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Abstract

:

A cell should deal with the changing external environment or the neighboring cells. Inevitably, the cell surface receives and transduces a number of signals to produce apt responses. Typically, cell surface receptors are activated, and during this process, the subplasmalemmal actin cytoskeleton is often rearranged. An intriguing point is that some signaling enzymes and ion channels are physically associated with the actin cytoskeleton, raising the possibility that the subtle changes of the local actin cytoskeleton can, in turn, modulate the activities of these proteins. In this study, we reviewed the early and new experimental evidence supporting the notion of actin-regulated enzyme and ion channel activities in various cell types including the cells of immune response, neurons, oocytes, hepatocytes, and epithelial cells, with a special emphasis on the Ca2+ signaling pathway that depends on the synthesis of inositol 1,4,5-trisphosphate. Some of the features that are commonly found in diverse cells from a wide spectrum of the animal species suggest that fine-tuning of the activities of the enzymes and ion channels by the actin cytoskeleton may be an important strategy to inhibit or enhance the function of these signaling proteins.
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1. Introduction


The dense network of the actin cytoskeleton intimately associated with the plasma membrane plays both structural and functional roles in animal cells. As the name ‘cytoskeleton’ implies, it confers rigidity to the cell membrane for mechanical protection. However, the actin cytoskeleton is not a static structure but undergoes constant remodeling in a living cell. The latter process is accelerated upon the arrival of cell signaling cues. The dynamic self-reorganizing nature of the actin cytoskeleton not only provides cell motility in certain cases, but also enables the cell to swiftly change its morphology to adapt to the fleeting physiological needs [1,2,3,4]. For example, platelets take the form of a biconvex discoid when circulating inside blood vessels, but when they are activated to make blood clots, drastic membrane projections take place due to actin polymerization and bundling on the cell surface [5]. On the other hand, in neuronal growth cones, polymerization dynamics of actin filaments underneath the plasma membrane contributes to the neurite’s pathfinding [6]. The enormous plasticity of cell surface topography due to the actin-mediated membrane protrusion and retraction is also manifested by phagocytic immune cells and fertilized eggs [7,8]. The rapid reorganization of the subplasmalemmal actin cytoskeleton in these cells assists in engulfing the foreign objects and fertilizing sperm, respectively. Thus, for a variety of cell types, remodeling the subplasmalemmal actin cytoskeleton is a fundamental part of the cell’s repertoire in dealing with diverse biological events taking place on the cell surface.



In a living cell, the actin cytoskeleton is carved by a host of actin-binding proteins (ABPs) that bind, twist, sever, branch, or cap actin filaments (e.g., cofilin, gelsolin, villin, and so on). The activities of ABPs are modulated by various cell signals that trigger changes in their phosphorylation status, cytosolic pH, and intracellular Ca2+ concentration [9,10,11]. Moreover, ABPs are also regulated by phosphoinositide, a minor component of the plasma membrane that serves as a signaling molecule. For example, phosphatidylinositol 4,5-bisphosphate (PIP2), which is enriched in the inner leaflet of the plasma membrane lipid bilayer, interacts with most ABPs and thereby controls their activities and subcellular localization. Thus, a swift increase or decrease in PIP2 concentration in the specific places of the plasma membrane can serve as a second messenger signal that shifts the balance of the ABPs pools to activate or inhibit certain ABPs. This results in remodeling of the actin cytoskeleton [12,13,14].



A growing body of evidence suggests that the subplasmalemmal actin cytoskeleton affects chemical and mechanical signal transduction by casting a unique microenvironment in which the activities of certain signaling molecules are modulated by their relationship with the actin filaments undergoing dynamic changes [15,16]. While transmembrane proteins such as ion channels reside in the plasma membrane, some intracellular signaling enzymes can translocate and adhere to the plasma membrane by forming covalent bonds with lipid anchors such as myristic acid, palmate, and farnesoic acid. This is the strategy taken by some signaling molecules such as members of Src family kinases and Ras family GTPase [17,18,19]. It is also known that Src can bind to actin filaments due to its Src homology 2 (SH2) domain [20,21,22]. Thus, signaling enzymes such as Src can translocate themselves from cytosol to the plasma membrane or to the actin cytoskeleton. On the other hand, in the tight space around the plasma membrane–cytoskeleton interface, ion channels and pumps are often in contact with or in the vicinity of actin filaments, raising the possibility that their distribution and activity can be modulated by the actin cytoskeleton [23,24,25,26,27,28]. In line with the earlier findings that enzymes such as phospholipase, lipid kinases, and phosphatases are linked to the cytoskeleton [15], these observations suggest that actin cytoskeleton may serve as a signaling platform on which various external signals are transduced to the downstream effectors. Hence, subtle changes in the actin cytoskeleton are expected to affect the activities of these signaling molecules.



