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Genetic studies in yeast and Drosophila led to identification of cyclin-dependent kinases (CDKs), Polo-like kinases (PLKs) and Aurora kinases as essential regulators of mitosis. These enzymes have since been found in the majority of eukaryotes and their cell cycle-related functions characterized in great detail. However, genetic studies in another fungal species, Aspergillus nidulans, identified a distinct family of protein kinases, the NEKs, that are also widely conserved and have key roles in the cell cycle, but which remain less well studied. Nevertheless, it is now clear that multiple NEK family members act in networks to regulate specific events of mitosis, including centrosome separation, spindle assembly and cytokinesis. Here, we describe our current understanding of how the NEK kinases contribute to these processes, particularly through targeted phosphorylation of proteins associated with the microtubule cytoskeleton. We also present the latest findings on molecular events that control the activation state of the NEKs and how these are revealing novel modes of enzymatic regulation relevant not only to other kinases but also to pathological mechanisms of disease.
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NEK KINASES: MITOSIS, CILIA, AND MORE

The founding member of the NIMA family was isolated in the 1980s in a loss-of-function genetic screen for regulators of the cell cycle in the filamentous fungus Aspergillus nidulans. Two classes of mutant were identified: those that became blocked in mitosis, so-called “bim” mutants, and those that were blocked in interphase and were therefore never in mitosis, so called “nim” mutants (Oakley and Morris, 1983). The first of the latter class of mutants to be studied, nimA, was found to encode a protein kinase (Osmani et al., 1988). Further work showed that wild-type NIMA regulates several key events of mitosis including chromosome condensation, nuclear envelope breakdown and spindle organization (O'Connell et al., 2003). Importantly, NIMA-related kinases, or NEKs (also referred to in some species as NRKs), are conserved across most eukaryotes. NEKs share a protein kinase domain, usually located at the N-terminus of their sequence, that define them as members of the family. Most also possess a non-catalytic domain, but these are largely unrelated in sequence, length and organization, and thereby able to confer specific mechanisms of upstream regulation and downstream substrate selection. Furthermore, while some NEKs in higher eukaryotes act like Aspergillus NIMA to control mitotic progression, other members of this family have acquired functions elsewhere in the cell cycle (Moniz et al., 2011; Fry et al., 2012).

Strikingly, the number of NEKs encoded within the genome varies widely from organism to organism. Intriguingly, this number correlates with complexity of the molecular structures that contribute to formation of cilia and flagella, which typically involves a basal body or centrosome. This has led to the suggestion that the NEK family evolved in parallel with the ciliary apparatus such that organisms that require a more complex regulation of this structure have expanded the number of NEKs diversifying their functions according to their specific needs (Quarmby and Mahjoub, 2005; Parker et al., 2007). Indeed, non-ciliated yeast and molds (e.g., Saccharomyces, Schizosaccharomyces, and Aspergillus) encode a single NEK kinase, while the amoebozoa Dictyostelium that also lacks classical centrioles and cilia has only two. Trypanosoma and Chlamydomonas, with respectively one and two flagella, have ten NEKs and the multiciliated Tetrahymena almost forty. Plasmodium is phylogenetically related to Tetrahymena but expresses only four NEKs. However, three of these are restricted to gametocytes and this is consistent with the male gamete being the only cell with flagella.

Remarkably, Giardia, with a complex array of four pairs of specialized flagella, has almost 200 NEKs that represent more than two thirds of the kinases encoded in its genome (and almost 4% of its proteome). The surprising expansion of the NEK family in Giardia is yet to be explained. The high number of NEKs may be related to the needs of controlling four pairs of different cilia, and their corresponding basal bodies, that are inherited in a specific pattern during cell division. However, this is unlikely to be the sole reason as Giardia NEKs are highly diverse and the majority look by sequence to be enzymatically-inactive pseudokinases. On the other hand, most of these NEKs are expressed and localize in specific manners suggesting that they retain a function. In addition, NEKs appear to be undergoing rapid evolution in these organisms based on observable changes between strains, implying that NEKs may have a role in establishment of strain-specific differences (Manning et al., 2011).

In vertebrates, most cells assemble a single immotile primary cilium that is involved in sensory signaling, but a few specialized cell types exist, such as respiratory epithelia, ependymal cells and sperm, that have one or more cilia with mechanical functions (Ishikawa and Marshall, 2011). Consistent with the model for co-evolution with the microtubule organization apparatus, vertebrates have an intermediate number of NEKs with humans possessing eleven, named Nek1 to Nek11 (Moniz et al., 2011; Fry et al., 2012). Nek2, Nek5, Nek6, Nek7, and Nek9 have different functions related to control of the centrosome cycle (see below), while Nek1 and Nek8 are involved in regulation of cilia physiology (Upadhya et al., 2000; Liu et al., 2002; Otto et al., 2008; Shalom et al., 2008; Zalli et al., 2012). Importantly, a number of the human NEKs have been found to be mutated in ciliopathies, inherited disorders that result from defective organization and/or function of the primary cilium (Hildebrandt et al., 2011).

Although plant cells generally lack centrioles or cilia, they do have around six NEKs; but all belong to a single group related to human Nek6 and Nek7. Drosophila, in which only sperm cells and sensory neurons have cilia, has only two NEKs (Nek2 and Niki, in the Nek8/Nek9 group), while C. elegans, with amoeboid sperm and where only sensory neurons are ciliated, has four (Nekl-1-4, homologous to mammalian Nek9, Nek8, Nek6/Nek7, and Nek10, respectively). Interestingly, planarians have lost centrosomes and only assemble centrioles and cilia in terminally differentiated cells, yet they retain several NEKs, including Nek6/Nek7 and Nek8/Nek9 homologs (Azimzadeh et al., 2012). However, they have lost Nek2, as well as proteins involved in centrosome duplication, suggesting that the main function of this kinase—the closest vertebrate homolog to Aspergillus NIMA—relates to centrosome regulation.

Consistent with their broad function at centrioles and cilia, NEKs are frequently localized to sites of microtubule organization. This is the case in the unicellular Chlamydomonas, Trypanosoma, Tetrahymena, and Giardia (Mahjoub et al., 2004; Pradel et al., 2006; Wloga et al., 2006; Manning et al., 2011), as well as metazoa. However, in parallel to the proposed ancestral role at the ciliary apparatus, different family members have acquired novel, and sometimes unrelated, functions. Thus, in Aspergillus, besides being central to the regulation of the spindle pole body (SPB) and mitotic spindle, NIMA controls chromatin condensation (De Souza et al., 2000), while a growing number of NEKs have been implicated in the DNA damage response. This is the case for yeast Kin3 and several mammalian NEKs (Noguchi et al., 2002; Lee et al., 2008; Moura et al., 2010; Moniz and Stambolic, 2011; Nguyen et al., 2012; Jackson, 2013; Liu et al., 2013; Tan et al., 2017). In addition some of the mammalian NEKs have acquired tissue-specific functions, such as Nek7 in macrophages or Nek3 and Nek7 in neurons (Chang et al., 2009; He et al., 2016; Schmid-Burgk et al., 2016; Shi et al., 2016). Other unexpected functions no doubt await discovery.

NEK KINASES IN CENTROSOME DISJUNCTION

The first clue that NEKs may contribute to microtubule organization came from discovery that human Nek2 localizes to the centrosome (Fry et al., 1998b). Nek2 is a cell cycle-regulated kinase with maximal expression and activity in S and G2 (Fry et al., 1995). Overexpression of wild-type Nek2 induced the unscheduled separation of centrosomes during interphase, while overexpression of a catalytically-inactive mutant interfered with centrosome separation upon entry into mitosis (Fry et al., 1998b; Faragher and Fry, 2003). At the time these observations were made, the mechanisms of centrosome positioning within cells was rather poorly understood. The central location close to the nucleus was initially thought to result from combined centripetal forces of the microtubule and actin networks, as well as protein-based tethers that link the centrosome to the nucleus (Burakov et al., 2003). However, the purification of centrosomes from cultured cells using sucrose gradient fractionation led to the isolation of paired structures providing unequivocal evidence for the presence of a physical connection or “linker” between the two centrosomes (Bornens et al., 1987). Hence, the data on Nek2 fit the hypothesis that its kinase activity causes disassembly of the centrosome linker in a process that has now been termed centrosome disjunction (Agircan et al., 2014; Figure 1).
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FIGURE 1. Kinase-mediated pathways regulating centrosome disjunction. (A) An immunofluorescence micrograph of a human U2OS osteosarcoma cell stained with acetylated-tubulin antibodies to detect centrioles (red), C-Nap1 antibodies to detect the centrosome linker (green) and Hoechst 33258 to detect DNA (blue). This illustrates how the centrosome appears as a paired structure that sits in the cytoplasm close to the nucleus in most interphase cells. (B) A schematic cartoon showing how the centrosome linker is thought to extend between the proximal ends of the two parental centrioles throughout interphase, both before (G1) and during (S/G2) the process of centriole duplication. The best-characterized linker proteins are C-Nap1, which associates with proximal ends of the centrioles, and rootletin, which forms connecting filaments between the centrioles. Additional proteins known to localize to the linker are indicated. (C) The centrosome linker undergoes disassembly at the onset of mitosis as a result of activation of Nek2 and phosphorylation of linker proteins. The activation of Nek2 is tightly controlled by a network of other kinases and phosphatases as indicated.



Support for this hypothesis came from discovery of the first centrosome linker component, C-Nap1 (also called CEP250), using a yeast two-hybrid screen to isolate Nek2 binding partners (Fry et al., 1998a). C-Nap1 is an excellent substrate of Nek2 with many sites of phosphorylation (Mardin et al., 2010; Hardy et al., 2014; Cervenka et al., 2016). Furthermore, C-Nap1 concentrates at centrosomes in interphase cells but is absent from spindle poles in mitosis; it is also substantially reduced at the split centrosomes seen in interphase cells overexpressing Nek2. These properties meet the criteria for a centrosome linker component regulated by Nek2 at the G2/M transition. Indeed, subsequent experiments have revealed that cells lacking Nek2 fail to remove C-Nap1 from centrosomes upon mitotic entry (Fletcher et al., 2004; Mardin et al., 2010), while loss of C-Nap1 by antibody microinjection, RNAi-mediated depletion, gene-editing or disease-associated truncating mutations all lead to unscheduled separation of centrosomes in interphase (Mayor et al., 2000; Bahe et al., 2005; Floriot et al., 2015; Panic et al., 2015; Flanagan et al., 2017).

