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Abstract

:

Glycogen synthase kinase 3 (GSK3) was initially isolated as a critical protein in energy metabolism. However, subsequent studies indicate that GSK-3 is a multi-tasking kinase that links numerous signaling pathways in a cell and plays a vital role in the regulation of many aspects of cellular physiology. As a regulator of actin and tubulin cytoskeleton, GSK3 influences processes of cell polarization, interaction with the extracellular matrix, and directional migration of cells and their organelles during the growth and development of an animal organism. In this review, the roles of GSK3–cytoskeleton interactions in brain development and pathology, migration of healthy and cancer cells, and in cellular trafficking of mitochondria will be discussed.
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1. Introduction


Glycogen synthase kinase-3 (GSK3) is a serine/threonine kinase. It was initially identified as a regulator (inhibitor) of glycogen synthesis [1]. It has since been recognized as a multifunctional kinase with a variety of roles both in invertebrates and in vertebrate cells. In mammals (humans included), there are two closely related isoforms of the kinase: GSK3α and GSK3β [2]. They share ~98% identity in their kinase domains, but they have distinct substrate preferences, and their cellular functions are, at least partially, non-redundant [3,4]. The β isoform predominates in the majority of cells, and it is also more studied. GSK3 requires phosphorylation on tyrosine 216 (β isoform) or 279 (α isoform) for maximal activity. As a constitutively active kinase, it is oftentimes inhibited in response to upstream signals by phosphorylation of S9 (GSK3β) or S21 (GSK3βα). As a sensor of growth factors (e.g., insulin, transforming growth factor-β, epidermal growth factor, nerve growth factor, and brain-derived neurotropic factor) and other extracellular stimuli GSK3 is a master switch kinase regulating various aspects of cellular function such as growth, repair, mobility, and survival. Therefore, it is not surprising that dysregulation of GSK3 activity is observed in many pathophysiological processes, including the development of cancer, and neurodegenerative and psychiatric disorders (for review see [5,6]). This also makes GSK3 an attractive therapeutic target, and intensive efforts have been undertaken to discover clinically relevant selective GSK3 inhibitors [7]. However, the pleiotropic functions of the kinase pose major obstacles in developing effective treatments without adverse effects.



In the still-increasing list of GSK3 substrates, there are, among others, proteins engaged in the regulation of actin cytoskeleton dynamics (e.g., Rho family members and related GTPases), microtubule-associated proteins (MAPs, e.g., Tau and collapsin response mediator protein 2 (CRMP 2)) and adhesion of cells to extracellular matrix (e.g., focal adhesion kinase, FAK) [8,9,10]. Acting through these substrates, GSK3 can influence cell polarization and directional migration, as well as intracellular trafficking of mitochondria and vesicular structures. The migration of cells is a fundamental process, especially important in the development of an organism. Although not all differentiated adult cell types migrate in vivo, almost all of them exhibit some form of spatial segregation of structures and functions and require some form of organelles’ trafficking. This, in turn, requires the orchestration of activities of several signaling pathways. Since GSK3 lies at the crossroads of these pathways, it can be viewed as one of the coordinators/integrators of complex processes of cellular dynamics.



This review discusses the key roles of GSK3-to-cytoskeleton and GSK3-to-extracellular matrix signaling in the brain, cardiac, and cancer cells, in normal and pathological settings.




2. GSK3–Cytoskeleton Interplay in Brain Development and Pathology


GSK3β is expressed in all tissues, including the brain [2]. In the rodent central nervous system (CNS), GSK3β is more abundantly expressed than GSK3α, and thus, it is also better studied. This isoform is involved in numerous events during neurogenesis, synaptic plasticity, and neurodegeneration (for review see [6,11]). During brain development, GSK3β is highly expressed in neurons and barely detectable in astrocytes [12,13]. In rodent embryos, GSK3β is detected in axons, perikarya, and the proximal part of dendrites of postmitotic neurons (in neuroblasts, the kinase is hardly detectable), but after the 10th day of postnatal life, it starts to disappear from the axonal tracts. Globally, the expression of GSK3β in the brain is supposed to be higher in rodent embryos and in early postnatal life, than in adults, positively correlating with the major period of dendritic extension and synaptogenesis [12], although it has been suggested that in the murine brain (hippocampus, cerebral cortex, and cerebellum), such age-related changes applied to proteins comprising the “GSK3 proteome” rather than the GSK3 (α and β) protein level [14]. The expression of GSK3β increases again later in aged (24–29-month-old) rodent brains [15]. This increase is correlated with the development of neurodegenerative diseases such as Alzheimer’s disease (AD) and thus is a promising target of a future anti-neurodegenerative therapy.



Substrates of GSK3β can be divided into three groups: metabolic/signaling proteins (e.g., acetyl-CoA carboxylase, pyruvate dehydrogenase, glycogen synthase, insulin receptor substrate-1, amyloid-beta precursor protein, cyclin D1, protein phosphatase 1); structural proteins (e.g., dynamin-like proteins, microtubule-associated protein 1B and 2 (MAP1B and MAP2), neural cell-adhesion protein, neurofilaments, spindle-associated protein Astrin, and microtubule-associated protein Tau), and transcription factors (e.g., activator protein 1 (AP-1), cAMP response element-binding protein, glucocorticoid receptor, Myc, nuclear factor of activated T cells and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)) [11]. Due to the long list of substrates, GSK3β can modulate numerous signaling pathways both directly and indirectly, leading to cytoskeleton remodeling. In turn, proper cytoskeleton maintenance and remodeling are indispensable for the correct development and functioning of the CNS.



2.1. Neurogenesis


2.1.1. Proliferation


It has been suggested that overexpression or high activity of GSK3β in developing brain negatively regulated proliferation of neural precursors, leading to microcephaly [16,17]. In turn, inhibition of GSK3β (with either lithium or SB216763) promoted the proliferation of cerebellar granulate neuron progenitors [18] and hippocampal neurogenesis [19]. On the other hand, some studies have shown that GSK3β activity was necessary for cell cycle progression, while inhibition of GSK3β with SB216763 led to neural differentiation [20]. It has been also shown that forced activation of GSK3β promoted the expression of cyclin D1, cyclin E, transcription factor E2F-1, and the phosphorylation of retinoblastoma protein [21], which were engaged in cell cycle progression. In addition to affecting the expression of signaling proteins, GSK3β has also regulated spindle microtubule (MT) assembly by interaction with spindle-associated protein Astrin [22]. Astrin plays an important role in chromosomal alignment during metaphase. Both Astrin and GSK3β have been shown to co-localize with the spindle apparatus during mitosis and affect spindle organization during cell cycle progression [23,24]. The kinase activity of GSK3β was indispensable for the interaction of Astrin with microtubules and kinetochore. Therefore, inhibition of GSK3β led to chromosomal aberrations [22]. Furthermore, MT minus end-anchoring protein Ninein, which is engaged in astral microtubules formation during cell division, is also a substrate for GSK3β. Under conditions of low GSK3β activity, Ninein accumulated around mature centrioles what promoted cell division and preservation of progenitor characteristics of cells. In turn, the high activity of GSK3β resulted in the lack of Ninein accumulation in centrosomes and caused differentiation of progenitors to become intermediate progenitor cells or neurons [25,26]. GSK3β can also regulate the activity of mitogenic transcription factors: AP-1 and NF-κB [27,28]. AP-1 regulates differentiation, proliferation, and apoptosis by activation of Rho-like GTPases [29]. Rho proteins play a fundamental role in many cellular processes, such as cellular movement, establishing cell polarity, mitosis [30], and nervous system reorganization during growth and injury [31,32] by influencing actin cytoskeleton dynamics. NF-κB controls many inflammatory processes, cell proliferation, differentiation, and survival [33]. Active NF-κB has correlated with cytoskeleton rearrangements, but GSK3β negatively regulated NF-κB in neurons and astrocytes [33,34].



