, D. W. (2014). Cytokinetic abscission: molecular mechanisms and temporal control. Dev. Cell 31, 525–538. doi: 10.1016/j.devcel.2014.11.006

Molinie, N., Rubtsova, S. N., Fokin, A., Visweshwaran, S. P., Rocques, N., Polesskaya, A., et al. (2019). Cortical branched actin determines cell cycle progression. Cell Res. 29, 432–445. doi: 10.1038/s41422-019-0160-9

Navarro, R. E., Shim, E. Y., Kohara, Y., Singson, A., and Blackwell, T. K. (2001). cgh-1, a conserved predicted RNA helicase required for gametogenesis and protection from physiological germline apoptosis in C. elegans. Development 128, 3221–3232.

Ngo, T., Miao, X., Robinson, D. N., and Zhou, Q. Q. (2016). An RNA-binding protein, RNP-1, protects microtubules from nocodazole and localizes to the leading edge during cytokinesis and cell migration in Dictyostelium cells. Acta Pharmacol. Sin. 37, 1449–1457. doi: 10.1038/aps.2016.57

Norden, C., Mendoza, M., Dobbelaere, J., Kotwaliwale, C. V., Biggins, S., and Barral, Y. (2006). The NoCut pathway links completion of cytokinesis to spindle midzone function to prevent chromosome breakage. Cell 125, 85–98. doi: 10.1016/j.cell.2006.01.045

Normand, G., and King, R. W. (2010). Understanding cytokinesis failure. Adv. Exp. Med. Biol. 676, 27–55. doi: 10.1007/978-1-4419-6199-0_3

Ozlu, N., Qureshi, M. H., Toyoda, Y., Renard, B. Y., Mollaoglu, G., Ozkan, N. E., et al. (2015). Quantitative comparison of a human cancer cell surface proteome between interphase and mitosis. EMBO J. 34, 251–265. doi: 10.15252/embj.201385162

Peterman, E., Valius, M., and Prekeris, R. (2020). CLIC4 is a cytokinetic cleavage furrow protein that regulates cortical cytoskeleton stability during cell division. J. Cell Sci. doi: 10.1242/jcs.241117 [Epub ahead of print].

Poirier, C. C., Ng, W. P., Robinson, D. N., and Iglesias, P. A. (2012). Deconvolution of the cellular force-generating subsystems that govern cytokinesis furrow ingression. PLoS Comput. Biol. 8:e1002467. doi: 10.1371/journal.pcbi.1002467

Pollard, T. D., and O’Shaughnessy, B. (2019). Molecular mechanism of cytokinesis. Annu. Rev. Biochem. 88, 661–689. doi: 10.1146/annurev-biochem-062917-012530

Ponsioen, B., van Zeijl, L., Langeslag, M., Berryman, M., Littler, D., Jalink, K., et al. (2009). Spatiotemporal regulation of chloride intracellular channel protein CLIC4 by RhoA. Mol. Biol. Cell 20, 4664–4672. doi: 10.1091/mbc.E09-06-0529

Reichl, E. M., Ren, Y. X., Morphew, M. K., Delannoy, M., Effler, J. C., Girard, K. D., et al. (2008). Interactions between myosin and actin crosslinkers control cytokinesis contractility dynamics and mechanics. Curr. Biol. 18, 471–480. doi: 10.1016/j.cub.2008.02.056

Ren, Y., Effler, J. C., Norstrom, M., Luo, T., Firtel, R. A., Iglesias, P. A., et al. (2009). Mechanosensing through cooperative interactions between myosin II and the actin crosslinker cortexillin I. Curr. Biol. 19, 1421–1428. doi: 10.1016/j.cub.2009.07.018

Ren, Y., West-Foyle, H., Surcel, A., Miller, C., and Robinson, D. N. (2014). Genetic suppression of a phosphomimic myosin II identifies system-level factors that promote myosin II cleavage furrow accumulation. Mol. Biol. Cell 25, 4150–4165. doi: 10.1091/mbc.E14-08-1322