C-Nap1 is a relatively large (~280 kDa) protein that is almost exclusively composed of predicted coiled-coil motifs. It specifically localizes to the proximal ends of centrioles, where the centrosome linker is assumed to attach. Here, it can bind Cep135, a centriole cartwheel component, with interaction occurring between the C-terminal regions of each protein (Kim et al., 2008). Phosphorylation of C-Nap1 by Nek2 inhibits interaction with Cep135, most likely through electrostatic repulsion (Hardy et al., 2014). While C-Nap1 is displaced from centrosomes upon mitotic entry, Cep135 remains present throughout the cell cycle, supporting the hypothesis that it is loss of the physical connection between these two proteins that triggers centrosome disjunction. However, the molecular nature of the interaction between C-Nap1 and Cep135, and whether this is sufficient to explain how the linker attaches to centrioles, remain important areas for future research.

C-Nap1 is by no means the only component of the centrosome linker. Indeed, immuno-electron microscopy experiments suggest that it is restricted to centriole proximal ends, and not present along the length of the linker (Fry et al., 1998a; Mayor et al., 2002). The core of the linker seems rather to be generated by rootletin, a protein that also forms the major component of the ciliary rootlet (Yang et al., 2002). Ciliary rootlets are well-ordered fibers that extend from the basal body, an equivalent structure to the centrosome, into the inner cell body of photoreceptors. However, rootletin is also present on interphase centrosomes in proliferating cells where it forms elongated fibers attached to the centrosome (Bahe et al., 2005; Yang et al., 2006). Like C-Nap1, rootletin is displaced from centrosomes upon mitotic entry, consistent with the expected behavior of a linker protein. In fact, rootletin is highly related in sequence to C-Nap1 and can oligomerise both with itself and with C-Nap1 through multiple regions (Yang et al., 2006). This has led to the model that C-Nap1 forms the ends of the linker, while rootletin assembles into entangling filaments that compose the core of the linker. FRAP analysis reveals that the linker is a relatively stable structure and its disassembly upon entry into mitosis is not associated with degradation of either C-Nap1 or rootletin (Mayor et al., 2002). Indeed, like C-Nap1, rootletin is phosphorylated by Nek2, and together these linker proteins provide the bulk of recruitment sites for Nek2 at the centrosome (Bahe et al., 2005; Hardy et al., 2014). Hence, the current view is that phosphorylation by Nek2 disturbs not only interaction of C-Nap1 and Cep135, but also attachment of C-Nap1 to rootletin, and oligomerization of rootletin filaments.

Several other centrosome linker proteins have now been identified, including Cep68, centlein, LRRC45 and LGALS3BP (Graser et al., 2007; Fogeron et al., 2013; He et al., 2013; Fang et al., 2014). Whether these have structural or regulatory functions remains to be explored, although most are also phosphorylated by Nek2 (Man et al., 2015). Phosphorylation of linker components would keep them in a depolymerized state in mitosis, while dephosphorylation at the end of mitosis would promote linker reassembly at the start of the subsequent cell cycle. The relevant phosphatases are yet to be explored in detail. Contrary to the model whereby dephosphorylation opposes centrosome separation, overexpression of the Cdc14A phosphatase was reported to promote centrosome separation; however, the mechanism and whether this involves centrosome linker components has not been addressed (Mailand et al., 2002). It was discovered early on that Nek2 directly interacts with protein phosphatase 1 (PP1) via a KVHF motif in its C-terminal non-catalytic domain (Helps et al., 2000). However, it is unlikely that PP1 bound to Nek2 contributes to linker protein dephosphorylation at the end of mitosis as the bulk of Nek2 is degraded in mitosis as a result of ubiquitylation by the anaphase promoting complex/cyclosome (APC/C) (Hames et al., 2001; Hayes et al., 2006). In contrast, direct binding of PP1 to Nek2 may well contribute to linker protein dephosphorylation and maintenance of the centrosome linker in S and G2 when Nek2 is present and potentially active. In addition to dephosphorylating Nek2 substrates, PP1 could antagonize the auto-phosphorylation and activation of Nek2 itself (Eto et al., 2002; Mi et al., 2007). However, although Nek2 is activated by phosphorylation at T175 on its activation loop, it is not clear that this is reversed by PP1. Moreover, although Nek2 dimerises via an unusual leucine zipper motif and can auto-phosphorylate in vitro (Rellos et al., 2007), it remains possible that Nek2 is also phosphorylated at this site by an as yet unidentified upstream kinase.

Interestingly, the stability of the Nek2-PP1 interaction is regulated by the Plk1 kinase through a complex process that also involves the Hippo pathway kinase, Mst2 (Mardin et al., 2011). Mst2, and a scaffold protein Sav1, physically associate with Nek2, with Mst2 phosphorylating Nek2 at four sites in its non-catalytic domain. This does not obviously regulate Nek2 activity but does increase its localization to the centrosome (Mardin et al., 2010). One can speculate that this may result from increased affinity for C-Nap1 and rootletin but this has yet to be tested. Meanwhile, phosphorylation of Mst2 by Plk1 prevents association of PP1 with Nek2 leading to increased phosphorylation of Nek2 substrates, such as C-Nap1. Three sites within Mst2 are phosphorylated by Plk1. How this destabilizes the interaction of Nek2 with PP1 remains unclear, although one possibility is that Plk1 phosphorylation activates Mst2; this in turn would cause increased phosphorylation of Nek2, potentially decreasing its affinity for PP1. There is without doubt much still to be learnt about the biochemical mechanisms through which these kinases and phosphatases regulate centrosome disjunction.

Furthermore, additional protein kinases lie upstream of Nek2, Plk1, and Mst2 that contribute to centrosome disjunction. For example, Plk1 is activated by the mitotic kinase, Aurora-A, while Mst2 is under the control of the Hippo pathway kinases, Lats1/2; however, there is no evidence to date that these other kinases directly regulate Nek2. In contrast, Nek2 function is activated downstream of the EGFR tyrosine kinase. It was observed many years ago that cells exposed to EGF exhibit unscheduled separation of centrosomes (Sherline and Mascardo, 1982a,b). With the growing understanding of centrosome disjunction mechanisms, the reason for this observation was revisited with discovery that EGF regulates association of Nek2 with centrosomes via Mst2, Akt, and PI3K (Mardin et al., 2013). Further studies not only confirmed the role of Mst2 and Nek2 in EGF-mediated centrosome separation, but also demonstrated a role for the G-protein-coupled receptor kinase 2 (GRK2) in phosphorylating Mst2 in response to EGF (So et al., 2013). This occurs on two of three sites that are also phosphorylated by Plk1, hence Mst2 provides a point of integration of extracellular signals from EGFR with internal signals of mitotic progression from Plk1.

Besides inducing premature separation, overexpression of Nek2 leads to reduction in the amount of pericentriolar material (PCM) associated with interphase centrosomes (Fry et al., 1998b). This raises the question of the relationship between the centrosome linker and PCM. In many respects, these structures are considered independent. Yet this is likely to be an oversimplification, particularly considering that the timing of centrosome disjunction coincides with that of centrosome maturation when additional PCM is recruited to enhance microtubule nucleation at the onset of mitosis. A possible connection between Nek2 and centrosome maturation involves the Cdk5Rap2 protein (also called Cep215), a well-characterized PCM component that provides the scaffold for recruitment of microtubule nucleation complexes. However, Cdk5Rap2 can interact with the linker component, Cep68 (Pagan et al., 2015). Furthermore, depletion of Cdk5Rap2 not only interferes with microtubule nucleation but also leads to centrosome separation, while cells taken from Cdk5Rap2 knockout mice exhibit unpaired centrosomes indicative of loss of the centrosome linker (Graser et al., 2007; Barrera et al., 2010). Cdk5Rap2 is also a substrate of Nek2, with phosphorylation proposed to facilitate binding not only of Cdk5Rap2 but also C-Nap1 to the Wnt signaling pathway scaffold, Disheveled (DVL) (Cervenka et al., 2016). In fact DVL, and another downstream component of the Wnt pathway, β-catenin, are also Nek2 substrates and putative linker components (Mbom et al., 2014; Cervenka et al., 2016). However, based on recent studies in Drosophila, it's possible that these Nek2-dependent events have an entirely separate role in control of Wnt developmental signaling (Martins et al., 2017; Weber and Mlodzik, 2017). That said, as Wnt signaling is at least in part initiated at primary cilia, it is tantalizing to consider that these events may somehow link ciliary-dependent signaling with centrosome reorganization. Moreover, Nek2 has recently been shown to promote ciliary resorption through phosphorylation and activation of the microtubule depolymerizing kinesin, Kif24 (Kim et al., 2015). Hence, besides its function in centrosome disjunction, Nek2 may play roles in a number of other cell cycle-dependent processes that prepare cells for entry into mitosis.

A potentially important new piece in the jigsaw was the discovery that Nek5 might cooperate with Nek2 to regulate centrosome disjunction (Prosser et al., 2015). Localization studies suggest that a fraction of Nek5 is present centrosomes, although Nek2 is the only NEK family member detected in proteomic analyses of isolated centrosomes. Intriguingly, depletion of Nek5 disturbs centrosomes in much the same way as overexpression of Nek2, in that centrosomes exhibit both unscheduled separation and loss of pericentriolar material (PCM). However, centrosomes in cells depleted of Nek5 remained in relatively close proximity. Moreover, they had reduced levels of Nek2 and phosphorylated C-Nap1 and increased levels of rootletin suggesting that the unscheduled centrosome separation resulted from excessive recruitment, rather than disassembly, of linker proteins. Consistent with this, cells depleted of Nek5 behaved in a similar manner to cells depleted of Nek2 upon entry into mitosis in that centrosome linker proteins were not released and centrosome separation was delayed. Nek2 and Nek5 seem to not only have similar functions but cooperate in that overexpression of catalytically-inactive Nek2 blocked the separation of centrosomes that resulted from Nek5 depletion. However, we have no evidence to date that these two kinases physically interact or regulate each other's catalytic activity. Again, there is much to be learnt about Nek5, not least what acts directly upstream and downstream, before one can understand how it contributes to this process.