Furthermore, it has been demonstrated that inhibition of GSK3β caused β-catenin nuclear accumulation, which enhanced the proliferation of neural precursors [35]. β-catenin is a component of Wnt signaling. When the Wnt pathway is turned off, the destruction complex consisting of Axin, adenomatous polyposis coli (APC), protein phosphatase 2A, GSK3, and Casein kinase 1α [36,37] results in β-catenin degradation by its ubiquitination and targeting to the proteasome [38,39]. However, when some proteins from the Wnt family were bound to Frizzled/LRP 5/6 co-receptor, the destruction complex was disabled and migrated to the plasma membrane, where Axin bound to the cytoplasmic tail of LRP 5/6. Meanwhile, the Disheveled (Dvl) protein was activated by the receptor and inhibited GSK3β in the destruction complex, which caused axon MT stabilization [40]. This led to the accumulation of β-catenin in the cytoplasm and its migration to the nucleus, where it triggered T cell factor/lymphoid enhancing factor transcription (TCF/LEF), which regulated the process of proliferation and differentiation [41]. Additionally, APC can bind to the plus ends of MTs during cell division, when GSK3β is inhibited. APC anchors astral MTs to the cell cortex or spindle MTs to the kinetochore, and it is especially important for asymmetrical stem cells division. In summary, maintaining the proper level of expression and activity of GSK3β during subsequent developmental stages of CNS is necessary for proper progress of cell division and differentiation. The proposed roles of GSK3 in the regulation of neurogenesis are presented in Figure 1. Additionally, for the convenience of the reader, information about main GSK3 targets and upstream regulators mentioned in the present paper, their cellular roles, major effects of the GSK3-target protein interactions, together with the experimental model and methods of detection used in the reviewed papers, has been summarized in the Supplementary Tables S1 and S2.




2.1.2. Migration


Directional movement of neural cells is crucial for proper CNS development. The migration of cells is regulated by extracellular signals and achieved by the reorganization of actin filaments and microtubules. It has been shown that it is activated in response to the oscillation of trophic factors [42], GSK3β was an important linker between these signals and cytoskeleton assembly [43,44]. Deficiency in expression or lack of phosphorylation of MAP1B by GSK3β led to abnormalities during brain development. MAP1B regulates actin and MT dynamics, which caused cytoskeletal rearrangements during cell migration [45,46], axonal growth, and regeneration [47,48]. GSK3β also phosphorylates FAK. As the name suggests, FAK is involved in the regulation of cell adhesion, proper spreading, and migration [10]. Lack of FAK expression is manifested by lower adhesion strength, increased cytoskeletal dynamics (enhanced cortical actin distribution), and reduction in cell spreading [49]. Activated (phosphorylated) FAK is then recruited to focal adhesions [50] to promote turnover of cell contacts with an extracellular matrix, which manifests itself as cell migration.



Another key feature of cells, often but not always associated with their migratory potential, is polarity, i.e., intrinsic asymmetry in the structure and organization of molecules and organelles within a cell. In astrocytes, polarity has been shown to be controlled by Cdc42 acting through Par6–PKCζ to phosphorylate GSK3β. This phosphorylation influenced polarization of the centrosome—the major microtubule-organizing center of a cell (MTOC)—and thus, controlled the direction of astrocytic protrusions by inducing interactions of APC with the plus ends of microtubules [51].



S100B protein, a member of a family of Ca2+-binding proteins of the EF-hand type, is highly expressed in astrocytes, and it regulates the assembly of MTs and intermediate filaments. Silencing of the protein expression in Muller glial cells and astrocytoma has been shown to lead to inhibition of the PI3K/Akt pathway and, in consequence, to GSK3β activation. This resulted in actomyosin stress fibers disassembly, cortical localization of F-actin, change of morphology of the cells (stellation of astrocytes), and reduction in their migration. This suggested that GSK3β, acting through cytoskeleton, was a part of the mechanism regulating invasiveness of glioma cells, migration of astrocytes to places of brain insult, and also differentiation of the cells [52].




2.1.3. Differentiation


During CNS development, future neurons should undergo multiple rearrangements to create highly specialized cells. GSK3β is engaged in processes of neuronal polarization, axonal growth, and branching by regulating Wnt signaling and by interacting with numerous microtubule-binding proteins (MBPs). The first step in neuronal differentiation is breaking the cell symmetry and triggering cytoskeleton remodeling to create future axon and somatodendritic compartments. This can be achieved by asymmetrical activation of intracellular signals, which is caused by activation of several signaling pathways: PI3K, Rho-GTPase, Par3/6 pathway, TSC-mTOR, and PKA-LKB1 pathway. GSK3β is known to have an impact on all these pathways, which makes it an important modulator during neuronal differentiation [53,54,55,56].



PI3K/Akt pathway activity is indispensable for cytoskeleton rearrangement and phenotype switching during cell differentiation [57]. GSK3β, positioned downstream of PI3K/Akt, must be inhibited by Akt to achieve and maintain proper neuronal polarity (Figure 2). It has been shown that GSK3β inhibition with SB216763, SB415286, or lithium led to the formation of multiple axons from preexisting dendrites, while the constitutively active form of the kinase resulted in the lack of axons [58,59].



After establishing the future axon location, further actin filaments and MT rearrangements are required. At this stage, GSK3β has been shown to interact with and phosphorylate numerous MBPs: collapsin response-associated protein (CRMP2) [60], APC, MAP1B [44], whose main task was stabilization and assembly of MTs. Dephosphorylated APC interacted with plus ends of MTs leading to increased stabilization of MTs and microtubules–actin interactions during axon elongation [61]. Dephosphorylated CRMP2 interacted with tubulin heterodimers promoting MTs assembly during axon specification and branching. Inhibition of GSK3β activity was sufficient to initiate cytoskeleton rearrangements regulated by these proteins. In turn, phosphorylation of MAP1B, a protein promoting elongation in primary axon by GSK3β led to activation of this MBS. Inhibition of GSK3β activity reduced the amount of phosphorylated MAP1B and thus, mitigated microtubule dynamics [61] (Figure 2). This points to a complex mechanism of cytoskeleton dynamics regulation that requires a precise balance between activation and inhibition of GSK3.