As mentioned earlier for the immune cells, neurons, and fertilized eggs, certain cell signals induce rapid reorganization of the actin cytoskeleton. Obviously, in this case, the actin cytoskeleton is a target of the signal transduction. Conversely, subtle specific changes in the actin cytoskeleton may also facilitate or impede transduction of the signals because a number of signaling molecules are physically associated with the actin cytoskeleton. For example, the universal second messenger Ca2+ can reorganize the actin cytoskeleton in a number of different pathways including the ones that involve Ca2+-dependent ABPs [29,30,31,32]. On the other hand, the actin cytoskeleton can affect mobilization of Ca2+ in several different ways. To begin with, actin has a strong affinity to Ca2+ and thereby serves as a Ca2+ buffer or a barrier to the diffusion of Ca2+ ions [33,34,35]. The actin cytoskeleton may also affect the activities of the enzymes synthesizing the Ca2+-mobilizing second messengers such as inositol 1,4,5-trisphosphate (InsP3), or modulate the activities of some ion channels and pumps that transport Ca2+ across the membrane [24,26,36,37,38]. Indeed, studies in the eggs of echinoderm such as starfish and sea urchin have demonstrated that alteration of the egg cortical actin cytoskeleton profoundly affects the intensity and spatiotemporal pattern of the intracellular Ca2+ signals that are produced in the maturing oocytes and fertilized eggs [39,40,41,42,43,44]. This phenomenon of actin-dependent modulation of Ca2+ signaling is not restricted to oocytes and eggs. It has been intermittently reported that the activities of the signaling enzymes and ion channels involved in Ca2+ signaling and other ion flux are closely linked to the actin cytoskeleton in a variety of cell types. In this communication, we have reviewed some of the key findings on the topic in an attempt to understand its significance and the molecular mechanisms underlying the phenomenon.




2. Modulation of the Ca2+ Signal Transduction by the Actin Cytoskeleton in the Cells of Immune Response


2.1. T-Lymphocytes


Fine regulation of actin dynamics in the cell cortex is of great importance during the immune response of T cells. Signal transduction in T lymphocytes is often studied in Jurkat cells, which is an immortalized cell line derived from human T lymphocyte leukemia. These cells can be effectively activated to evoke Ca2+ signals and produce interleukin 2 (IL-2) by ligating its T cell co-receptor CD3 (cluster of differentiation 3) with the specific antibody [45]. Interestingly, when normal actin dynamics in Jurkat cells were disturbed by overexpressing the constitutively active or dominant negative form of small GTPase Rac, the cells often failed to respond correctly to the stimulation by the anti-CD3 antibody [46]. In this work, the cells transfected with Rac mutants produced a much reduced Ca2+ increase in response to the same activation. In addition, the stimulation by the anti-CD3 antibody did not significantly increase actin polymerization which is normally observed in the control cells. Remarkably, overexpression of the constitutively active Rac mutant (V12) led to a significant decrease in the enzyme activity of phospholipase C (PLC), as judged by PIP2 and InsP3 assays. According to the specific immunoprecipitation experiments followed by western blot analysis with anti-phosphotyrosine antibody, the extent of tyrosine-phosphorylation of PLC-γ1 and some other key proteins involved in signal transduction was significantly reduced by the expression of the Rac mutants. Since the PLC/InsP3 pathway is an important constituent of Ca2+ mobilizing machinery in T cells [45,47,48], the altered phosphorylation of PLC-γ1 is in part accountable for the alleviated intracellular Ca2+ response upon antigenic stimulation. In support of the idea that the compromised Ca2+ response in these Rac-transfected cells arise from the altered actin dynamics per se, and not from some unknown parallel effect of Rac mutants, it was demonstrated that a potent drug promoting actin depolymerization, Latrunculin-A (LAT-A), had a similar inhibitory effect on anti-CD3-induced Ca2+ response (Figure 1A). As intracellular Ca2+ signals in lymphocytes play an important role in the expression and secretion of cytokine, such changes might lead to compromised immune response [46,48,49,50].