NEK KINASES IN SPINDLE ASSEMBLY

As cells progress into mitosis and Nek2 activity is shut down through proteasome-mediated degradation (Hames et al., 2001; Hayes et al., 2006), a signaling module composed of Nek9, Nek6, and Nek7 becomes active (Figure 2). These three NIMA-related kinases also perform essential functions in spindle assembly, and are switched on through a series of molecular events that are set in motion upon activation of CDK1 (Bertran et al., 2011). CDK1 phosphorylates Nek9 at Ser-869 to create a binding site for the polo-box domain of Plk1. Plk1 can then phosphorylate Thr-210 in the activation loop within the catalytic domain of Nek9. This results in activation of Nek9 and in turn stimulates autophosphorylation in its C-terminal non-catalytic region that enables it to bind directly to Nek6 and Nek7. This leads to activation of Nek6 and Nek7 through both allosteric and non-allosteric mechanisms. Thus, Nek2, Nek9, Nek6, and Nek7 activation depends on Plk1 defining the specific time window at the onset of mitosis when these kinases are turned on. Whether this relationship between NEKs and Polo-family kinases is conserved in other organisms remains to be established.
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FIGURE 2. The Nek9-Nek6-Nek7 module. A schematic cartoon of the timeline of activation of the Nek9-Nek6-Nek7 signaling module and its known substrates shown with respect to the different stages of mitosis. During prophase Nek9 phosphorylates the γ-TuRC adapter NEDD1. This contributes to NEDD1 recruitment to the centrosomes and the maturation of these organelles needed for robust microtubule nucleation and spindle formation. Simultaneously, through activation of Nek6 and Nek7, Nek9 controls recruitment of the kinesin Eg5 to the centrosomes that leads to their separation. Nek6 and Nek7 are also involved in nuclear envelope breakdown (NEBD) through phosphorylation of the Nup98 nucleoporin, and subsequently in spindle organization through phosphorylation of Hsp72. Finally, Nek6 and Nek7 are involved in the control of cytokinesis via regulation of the kinesins, Mklp2 and Kif14. Note that some of the substrates attributed to Nek6 and Nek7 may be specific for one of these two kinases (e.g., Hsp72 and Mklp2 for Nek6, and Kif14 for Nek7). Meta, Ana, and Telo, metaphase, anaphase and telophase.



Nek6 and Nek7 were identified in 2000 as two NIMA-related kinases with highly similar (85% identical) catalytic domains (Kandli et al., 2000). Initial experiments suggested that Nek6 and Nek7 might be activators of the interphase p70 S6 kinase as they are both able to efficiently phosphorylate its hydrophobic regulatory site in vitro (Belham et al., 2001). However, subsequent work ruled this out as a physiological role for Nek6 and Nek7 (Lizcano et al., 2002). In fact, they were found to interact with Nek9, which acts upstream as a kinase able to phosphorylate and activate Nek6 and Nek7, and evidence emerged indicating a role for these three kinases in mitosis (Roig et al., 2002; Belham et al., 2003; Yin et al., 2003).

Nek6 and Nek7 are the shortest members of the family, consisting of 313 and 302 residues, respectively, in both humans and mice. In contrast to the other NEKs, their sequence lacks obvious regulatory domains and is almost entirely composed of a catalytic kinase domain. The only region of significant difference is the short (30–40 residue) extensions that are N-terminal to the kinase domains. Interestingly, there is now evidence that these N-terminal extensions provide specificity toward substrates and other binding partners in different cellular contexts (Vaz Meirelles et al., 2010). Indeed, as explained below, the majority (but not all) of Nek6 and Nek7 substrates identified to date are specific for one or other kinase. Curiously though, most of the functions described for Nek6 and Nek7, at least in terms of mitotic progression in cancer cell lines, are very similar. However, consistent with the concept of targeting different substrates, the two kinases are not redundant as loss of either protein in model transformed cell lines leads to mitotic arrest and cell death.

Functional specificity may also come from different expression patterns in specific cell or tissue types. High-throughput transcriptomic analyses show that human and mouse Nek6 and Nek7 mRNAs are present in most tissues, albeit with minor variations in levels (https://www.ncbi.nlm.nih.gov/gene). However, more targeted studies indicate that the two kinases may be expressed differentially during embryogenesis and in different regions of the adult nervous system (Feige and Motro, 2002). Consistent with this, elimination of either kinase in transgenic animals has radically different effects. Nek6 knockout animals are born at Mendelian ratios and do not show an obvious phenotype, at least when unchallenged (http://www.informatics.jax.org/marker/MGI:1891638), although they do exhibit increased cardiac hypertrophy after transthoracic aorta constriction (Bian et al., 2014). In contrast, knockout of Nek7 results in late embryonic or perinatal lethality and severe growth retardation (Salem et al., 2010). Although the cause of this is unknown, it suggests that Nek7 has crucial functions during development that cannot be replaced by Nek6.

Nek6 and Nek7 have a number of different functions during mitosis related to the control of centrosome positioning, spindle assembly and cytokinesis (Figure 2). Both Nek6 and Nek7 exhibit weak localization to spindle poles, while Nek6 has also been detected on spindle microtubules (Yissachar et al., 2006; Kim et al., 2007; O'Regan and Fry, 2009). Meanwhile, activated Nek9 as detected with a Nek9-pT210 antibody is present on centrosomes during mitosis (Roig et al., 2002, 2005; Belham et al., 2003). The expression of Nek6, and possibly Nek7, appears to increase as cells approach mitosis; however, more obvious is a gel shift on Western blots of both kinases in mitosis that is presumably indicative of activation (Belham et al., 2003; O'Regan and Fry, 2009). Interference with Nek6 or Nek7 results in an increase of mitotic cells, abnormal chromosome segregation, multinucleation and cell death (Yin et al., 2003; Yissachar et al., 2006; O'Regan and Fry, 2009). Early experiments expressing loss-of-function mutants suggested that this reflects multiple, independent functions as mutants devoid of kinase activity blocked cells at metaphase through activation of the spindle assembly checkpoint, while hypomorphic mutants allowed progression through metaphase but prevented completion of cytokinesis (O'Regan and Fry, 2009). More recent studies based on RNAi-mediated depletion have revealed a number of different substrates of these kinases that may well explain these observations.

First, downstream of Nek9, Nek6, and Nek7 control the separation of centrosomes in prophase by regulating the spindle pole localization of the kinesin Eg5 (Rapley et al., 2008; Bertran et al., 2011). Nek6 and Nek7 phosphorylate Eg5 at a specific site (Ser-1033 in humans) that, together with CDK1 phosphorylation at a site necessary for microtubule interaction (Thr-926), allows Eg5 to accumulate around centrosomes and stimulate their separation before nuclear envelope breakdown1. This favors timely and accurate chromosome segregation (Silkworth et al., 2012). Second, both Nek6 and Nek7 contribute to nuclear envelope breakdown though phosphorylation of the nuclear pore protein, Nup98 (Laurell et al., 2011). In prometaphase and metaphase, Nek6 and Nek7 are then required for robust spindle assembly (O'Regan and Fry, 2009). Although the role of Nek7 in this process remains to be determined, one mechanism by which Nek6 promotes spindle assembly is through phosphorylation of the heat shock protein, Hsp72 (O'Regan et al., 2015). Hsp72 phosphorylation by Nek6 is necessary for recruitment of ch-TOG and TACC3 to kinetochore associated microtubules, or K-fibres. However, whether phosphorylated Hsp72 stabilizes interaction of ch-TOG and TACC3 and their subsequent binding to microtubule plus-ends, or promotes their association with clathrin and formation of inter-microtubule bridges is unclear (Hood et al., 2013; Gutiérrez-Caballero et al., 2015). Nek6 and Hsp72 are also required for centrosome clustering in cancer cells with amplified centrosomes, presumably through similar mechanisms to those that promote K-fiber stabilization (Sampson et al., 2017). Finally, several reports implicate Nek6 and Nek7 in the control of cytokinesis (Rapley et al., 2008; O'Regan and Fry, 2009; Salem et al., 2010; Cullati et al., 2017). Assuming that Ser-1033 on Eg5 is exclusively phosphorylated by Nek6, then a phosphospecific antibody raised against this site suggests that Nek6 activity peaks in late mitosis. Moreover, Nek6 and Nek7 phosphorylate distinct kinesins, namely Mklp2 and Kif14, to directly regulate cytokinesis. Specifically, phosphorylation by Nek7 stimulates Kif14 activity and recruitment of the Rho-interacting kinase, citron, to the spindle midzone in anaphase, while phosphorylation by Nek6 controls Mklp2 localization and its microtubule bundling activity at the central spindle in telophase.

Although the total cellular levels of Nek6 and Nek7 kinase activity peak in mitosis, there is growing evidence of additional roles for these kinases outside of mitosis. For example, Nek7 may be important for the cell cycle-dependent regulation of primary cilia, as Nek7−/− MEFs exhibit abnormal cilia numbers (Salem et al., 2010). Moreover, careful measurement of microtubule dynamics supports a role for Nek7 in regulating microtubules in interphase (Cohen et al., 2013). Indeed, both Nek6 and Nek7 are capable of directly phosphorylating microtubules in vitro (O'Regan and Fry, 2009). Furthermore, Nek6 and Nek7 have been implicated in regulation of centrosome duplication and maturation, senescence and the DNA damage response, all of which primarily take place in interphase (Lee et al., 2008; Jee et al., 2010; Kim et al., 2011; Gupta et al., 2017; Tan et al., 2017). Unexpectedly, Nek7 was found to be necessary for activation of the NLRP3 inflammasome, a multiprotein complex that activates inflammatory caspases in macrophages (He et al., 2016; Schmid-Burgk et al., 2016; Shi et al., 2016). This role is independent of its kinase activity and may be important to ensure that inflammasome activation is mutually exclusive with mitotic progression.