Certain polarity-inducing signals have inhibited GSK3β and allowed MT stabilization and axon elongation [59,62,63]. However, it has been shown that the reduction of GSK3 activity should be “localized” and restricted to the axonal growth cone. Global inhibition of GSK3 caused axonal growth difficulties because of a reduced pool of dynamic microtubules at the growth cone that led to excessive MT stability [61]. Finally, after the axon elongates enough, it starts branching to innervate multiple targets. Once again, a proper level of GSK3β activity reduction (creating a kind of “intermediate conditions” that preserve a pool of dynamic microtubules) is needed for this process [61]. C-Type Natriuretic Peptide, cGMP, and cGMP-dependent protein kinase G1 are known to inhibit GSK3β activity at this point [64,65], but Wnt signaling also seems to be involved [66]. Additionally, JNK-interaction protein 3 (JIP3) can restrict axonal branching by interaction with GSK3β. Knocking down JIP3 or GSK3β increases axon branching [67]. Furthermore, PTEN, which dephosphorylates phosphatidylinositol (3,4,5)-triphosphate (PIP3) and decreases PI3K signaling is known to negatively regulate axonal branching. It has been proposed that during induction of the branching, downregulation of PTEN was caused by GSK3β inactivation [68,69]. Similar to axonal elongation, during axonal branching, the F-actin reorganization and MT extension occur [70]. However, it is not fully understood how molecular regulation of GSK3β is translated into axonal branching mechanisms, although it is known that local inactivation of GSK3β along the axon promotes cytoskeletal reorganization required for the process.





2.2. Synaptic Plasticity


GSK3β can phosphorylate several proteins involved in cytoskeleton reorganization needed for morphological changes in synapses (synaptic plasticity) during memory consolidation. Due to synaptic plasticity, the connections between two neurons are either strengthened (in the process of long-term potentiation, LTP) or weakened (long-term depression, LTD) in response to increases or decreases of neuronal activity. Synaptic plasticity is a prerequisite to learning. The connection between two neurons can be strengthened by the recruitment of neurotransmitters’ receptors to the membrane of the postsynaptic neuron [71] or by releasing higher amounts of neurotransmitters to the synaptic cleft by the presynaptic neuron [72]. In turn, the connection is weakened by retraction of the receptors and decreased neurotransmitter secretion. Some cytoskeletal changes occur during dendritic spine maturation. During strengthening of the connections, dendritic spines start to grow in volume creating mushroom-shaped outgrowth, the spines can also branch. This leads to increased surface area in the postsynaptic membrane, creating the possibility to incorporate more receptors into the membrane [73]. It has been demonstrated that during the connection strengthening, dendritic filopodia (precursors of the spines) start to elongate. In this process, Formin (an actin regulatory protein) promoted elongation of unbranched actin filaments. Additionally, Actin-related protein 2/3 complex (Arp2/3) actions led to branched F-actin networks formation. Arp2/3 bound to the existing F-actin filament and initiated a new filament creation with a 70-degree angle. This led to an increased pool of stable F-actin in the center zone of the dendritic spine, and a more branched dynamic F-actin pool in the peripheral zone, which resulted in volume expansion of the dendritic spine [74,75]. Inhibition of GSK3 with SB415286 or LiCl2 prevented the accumulation of Arp2/3 in the cellular extensions [76] (Figure 2).



Wnt signaling is, among others, responsible for synapse formation and differentiation [77]. A protein in the Wnt family, Wnt7a, has been shown to play an important role in axon remodeling and recruiting synaptic receptors during the connection strengthening [77,78] (Figure 2). Wnt7a promoted MT depolymerization by decreasing MAP1B phosphorylation, which led to axonal spreading [78,79]. Additionally, Wnt7a increased the level of Synapsin I, which was engaged in axonal remodeling, synaptogenesis, and transport of synaptic vesicles to the growing area [79,80,81], but the mode of interaction between Synapsin I and cytoskeleton during axon and synapse remodeling remains unknown. To activate Wnt signaling, GSK3β must be inhibited. Inhibition of GSK3β caused, therefore, more abundant axonal branching [79,82] and promote LTP maintenance [83,84], while activation/overexpression of GSK3β disturbed LTP formation and led to LTD by decreasing synaptic transmission and secretion of neurotransmitters in a Synapsin I-dependent manner [83,84,85] and downregulation of the NR2A/B subunit of NMDA receptor (N-methyl-D-aspartate receptor) in postsynaptic neurons [83]. Inhibition of PI3K or Wnt signaling pathways caused LTP disruption, because of GSK3β activation [86,87]. On the other hand, GSK3β activity was indispensable for synaptic vesicles recycling during neuronal activity. The phosphorylation of Dynamin I either by GSK3β or cyclin-dependent kinase 5 caused endocytosis of synaptic vesicles [88]. Dynamin I interacts with both MTs and actin filaments regulating their dynamics [89] since vesicles endocytosis requires actin cytoskeleton rearrangements [90].




2.3. Neurodegenerative Disorders and Neuronal Survival


Apoptosis is necessary for proper CNS development—almost half of the immature neurons die in a process of programmed cell death before CNS is matured completely [91]. On the other hand, increased apoptosis occurs during neurodegenerative events [92]. It has been shown that GSK3β played a dual role in apoptosis promotion, depending on the organism’s developmental stage. Inhibition of GSK3β (with lithium) promoted apoptosis in immature neurons, while in mature neurons, it supported cell survival [93]. In vivo, GSK3β can be activated in response to environmental conditions fluctuations, lack of trophic factors, cellular stress (oxidative, endoplasmic, DNA damage), which leads to increased apoptosis in mature cells [94,95,96]. GSK3β can induce apoptosis in two ways—by phosphorylation of microtubule-associated protein Tau, which leads to MT destabilization and cytoskeleton collapse [97], or by interaction with several transcription factors and proapoptotic proteins. Tau interacts with MTs maintaining its dynamics. The presence of hyperphosphorylated Tau protein is characteristic of neurodegenerative processes and causes the formation of Tau aggregates, which leads to MT disorganization that is correlated with apoptotic cell death induction [97].



During brain injury or infection-induced inflammation, microglia motility increases to facilitate phagocytosis of damaged cells. GSK3β activity has also a large impact on these processes (for review see [98]). GSK3β inhibition (with lithium, indirubin-3′-monoxime (I3′M), or kenpaullone) has been shown to attenuate the response of microglia to pro-inflammatory stimuli and resulted in a marked reduction of their motility–both random and chemotactically directed, without more general impairment of microglia functions [99]. As neurodegenerative changes in the brain are often the result of long-lasting or prolonged microglia activation, mitigation of GSK3β activity might be considered a means to limit neuroinflammation and to stave off the effects of age-related diseases, such as AD [100]. In AD, amyloid-β plaques are sites of accumulation of reactive microglia but also astrocytes. Astrocytes secrete signals that further promote microglia activation and migration. It has been shown that GSK3β phosphorylation of the transcription factor CCAAT/enhancer-binding protein delta (CEBPD) in astrocytes was responsible for these processes, and that inhibition of GSK3β by LiCl attenuated murine microglia migration [101]. Although the authors of the cited paper seemed to suggest that chemotaxis was the main cause of the observed phenomenon, the participation of GSK3 in the reorganization of the cytoskeletal structure during migration-related processes–from the initiation of polarization, through the extension of cellular processes to the modulation of cell adhesion–indicates that it is not the only cause.



To summarize, since neuroinflammation contributes to the initiation and intensification of numerous pathological conditions, controlling the effects of GSK3β on cytoskeleton architecture might be beneficial in a broad array of neurodegenerative diseases.