2.2. Mast Cells


The aforementioned findings in Jurkat T cells suggest that the cellular mechanism transducing the signals from the T cell receptor to intracellular Ca2+ increase may involve adaptive reorganization (polymerization) of the cortical actin cytoskeleton, and any interference with the latter process results in the reduction in the Ca2+ response. In other words, fine-tuning of the actin cytoskeleton beneath the plasma membrane is important for the generation of Ca2+ signals. This phenomenon is not restricted to T lymphocytes, although the exact mode in which the actin dynamics affects the intracellular Ca2+ signaling may vary from one cell type to another. For example, in Rat Basophilic Leukemia 2H3 (RBL-2H3) cells, which are often utilized as a model system for mast cells, filamentous actin (F-actin) has been shown to be implicated in intracellular signaling. Being a part of the immune system, mast cells are best known for allergic responses. The surface of mast cells is covered with immunoglobulin E (IgE) receptors (FcεRI), which have high affinity to the Fc region of IgE. Presenting allergens to the IgE-bound mast cells then leads to exocytosis of histamine and other contents (degranulation), which is dependent on both Ca2+ and the actin cytoskeleton [51,52]. Stimulating IgE-sensitized RBL-2H3 cells with an antigen causes an increase in F-actin assembly, InsP3 formation, and oscillatory Ca2+ increase in the cell. All these changes are considered to be essential for degranulation [53]. Interestingly, in the presence of Cytochalasin-D (CYT-D), another agent promoting actin depolymerization, the IgE-sensitized RBL-2H3 cells displayed a much reduced F-actin formation upon antigenic stimulation, but this cytoskeletal change paradoxically enhanced the response of the cells to the antigen by showing increased levels of InsP3 production and Ca2+ signals, which in turn led to increased degranulation [53]. Thus, actin depolymerization appears to have the opposite effects on T-cells (Jurkat) and mast cells (RBL-2H3) in terms of InsP3 production and Ca2+ signaling. The InsP3-boosting effect of CYT-D in stimulated RBL-2H3 cells was negated by the actin-stabilizing drug Jasplakinolide, suggesting that the enhancement of InsP3 and Ca2+ responses was the result of nothing but actin depolymerization. How does the actin cytoskeleton modulate the levels of InsP3 and Ca2+? Since U73122 (an inhibitor of PLC) also abolished the Ca2+-enhancing effects of CYT-D in the stimulated RBL-2H3 cells, it was proposed that PLC activation depends on the actin cytoskeleton, the reorganization of which accompanies FcεRI-induced tyrosine kinase activation. Now that the actin meshwork is loosened, PLC may be hyper-activated by antigenic stimulation (Figure 1B). Indeed, when actin polymerization was inhibited by LAT-A, the stimulated RBL-2H3 cells exhibited enhanced degranulation with higher PLC activity. In these cells, the extent of tyrosine-phosphorylation was also increased on the FcεRI receptor itself by the action of non-receptor type protein tyrosine kinases such as Lyn and Syk (Figure 1, see mast cells) [54]. As the augmented degranulation induced by LAT-A was nullified when the cells were stimulated by a potent inhibitor of protein tyrosine phosphatase pervanadate [54,55], the effect of the actin depolymerization appears to be directed to protein tyrosine kinases, PLC, and other molecules involved in the downstream pathway of FcεRI receptor. Interestingly, these actin drugs did not directly affect the store-operated Ca2+ entry or thapsigargin-induced Ca2+ release from the intracellular stores, suggesting that the effect of the actin cytoskeleton on the Ca2+ toolkits in this particular cell type is specifically on the PLC pathway. Hence, depolymerization of F-actin in the antigen-stimulated FcεRI in RBL-2H3 cells appears to promote PLC activation, whereas its excessive polymerization inhibits degranulation [53,56]. In support of the idea, another example can be taken. Degranulation in RBL-2H3 cells, to a lesser extent, can be initiated through antibody-mediated aggregation of the cell surface glycoprotein Thy-1 within the lipid rafts [57]. Interestingly, the presence of LAT-A again elicited more potent degranulation, following quicker and larger Ca2+ response. It is noteworthy that LAT-A treatment alone slightly increased the phosphorylation level of Syk and the enzymatic activity of phosphatidylinositol 3-kinase (PI3K), albeit without initiating degranulation [58]. Thus, the polymerization status of the actin meshwork near the plasma membrane appears to set the tone to degranulation in mast cells [58] and lymphocytes [46] by modulating the activities of the key signaling enzymes that promote Ca2+ increase and secretory response.



Stimulating IgE-sensitized mast cells (RBL-2H3) with antigens causes tyrosine-phosphorylation of the cytoplasmic tails of the FcεRI β and γ subunits by Lyn. This, in turn, leads to the phosphorylation of several downstream effectors including PLC-γ (Figure 1B), which results in PLC activation, InsP3 formation, and oscillatory Ca2+ increase in the cytoplasm [59,60,61]. In stimulated RBL-2H3 cells, FcεRI is colocalized with Lyn and F-actin. Curiously enough, inhibiting actin polymerization with CYT-D sustained FcεRI in the phosphorylated state much longer, which is in part accountable for the enhanced degranulation [62]. Furthermore, enhanced phosphorylation was also found in the downstream effector Syk, which is in line with the substantial augmentation of the intracellular Ca2+ level [54,55,63]. One possible explanation for all of these observations may be that some unknown phosphatases are also part of the FcεRI/F-actin complex, and that these enzymes lose their access to FcεRI once F-actin is depolymerized.