Nek9 was originally identified through coimmunoprecipitation with Nek6 from cultured cell lines (Roig et al., 2002). In parallel, it was purified during a search for protein kinases induced by IL-1, although it is not activated by the interleukin (Holland et al., 2002; in this paper, the kinase was misnamed as Nek8). Nek9 is one of the longer NEKs, being ~1,000 residues in length (979 in humans, 984 in mice). The non-catalytic C-terminal region of Nek9 begins with an RCC1 domain that is similar in sequence to the Ran exchange factor, RCC1, and has led to Nek9 sometimes being referred to as Nercc1. This is followed by a C-terminal tail that contains a number of S/TP and PXXP motifs, a region that binds to Nek6 and Nek7 as well as the multifunctional dynein light chain LC8, and a coiled-coil that acts as an oligomerization motif. Nek9 is able to undergo autophosphorylation and activation in vitro in a manner that is dependent on the coiled-coil motif, while the RCC1 domain acts as an autoinhibitory domain (Roig et al., 2002). As indicated above, Nek9 is inactive in interphase and activated during mitosis by a two-step mechanism involving CDK1 and Plk1 (Roig et al., 2005; Bertran et al., 2011). Active Nek9 undergoes autophosphorylation at a number of sites, one of which interferes with binding to LC8 (Regué et al., 2011; Gallego et al., 2013). LC8 constitutively binds to inactive, unphosphorylated Nek9 impeding its interaction with Nek6 and Nek7. Hence, it is only upon activation and autophosphorylation that Nek9 can bind and activate Nek6 and Nek7. Whether LC8 completely prevents interaction of Nek9 with Nek6 and Nek7 in interphase, and the mechanism through which the RCC1 domain acts in an auto-inhibitory manner are important and unanswered questions.

Like Nek6 and Nek7, Nek9 is necessary for mitotic progression, spindle formation and chromosome segregation (Roig et al., 2002, 2005; Kaneta and Ullrich, 2013). Being able to activate the closely-related Nek6 and Nek7 kinases, means that conceptually these functions of Nek9 could operate entirely through activation of these two downstream kinases. In reality though, additional substrates regulated independently of Nek6 and Nek7 have been identified (Figure 2). In this regard, it is worth remembering that Nek6 and Nek7 may have Nek9-independent roles both in interphase and mitosis that rely on alternative activation mechanisms. Specific Nek9 functions have been identified using antibody microinjection and RNAi in cultured cells, as well as by immunodepletion of the Xenopus Nek9 ortholog from egg extracts. These have revealed the importance of Nek9 in regulation of centrosome maturation and separation, two steps that occur after Nek2-induced centrosome disjunction. The role of Nek9 in centrosome maturation is independent of Nek6 and Nek7 and depends on the direct phosphorylation of NEDD1, an adaptor of the microtubule nucleating γ-tubulin ring complex (γ-TuRC) (Sdelci et al., 2012). Centrosome maturation results from accumulation of γ-TuRC and other components of the pericentriolar material (PCM) and provides the centrosome with the additional microtubule nucleating capacity needed for spindle organization in mitosis (Fry et al., 2017). Nek9 phosphorylates NEDD1 at a site that drives its recruitment to the PCM although the mechanism remains unclear. This makes Nek9 a key regulator of centrosome maturation together with Plk1 (Haren et al., 2009). Importantly, centrosome maturation occurs simultaneously to the regulation of centrosome separation, which is also regulated by Nek9 through the Nek6/Nek7-dependent phosphorylation of Eg5, as described above (Rapley et al., 2008; Bertran et al., 2011).

Centrosome maturation and separation are important processes for efficient mitotic progression, and may explain the observed effects on mitosis of interfering with Nek9 activity. However, it is likely that other functions that contribute to the observed effects of interfering with Nek9 in organisms await discovery. Nek9 is ubiquitously expressed (Roig et al., 2002; https://www.ncbi.nlm.nih.gov/gene) and its functions are likely to be crucial during development based on the recent description of a Nek9 mutation in humans (c.1489C>T; p.Arg497*) that is associated with a high frequency of abortions (Casey et al., 2016). At the cellular level, this may be explained by a significant reduction in cell proliferation, as similar truncation mutants of Nek9 that retain the kinase domain but lack the Plk1 binding region and coiled-coil are inactive (Roig et al., 2002). Nevertheless, the possibilities that the mutant could be activated or have kinase-independent roles cannot be ruled out.

BIOCHEMICAL REGULATION OF MITOTIC NEK KINASES

Structural and biochemical studies have yielded insights into the mechanisms by which NEK kinases are regulated, informed by comparisons with other families of protein kinases. The catalytic domains of protein kinases consist of an N-lobe and a C-lobe joined by a flexible hinge. These three structural elements form a deep pocket into which ATP binds. In common with other protein kinases, the structural and catalytic cores of NEKs consist of conserved sequence motifs: the catalytic motifs [His-Arg-Asp (HRD) and Asp-Phe-Gly (DFG)]; the Lys-Glu salt bridge within the N-lobe; the regulatory spine of hydrophobic core residues (R-spine); and the activation loop in which the site(s) of activating phosphorylation are located (Bayliss et al., 2012). Structures of kinases in their active states show these motifs positioned ready for catalysis, while they are displaced in inactive kinase states. Crystal structures of NEK catalytic domains solved to date all reveal stable structural features that would be expected to block activity, indicating auto-inhibited states that require energetic input to allow activation of the kinase. The process of kinase activation may involve phosphorylation and/or protein-protein interactions. Indeed, activation loop phosphorylation is critical for the activity of NEK kinases, as evidenced by the reduction of activity observed when activation loop Ser/Thr residues are mutated to Ala (Belham et al., 2003; Roig et al., 2005; O'Regan and Fry, 2009; Zalli et al., 2012). However, all crystal structures of NEKs have used protein that lacks this post-translational modification, and so we have not yet observed a NEK in its active conformation.

The first structure of a NEK kinase was that of human Nek2, obtained in the presence of the ATP-competitive inhibitor SU11652 (Rellos et al., 2007). Subsequent structures of Nek2 were obtained in complex with ADP, a non-hydrolyzable ATP analog or a number of other inhibitors (Richards et al., 2009; Westwood et al., 2009; Solanki et al., 2011). These structures showed that, without phosphorylation on the activation loop, this region of the kinase might adopt several different conformations, most of which do not resemble that expected for an active kinase. Much of the activation loop is disordered, while the N-terminal section of this loop forms an α-helix in a subset of structures, proposed to be an auto-inhibitory feature that must be unwound for kinase activity. Furthermore, the other key features are consistent with an inactive kinase: the Lys-Glu salt-bridge is broken, the R-spine is not formed, and the DFG and HRD motifs are out of the positions required for catalytic reaction. The closest to an active structure of Nek2 is found in complex with a series of ATP-competitive inhibitors based on a purine scaffold (Coxon et al., 2017). These show the HRD and DFG motifs in approximately the right positions for catalysis, and the R-spine is almost formed, but in other respects the conformation remains that of an inactive kinase. Phosphorylation of Nek2 most likely drives the formation of an active conformation through interactions between the phosphate group attached to Thr175 and two basic residues on the activation loop and HRD motif (Bayliss et al., 2012). However, the physiological mechanism of Nek2 activation might involve more than one phosphorylation event in the activation loop because individual phospho-mimic mutations of T170E, S171D, T175E all increase activity (Rellos et al., 2007).

The catalytic domain of human Nek1 kinase has also been crystallized and the structure determined in apo-form and in the presence of an ATP-competitive inhibitor. The protein used had a T162A mutation, the principal site of activating phosphorylation, and was therefore in an inactive state. Unlike Nek2, the activation loop of inactive Nek1 was fully ordered, albeit in a conformation that is incompatible with substrate binding (Melo-Hanchuk et al., 2017). The region of the activation loop in the vicinity of residue 162 formed an α-helix. Like Nek2, this helix might be an auto-inhibitory feature, but the structural basis of Nek1 activation remains to be discovered.

Nek6 and Nek7 activity depends on the phosphorylation of their activation loops at Ser206 and Ser195 respectively (Belham et al., 2003; O'Regan and Fry, 2009). The crystal structure of unphosphorylated human Nek7 revealed an unexpected autoinhibitory mechanism in which the side chain of the top R-spine residue, Tyr97, points into the active site stabilizing the inactive state of the kinase (Richards et al., 2009; Figure 3). The kinase is activated by binding of the C-terminal, non-catalytic domain of Nek9 that dimerises through a coiled-coil domain and could thereby bring together two molecules of Nek7 to promote autophosphorylation. The molecular mechanism was resolved in the structure of Nek7 in complex with a short peptide from Nek9 (Haq et al., 2015). In this structure, Nek7 forms a back-to-back homodimer with an interface centered on the αC-β4 loops in the vicinity of residue 97 (note that Tyr97 was mutated to phenylalanine to generate crystals). Back-to-back dimerization is coupled to conformational changes that activate the kinase through rearrangements of the R-spine, accelerating the process of autophosphorylation, which is slow in the absence of Nek9 (Dodson et al., 2013). Nek7 phosphorylated on Ser195 is already active, and addition of Nek9 does not stimulate activity further (Rogerson et al., 2015). The Nek9 binding site of Nek7 is conserved on Nek6, which could be regulated through a similar mechanism. Interestingly, the back-to-back dimerization surface of Nek7 is poorly conserved in Nek6, and so activation of these kinases through heterodimerization via Nek9 is unlikely providing an explanation for how these highly related kinases could be independently activated (or inhibited). Ultimately though, as Nek9 is able to directly phosphorylate Nek6 and Nek7 on their activation loops, the relative contribution of direct phosphorylation by Nek9 versus Nek9-stimulated autophosphorylation in cells is not known.


[image: image]

FIGURE 3. Proposed activation pathway of NEK7. The four amino acids that form the R-spine of Nek7 are shown as gray hexagons. On the left, inactive Nek7 is shown with a condensed R-spine in which the side chain of Tyr97 (Y) is located in the interior of the protein. This is a stable conformation that prevents formation of a productive kinase active site. In the center, dimeric Nek9 is shown interacting with two molecules of Nek7, bringing them together in a back-to-back conformation that destabilizes the inactive conformation, promoting Nek7 autophosphorylation. Nek9 can also activate Nek7 through direct phosphorylation of the activation loop. On the right, Nek7 is shown in a catalytically active state with phosphorylation on Ser195 and, we predict, alignment of the R-spine residues.



The preference of Nek2 for substrates with a Phe, or another hydrophobic amino acid in the P-3 position, can be rationalized based on crystal structures (Alexander et al., 2011). This residue is predicted to bind into a pocket formed by a pair of alanine residues (95 and 145), a combination that is rare in other kinases. Interestingly, the equivalent positions in Nek6, Nek7 and Nek8 are also small amino acids, and Nek6 at least also has a preference for substrates with a hydrophobic residue at P-3 (Lizcano et al., 2002). In contrast, we predict that other human Nek family kinases may not share the same substrate preference because the pocket that recognizes the P-3 residue is blocked by bulkier amino acids.