3. GSK3–Cytoskeleton Interplay in Cell Motility and Migration of Cancer Cells


Cell motility is a random process of cell movement, while cell migration plays a role in organ and tissue formation, but it is also used by cancer cells to spread in a process known as metastasis (for review see [102]).



The role of GSK3 in cell migration and motility is still controversial, and although most studies have demonstrated that active GSK3 stimulated these processes [76,103,104,105,106], there are also reports indicating that active GSK3 inhibited cell movement [107,108,109].



Cell movement depends on the activity of two factors regulating antagonistic modes of cell migration, the mesenchymal (driven by Rac1-GTPase) and amoeboid (driven by RhoA-GTPase) mode. Rac1 downregulates RhoA expression via p190RhoGAP and PAK/GEF-H1 and, reciprocally, RhoA downregulates Rac1 via ROCK/FilGAP and ROCK/ARHGAP22. During the mesenchymal mode, the movement is driven by the formation of actin-rich protrusions called lamellipodia, and cells interact with the extracellular matrix (ECM) through focal adhesions (FAs). The amoeboid mode is driven by protrusions called blebs and it is FA independent. Cells undergoing amoeboid movement are characterized by rounded cell morphology than cells using the mesenchymal mechanism (for review see [110,111]).



Cancer cells exhibit various modes of migration. For example, U87MG glioblastoma cells are strictly mesenchymal mode cells, and Rac1 signaling inhibition blocks their movement [112]. In other mesenchymal mode cells, the HT1080 fibro-sarcoma, suppression of Rac1 signaling does not inhibit the movement but leads to mesenchymal-to-amoeboid transition. Subsequent inhibition of RhoA signaling entirely blocks their motility. In turn, the amoeboid SW480 human colon adenocarcinoma cells adopt mesenchymal phenotype after RhoA or ROCK inhibition [112].



Although a direct effect of GSK3 on the mechanisms of cell migration has not been studied, there are numerous references documenting the effects of GSK3 on the activity of essential proteins involved in cell movement.



3.1. Lamellipodia, Filopodia, and Invadopodia Formation and Dynamics


Lamellipodia are cell protrusions formed by branching actin filaments, which induce forward movement of the cell membrane during the mesenchymal mode of migration. In this mode of movement, Rac1 activates actin filaments branching complex Arp2/3 in lamellipodia. Continuous branching of the filaments creates forces that overcome the tension of the cell membrane, which, in turn, allows forward movement of the protrusion (for review see [110,111]). Activation of Arp2/3 by Rac1 is mediated by Wiskott–Aldrich syndrome protein family member 2 (WASF2) [113]. It has been shown that GSK3 regulated indirectly the activity of Rac1 [103], and thus, the migration of cells. Inhibition of GSK3 with the inhibitor IX and SB415286 blocked the activity of Rac1 upstream effector ADP-ribosylation factor 6 (ARF6) and reduced lamellipodia extension and cell migration [103]. The expression of constitutively active ARF6 prevented the effects of GSK3 inhibition [103], suggesting that GSK3 regulated Rac1 via ARF6. Additionally, it has been shown that in human glioblastoma cell lines (T98G and U87), the GSK3 inhibitor AR-A01441 decreased the expression of several Rac1 activating proteins [104]. The study suggested that GSK3 exerted long-term effects on cell motility by sensitizing the molecular machinery prerequisite for cell directional movement.



Another line of evidence of participation of GSK3 in the Rac1-dependent lamellipodia formation has emerged from studies on human keratinocyte cell line HaCaT and the Rat2 fibroblasts [76,114] that showed that GSK3 stimulated Rac1 and, consequently, Arp2/3 activity. In the HaCaT cells, inhibition of GSK3 with lithium or SB415286 blocked Rac1 and Arp2/3 localization in lamellipodia ruffles [76,114]. In the Rat2 fibroblasts, GSK3β inhibition with synthetic triterpenoids CDDO-Im or CDDO-Me was correlated with a decrease in the Arp2/3-dependent actin branching and reduced lamellipodia formation [114,115]. Additionally, overexpression of proteins from the Rho family of GTPases (RhoA and Cdc42) prevented the formation of the long lamellipodia (the extended lamellipodia, E-lam) in the keratinocyte cell line [76]. Activation of these proteins has been shown to lead to phosphorylation and inhibition of GSK3β through PKC [51].



GSK3β activity may also lead to activation of cofilin, an actin rearrangement factor [116]. Cofilin is downstream of the Rac1/Wiskott-Aldrich syndrome protein family mem-ber 2 (WASF2)/Arp2/3 pathway. It has been demonstrated that downregulation of this pathway reduced the human glioma cell line U251 migration [113]. In human breast adenocarcinoma cell line MDA-MB-231, inhibition of GSK3β by AR-A0114418 decreased migration and actin branching via WASF2 downregulation [117]. Furthermore, inhibition of GSK3 in the human myeloid leukemia U937 cell line with lithium or I3′M resulted in Rac1 inhibition and, consequently, inactivation of cofilin, which disturbed lamellipodia formation [116]. It has been shown that silencing of GSK3β or its inhibition with AR-A01441 reduced the migration of human glioblastoma cell lines: U87, U251, A172, and T98G [105]. The inhibition also reduced the number of lamellipodia and the localization of Rac1 and actin filaments in lamellipodia [104]. Similar effects have been observed after GSK3β inhibition by AR-A01441 in human pancreatic cancer cell lines: MIA PaCa-2 and PANC-1 [105].



On the other hand, the presence of a negative feedback mechanism between Rac1 and GSK3 has been suggested [118]. In the human non-small cell lung carcinoma cell lines (HCC44, H2122, H358, HTB55, Colo699, H1299, A549), activated Rac1 stimulated indirectly (via P21 Activated Kinase, PAK1) Akt kinase, which, in turn, inactivated GSK3α/β [118]. Thus, the increased GSK3 activity stimulated Rac1 and lamellipodia expansion, but the high Rac1 activity led to GSK3 inactivation.



Taken together, the above results strongly suggest that during the mesenchymal mode of cancer cells migration, GSK3 activates Rac1, and hence, its downstream effectors such as WASF2, Arp2/3, and cofilin that leads to induction of lamellipodia formation.



Filopodia are finger-like cell protrusions that also drive cancer cells’ migration during the mesenchymal motility mode. They are formed from linear actin without the branching activity of Arp2/3 [119]. Elongation of these protrusions is associated with Rac1 and Cdc42 activity (for review see [120]). It has been demonstrated that GSK3β promoted filopodia formation and migration of the primary human lung cancer cells [106]. This has been associated with phosphorylation of the long-form collapsin response mediator protein-1 (LCRMP-1) [106], a cancer invasion enhancer [121]. In contrast to the above study, it has also been shown that Cdc42 induced filopodia formation but downregulated GSK3β activity [51,122].