2.3. Platelets


The third example where the actin cytoskeleton is intimately involved in signal transduction across the plasma membrane is found in the thrombin-stimulated aggregation of platelets, the anucleated blood cells derived from megakaryocytes [64,65,66]. Upon binding to the agonist such as collagen at the site of disrupted endothelium, the platelet-specific integrin (αIIbβ3) activates a variety of downstream enzymes to initiate Ca2+ and phosphorylation signaling pathways that will change cell shape and consolidate platelet aggregation to promote blood clotting [67,68,69]. Curiously, some of these enzymes translocate to the actin cytoskeleton near the plasma membrane to remain active and regulate the metabolism of phosphoinositide. For example, the activities of the actin cytoskeleton-bound PI3K, phosphatidylinositol 4-kinase (PI4K), diacylglycerol (DAG) kinase, and PLC were significantly increased upon platelet activation [21]. Likewise, translocation to the actin signaling platform significantly increases the activity of the phosphatidylinositol 4-phosphate 5 kinase C (Ptdins 4-P 5-kinase C) to enhance the synthesis of PIP2. The consequent shift of the balance in PIP2 level, in turn, is likely to induce remodeling of the actin cytoskeleton by way of the ABPs that have affinity to PIP2 [13,70]. Similarly, inositol polyphosphate 4-phosphatase is also translocated to the actin cytoskeleton following platelet activation [71,72]. Thus, the metabolism of phosphoinositide appears to be closely linked to the subplasmalemmal actin cytoskeleton to have a mutual influence on each other. On the other hand, activated integrins induce translocation of PLCβ3 to the actin cytoskeleton, which appears to require not only actin polymerization, but also phosphorylation of certain proteins, as judged by the fact that CYT-D or genistein (an inhibitor of tyrosine kinases) prevents the translocation [73]. In addition, blocking integrin by applying fibrinogen antagonist tetra-peptide (RGDS) or the inhibitory monoclonal anti-integrin β3 antibody prevents the thrombin-mediated enhancement of actin polymerization, which leads to failed translocation of PLCβ3 to the actin-rich region. As a result of deregulated actin polymerization, thrombin-induced platelet aggregation is considerably inhibited (Figure 1C) [73]. While PLCβ3 plays decisive roles in mobilizing intracellular Ca2+ (via InsP3) and in remodeling F-actin to induce platelet aggregation [74], its spatial dispatching in association with F-actin may signify another layer of control for the enzyme activity.





3. Modulation of Cytokine or Trophic Factor Signaling Pathways by the Cortical Actin Cytoskeleton


Constituting about 80% of the liver mass, hepatocytes are known to regenerate actively in a growth factor and cytokine-dependent manner [75]. When these cells are stimulated by epidermal growth factor (EGF), which binds to its receptor (EGFR) on the cell surface, an intracellular Ca2+ increase is induced in a pathway involving phosphorylation of PLC-γ1. However, primary cultures of hepatocytes with prolonged exposure to EGF (1–24 h) enter a refractory phase, during which the activation of PLC by EGF shows a rapid decline. Interestingly, this reduced effect of EGF on PLC was not attributable to decreased number of EGFR and PLC-γ1 per se, nor to reduced phosphorylation of EGFR and PLC-γ1 tyrosine phosphorylation, which did not change much during this period [76]. This apparent downregulation of PLC activity arose rather from the reduced localization of PLC-γ1 in association with the cortical actin cytoskeleton. Indeed, loosening up the actin meshwork with CYT-D not only restored InsP3 formation and Ca2+ mobilization back to the levels in the freshly isolated cells being exposed to EGF, but also increased colocalization of PLC-γ1 with the actin cytoskeleton. Thus, for the enzyme activity, its cytoskeletal context matters profoundly. In this case, it is quite remarkable that the rates of cytoskeletal reorganization and the consequent redistribution of PLC-γ1 can highly influence PLC-γ1 activity regardless of its phosphorylation status [76].



A similar phenomenon was observed when bone marrow-derived macrophage precursors were stimulated by macrophage colony stimulated factor (M-CSF) in a physiological model of macrophage differentiation [77]. Upon the cell’s exposure to M-CSF, PLC-γ2 in these cells readily translocates from the perinuclear zone to the cell periphery (plasma membrane) in a cytoskeleton-dependent manner. The translocated PLC-γ2 molecules tend to be tyrosine phosphorylated. As PLC-γ2 phosphorylation mainly depends on non-receptor type protein-tyrosine kinase Src, it is presumed that the receptor for M-CSF, which is a tyrosine kinase, phosphorylates Src and other downstream effectors. On the other hand, PLC-γ2 binds directly to actin through its SH2 domain, which is facilitated by the polymerization of actin in response to M-CSF [77]. However, it is not known whether the tyrosine-phosphorylation and translocation of PLC-γ2 in this process actually leads to the activation of the enzyme to induce InsP3 production and intracellular Ca2+ signals.



Furthermore, activity of Src itself appears to be modulated by the actin cytoskeleton. The growth cone of a neuron is filled with dynamically remodeling actin filaments that are searching for the right direction for axonal growth, following the guidance cues such as Netrin-1 (attractant) and Slit-2 (repulsive) [78,79,80,81]. Binding of these guidance cue molecules to the local cell surface receptors evokes a cascade of downstream pathway that involves tyrosine-protein kinases. Studies in neurons of sea slug Aplysia californica have shown that Src plays an important role in the growth cone dynamics by acting on cortactin and other substrates [82,83]. In the growth cone of developing rat brain, it has been shown that Src associated with the cytoskeleton has an intriguingly higher enzyme activity than the soluble ones [22]. When Src is phosphorylated on tyrosine-527, this negatively charged residue binds to the SH2 domain of Src itself, which induces conformational change of the enzyme so that it falls off from the cytoskeleton, thereby causing a decline in the enzymatic activity [22]. Therefore, association with the cytoskeleton in the cell cortex may serve as a platform modulating the activity of signaling enzymes. While Src in the growth cone of the Aplysia neuron colocalizes with both F-actin and microtubules, it is an open question whether Src binds to F-actin directly as its related protein Shc (Src homologous and collagen) does, or indirectly through other actin-binding proteins such as cortactin [84,85,86].