FUTURE PERSPECTIVES

There remain many unanswered questions regarding the biological functions of NEKs, as well as their contributions to disease mechanisms. In terms of centrosome disjunction, we do not fully understand how NEKs regulate the organization and length of the centrosome linker, or its connection to centrioles. Besides C-Nap1 and rootletlin, there are a growing number of proteins that have been proposed to be part of the linker but we know little about their relative importance or regulation. Similarly, while we have made good progress in identifying substrates of Nek2, we have only just uncovered a role for Nek5 in centrosome disjunction. We therefore need to identify both downstream substrates and upstream regulators of Nek5 to understand how it might cooperate with Nek2. In addition, we need to explore how centrosome disjunction is coordinated with other changes in centrosome organization during cell cycle progression, including ciliary resorption and centrosome maturation. It will be equally important to investigate how the centrosome linker is reassembled in late mitosis and how this is coordinated with disengagement of the duplicated centriole pair. In this regard, we hypothesize that there may be competition between C-Nap1 and the centriole duplication factor, SAS-6, for binding to Cep135, and that timely degradation of SAS-6 at the end of mitosis may be necessary for recruitment of C-Nap1 and establishment of a new linker (Strnad et al., 2007; Lin et al., 2013). Furthermore, a number of extracellular-mediated signaling pathways, including the Hippo, EGFR, PI3K, and Wnt pathways, impact on Nek2 function, and it will be intriguing to explore whether this relates to control of centrosome disjunction or rather flags alternative roles for this kinase in proliferation.

Regarding Nek9, Nek6, and Nek7, one of the major challenges will be to understand their relative importance in different cell types and tissues, and whether Nek6 and Nek7 have redundant functions in specific physiological contexts. Indeed, the role of these kinases in normal development needs to be clarified, particularly in light of data showing that mutations in human Nek9 lead to either abortions (Casey et al., 2016) or malformations (Shaheen et al., 2016). It will also be important to determine whether Nek6 and Nek7 activation absolutely depends on Nek9, or whether there are alternative mechanisms for activation of the two smallest NEKs. Whether some of Nek6, Nek7, or Nek9 functions are independent of their catalytic activity should also be considered. This will clarify whether the kinase-independent role of Nek7 in the inflammasome is an exceptional case driven by a need to prevent mitosis by sequestration of the kinase during the inflammatory response (Shi et al., 2016). We should determine whether Nek9 has other Nek6 and Nek7 independent functions in addition to phosphorylation of NEDD1. Indeed, an interesting question is whether Nek9 has a role in the nucleus as a fraction of Nek9 has been reported to be associated with the chromatin modulator, FACT (Tan and Lee, 2004). An additional area of study is how Nek9, Nek6, and Nek7 are turned off at the end of mitosis, whether this relies on phosphatases or the degradation of active kinases, and possible pathological consequences of a failure to inactivate the kinases.

Finally, our understanding of the structural mechanisms within NEK kinase pathways is far from complete. For instance, there is no experimental structural model of a NEK kinase in its active state, principally because protein samples are heterogeneously phosphorylated and unstable when expressed in recombinant form. This issue may be resolved by using genetically encoded phosphorylation to generate purified proteins with phosphorylation on specified serines or threonines. This approach could also be applied to the substrates of NEKs, such as Hsp72, to enable studies on the structural and functional consequences of phosphorylation. To date, structural studies on NEKs have been restricted to individual domains and the complex of Nek7 with a short peptide derived from Nek9, whereas most NEKs are multi-domain proteins. A major aim of future work is to resolve the structures of full-length NEKs that include their in cis regulatory motifs, such as the Nek2 leucine zipper (Croasdale et al., 2011) or the Nek9 RCC1 domain (Roig et al., 2002), and larger-scale regulatory complexes. This could be done using cryo-electron microscopy, but first some effort is required to produce these challenging protein samples with sufficient yield, purity and stability. Finally, there are very few potent inhibitors of NEK kinases, and the selectivity of these compounds has not been tested across the entire family. Our understanding of NEK biology would be transformed if a toolkit of potent and selective chemical inhibitors were available. Fortunately, the lack of chemical probes for many protein kinases is now widely recognized and efforts are underway to develop these essential tools.
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FOOTNOTES

1Nek9-dependent phosphorylation of Eg5 has recently been shown to regulate binding of this kinesin to the multifunctional microtubule-associated protein, TPX2. In addition, Nek9 regulates the centrosomal localization of Eg5 in prophase by phosphorylating and maintaining a pool of TPX2 at centrosomes before NEBD (Eibes et al., in press).

REFERENCES

 Agircan, F. G., Schiebel, E., and Mardin, B. R. (2014). Separate to operate: control of centrosome positioning and separation. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 369:20130461. doi: 10.1098/rstb.2013.0461

 Alexander, J., Lim, D., Joughin, B. A., Hegemann, B., Hutchins, J. R., Ehrenberger, T., et al. (2011). Spatial exclusivity combined with positive and negative selection of phosphorylation motifs is the basis for context-dependent mitotic signaling. Sci. Signal 4:ra42. doi: 10.1126/scisignal.2001796

 Azimzadeh, J., Wong, M. L., Downhour, D. M., Sánchez Alvarado, A., and Marshall, W. F. (2012). Centrosome loss in the evolution of planarians. Science 335, 461–463. doi: 10.1126/science.1214457

 Bahe, S., Stierhof, Y. D., Wilkinson, C. J., Leiss, F., and Nigg, E. A. (2005). Rootletin forms centriole-associated filaments and functions in centrosome cohesion. J. Cell Biol. 171, 27–33. doi: 10.1083/jcb.200504107

 Barrera, J. A., Kao, L. R., Hammer, R. E., Seemann, J., Fuchs, J. L., and Megraw, T. L. (2010). CDK5RAP2 regulates centriole engagement and cohesion in mice. Dev. Cell 18, 913–926. doi: 10.1016/j.devcel.2010.05.017

 Bayliss, R., Fry, A., Haq, T., and Yeoh, S. (2012). On the molecular mechanisms of mitotic kinase activation. Open Biol. 2:120136. doi: 10.1098/rsob.120136

 Belham, C., Comb, M. J., and Avruch, J. (2001). Identification of the NIMA family kinases NEK6/7 as regulators of the p70 ribosomal S6 kinase. Curr. Biol. 11, 1155–1167. doi: 10.1016/S0960-9822(01)00369-4

 Belham, C., Roig, J., Caldwell, J. A., Aoyama, Y., Kemp, B. E., Comb, M., et al. (2003). A mitotic cascade of NIMA family kinases. Nercc1/Nek9 activates the Nek6 and Nek7 kinases. J. Biol. Chem. 278, 34897–34909. doi: 10.1074/jbc.M303663200

 Bertran, M. T., Sdelci, S., Regué, L., Avruch, J., Caelles, C., and Roig, J. (2011). Nek9 is a Plk1-activated kinase that controls early centrosome separation through Nek6/7 and Eg5. EMBO J. 30, 2634–2647. doi: 10.1038/emboj.2011.179

 Bian, Z., Liao, H., Zhang, Y., Wu, Q., Zhou, H., Yang, Z., et al. (2014). Never in mitosis gene a related kinase-6 attenuates pressure overload-induced activation of the protein kinase B pathway and cardiac hypertrophy. PLoS ONE 9:e96095. doi: 10.1371/journal.pone.0096095

 Bornens, M., Paintrand, M., Berges, J., Marty, M. C., and Karsenti, E. (1987). Structural and chemical characterization of isolated centrosomes. Cell Motil. Cytoskeleton 8, 238–249. doi: 10.1002/cm.970080305

 Burakov, A., Nadezhdina, E., Slepchenko, B., and Rodionov, V. (2003). Centrosome positioning in interphase cells. J. Cell Biol. 162, 963–969. doi: 10.1083/jcb.200305082

 Casey, J. P., Brennan, K., Scheidel, N., McGettigan, P., Lavin, P. T., Carter, S., et al. (2016). Recessive NEK9 mutation causes a lethal skeletal dysplasia with evidence of cell cycle and ciliary defects. Hum. Mol. Genet. 25, 1824–1835. doi: 10.1093/hmg/ddw054

 Cervenka, I., Valnohova, J., Bernatik, O., Harnos, J., Radsetoulal, M., Sedova, K., et al. (2016). Dishevelled is a NEK2 kinase substrate controlling dynamics of centrosomal linker proteins. Proc. Natl. Acad. Sci. U.S.A. 113, 9304–9309. doi: 10.1073/pnas.1608783113

 Chang, J., Baloh, R. H., and Milbrandt, J. (2009). The NIMA-family kinase Nek3 regulates microtubule acetylation in neurons. J. Cell Sci. 122, 2274–2282. doi: 10.1242/jcs.048975

 Cohen, S., Aizer, A., Shav-Tal, Y., Yanai, A., and Motro, B. (2013). Nek7 kinase accelerates microtubule dynamic instability. Biochim. Biophys. Acta 1833, 1104–1113. doi: 10.1016/j.bbamcr.2012.12.021

 Coxon, C. R., Wong, C., Bayliss, R., Boxall, K., Carr, K. H., Fry, A. M., et al. (2017). Structure-guided design of purine-based probes for selective Nek2 inhibition. Oncotarget 8, 19089–19124. doi: 10.18632/oncotarget.13249

 Croasdale, R., Ivins, F. J., Muskett, F., Daviter, T., Scott, D. J., Hardy, T., et al. (2011). An undecided coiled coil: the leucine zipper of Nek2 kinase exhibits atypical conformational exchange dynamics. J. Biol. Chem. 286, 27537–27547. doi: 10.1074/jbc.M110.196972

 Cullati, S. N., Kabeche, L., Kettenbach, A. N., and Gerber, S. A. (2017). A bifurcated signaling cascade of NIMA-related kinases controls distinct kinesins in anaphase. J. Cell Biol. 216, 2339–2354. doi: 10.1083/jcb.201512055

 De Souza, C. P., Osmani, A. H., Wu, L. P., Spotts, J. L., and Osmani, S. A. (2000). Mitotic histone H3 phosphorylation by the NIMA kinase in Aspergillus nidulans. Cell 102, 293–302. doi: 10.1016/S0092-8674(00)00035-0

 Dodson, C. A., Yeoh, S., Haq, T., and Bayliss, R. (2013). A kinetic test characterizes kinase intramolecular and intermolecular autophosphorylation mechanisms. Sci. Signal 6:ra54. doi: 10.1126/scisignal.2003910

 Eibes, S., Gallisà-Suñé, N., Rosas-Salvans, M., Martínez- Delgado, P., Vernos, I., and Roig, J. (in press). Nek9 phosphorylation defines a new role for TPX2 in Eg5- dependent centrosome separation before nuclear envelope breakdown. Curr. Biol.