Invadopodia are another actin-rich protrusion important in cancer cells migration and invasion, and their formation also depends on the activity of GSK3. The main role of these protrusions is to penetrate ECM and degrade it with metalloproteinases that allow cancer cells to spread. The association of the actin cytoskeleton with proteins such as Arp2/3 has been shown to be indispensable to the formation of these protrusions [123]. In human glioblastoma cell line U251, the inhibition of GSK3β with AR-A014418 reduced the expression of membrane-type I-matrix metalloproteinase (MT1-MMP). Downregulation of MT1-MMP expression reduced the number of invadopodia [104]. GSK3β activity has been also correlated to the increased expression and secretion of matrix metalloproteinase-2 and 9, which improved the migratory phenotype of synovial sarcoma, fibrosarcoma, osteosarcoma, and pancreatic cancer cell lines [124,125,126].



In the osteosarcoma cell line MG-63, the inhibition of GSK3β with either AR-A014418 or SB216763 also reduced FAK activity [126], which is known to regulate invadopodia formation by sequestration of the invadopodia-inducing Src kinase at focal adhesions [127].



Blebs are cytoplasmic pressure-induced round cellular protrusions required for the induction of amoeboid movement. They do not contain actin at the early stages of their formation. RhoA is the main factor driving the amoeboid mode of movement (for review see [110,128]). In the human gastric cancer cell line SGC-7901, suppression of PI3K/Akt/GSK3β pathway, and hence, activation of GSK3β inhibited Wnt family member 5A (Wnt5A)-induced activation of RhoA [129]. On the other hand, in the thyroid carcinoma cell line FTC-133, Wnt5A reduced cell motility while having no effect on GSK3β phosphorylation status [130]. It has been shown that in the murine RAW264.7 and human HEK 293 cell lines, another Wnt pathway protein, Wnt family member 3A (Wnt3A), induced inhibition of GS3Kβ and activation of RhoA, which stimulated RAW264.7 cells migration [108]. Thus, it might be concluded that active GSK3 basically plays an inhibitory role in the amoeboid, RhoA-dependent cell movement.



It has been shown that a downstream effector of RhoA, Rho-associated protein kinase 1 (ROCK1), phosphorylated and additionally inactivated GS3Kβ [108]. In the human hepatocellular cancer cell line HEPG2, treatment with insulin, an upstream effector downregulating GSK3β, led to the activation of RhoA. In the same study, RhoA/ROCK1 was identified as a non-canonical pathway leading to GSK3β inactivation by insulin [131]. In contrast, it has been shown that in fibroblasts, GSK3β indirectly activated RhoA by phosphorylation and inhibition of RhoGAP, an upstream effector inactivating RhoA [111,132]. This process was regulated by priming by mitogen-activated protein kinases (MAPK) [132].



Taken together, the above results strongly support the hypothesis that GSK3 is positively engaged in the mesenchymal but not an amoeboid form of movement. In the mesenchymal mode, active GSK3 induces Rac1 activity and, subsequently, its downstream effectors, which lead to cell movement due to the formation of lamellipodia, filopodia, and invadopodia. In the amoeboid mode, active GKS3 inactivates RhoA and reduces the movement. Furthermore, during the amoeboid mode of movement, active RhoA stimulates the inhibitory phosphorylation of GSK3. Since different cancer cell lines have specific migration mode preferences [112], the exact role of GSK3 in cancer cells migration may vary depending on the cell type.




3.2. Microtubule Plus-End Tracking Proteins in Direct Cell Movement


Polarization of cells is induced by microtubules. Polymerization is an essential event required for directed cell movement [133]. Microtubule-induced polarization requires plus-end tracking proteins (+TIP proteins) such as APC, EB1, and CLASP2, which promote microtubule elongation (for review see [133]).



Numerous studies have demonstrated that APC is bound directly to the plus tip of microtubules, but it could also be attached through kinesin superfamily associated protein 3 (KAP3) [134,135] or through end-binding protein 1 (EB1) [136]. The interaction between APC and microtubules has been shown to be reduced by GSK3β-driven phosphorylation of the C-terminal domain of APC in vitro [62]. Spontaneous mutations of APC in human colorectal cancers led to the formation of a C-terminally truncated form of the protein, which could not be regulated by GSK3 but could still interact (via the N-terminal domain) with MT and stimulate aberrant and untargeted cell migration. The C-terminal domain was responsible for APC binding to MT both directly and via EB1 (for review see [137]). EB1 accumulated at growing microtubule tips and has pivotal roles in the regulation of cell polarity and migration [107]. In primary rat astrocytes, stabilization of the active GSK3β by HYS-32 eliminated EB1 from MT plus ends and reduced cell migration [138]. Simultaneous inhibition of GSK3β by SB415286 attenuated this effect [138]. EB1 is overexpressed in various cancer cells, including glioblastoma, hepatocellular carcinoma, colon, oral, and breast cancers (for review see [139]). In the human non-small lung carcinoma A549 cell line, vincristine (a microtubule-targeting agent) has been shown to induce ROS-mediated decrease of Akt activity and therefore increase the activity of GSK3β [107]. Active GSK3β phosphorylated EB1 that decreased its accumulation at the microtubule plus-end and reduced cell migration. Vincristine reduced also the migration of the U87-MG glioblastoma cancer cell line [107]. Interactions between APC and EB1 have been shown to be promoted by a RhoA downstream effector mDia1 [136]. Upregulation of GSK3β in T lymphocytes from C57Bl/6 mDia1-/- mice resulted in increased APC phosphorylation and impaired cells migration. Active mDia1 downregulated GSK3β [140].



CLASP2 is another GSK3-dependent +TIP protein [141]. CLASP2 has been shown to bind to APC and EB1 and regulate cell polarity and migration [142]. CLASP2 is associated with MT plus ends in cell bodies, and MT lattices in the structure localized behind lamellipodia, called lamella. During MT growth, CLASP2 is also associated with actin by interaction with actin cross-linking factor 7 (ACF7) [142].



In the marsupial kidney epithelial PtK1 cell line, constitutively active GSK3β decreased the association of CLASP2 with MT lattices in lamella [141]. Unexpectedly, also Rac1 (which is activated by GSKβ [103]), has been identified as the upstream effector responsible for promoting the affinity of CLASP2 to MT lattices [141]. In the human keratinocyte HaCaT cell line, constitutively active GSK3β (S9A mutant) decreased the density of MT in lamella and reduced migration [143]. It has been shown to result from phosphorylation of CLASP2 by GSK3β at eight serine residues that altered MT association to CLASP2 [143]. Moreover, these phosphorylation events inhibited the interactions of CLASP2 with MT plus end and with EB1. However, all eight phosphorylated serine residues were required to completely block MT plus-end association with CLASP2 [143]. On the other hand, it has been shown that the physiological activity of GSK3β did not result in phosphorylation of all potential phosphorylation sites on CLASP2, and thus, GSK3β could not entirely disrupt the complex [143]. It has been proposed that a gradient of GSK3β activity might regulate the CLASP2-MT association in the cell [143].



In the human breast SKBr3 carcinoma cell line, receptor tyrosine-protein kinase ErbB2 activity resulted in GSK3β phosphorylation at S9 [142]. ErbB2 is a downstream effector of Memo and RhoA/mDia1 signaling. In this scenario, longer microtubules that infiltrated protrusions were observed [142]. Silencing of APC or CLASP2 negatively affected MT formation without influencing protrusions dynamics [142]. In the presence of physiological activity of GSK3, the overexpression of APC or CLASP2 in SKBr3 cells restored MT localization in protrusions, and in these cells, CLASP2 located to the ruffles and formed comets following growing MT plus tips [142]. However, inhibition of GSK3β with lithium resulted in random and homogenous CLASP2 association to the entire length of microtubules and ruffles. Thus, it has been hypothesized that a gradient of GSK3β activity was needed for the proper CLASP2 associations [142].