4. Actin-Binding-Proteins in Controlling Enzyme Activity


If the actin cytoskeleton modulates signal transduction in the subplasmalemmal region, ABPs may well play crucial roles behind the scenes. As its name implies, ABP binds to actin monomer (G-actin) or F-actin and influences the polymerization dynamics to remodel the actin cytoskeleton, often in an accelerated manner. Importantly, most ABPs have a stretch of basic amino acid residues that are thought to enable ABPs to anchor to PIP2 on the inner leaflet of the plasma membrane [13]. Their competitive binding to both actin and PIP2, or even directly to enzymes, would have a profound impact not only on the actin cytoskeleton dynamics, but also on signal transmission [87,88]. According to an in vitro study with purified proteins and synthetic membranes, when profilin (an actin monomer-sequestering protein) is bound to PIP2, it prevents PIP2 from being cleaved by non-phosphorylated quiescent PLC-γ1. However, upon activation of EGFR and the subsequent tyrosine phosphorylation of PLC-γ1, the inhibitory binding of profilin to PIP2 is overcome by the phosphorylated PLC-γ1, and PIP2 is cleaved (Figure 2A). Profilin binding to PIP2 not only inhibits its own interaction with actin [70,89], but may also prevent non-phosphorylated PLC-γ1 from binding its substrate PIP2 and thereby impede the formation of the second messengers InsP3 and DAG. Thus, binding or displacement of profilin on PIP2 may be a critical factor controlling the activity of certain enzymes that interact with PIP2 [89]. In this case, what influences the enzyme activity of PLC-γ1 is not the actin filaments per se, but the accessary protein that binds to actin.



ABP can also act as a converging point for the transduced signals. A multifunctional ABP villin, which severs, caps, nucleates, and bundles F-actin, can directly bind to PLC-γ1 and thereby affect the enzyme activity in the subplasmalemmal cell compartments [90]. In vitro studies using recombinant and native villin purified from the brush borders of chicken intestinal epithelial cells demonstrated its interaction with PLC-γ1 and its substrate PIP2. Villin’s binding to PIP2 inhibits PLC-γ1, but villin’s tyrosine-phosphorylation by Src reverses this inhibition because phosphorylated villin no longer binds to PIP2 (Figure 2B). As villin is tyrosine phosphorylated in vivo in response to receptor activation and also binds to the membrane-bound PLC-γ1 and Ca2+ [91,92], the multifunctional ABP villin is likely to regulate the actin cytoskeleton dynamics and converge signal transduction pathways. Since PIP2 is predominantly located in the plasma membrane [93,94], all these interactions among PIP2, actin, and ABPs are the molecular events taking place in the tight junction between plasma membrane (i.e., PIP2) and the subplasmalemmal actin cytoskeleton.



Besides interacting with PIP2, ABPs are often found as a component of a receptor complex. In human mammary epithelial (HME) cells, immunoprecipitation of EGFR-bound proteins detected α-actinin (a Ca2+-dependent F-actin bundling protein) together with PLC-γ, actin, and integrin β1 in the adhesion complex even before the EGF stimulation [95]. When the cells are treated with CYT-D, they retract and change their shapes. Even so, the interaction in the adhesion complex between the EGFR and PLC-γ was not affected, implying a direct interaction between the two. Upon EGF stimulation, however, CYT-D inhibited PIP2 hydrolysis, and decreased the level of EGF-induced α-actinin binding to PIP2. Thus, the polymerization status of the actin cytoskeleton appears to affect the EGFR complex only when it is in the stimulated state. The diminished PLC activity following artificial depolymerization of F-actin by CYT-D might be attributable to the changed subcellular location of α-actinin departing from the PIP2-bound pool. Interestingly, in concert with other ABPs such as myosin, α-actinin seems to have an opposite effect on the PLC activity. While PIP2-bound profilin and villin inhibit PIP2 hydrolysis, α-actinin bound to PIP2 in the EGF-stimulated HME cells facilitates hydrolysis of PIP2 by PLC-γ (Figure 2C) [95,96].



An example of how ABP binding to F-actin mediates cell signaling is found during the stretch-induced proliferation of rat fetal lung cells [97]. Mechanical stretch induces cytoskeletal deformation, which evokes signal transduction by translocating Src from cytosol to the actin cytoskeleton. This process is mediated by the binding of Src to actin filament-associated protein (AFAP) adaptors that localize on and cross-link the actin fibers. This binding promotes Src activation and tyrosine phosphorylation of AFAP and other target proteins of Src (e.g., phospholipase C-γ, Figure 2D) [97]. Hence, the actin cytoskeleton in the cell cortex takes part in transducing not only extracellular chemical cues, but also the external physical forces into intracellular biochemical signals by activating a non-receptor tyrosine-protein kinase Src.