 Eto, M., Elliott, E., Prickett, T. D., and Brautigan, D. L. (2002). Inhibitor-2 regulates protein phosphatase-1 complexed with NimA-related kinase to induce centrosome separation. J. Biol. Chem. 277, 44013–44020. doi: 10.1074/jbc.M208035200

 Fang, G., Zhang, D., Yin, H., Zheng, L., Bi, X., and Yuan, L. (2014). Centlein mediates an interaction between C-Nap1 and Cep68 to maintain centrosome cohesion. J. Cell Sci. 127, 1631–1639. doi: 10.1242/jcs.139451

 Faragher, A. J., and Fry, A. M. (2003). Nek2A kinase stimulates centrosome disjunction and is required for formation of bipolar mitotic spindles. Mol. Biol. Cell. 14, 2876–2889. doi: 10.1091/mbc.E03-02-0108

 Feige, E., and Motro, B. (2002). The related murine kinases, Nek6 and Nek7, display distinct patterns of expression. Mech. Dev. 110, 219–223. doi: 10.1016/S0925-4773(01)00573-1

 Flanagan, A. M., Stavenschi, E., Basavaraju, S., Gaboriau, D., Hoey, D. A., and Morrison, C. G. (2017). Centriole splitting caused by loss of the centrosomal linker protein C-NAP1 reduces centriolar satellite density and impedes centrosome amplification. Mol. Biol. Cell. 28, 736–745. doi: 10.1091/mbc.E16-05-0325

 Fletcher, L., Cerniglia, G. J., Nigg, E. A., Yend, T. J., and Muschel, R. J. (2004). Inhibition of centrosome separation after DNA damage: a role for Nek2. Radiat. Res. 162, 128–135. doi: 10.1667/RR3211

 Floriot, S., Vesque, C., Rodriguez, S., Bourgain-Guglielmetti, F., Karaiskou, A., Gautier, M., et al. (2015). C-Nap1 mutation affects centriole cohesion and is associated with a Seckel-like syndrome in cattle. Nat. Commun. 6:6894. doi: 10.1038/ncomms7894

 Fogeron, M. L., Müller, H., Schade, S., Dreher, F., Lehmann, V., Kuhnel, A., et al. (2013). LGALS3BP regulates centriole biogenesis and centrosome hypertrophy in cancer cells. Nat. Commun. 4:1531. doi: 10.1038/ncomms2517

 Fry, A. M., Mayor, T., Meraldi, P., Stierhof, Y. D., Tanaka, K., and Nigg, E. A. (1998a). C-Nap1, a novel centrosomal coiled-coil protein and candidate substrate of the cell cycle-regulated protein kinase Nek2. J. Cell Biol. 141, 1563–1574. doi: 10.1083/jcb.141.7.1563

 Fry, A. M., Meraldi, P., and Nigg, E. A. (1998b). A centrosomal function for the human Nek2 protein kinase, a member of the NIMA family of cell cycle regulators. EMBO J. 17, 470–481. doi: 10.1093/emboj/17.2.470

 Fry, A. M., O'Regan, L., Sabir, S. R., and Bayliss, R. (2012). Cell cycle regulation by the NEK family of protein kinases. J. Cell Sci. 125, 4423–4433. doi: 10.1242/jcs.111195

 Fry, A. M., Sampson, J., Shak, C., and Shackleton, S. (2017). Recent advances in pericentriolar material organization: ordered layers and scaffolding gels. F1000 Rev. 6:1622. doi: 10.12688/f1000research.11652.1

 Fry, A. M., Schultz, S. J., Bartek, J., and Nigg, E. A. (1995). Substrate specificity and cell cycle regulation of the Nek2 protein kinase, a potential human homolog of the mitotic regulator NIMA of Aspergillus nidulans. J. Biol. Chem. 270, 12899–12905. doi: 10.1074/jbc.270.21.12899

 Gallego, P., Velazquez-Campoy, A., Regué, L., Roig, J., and Reverter, D. (2013). Structural analysis of the regulation of the DYNLL/LC8 binding to Nek9 by phosphorylation. J. Biol. Chem. 288, 12283–12294. doi: 10.1074/jbc.M113.459149

 Graser, S., Stierhof, Y. D., and Nigg, E. A. (2007). Cep68 and Cep215 (Cdk5rap2) are required for centrosome cohesion. J. Cell Sci. 120, 4321–4331. doi: 10.1242/jcs.020248

 Gupta, A., Tsuchiya, Y., Ohta, M., Shiratsuchi, G., and Kitagawa, D. (2017). NEK7 is required for G1 progression and procentriole formation. Mol. Biol. Cell 28, 2123–2134. doi: 10.1091/mbc.E16-09-0643

 Gutiérrez-Caballero, C., Burgess, S. G., Bayliss, R., and Royle, S. J. (2015). TACC3-ch-TOG track the growing tips of microtubules independently of clathrin and Aurora-A phosphorylation. Biol. Open. 4, 170–179. doi: 10.1242/bio.201410843

 Hames, R. S., Wattam, S. L., Yamano, H., Bacchieri, R., and Fry, A. M. (2001). APC/C-mediated destruction of the centrosomal kinase Nek2A occurs in early mitosis and depends upon a cyclin A-type D-box. EMBO J. 20, 7117–7127. doi: 10.1093/emboj/20.24.7117

 Haq, T., Richards, M. W., Burgess, S. G., Gallego, P., Yeoh, S., O'Regan, L., et al. (2015). Mechanistic basis of Nek7 activation through Nek9 binding and induced dimerization. Nat. Commun. 6:8771. doi: 10.1038/ncomms9771

 Hardy, T., Lee, M., Hames, R. S., Prosser, S. L., Cheary, D. M., Samant, M. D., et al. (2014). Multisite phosphorylation of C-Nap1 releases it from Cep135 to trigger centrosome disjunction. J. Cell Sci. 127, 2493–2506. doi: 10.1242/jcs.142331

 Haren, L., Stearns, T., and Lüders, J. (2009). Plk1-dependent recruitment of gamma-tubulin complexes to mitotic centrosomes involves multiple PCM components. PLoS ONE 4:e5976. doi: 10.1371/journal.pone.0005976

 Hayes, M. J., Kimata, Y., Wattam, S. L., Lindon, C., Mao, G., Yamano, H., et al. (2006). Early mitotic degradation of Nek2A depends on Cdc20-independent interaction with the APC/C. Nat. Cell Biol. 8, 607–614. doi: 10.1038/ncb1410

 He, R., Huang, N., Bao, Y., Zhou, H., Teng, J., and Chen, J. (2013). LRRC45 is a centrosome linker component required for centrosome cohesion. Cell Rep. 4, 1100–1107. doi: 10.1016/j.celrep.2013.08.005

 He, Y., Zeng, M. Y., Yang, D., Motro, B., and Núñez, G. (2016). NEK7 is an essential mediator of NLRP3 activation downstream of potassium efflux. Nature 530, 354–357. doi: 10.1038/nature16959

 Helps, N. R., Luo, X., Barker, H. M., and Cohen, P. T. (2000). NIMA-related kinase 2 (Nek2), a cell-cycle-regulated protein kinase localized to centrosomes, is complexed to protein phosphatase 1. Biochem. J. 349, 509–518. doi: 10.1042/bj3490509

 Hildebrandt, F., Benzing, T., and Katsanis, N. (2011). Ciliopathies. N. Engl. J. Med. 364, 1533–1543. doi: 10.1056/NEJMra1010172

 Holland, P. M., Milne, A., Garka, K., Johnson, R. S., Willis, C., Sims, J. E., et al. (2002). Purification, cloning, and characterization of Nek8, a novel NIMA-related kinase, and its candidate substrate Bicd2. J. Biol. Chem. 277, 16229–16240. doi: 10.1074/jbc.M108662200

 Hood, F. E., Williams, S. J., Burgess, S. G., Richards, M. W., Roth, D., Straube, A., et al. (2013). Coordination of adjacent domains mediates TACC3-ch-TOG-clathrin assembly and mitotic spindle binding. J. Cell Biol. 202, 463–478. doi: 10.1083/jcb.201211127

 Ishikawa, H., and Marshall, W. F. (2011). Ciliogenesis: building the cell's antenna. Nat. Rev. Mol. Cell Biol. 12, 222–234. doi: 10.1038/nrm3085

 Jackson, P. K. (2013). Nek8 couples renal ciliopathies to DNA damage and checkpoint control. Mol. Cell 51, 407–408. doi: 10.1016/j.molcel.2013.08.013

 Jee, H. J., Kim, A. J., Song, N., Kim, H. J., Kim, M., Koh, H., et al. (2010). Nek6 overexpression antagonizes p53-induced senescence in human cancer cells. Cell Cycle 9, 4703–4710. doi: 10.4161/cc.9.23.14059

 Kandli, M., Feige, E., Chen, A., Kilfin, G., and Motro, B. (2000). Isolation and characterization of two evolutionarily conserved murine kinases (Nek6 and nek7) related to the fungal mitotic regulator, NIMA. Genomics 68, 187–196. doi: 10.1006/geno.2000.6293

 Kaneta, Y., and Ullrich, A. (2013). NEK9 depletion induces catastrophic mitosis by impairment of mitotic checkpoint control and spindle dynamics. Biochem. Biophys. Res. Commun. 442, 139–146. doi: 10.1016/j.bbrc.2013.04.105

 Kim, K., Lee, S., Chang, J., and Rhee, K. (2008). A novel function of CEP135 as a platform protein of C-NAP1 for its centriolar localization. Exp. Cell Res. 314, 3692–3700. doi: 10.1016/j.yexcr.2008.09.016

 Kim, S., Kim, S., and Rhee, K. (2011). NEK7 is essential for centriole duplication and centrosomal accumulation of pericentriolar material proteins in interphase cells. J. Cell Sci. 124, 3760–3770. doi: 10.1242/jcs.078089

 Kim, S., Lee, K., Choi, J. H., Ringstad, N., and Dynlacht, B. D. (2015). Nek2 activation of Kif24 ensures cilium disassembly during the cell cycle. Nat. Commun. 6:8087. doi: 10.1038/ncomms9087