Robinson, D. N., and Cooley, L. (1997). Genetic analysis of the actin cytoskeleton in the Drosophila ovary. Annu. Rev. Cell Dev. Biol. 13, 147–170. doi: 10.1146/annurev.cellbio.13.1.147

Robinson, D. N., Kee, Y. S., Luo, T., and Surcel, A. (2012). “Understanding how dividing cells change shape,” in The Comprehensive Biophysics, Vol. 7, ed. E. H. Egelman (Amsterdam: Elsevier), 48–72. doi: 10.1016/B978-0-12-374920-8.00705-0

Robinson, D. N., and Spudich, J. A. (2000). Dynacortin, a genetic link between equatorial contractility and global shape control discovered by library complementation of a Dictyostelium discoideum cytokinesis mutant. J. Cell Biol. 150, 823–838. doi: 10.1083/jcb.150.4.823

Roscioli, E., Di Francesco, L., Bolognesi, A., Giubettini, M., Orlando, S., Harel, A., et al. (2012). Importin-beta negatively regulates multiple aspects of mitosis including RANGAP1 recruitment to kinetochores. J. Cell Biol. 196, 435–450. doi: 10.1083/jcb.201109104

Rosen, S. D., Kafka, J. A., Simpson, D. L., and Barondes, S. H. (1973). Developmentally regulated, carbohydrate-binding protein in Dictyostelium discoideum. Proc. Natl. Acad. Sci. U.S.A. 70, 2554–2557. doi: 10.1073/pnas.70.9.2554

Rual, J. F., Venkatesan, K., Hao, T., Hirozane-Kishikawa, T., Dricot, A., Li, N., et al. (2005). Towards a proteome-scale map of the human protein-protein interaction network. Nature 437, 1173–1178. doi: 10.1038/nature04209

Sazer, S., and Dasso, M. (2000). The ran decathlon: multiple roles of Ran. J. Cell Sci. 113(Pt 7), 1111–1118.

Shi, Q., and King, R. W. (2005). Chromosome nondisjunction yields tetraploid rather than aneuploid cells in human cell lines. Nature 437, 1038–1042. doi: 10.1038/nature03958

Silverman-Gavrila, R. V., Hales, K. G., and Wilde, A. (2008). Anillin-mediated targeting of peanut to pseudocleavage furrows is regulated by the GTPase Ran. Mol. Biol. Cell. 19, 3735–3744. doi: 10.1091/mbc.E08-01-0049

Singh, D., Odedra, D., Dutta, P., and Pohl, C. (2019). Mechanical stress induces a scalable switch in cortical flow polarization during cytokinesis. J. Cell Sci. 132:jcs231357. doi: 10.1242/jcs.231357

Singh, H. (2010). Two decades with dimorphic chloride intracellular channels (CLICs). FEBS Lett. 584, 2112–2121. doi: 10.1016/j.febslet.2010.03.013

Singh, H., and Ashley, R. H. (2007). CLIC4 (p64H1) and its putative transmembrane domain form poorly selective, redox-regulated ion channels. Mol. Membr. Biol. 24, 41–52. doi: 10.1080/09687860600927907

Singh, H., Cousin, M. A., and Ashley, R. H. (2007). Functional reconstitution of mammalian ‘chloride intracellular channels’ CLIC1, CLIC4 and CLIC5 reveals differential regulation by cytoskeletal actin. FEBS J. 274, 6306–6316. doi: 10.1111/j.1742-4658.2007.06145.x

Squirrell, J. M., Eggers, Z. T., Luedke, N., Saari, B., Grimson, A., Lyons, G. E., et al. (2006). CAR-1, a protein that localizes with the mRNA decapping component DCAP-1, is required for cytokinesis and ER organization in Caenorhabditis elegans embryos DE. Mol. Biol. Cell 17, 336–344. doi: 10.1091/mbc.E05-09-0874