5. Modulation of the Ion Channels Activity by the Actin Cytoskeleton


As the actin cytoskeleton is in vicinity to the plasma membrane and organelles, the ion channels residing on the cell membranes are surrounded by a meshwork of actin filaments. More often than not, some of the ion channels are physically in contact with actin. Given that the actin cytoskeleton is constantly reorganizing itself and rapidly changes its spatial arrangement following the cell signaling cues, it is conceivable that certain configurations of actin cytoskeleton near the ion channels may either favor or inhibit opening of the channel [98]. For example, studies on mouse mammary adenocarcinoma cells expressing human cystic fibrosis transmembrane conductance regulator (CFTR, a phosphorylation and ATP-gated anion channel) have shown that brief exposure to CYT-D significantly enhances the channel conductance for Cl- in the current–voltage curve to the extent that is comparable to the time when the channel is activated by adenosine 3’,5’-cyclic monophosphate (cAMP), the second messenger activating protein kinase A (PKA) [99]. On the other hand, a more extensive disassembling of the actin filaments by longer exposure to CYT-D (6 to 9 h) completely abolished the channel activity including the cAMP-induced currents. In the same condition, addition of PKA to the cytoplasmic side of the excised cell patches did not restore the channel activity either. Remarkably, however, addition of exogenous actin and ATP (to stimulate de novo polymerization) restored it [99]. Thus, while moderate shortening of long actin filaments activates the channel, excessive depolymerization actually antagonizes the channel activity in this particular case. Furthermore, CFTR activity was inhibited either by disturbing polymerization/depolymerization balance by preventing polymerization with deoxyribonuclease I (DNase I, also an ABP) [100,101] or by inducing actin bundling with filamin [99].



Modulation of ion flux by the actin cytoskeleton is not restricted to anion channels. Indeed, the polymerization status of cortical actin also affects Na+ channel activity in epithelial cells. In the Xenopus kidney A6 cell line, Na+ channels are co-localized with F-actin [102]. Moreover, addition of CYT-D to the excised patch showing no spontaneous channel activity suddenly induced the Na+ current within 1–2 minutes. Similarly, addition of G-actin at a concentration that stimulates the formation of short actin filaments activated the Na+ channel within five minutes. In contrast, adding long actin filaments preassembled in vitro did not have such an effect, suggesting that the length of the actin filaments is critical for the Na+ channel activation. In the given experimental system, it thus appears that F-actin of an intermediate length is favorable in promoting the activity of CFTR and Na+ channel activities.



The actin cytoskeleton also affects the activity of voltage-gated ion channels in excitable cells. Disruption of the actin cytoskeleton in salamander retinal ganglion cells can alter the activity of both L-type Ca2+channels and K+ channels [103]. Measurements of the whole-cell currents demonstrated that the addition of actin-depolymerizing drugs (LAT and CYT) substantially reduced the peak of the Ca2+ current, whereas the same treatment inhibited the sustained outward K+ currents elicited by depolarizing pulses. The effect was attributed to the changes in the actin cytoskeleton per se because it was all nullified by adding phalloidin (a drug stabilizing F-actin) in the patch pipette. Consistently, LAT-A inhibited the Ca2+ current produced by elevated KCl concentration, a less-invasive method to depolarize the membrane, and the potency of inhibition was proportional to the length of LAT-A exposure [103]. These observations imply that excessive actin depolymerization interferes with the normal ion channel function and thereby inhibits ion fluxes across the plasma membrane. Furthermore, neurons of rat dorsal root ganglion (DRG) exposed to LAT-A during the patch-clamp recordings exhibited multiple action potential firings with increased duration, drawing a drastic contrast with the control cells that showed only one action potential in response to the same depolarizing current [104]. Under the voltage-clamp condition, LAT-A inhibited K+ current in a dose-dependent manner. This finding implies that LAT-A-induced actin depolymerization may impede repolarization of the membrane potential so that triggering multiple action potentials is facilitated. Again, phalloidin alleviated both the LAT-A-induced inhibition of K+ current and the frequency-modulating effect on the action potentials, corroborating that the effects were because of the alteration of F-actin [104]. In this experiment, actin drug inducing depolymerization altered neither the resting potential nor the amplitude of the action potentials, but specifically inhibited the voltage-activated Ca2+ current. Hence, actin depolymerization dramatically increases the electrophysiological excitability of DRG neurons, whereas the similar condition in salamander retinal ganglion cells appears to have an inhibitory effect on the activities of voltage-gated Ca2+ channels.