 Kim, S., Lee, K., and Rhee, K. (2007). NEK7 is a centrosomal kinase critical for microtubule nucleation. Biochem. Biophys. Res. Commun. 360, 56–62. doi: 10.1016/j.bbrc.2007.05.206

 Laurell, E., Beck, K., Krupina, K., Theerthagiri, G., Bodenmiller, B., Horvath, P., et al. (2011). Phosphorylation of Nup98 by multiple kinases is crucial for NPC disassembly during mitotic entry. Cell 144, 539–550. doi: 10.1016/j.cell.2011.01.012

 Lee, M. Y., Kim, H. J., Kim, M. A., Jee, H. J., Kim, A. J., Bae, Y. S., et al. (2008). Nek6 is involved in G2/M phase cell cycle arrest through DNA damage-induced phosphorylation. Cell Cycle 7, 2705–2709. doi: 10.4161/cc.7.17.6551

 Lin, Y. C., Chang, C. W., Hsu, W. B., Tang, C. J., Lin, Y. N., Chou, E. J., et al. (2013). Human microcephaly protein CEP135 binds to hSAS-6 and CPAP, and is required for centriole assembly. EMBO J. 32, 1141–1154. doi: 10.1038/emboj.2013.56

 Liu, S., Ho, C. K., Ouyang, J., and Zou, L. (2013). Nek1 kinase associates with ATR-ATRIP and primes ATR for efficient DNA damage signaling. Proc. Natl. Acad. Sci. U.S.A. 110, 2175–2180. doi: 10.1073/pnas.1217781110

 Liu, S., Lu, W., Obara, T., Kuida, S., Lehoczky, J., Dewar, K., et al. (2002). A defect in a novel Nek-family kinase causes cystic kidney disease in the mouse and in zebrafish. Development 129, 5839–5846. doi: 10.1242/dev.00173

 Lizcano, J. M., Deak, M., Morrice, N., Kieloch, A., Hastie, C. J., Dong, L., et al. (2002). Molecular basis for the substrate specificity of NIMA-related kinase-6 (NEK6). evidence that NEK6 does not phosphorylate the hydrophobic motif of ribosomal S6 protein kinase and serum- and glucocorticoid-induced protein kinase in vivo. J. Biol. Chem. 277, 27839–27849. doi: 10.1074/jbc.M202042200

 Mahjoub, M. R., Qasim Rasi, M., and Quarmby, L. M. (2004). A NIMA-related kinase, Fa2p, localizes to a novel site in the proximal cilia of Chlamydomonas and mouse kidney cells. Mol. Biol. Cell 15, 5172–5186. doi: 10.1091/mbc.E04-07-0571

 Mailand, N., Lukas, C., Kaiser, B. K., Jackson, P. K., Bartek, J., and Lukas, J. (2002). Deregulated human Cdc14A phosphatase disrupts centrosome separation and chromosome segregation. Nat. Cell Biol. 4, 317–322. doi: 10.1038/ncb777

 Man, X., Megraw, T. L., and Lim, Y. P. (2015). Cep68 can be regulated by Nek2 and SCF complex. Eur. J. Cell Biol. 94, 162–172. doi: 10.1016/j.ejcb.2015.01.004

 Manning, G., Reiner, D. S., Lauwaet, T., Dacre, M., Smith, A., Zhai, Y., et al. (2011). The minimal kinome of Giardia lamblia illuminates early kinase evolution and unique parasite biology. Genome Biol. 12:R66. doi: 10.1186/gb-2011-12-7-r66

 Mardin, B. R., Agircan, F. G., Lange, C., and Schiebel, E. (2011). Plk1 controls the Nek2A-PP1gamma antagonism in centrosome disjunction. Curr. Biol. 21, 1145–1151. doi: 10.1016/j.cub.2011.05.047

 Mardin, B. R., Isokane, M., Cosenza, M. R., Krämer, A., Ellenberg, J., Fry, A. M., et al. (2013). EGF-induced centrosome separation promotes mitotic progression and cell survival. Dev. Cell 25, 229–240. doi: 10.1016/j.devcel.2013.03.012

 Mardin, B. R., Lange, C., Baxter, J. E., Hardy, T., Scholz, S. R., Fry, A. M., et al. (2010). Components of the Hippo pathway cooperate with Nek2 kinase to regulate centrosome disjunction. Nat. Cell Biol. 12, 1166–1176. doi: 10.1038/ncb2120

 Martins, T., Meghini, F., Florio, F., and Kimata, Y. (2017). The APC/C coordinates retinal differentiation with G1 arrest through the Nek2-dependent modulation of wingless signaling. Dev. Cell 40, 67–80. doi: 10.1016/j.devcel.2016.12.005

 Mayor, T., Hacker, U., Stierhof, Y. D., and Nigg, E. A. (2002). The mechanism regulating the dissociation of the centrosomal protein C-Nap1 from mitotic spindle poles. J. Cell Sci. 115, 3275–3284.

 Mayor, T., Stierhof, Y. D., Tanaka, K., Fry, A. M., and Nigg, E. A. (2000). The centrosomal protein C-Nap1 is required for cell cycle-regulated centrosome cohesion. J. Cell Biol. 151, 837–846. doi: 10.1083/jcb.151.4.837

 Mbom, B. C., Siemers, K. A., Ostrowski, M. A., Nelson, W. J., and Barth, A. I. (2014). Nek2 phosphorylates and stabilizes beta-catenin at mitotic centrosomes downstream of Plk1. Mol. Biol. Cell 25, 977–991. doi: 10.1091/mbc.E13-06-0349

 Melo-Hanchuk, T. D., Slepicka, P. F., Meirelles, G. V., Basei, F. L., Lovato, D. V., Granato, D. C., et al. (2017). NEK1 kinase domain structure and its dynamic protein interactome after exposure to Cisplatin. Sci. Rep. 7:5445. doi: 10.1038/s41598-017-05325-w

 Mi, J., Guo, C., Brautigan, D. L., and Larner, J. M. (2007). Protein phosphatase-1alpha regulates centrosome splitting through Nek2. Cancer Res. 67, 1082–1089. doi: 10.1158/0008-5472.CAN-06-3071

 Moniz, L., Dutt, P., Haider, N., and Stambolic, V. (2011). Nek family of kinases in cell cycle, checkpoint control and cancer. Cell Div. 6:18. doi: 10.1186/1747-1028-6-18

 Moniz, L. S., and Stambolic, V. (2011). Nek10 mediates G2/M cell cycle arrest and MEK autoactivation in response to UV irradiation. Mol. Cell. Biol. 31, 30–42. doi: 10.1128/MCB.00648-10

 Moura, D. J., Castilhos, B., Immich, B. F., Cañedo, A. D., Henriques, J. A., Lenz, G., et al. (2010). Kin3 protein, a NIMA-related kinase of Saccharomyces cerevisiae, is involved in DNA adduct damage response. Cell Cycle 9, 2220–2229. doi: 10.4161/cc.9.11.11892

 Nguyen, C. L., Possemato, R., Bauerlein, E. L., Xie, A., Scully, R., and Hahn, W. C. (2012). Nek4 regulates entry into replicative senescence and the response to DNA damage in human fibroblasts. Mol. Cell. Biol. 32, 3963–3977. doi: 10.1128/MCB.00436-12

 Noguchi, K., Fukazawa, H., Murakami, Y., and Uehara, Y. (2002). Nek11, a new member of the NIMA family of kinases, involved in DNA replication and genotoxic stress responses. J. Biol. Chem. 277, 39655–39665. doi: 10.1074/jbc.M204599200

 Oakley, B. R., and Morris, N. R. (1983). A mutation in Aspergillus nidulans that blocks the transition from interphase to prophase. J. Cell Biol. 96, 1155–1158. doi: 10.1083/jcb.96.4.1155

 O'Connell, M. J., Krien, M. J., and Hunter, T. (2003). Never say never. The NIMA-related protein kinases in mitotic control. Trends Cell Biol. 13, 221–228. doi: 10.1016/S0962-8924(03)00056-4

 O'Regan, L., and Fry, A. M. (2009). The Nek6 and Nek7 protein kinases are required for robust mitotic spindle formation and cytokinesis. Mol. Cell. Biol. 29, 3975–3990. doi: 10.1128/MCB.01867-08

 O'Regan, L., Sampson, J., Richards, M. W., Knebel, A., Roth, D., Hood, F. E., et al. (2015). Hsp72 is targeted to the mitotic spindle by Nek6 to promote K-fiber assembly and mitotic progression. J. Cell Biol. 209, 349–358. doi: 10.1083/jcb.201409151

 Osmani, S. A., Pu, R. T., and Morris, N. R. (1988). Mitotic induction and maintenance by overexpression of a G2-specific gene that encodes a potential protein kinase. Cell 53, 237–244. doi: 10.1016/0092-8674(88)90385-6

 Otto, E. A., Trapp, M. L., Schultheiss, U. T., Helou, J., Quarmby, L. M., and Hildebrandt, F. (2008). NEK8 mutations affect ciliary and centrosomal localization and may cause nephronophthisis. J. Am. Soc. Nephrol. 19, 587–592. doi: 10.1681/ASN.2007040490

 Pagan, J. K., Marzio, A., Jones, M. J., Saraf, A., Jallepalli, P. V., Florens, L., et al. (2015). Degradation of Cep68 and PCNT cleavage mediate Cep215 removal from the PCM to allow centriole separation, disengagement and licensing. Nat. Cell Biol. 17, 31–43. doi: 10.1038/ncb3076

 Panic, M., Hata, S., Neuner, A., and Schiebel, E. (2015). The centrosomal linker and microtubules provide dual levels of spatial coordination of centrosomes. PLoS Genet. 11:e1005243. doi: 10.1371/journal.pgen.1005243

 Parker, J. D., Bradley, B. A., Mooers, A. O., and Quarmby, L. M. (2007). Phylogenetic analysis of the Neks reveals early diversification of ciliary-cell cycle kinases. PLoS ONE 2:e1076. doi: 10.1371/journal.pone.0001076

 Pradel, L. C., Bonhivers, M., Landrein, N., and Robinson, D. R. (2006). NIMA-related kinase TbNRKC is involved in basal body separation in Trypanosoma brucei. J. Cell Sci. 119, 1852–1863. doi: 10.1242/jcs.02900

 Prosser, S. L., Sahota, N. K., Pelletier, L., Morrison, C. G., and Fry, A. M. (2015). Nek5 promotes centrosome integrity in interphase and loss of centrosome cohesion in mitosis. J. Cell Biol. 209, 339–348. doi: 10.1083/jcb.201412099