ACF7 has been shown to serve as a binding factor between actin and microtubules and to localize to plasma membrane and ruffles as a downstream effector of APC in SKBr3 cells [142]. In hair follicle stem cells (HF-SC), the C-terminal microtubule-binding domain of ACF7 was phosphorylated by GSK3, which led to a reduction in ACF7 affinity in microtubules [144]. In ACF7-deficient cells, directed migration was defective. Although the above-mentioned studies suggested that GSK3β activity was associated with reduced tubulin-dependent migration [138,140,143], it has also been shown that both GSK3β inhibition with lithium and its indirect activation with wortmannin impaired cell migration [144]. This study has suggested that the spatiotemporal regulation of GSK3β activity was necessary for cells migration [144].



Overall, several lines of evidence demonstrate a negative role for GSK3β activity in cell polarity and directed movement, as a result of +TIPs phosphorylation [138,140,143], although GSK3β activity does not simply inhibit cells migration. The experiments that demonstrated reduced microtubule-related movement were mostly performed with the use of cells expressing constitutively active GSK3β, or in the presence of blockers of physiological inhibitors of GSK3β [138,140,143]. On the other hand, studies that centered on actin and Rac1 demonstrated the stimulatory role of GSK3β activity on cell migration [104,105,115,116,117]. These studies were performed only in cells where the activity of the kinase was downregulated by inhibitors or mRNA silencing [104,105,115,116,117]. When both overactivation and inhibition of GSK3β were analyzed, it was demonstrated that reduced and increased activity of GSK3β mitigated migration [144].



To summarize, the role(s) of GSK3β in the migration of cells seems to be opposite depending on whether it is studied in the context of tubulin or actin. It appears that both downregulation and overactivity/upregulation of the kinase reduce cells migration. Evidently, the optimal activity of the kinase and its spatiotemporal distribution are required to maintain the migratory potential of the cells.




3.3. Focal Adhesion


Focal adhesions are structures where the actin cytoskeleton is connected to integrins, which are responsible for cell attachment to ECM. This allows force transfer during cell migration. Actin fibers are connected to integrins through a protein complex comprising of FAK, vinculin, paxillin, and other proteins [145]. FA are formed in protrusions of migrating cells and are important during both cell formation and retraction of protrusions (for review see [146]). FAK is the central mediator of FA turnover, and its activity results in the formation of the FAK-Src complex that phosphorylates paxillin [147]. This causes FA disassembly on the rear of migrating cells [147].



In Rat2 fibroblasts, synthetic triterpenoids treatment inhibiting GSK3 resulted in enlarged FA and thus reduced motility [114]. It has been shown that inhibition of GSK3 by lithium or SB216763, or its silencing, inhibited HeLa cells’ mobility [148]. Active GSK3α/β is associated with the human homolog of Drosophila prune protein (h-prune), which is colocalized with FA proteins paxillin and vinculin [148]. SB216763 treatment resulted in the formation of larger FA, impaired FA turnover, and also the limited formation of new FA in lamellipodia [148]. It has been demonstrated that the GSK3-h-prune complex stimulated FAK autophosphorylation at Y397 and its activation [148]. Silencing or inhibition of GSK3β with NP309 or lithium reduced movement of human melanoma cell lines (WM793, 1205Lu, and WM9), and FA were larger when FAK Y397 was not phosphorylated [149]. Migration of the human osteosarcoma cell line (MG-63) has been shown to be reduced by GSK3 inhibitors AR-A014418 and SB216763, and when FAK Y397 phosphorylation was decreased [126]. Autophosphorylation of FAK and cells migration was also reduced in three pancreatic cancer cell lines (MIA PaCa-2, PANC-1, and BxPC-3) [105] and two human glioblastoma cell lines (T98G and U87) [104]) after AR-A014418 treatment [104,105]. On the other hand, in rat fibroblasts, GSK3β interacted with and phosphorylated FAK at S722 [10]. Since lithium blocked FAK phosphorylation at S722 and also increased cells motility, it has been hypothesized that the phosphorylation status of S722 was important for cell spreading [10].



Additionally, paxillin is a target of direct phosphorylation by GSK3β [150]. In RAW 264.7 mouse macrophages, paxillin phosphorylation at S126 was attenuated after lithium, GSK-3 inhibitor IX or GSK-3 inhibitor I treatment [150]. Priming phosphorylation at S130 by ERK was necessary for the GSK3β-mediated phosphorylation [150]. The stimulation of cells movement by GSK3-mediated phosphorylation of paxillin was also observed in a conditionally immortalized podocytes cell line, where inhibition of GSK3 by lithium reduced turnover of FA and inhibited podocyte migration [151]. Additionally, it was demonstrated that Rac1, whose activity depends on GSK3, stimulated PAK-dependent paxillin phosphorylation at S273 in the Chinese hamster ovary CHO-K1 cell line, which led to increased FA turnover and increased motility [152].



FA disassembly is also dependent on MT as they transport autophagosomes to FA [153]. In vitro experiments with murine skin samples and nocodazole, an MT depolymerizing agent, have demonstrated a reduced FA turnover [154]. The same effect was observed in keratinocytes from mice with ablated expression of ACF7–a protein that connects actin and MT cytoskeleton, in the skin [154]. In primary mouse keratinocytes, ACF7 activated by FAK-Src guided growing microtubules toward FA [155]. The microtubule +TIP proteins APC [153] and CLASP2 [143] were involved in FA turnover and migration of the human breast carcinoma MDA-MB-231 cell line [153] and the human keratinocyte HaCaT cell line [143].



Although it has been shown that GSK3β-driven FAK activation is indispensable for FA turnover, several studies have demonstrated that GSK3β inhibited proteins such as ACF7, APC, and CLASP2 [140,143,144], which were engaged in FA disassembly and hence, FA turnover [143,153,154]. However, it has also been demonstrated that active FAK could inhibit, via stimulation of PI3K/Akt, GSK3β activity [156], and thus, a negative feedback interaction between these two kinases may be expected.



These cell migration-related processes and the main protein targets of GSK3 are briefly summarized in Figure 3. More detailed information on the targets and GSK3-regulating kinases/pathways are presented in Supplementary Tables S1 and S2.