It is noteworthy that the actin cytoskeleton also interacts with Ca2+ pumps and thereby modulates their activities. For example, Ca2+ pumps at the plasma membrane (plasma membrane Ca2+ ATPase, PMCA) extrude Ca2+ ions to the extracellular space against the concentration gradient by spending ATP energy. Interestingly, the activity of PMCA is modulated by the actin filaments that interact with the pumps [24,26,105]. A similar modulation by the actin cytoskeleton has also been observed with other Ca2+ pumps present in the endoplasmic reticulum or secretary vesicles [106,107]. Since actin has strong affinity to both Ca2+ and ATP, a shift in F-actin’s polymerization dynamics is expected to interfere with the activity of the Ca2+ pumps. Nonetheless, the precise mechanism by which the actin cytoskeleton modulates the activity of Ca2+ channels and pumps is largely unknown.




6. F-Actin Depolymerization Is Often Sufficient to Trigger Cell Signaling


It is noteworthy that, in the aforementioned study on DRG neurons, treatment of the cells with LAT-A alone produced intracellular Ca2+ increase in 65% of the cases [104]. It now merits reviewing some examples where cells exhibit spontaneous Ca2+ signals or activate certain signaling enzymes merely by the changes in the cortical actin cytoskeleton without the aid of physiological cues or trophic factors. The dense meshwork of F-actin in the crowded subplasmalemmal space could serve as an anchoring point or a platform on which certain signaling proteins can carry out their functions. On the other hand, the same cytoskeletal structure may instead act as a physical barrier for the signaling molecules [108,109]. When F-actin in the zone depolymerizes, PIP2 in plasma membrane is expected to become more accessible to ABPs and enzymes like PLC. According to this model, in certain cases, depolymerization of the actin cytoskeleton itself can trigger PLC-mediated PIP2 hydrolysis to generate InsP3 and intracellular Ca2+ signals even in the absence of physiological stimuli. One such example is B lymphocytes (B cells) where exposure to cytochalasins (A, B, D, and E) induces rapid and sustained increment of intracellular Ca2+ [110]. Although the Ca2+ derives largely from the extracellular medium, a small transient Ca2+ elevation is consistently observed when cells were kept in a Ca2+-free medium, indicating that some contribution is also made by Ca2+ mobilization from the internal stores [110]. In line with the latter finding, CYT-D elicits a more than twofold increase in intracellular InsP3 level in B cells within 5 minutes of incubation [111]. The same effect appears to be due to CYT-D’s specific action on actin because a similar molecule, chaetoglobosins C, which does not bind to actin, failed to do so. Hence, depolymerization of F-actin itself is likely to be the cause of InsP3 increase in B cells. Given that the artificial actin depolymerization triggering cellular responses (e.g. Ca2+ increase) is reminiscent of the antigen-induced B cell activation, rapid changes in actin dynamics by the external cues may launch multiple signaling pathways during B cell receptor activation and thereby play more important roles than was previously appreciated [112]. While the precise molecular mechanism underlying the Ca2+ increase evoked by actin depolymerization is not known, it has been shown that B cells obtained from the transgenic mice lacking stimulatory co-receptor CD19 (cluster of differentiation 19) do not respond to LAT-A with intracellular Ca2+ increase. This observation suggests that the Ca2+-mobilizing effect exerted by actin depolymerization is mediated by CD19. In support of the idea, the responsiveness to LAT-A was restored in the bone marrow chimera cells obtained by injecting exogenous bone marrow cells expressing some mutant forms of CD19. However, the cells expressing specific CD19 mutants unable to bind PLC or Fyn failed to respond to LAT-A with the expected Ca2+ increases [112]. These findings are compatible with the idea that F-actin not only regulates the location of B cell receptors and CD19 [113], but may also play a role in restraining spontaneous signaling in the resting B cells.