Srivastava, V., Iglesias, P. A., and Robinson, D. N. (2016). Cytokinesis: robust cell shape regulation. Semin. Cell Dev. Biol. 53, 39–44. doi: 10.1016/j.semcdb.2015.10.023

Srivastava, V., and Robinson, D. N. (2015). Mechanical stress and network structure drive protein dynamics during cytokinesis. Curr. Biol. 25, 663–670. doi: 10.1016/j.cub.2015.01.025

Storchova, Z., and Pellman, D. (2004). From polyploidy to aneuploidy, genome instability and cancer. Nat. Rev. Mol. Cell Biol. 5, 45–54. doi: 10.1038/nrm1276

Straight, A. F., and Field, C. M. (2000). Microtubules, membranes and cytokinesis. Curr. Biol. 10, R760–R770. doi: 10.1016/s0960-9822(00)00746-6

Strasser, K., and Hurt, E. (2001). Splicing factor Sub2p is required for nuclear mRNA export through its interaction with Yra1p. Nature 413, 648–652. doi: 10.1038/35098113

Suginta, W., Karoulias, N., Aitken, A., and Ashley, R. H. (2001). Chloride intracellular channel protein CLIC4 (p64H1) binds directly to brain dynamin I in a complex containing actin, tubulin and 14-3-3 isoforms. Biochem. J. 359(Pt 1), 55–64.

Suh, K. S., Malik, M., Shukla, A., Ryscavage, A., Wright, L., Jividen, K., et al. (2012). CLIC4 is a tumor suppressor for cutaneous squamous cell cancer. Carcinogenesis 33, 986–995. doi: 10.1093/carcin/bgs115

Tripodi, F., Fraschini, R., Zocchi, M., Reghellin, V., and Coccetti, P. (2018). Snf1/AMPK is involved in the mitotic spindle alignment in Saccharomyces cerevisiae. Sci. Rep. 8:5853. doi: 10.1038/s41598-018-24252-y

Tsai, M. Y., Wang, S., Heidinger, J. M., Shumaker, D. K., Adam, S. A., Goldman, R. D., et al. (2006). A mitotic lamin B matrix induced by RanGTP required for spindle assembly. Science 311, 1887–1893. doi: 10.1126/science.1122771

Uretmen Kagiali, Z. C., Saner, N., Akdag, M., Sanal, E., Degirmenci, B. S., Mollaoglu, G., et al. (2020). CLIC4 and CLIC1 bridge plasma membrane and cortical actin network for a successful cytokinesis. Life Sci. Alliance 3:e201900558. doi: 10.26508/lsa.201900558

van Oostende Triplet, C., Jaramillo Garcia, M., Haji Bik, H., Beaudet, D., and Piekny, A. (2014). Anillin interacts with microtubules and is part of the astral pathway that defines cortical domains. J. Cell Sci. 127(Pt 17), 3699–3710. doi: 10.1242/jcs.147504

Vazquez-Martin, A., Oliveras-Ferraros, C., Cufi, S., and Menendez, J. A. (2011). Polo-like kinase 1 regulates activation of AMP-activated protein kinase (AMPK) at the mitotic apparatus. Cell Cycle 10, 1295–1302. doi: 10.4161/cc.10.8.15342

Vazquez-Martin, A., Oliveras-Ferraros, C., and Menendez, J. A. (2009). The active form of the metabolic sensor: AMP-activated protein kinase (AMPK) directly binds the mitotic apparatus and travels from centrosomes to the spindle midzone during mitosis and cytokinesis. Cell Cycle 8, 2385–2398. doi: 10.4161/cc.8.15.9082

Warecki, B., Ling, X., Bast, I., and Sullivan, W. (2020). ESCRT-III-mediated membrane fusion drives chromosome fragments through nuclear envelope channels. J. Cell Biol. 219:e201905091. doi: 10.1083/jcb.201905091

Yamazaki, T., Fujiwara, N., Yukinaga, H., Ebisuya, M., Shiki, T., Kurihara, T., et al. (2010). The closely related RNA helicases, UAP56 and URH49, preferentially form distinct mRNA export machineries and coordinately regulate mitotic progression. Mol. Biol. Cell 21, 2953–2965. doi: 10.1091/mbc.E09-10-0913