4. GSK3β–Cytoskeleton Interplay in Mitochondria Trafficking


Mitochondria are the powerhouses of the cells by producing a major supply of cellular ATP. Mitochondria act also as metabolic centers of cells by regulating numerous processes, e.g., fatty acid oxidation, glutamate, and urea metabolism. Additionally, mitochondria are an important Ca2+ reservoir, have a buffering capacity, and control apoptosis [157,158]. Malfunctioning mitochondria are the causes of a number of diseases affecting especially tissues with a high metabolic rate, such as the brain, liver, heart, muscles, and glands [159]. To properly perform their functions, mitochondria must dynamically change the structure of their network and travel to specific cellular regions. Mitochondrial fusion and fission facilitate repair of the organelles, or (when irreversibly damaged) their removal by autophagy (mitophagy) [160]. Energy demands of individual regions of the cell are not the same, especially in polarized cells such as neurons [158]. This demand is met by the active movement of mitochondria along microtubules [161] in two directions: anterogradely (to microtubule plus end, mostly toward the cell membrane) and retrogradely (to microtubule minus end, mostly toward the nucleus) [162]. The organelles are transported by two motor proteins families, which use GTP to slide along microtubules. Anterograde movement of mitochondria is driven by kinesins, retrograde by dyneins. Mitochondrial outer membrane and motor protein are linked by large protein complexes, which regulate mitochondrial movement velocity and pausing-starting events [163]. Alteration of mobility might result in numerous neuropathological conditions such as Alzheimer’s disease, Huntington’s disease, psychotic disorders, and dementia [164]. The mitochondrial movement is also at the root of tumor plasticity [165]. The multifunctional GSK3 participates in the pathogenesis of these diseases also by impacting mitochondrial mobility.



Proper mitochondrial trafficking is crucial to neuronal synapse formation and signal transduction. In the case of dysfunction of the organelles in synapses, they are transported along microtubules to the cell body, where they are repaired or removed by mitophagy if the repair is unprofitable. Additionally, in the cell body, mitochondria biogenesis occurs. New mitochondria are then transported to the synapse to support energetically and metabolically neurotransmission [166].



It has been shown that in AD models, mitochondria have decreased mobility in comparison to healthy cells [158], which might result in synaptic failure [167]. There are two explanations for this reduction in trafficking. Firstly, it has been observed that amyloid-beta (Aβ) reduced the expression of KIF5A, a key isoform of kinesin-1, critical for neuronal mitochondrial transport [167].



Secondly, it has been suggested that non-motor microtubule-associated proteins such as Tau might be responsible for this phenomenon, and it is generally accepted that Tau overexpression stops mitochondria. It has been shown that Tau overexpressed during the onset of neurodegeneration accumulated in neurons and acted as a “roadblock” for motor proteins, reducing their access to microtubules [168]. In response to this, hyperphosphorylation of Tau ensued. In consequence, Tau created insoluble neurofibrillary tangles that dissociated from microtubules, which became more prone to the actions of depolymerizing agents [168] and, in turn, resulted in mitochondria pausing (Figure 4). It has been also suggested that the soluble form of Tau impaired mobility of the organelles, but the exact mechanism of this was not fully explained [169].



GSK3 is a Tau kinase overactivated in AD neurons [97]. Studies with a cell line model of differentiated neurons have shown that GSK3β overexpression resulted in Tau hyperphosphorylation and mitochondrial transport alteration. It caused mitochondrial pausing and impaired trafficking preferentially in the anterograde direction [170]. Therefore, inhibition of GSK3β by LiCl or more specific inhibitors (such as SB216763; for the convenience of the reader, information about the properties of GSK3 inhibitors used in the experiments cited in this article has been summarized in Table 1) is used in AD treatment [171].



It has been shown that either LiCl or SB216763 treatment resulted in an increased number of motile mitochondria and elevated mitochondrial velocity. It has been proposed that the restored number of fully functional mitochondria in synapses could prevent or even abolish some symptoms of AD [172]. On the other hand, it has been shown that phosphorylation of Tau by GSK3β was crucial to maintain mitochondrial trafficking in neurons. In mouse hippocampal neurons, GSK3β activity increased the number of motile mitochondria in a Tau-dependent manner [173]. These results emphasize the need to maintain the proper level of GSK3 activity to maintain normal functions of cells.



Dysregulation of GSK3 is also involved in other neurological disorders. GSK3β inhibitory phosphorylation has been found to be reduced in lymphocytes of people suffering from schizophrenia [174]. Therefore, GSK3β inhibitors such as SB216763 and 1-azakenpaullone were proposed as antipsychotic drugs [175]. Their action may be based on an influence on interactions between GSK3, DISC1, and TRAK1 proteins. It has been shown that TRAK1 acted as the link between motor proteins (dynein and kinesin) and tubulin, and DISC1 and GSK3β together regulated TRAK1 activity what resulted in the anterograde movement of mitochondria [176]. This interaction between the three proteins may be crucial in schizophrenia etiology since DISC1 gene disruption is widely known as a predictor of schizophrenia development [177].



GSK3 could be also a metastasis regulating factor. In the general tumor population, there is a subpopulation of cancer stem cells (CSCs) that resist oncological treatments and contribute to relapse. CSCs are also accused of contributing to metastatic events. Migrating CSCs consume a lot of energy derived by mitochondria, which must be repositioned to the lamellipodia [178]. Thus, proper mitochondrial dynamics and trafficking are essential for metastasis. During migration and invasion, the organelles actively travel to leading-edge lamellipodia, where they increase local ATP concentration [179].



The PI3K/AKT pathway is overactive in many cancers, promoting a high proliferation rate of cancer cells. Therefore, PI3K/AKT inhibitors such as idelalisib are used as anti-cancer drugs during chemotherapy [180]. However, PI3K/AKT inhibition is related to enhanced mitochondrial motility and their relocalization into the lamellipodia of cancer cells, resulting in increased migratory potential of the cells [181]. Since activation of the PI3K/AKT pathway is responsible for inhibitory phosphorylation of GSK3 (on Ser9), reduction of this pathway activity should enhance the GSK3-induced mitochondrial repositioning into lamellipodia and thus escalate the risk of metastasis.



This once again shows that we still need a more complete understanding of the complex roles that signaling pathways and their components play in the cell.



Mitochondria, together with the endoplasmic reticulum, are fundamental also for the maintenance of calcium homeostasis because they can sequester and release the ion regulating its local and global concentration in the cell. Thus, proper intracellular distribution of mitochondria is essential in cells that experience frequent and large fluctuations in the concentration of Ca2+, such as cardiac myocytes. In turn, it has been shown that in cardiac myoblasts, physiological oscillations of Ca2+ concentrations inhibited mitochondrial trafficking along microtubules to enhance buffering of the ion in the compartments where it was most needed. Moreover, increased Ca2+ buffering by mitochondria could also stimulate mitochondrial ATP production ensuring that region-specific energy requirements are met [182].



In cardiomyocytes of adult animals, mitochondria are static and their mobility is limited. The population of the organelles can be divided into three separate groups: subsarcolemmal mitochondria (SSM), intermyofibrillar mitochondria (IMF), or perinuclear mitochondria (PNM). Only PNM have high mobility and are probably involved in transcription and translation. IMF are in continuous interaction with the sarcoplasmic reticulum to allow optimal buffering energy transfer (see in [183]). Therefore, disturbances in the intracellular distribution of mitochondria might result in impairment of heart contractile function. It has been observed in a murine model of Duchenne dystrophy [184] and in aged cardiomyocytes [185]. In neonate cardiomyocytes, mitochondria are much more mobile and distributed along microtubules. Thus, taking into account that GSK3 modulates the stability and dynamics of microtubules, it should also affect the mobility of organelles. Additionally, using the H9c2 cardiac myoblasts cell line, it has been shown that movement of the mitochondria was facilitated by their anchorage to motor proteins through a subfamily of Ras GTPases, Miro 1 and Miro 2 proteins. Miros acted as Ca2+ sensors and facilitated mitochondria trafficking along microtubules, but they were also responsible for the arrest of the organelles in the proper place [186]. TRAK1 is a key protein that links molecular motors to Miro. As it has been described above, GSK3β bound to TRAK1, and together with other proteins, promoted mitochondrial trafficking. Loosening of the interactions by GSK3 inhibitors impaired the trafficking [176].