 Quarmby, L. M., and Mahjoub, M. R. (2005). Caught Nek-ing: cilia and centrioles. J. Cell Sci. 118, 5161–5169. doi: 10.1242/jcs.02681

 Rapley, J., Nicolàs, M., Groen, A., Regué, L., Bertran, M. T., Caelles, C., et al. (2008). The NIMA-family kinase Nek6 phosphorylates the kinesin Eg5 at a novel site necessary for mitotic spindle formation. J. Cell Sci. 121, 3912–3921. doi: 10.1242/jcs.035360

 Regué, L., Sdelci, S., Bertran, M. T., Caelles, C., Reverter, D., and Roig, J. (2011). DYNLL/LC8 protein controls signal transduction through the Nek9/Nek6 signaling module by regulating Nek6 binding to Nek9. J. Biol. Chem. 286, 18118–18129. doi: 10.1074/jbc.M110.209080

 Rellos, P., Ivins, F. J., Baxter, J. E., Pike, A., Nott, T. J., Parkinson, D. M., et al. (2007). Structure and regulation of the human Nek2 centrosomal kinase. J. Biol. Chem. 282, 6833–6842. doi: 10.1074/jbc.M609721200

 Richards, M. W., O'Regan, L., Mas-Droux, C., Blot, J. M., Cheung, J., Hoelder, S., et al. (2009). An autoinhibitory tyrosine motif in the cell-cycle-regulated Nek7 kinase is released through binding of Nek9. Mol. Cell 36, 560–570. doi: 10.1016/j.molcel.2009.09.038

 Rogerson, D. T., Sachdeva, A., Wang, K., Haq, T., Kazlauskaite, A., Hancock, S. M., et al. (2015). Efficient genetic encoding of phosphoserine and its nonhydrolyzable analog. Nat. Chem. Biol. 11, 496–503. doi: 10.1038/nchembio.1823

 Roig, J., Groen, A., Caldwell, J., and Avruch, J. (2005). Active Nercc1 protein kinase concentrates at centrosomes early in mitosis and is necessary for proper spindle assembly. Mol. Biol. Cell 16, 4827–4840. doi: 10.1091/mbc.E05-04-0315

 Roig, J., Mikhailov, A., Belham, C., and Avruch, J. (2002). Nercc1, a mammalian NIMA-family kinase, binds the Ran GTPase and regulates mitotic progression. Genes Dev. 16, 1640–1658. doi: 10.1101/gad.972202

 Salem, H., Rachmin, I., Yissachar, N., Cohen, S., Amiel, A., Haffner, R., et al. (2010). Nek7 kinase targeting leads to early mortality, cytokinesis disturbance and polyploidy. Oncogene 29, 4046–4057. doi: 10.1038/onc.2010.162

 Sampson, J., O'Regan, L., Dyer, M. J. S., Bayliss, R., and Fry, A. M. (2017). Hsp72 and Nek6 cooperate to cluster amplified centrosomes in cancer cells. Cancer Res. 77, 4785–4796. doi: 10.1158/0008-5472.CAN-16-3233

 Schmid-Burgk, J. L., Chauhan, D., Schmidt, T., Ebert, T. S., Reinhardt, J., Endl, E., et al. (2016). A Genome-wide CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) screen identifies NEK7 as an essential component of NLRP3 inflammasome activation. J. Biol. Chem. 291, 103–109. doi: 10.1074/jbc.C115.700492

 Sdelci, S., Schütz, M., Pinyol, R., Bertran, M. T., Regué, L., Caelles, C., et al. (2012). Nek9 phosphorylation of NEDD1/GCP-WD contributes to Plk1 control of gamma-tubulin recruitment to the mitotic centrosome. Curr. Biol. 22, 1516–1523. doi: 10.1016/j.cub.2012.06.027

 Shaheen, R., Patel, N., Shamseldin, H., Alzahrani, F., Al-Yamany, R., ALMoisheer, A., et al. (2016). Accelerating matchmaking of novel dysmorphology syndromes through clinical and genomic characterization of a large cohort. Genet. Med. 18, 686–695. doi: 10.1038/gim.2015.147

 Shalom, O., Shalva, N., Altschuler, Y., and Motro, B. (2008). The mammalian Nek1 kinase is involved in primary cilium formation. FEBS Lett. 582, 1465–1470. doi: 10.1016/j.febslet.2008.03.036

 Sherline, P., and Mascardo, R. (1982a). Epidermal growth factor-induced centrosomal separation: mechanism and relationship to mitogenesis. J. Cell Biol. 95, 316–322. doi: 10.1083/jcb.95.1.316

 Sherline, P., and Mascardo, R. N. (1982b). Epidermal growth factor induces rapid centrosomal separation in HeLa and 3T3 cells. J. Cell Biol. 93, 507–512. doi: 10.1083/jcb.93.2.507

 Shi, H., Wang, Y., Li, X., Zhan, X., Tang, M., Fina, M., et al. (2016). NLRP3 activation and mitosis are mutually exclusive events coordinated by NEK7, a new inflammasome component. Nat. Immunol. 17, 250–258. doi: 10.1038/ni.3333

 Silkworth, W. T., Nardi, I. K., Paul, R., Mogilner, A., and Cimini, D. (2012). Timing of centrosome separation is important for accurate chromosome segregation. Mol. Biol. Cell 23, 401–411. doi: 10.1091/mbc.E11-02-0095

 So, C. H., Michal, A., Komolov, K. E., Luo, J., and Benovic, J. L. (2013). G protein-coupled receptor kinase 2 (GRK2) is localized to centrosomes and mediates epidermal growth factor-promoted centrosomal separation. Mol. Biol. Cell 24, 2795–2806. doi: 10.1091/mbc.E13-01-0013

 Solanki, S., Innocenti, P., Mas-Droux, C., Boxall, K., Barillari, C., van Montfort, R. L., et al. (2011). Benzimidazole inhibitors induce a DFG-out conformation of never in mitosis gene A-related kinase 2 (Nek2) without binding to the back pocket and reveal a nonlinear structure-activity relationship. J. Med. Chem. 54, 1626–1639. doi: 10.1021/jm1011726

 Strnad, P., Leidel, S., Vinogradova, T., Euteneuer, U., Khodjakov, A., and Gönczy, P. (2007). Regulated HsSAS-6 levels ensure formation of a single procentriole per centriole during the centrosome duplication cycle. Dev. Cell 13, 203–213. doi: 10.1016/j.devcel.2007.07.004

 Tan, B. C., and Lee, S. C. (2004). Nek9, a novel FACT-associated protein, modulates interphase progression. J. Biol. Chem. 279, 9321–9330. doi: 10.1074/jbc.M311477200

 Tan, R., Nakajima, S., Wang, Q., Sun, H., Xue, J., Wu, J., et al. (2017). Nek7 protects telomeres from oxidative DNA damage by phosphorylation and stabilization of TRF1. Mol. Cell. 65, 818–831.e5. doi: 10.1016/j.molcel.2017.01.015

 Upadhya, P., Birkenmeier, E. H., Birkenmeier, C. S., and Barker, J. E. (2000). Mutations in a NIMA-related kinase gene, Nek1, cause pleiotropic effects including a progressive polycystic kidney disease in mice. Proc. Natl. Acad. Sci. U.S.A. 97, 217–221. doi: 10.1073/pnas.97.1.217

 Vaz Meirelles, G., Ferreira Lanza, D. C., da Silva, J. C., Santana Bernachi, J., Paes Leme, A. F., and Kobarg, J. (2010). Characterization of hNek6 interactome reveals an important role for its short N-terminal domain and colocalization with proteins at the centrosome. J. Proteome Res. 9, 6298–6316. doi: 10.1021/pr100562w

 Weber, U., and Mlodzik, M. (2017). APC/CFzr/Cdh1-dependent regulation of planar cell polarity establishment via Nek2 kinase acting on dishevelled. Dev. Cell 40, 53–66. doi: 10.1016/j.devcel.2016.12.006

 Westwood, I., Cheary, D. M., Baxter, J. E., Richards, M. W., van Montfort, R. L., Fry, A. M., et al. (2009). Insights into the conformational variability and regulation of human Nek2 kinase. J. Mol. Biol. 386, 476–485. doi: 10.1016/j.jmb.2008.12.033

 Wloga, D., Camba, A., Rogowski, K., Manning, G., Jerka-Dziadosz, M., and Gaertig, J. (2006). Members of the NIMA-related kinase family promote disassembly of cilia by multiple mechanisms. Mol. Biol. Cell 17, 2799–2810. doi: 10.1091/mbc.E05-05-0450

 Yang, J., Adamian, M., and Li, T. (2006). Rootletin interacts with C-Nap1 and may function as a physical linker between the pair of centrioles/basal bodies in cells. Mol. Biol. Cell 17, 1033–1040. doi: 10.1091/mbc.E05-10-0943

 Yang, J., Liu, X., Yue, G., Adamian, M., Bulgakov, O., and Li, T. (2002). Rootletin, a novel coiled-coil protein, is a structural component of the ciliary rootlet. J. Cell Biol. 159, 431–440. doi: 10.1083/jcb.200207153

 Yin, M. J., Shao, L., Voehringer, D., Smeal, T., and Jallal, B. (2003). The serine/threonine kinase Nek6 is required for cell cycle progression through mitosis. J. Biol. Chem. 278, 52454–52460. doi: 10.1074/jbc.M308080200

 Yissachar, N., Salem, H., Tennenbaum, T., and Motro, B. (2006). Nek7 kinase is enriched at the centrosome, and is required for proper spindle assembly and mitotic progression. FEBS Lett. 580, 6489–6495. doi: 10.1016/j.febslet.2006.10.069

 Zalli, D., Bayliss, R., and Fry, A. M. (2012). The Nek8 protein kinase, mutated in the human cystic kidney disease nephronophthisis, is both activated and degraded during ciliogenesis. Hum. Mol. Genet. 21, 1155–1171. doi: 10.1093/hmg/ddr544

Conflict of Interest Statement: 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 © 2017 Fry, Bayliss and Roig. 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) or licensor 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/fcell-05-00102-g003.gif
a5 8





OPS/images/fcell-05-00102-g001.gif





OPS/images/fcell-05-00102-g002.gif
e

CICHCICIOE





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

Mitotic Regulation by NEK Kinase
Networks









OPS/images/crossmark.jpg
©

2

i

|





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