Yang, S. H., Baek, H. A., Lee, H. J., Park, H. S., Jang, K. Y., Kang, M. J., et al. (2010). Discoidin domain receptor 1 is associated with poor prognosis of non-small cell lung carcinomas. Oncol. Rep. 24, 311–319. doi: 10.3892/or_00000861

Zakikhani, M., Dowling, R., Fantus, I. G., Sonenberg, N., and Pollak, M. (2006). Metformin is an AMP kinase-dependent growth inhibitor for breast cancer cells. Cancer Res. 66, 10269–10273. doi: 10.1158/0008-5472.CAN-06-1500

Zhang, W., and Robinson, D. N. (2005). Balance of actively generated contractile and resistive forces controls cytokinesis dynamics. Proc. Natl. Acad. Sci. U.S.A. 102, 7186–7191. doi: 10.1073/pnas.0502545102

Zhou, Q., Kee, Y. S., Poirier, C. C., Jelinek, C., Osborne, J., Divi, S., et al. (2010). 14-3-3 coordinates microtubules, Rac, and myosin II to control cell mechanics and cytokinesis. Curr. Biol. 20, 1881–1889. doi: 10.1016/j.cub.2010.09.048

Ziemienowicz, A., Haasen, D., Staiger, D., and Merkle, T. (2003). Arabidopsis transportin1 is the nuclear import receptor for the circadian clock-regulated RNA-binding protein AtGRP7. Plant Mol. Biol. 53, 201–212. doi: 10.1023/B:PLAN.0000009288.46713.1f

Zipperlen, P., Fraser, A. G., Kamath, R. S., Martinez-Campos, M., and Ahringer, J. (2001). Roles for 147 embryonic lethal genes on C.elegans chromosome I identified by RNA interference and video microscopy. EMBO J. 20, 3984–3992. doi: 10.1093/emboj/20.15.3984


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Nguyen and Robinson. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Unusual Suspects in Cytokinesis: Fitting the Pieces Together



		OVERVIEW OF CYTOKINESIS



		MEMBRANE-ASSOCIATED PROTEINS



		Discoidin



		Chloride Intracellular Channels







		RNA-RELATED PROTEINS



		RNA-Binding Proteins



		RNA Helicases







		NUCLEAR PROTEINS



		Importin-β



		RAN



		Lamin B







		METABOLIC ENZYMES



		Methylmalonate-Semialdehyde Dehydrogenase



		AMP-Activated Protein Kinase







		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/fcell-08-00441-g002.jpg
froon )

Pd
"CLICs

Discoidin”
Ezrin, Anillin, Cort |
ALIX IQGAP2

Contractility network
assembly/ anchoring

e Microtubular
AR-1
M.gGH_1 — component

[

RNP-1A— Microtubules S

Mitotic spindle
formation/stabilization
translation Cytokinesis

[
RNP-1B— Cortexillin | - Contractility

@® Lamin B

Ran
\ Molecular
rulers
Anillin/
Myosin Il

.

Mitotic
spindle
regulation

Importin-8

l

Anillin

Cortex
organization

o \ /
Mmsdh Plk1

. |

. (_J
Myosin Il
AMPK
Cort | P
IQGAP2 l
l Mitotic
Contractility ~ apparatus
regulation stability

4






OPS/images/fcell-08-00441-g001.jpg
B Contractile network

Myosin Il
RhoA .+ ‘ Actomyosin
" Actin filaments—— 3 network —> Contractility

W assembly
Crosslinkers

(Cortexillin, Anillin)

C

Mitotic spindle

Microtubules
+
MT-based binding proteins
+

MT-based motors

2

Astral Central

Mitotic
spindles

Chromosome separation
Cleavage furrow positioning





OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

The Unusual Suspects
in Cytokinesis: Fitting the Pieces
Together









OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