Quite recently, it has been shown that APC was one of the proteins responsible for interactions of mitochondria with Miro/Milton–motor protein complex, and it was needed for initiation of mitochondrial movement [187]. APC is a target of GSK3 and it stabilizes microtubules when GSK3 is inhibited (see above). However, it has been suggested that APC acted as a positive regulator of the Miro/Milton/KIF5 complex independently of its influence on the cytoskeleton [187] but, supposedly, not independently on GSK3 activity. Since mitochondrial trafficking in cardiac myoblasts is driven by the same proteins as in neuronal cells, a regulatory role of GSK3 in the heart can also be expected.



It should be noted, however, that there are not many publications on the trafficking of mitochondria in the heart because, in contrast to myoblasts and neonatal cardiomyocytes, in adult cardiomyocytes, mitochondrial fusion–fusion processes seem to play a more important role than the trafficking in the normal function of the organ. GSK3 can also take part in the regulation of these processes, but this is a topic for another research.




5. Conclusions


For many years, scientists and clinicians have focused their attention on the biochemical mechanisms of GSK3 and its involvement in various diseases. Additionally, for many years, this kinase has been indicated as a potential target of various therapies, and thus, efforts have been concentrated on exploring the possibility of using GSK3 inhibitors as potential drugs. Unfortunately, stunning success has not been frequently observed. In the way of achieving success stands probably the very reason why GSK3 is such an interesting object of research: multifunctionality of the kinase and complexity of functional cross-talks between GSK3 and its up- and downstream effectors. Global inhibition or overexpression of GSK3 in the cell rarely produces the desired results, often leading instead to serious side effects. Thus, although numerous GSK3 inhibitors have been evaluated, they relatively rarely reach Phase-2 clinical trials. The conclusions drawn in the experimental papers reviewed in our paper suggest that also in the case of the cytoskeleton-related cellular roles of GSK3, e.g., regulation of division, migratory potential, and the polarity of the cell, and maintaining transport of cargo along the cytoskeleton, a precise balance between activation and inhibition of the kinase and its proper spatiotemporal distribution is required. Thus, focusing on finding methods that enable only local alteration of activity/concentration of this protein, or targeting a specific downstream target or an upstream regulator of GSK3 might be a more promising approach than changing the total cellular activity/concentration of the kinase. Therefore, a comprehensive description of the cellular interaction networks of GSK3 might be crucial to identify novel protein targets with the highest therapeutic potential for the treatment of GSK3-related diseases.
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Figure 1. Proposed roles of GSK3β in the regulation of proliferative potential of neural precursors: (A) GSK3β activity sustains progenitor characteristics of cells by regulation of chromosomal alignment along the metaphase plate, and promotion of cyclins and transcriptional factors expression. On the other hand, GSK3β inhibits the formation of astral microtubules and directs β-catenin to degradation, promoting differentiation of cells (the microtubule plus- and minus-ends are indicated as + and −, respectively); (B) GSK3β is a part of the “β-catenin destruction complex”. The complex phosphorylates β-catenin what leads to proteasomal degradation of this transcription factor. Wnt signaling inactivates the complex acting via Disheveled (Dvl) protein. This enables nuclear translocation of β-catenin, which enhances the proliferation of neural precursors. 
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Figure 2. GSK3β is engaged in synaptogenesis by regulation of maturation of pre- and postsynaptic termini. In the axon, GSK3β regulates the stabilization and assembly of microtubules by interaction with and phosphorylation of several microtubule-binding proteins (e.g., MAP1B). Activation of GSK3β stimulates axonal elongation, whereas inhibition of the kinase promotes axonal branching. Constitutive activity of GSK3 leads to the formation of multiple axons thus, the PI3K/Akt pathway activation is indispensable to achieve proper neuronal polarity during cell differentiation. Active GSK3β also inhibits the Wnt signaling pathway, which results in the reduction in Synapsin 1 expression. Thus, inhibition of GSK3β leads to Wnt- and Synapsin 1-dependent axonal remodeling and synaptogenesis. In dendrites, GSK3β activates Arp2/3 protein, which is responsible for actin filaments branching. Thus, GSK3β participates in the transformation of filopodia into dendritic spines. 
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Figure 3. GSK3β is involved in the regulation of cell motility and migration and also the transport of cargo (e.g., mitochondria that supply energy for the processes) along the cytoskeleton. The activity of the kinase is necessary for proper polarization of the cell and formation of protrusions and thus for regulation of migratory potential of the cell. The main protein targets of GSK3 described in this paper, and the cytoskeleton-related processes in which they participate are presented in the right panel of the figure. For more detailed information see the text and Supplementary Tables S1 and S2. 
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Figure 4. GSK3β influences anterograde transport of organelles in neurons. Overactivity of the kinase results in hyperphosphorylation of Tau protein that leads to the formation of neurofibrillary tangles and facilitates the severing of microtubules. This, in turn, results in pausing of the anterograde transport of mitochondria and neurotransmitter-carrying vesicles. 
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Table 1. Description of GSK3 inhibitors used in experiments reviewed in this paper.
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	Inhibitor
	Structure
	Formula
	Molecular Weight
	IC50
	Soluble in
	Selectivity





	Lithium (LiCl)
	Li–Cl
	LiCl
	42.39
	1.0 mM
	DMSO, ethanol, water, and other solvents
	Also inhibits protein kinase A, casein kinase II, MEK/ERK, ERK1, SAPK, Raf, and Trk



	SB216763
	 [image: Cells 10 02092 i001]
	C19H12N2O2Cl2
	371.22
	34.3 nM
	DMSO
	high



	SB415286
	 [image: Cells 10 02092 i002]
	C16H10ClN3O5
	359.72
	78 nM
	DMSO

ethanol
	high



	I3′M
	 [image: Cells 10 02092 i003]
	C16H11N3O2
	277.28
	22nM
	DMSO
	Also inhibits CDK5/p25, CDK1/cyclin B and 5-Lipoxygenase



	Kenpaullone
	 [image: Cells 10 02092 i004]
	C16H11BrN2O
	327.18
	23 nM
	DMSO
	Also inhibits CDK2/cyclin A, CDK2/cyclin E, and CDK5/p25



	1-Azakenpaullone
	 [image: Cells 10 02092 i005]
	C15H10BrN3O
	328.16
	18 nM
	DMSO
	Also inhibits CDK1/cyclin B and CDK5/p25



	GSK 3 Inhibitor IX
	 [image: Cells 10 02092 i006]
	C16H10BrN3O2
	356.17
	5 nM
	DMSO
	Also inhibits CDK1 and CDK5



	AR-A0114418
	 [image: Cells 10 02092 i007]
	C12H12N4O4S
	308.31
	104 nM
	DMSO
	high
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