A similar phenomenon has also been reported in starfish eggs in which depolymerization of subplasmalemmal F-actin itself is sufficient to activate a signaling pathway to trigger intracellular Ca2+ increase and egg activation [38,114]. During meiotic maturation, the cortex and cell surface of starfish eggs are drastically reorganized in terms of vesicular structure and the subplasmalemmal actin network. These eggs readily respond to a fertilizing sperm with a sharp rise of InsP3 and intracellular Ca2+ increase. However, the Ca2+-mobilizing machinery of the egg is under tight control until the due signal (fertilization) arrives. This prohibitive mechanism preventing erratic triggering of Ca2+ signaling in unfertilized eggs is dependent upon the subplasmalemmal actin cytoskeleton. Indeed, when exposed to the drugs promoting actin depolymerization, eggs of certain starfish species (Astropecten aranciacus) ‘spontaneously’ exhibit intracellular Ca2+ increases in the absence of sperm (Figure 3). The initial finding with mature eggs of Astropecten aranciacus featured several interesting points: (i) LAT-A generates a Ca2+ wave that resembles the one elicited by the fertilizing sperm; (ii) the Ca2+ wave is often accompanied by Ca2+ influx forming cortical flash; (iii) the Ca2+ wave and influx recur for hours; (iv) the Ca2+ wave is blocked by heparin, the conventional inhibitor of InsP3 receptor; and (v) the ‘spontaneous’ sperm-free Ca2+ increase induced by LAT-A requires maturation of oocytes, which renders the cells more sensitive to InsP3 by an order of magnitude [114]. Thus, it appears that depolymerization of F-actin in these eggs generated Ca2+ waves in a pathway involving InsP3 receptor. However, this conclusion was obscured by the later finding that heparin drastically hyperpolymerizes actin in the subplasmalemmal region [40,115], and by the intriguing possibility that polymerization and depolymerization of actin could respectively serve as mechanisms by which to sequester and release intracellular Ca2+ inside cells due to actin’s strong affinity to Ca2+ [116]. If the latter scenario holds, LAT-A might have increased Ca2+ in a direct pathway independent of the InsP3 receptor. This very idea was put to the test in a recent study [38]. First of all, the LAT-A-induced Ca2+ wave and flux in A. aranciacus eggs was not due to some unknown side effects of the actin drug, but was a bona fide consequence of actin depolymerization. The Ca2+ waves triggered by LAT-A were replicated by other drugs similarly promoting actin depolymerization (i.e., cytochalasin B and mycalolide B), but inhibited by jasplakinolide and phalloidin, which stabilize actin filaments. The cytoskeletal changes induced by LAT-A did not make the eggs more sensitive to InsP3, but instead increased the rate of InsP3 synthesis as judged by the ELISA assay and the decrease of PIP2 on the plasma membrane. In agreement with this finding, the LAT-A-induced Ca2+ waves were severely suppressed by inhibitors of PLC (U73122, neomycin) and by the dominant negative recombinant protein containing the tandem SH2 domains of PLC-γ [38]. Interestingly, exposure of sea urchin (Paracentrotus lividus) eggs to LAT-A also led to a significant increase in InsP3. Taken together with the findings in the immune cells of mammals, these results suggest that subplasmalemmal region of animal cells manifesting enormous reactivity toward sperm or immunogenic elements are equipped with potent signaling toolkits such as components of the PLC/InsP3 signaling pathway that are under the tight controls of the actin cytoskeleton on the cell surface.




7. Concluding Remarks


In this study, we reviewed some of the experimental evidence that artificial modification of the actin cytoskeleton results in significant changes in the activities of certain enzymes and ion channels. The Ca2+ signaling pathway made of a cascade of steps involving cell surface receptors, Src family protein kinases, PLC, InsP3, and InsP3 receptor is one of the most extensively studied signal transduction mechanisms [117,118,119,120]. Not surprisingly, the findings in this topic have largely centered on the actin-dependent modulation of the enzymes or channel activities related to intracellular Ca2+ signaling via the PLC/InsP3 pathway. Nonetheless, it is noteworthy that such a phenomenon has been observed in a variety of cell types from diverse phyla (Table 1), which suggests that the physical and functional association of the enzymes and ion channels with the actin cytoskeleton is a physiologically and evolutionally significant strategy of cells. On the other hand, relatively less is known about similar physical and functional links to other forms of cytoskeleton, although it has been intermittently reported that some metabolic and signaling enzymes are associated with microtubules and intermediate filaments [121,122,123].



The ability to bind to cytoskeletal filaments provides the enzymes and ion channels with an advantage in trafficking and precise subcellular positioning. The enzymes’ binding to actin results in mutual influence, as exemplified by DNase I; actin suppresses DNase I activity, while DNase I in turn inhibits actin polymerization [100,101]. Furthermore, polymerization and depolymerization kinetics add nuance to the relationship between the enzymes and its substrates or binding partners comprising the enzyme complex. With the change in the cytoskeleton, the distance between them may increase or decrease. Thus, the actin cytoskeleton may facilitate interactions between the signaling molecules that are attached to it. Conversely, it may also assist in preventing unintended contacts between signaling molecules by sequestering them. Spontaneous generation of Ca2+ signals by the disruption of the actin filaments supports the latter idea. Hence, the concept that the actin cytoskeleton modulates the activities of enzymes and ion channels might have physiological significance from several perspectives. If signaling molecules like PLC are linked to the actin cytoskeleton and their activities are modulated by polymerization and depolymerization status of actin in a variety of cell types and in a wide spectrum of animal species, would the phenomenon have physiological relevance that has not been appreciated much to date? Furthermore, it bears an emphasis that the cytoskeleton also contributes to a cell’s sensing and conduction of the mechanical signals. In theory, it is conceivable that contact or collision between cells in a situation like fertilization may transmit a mechanical signal that induces local rearrangement of actin filaments, which in turn generates a chemical signal to activate certain enzymes and channels. Such a cell signaling mechanism has not been much explored, but may merit formal investigations in the future.
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	CD3
	Cluster of differentiation 3



	PLC
	Phospholipase C



	PIP2
	Phosphatidylinositol 4,5-bisphosphate



	RBL-2H3
	Rat Basophilic Leukemia 2H3



	αIIbβ3
	Platelet-specific integrin receptor



	DAG
	Diacylglycerol



	EGF
	Epidermal growth factor



	M-CSF
	Macrophage colony stimulated factor



	HME
	Human mammary epithelial



	AFAP
	Actin-filament associated protein



	CFTR
	Human cystic fibrosis transmembrane conductance regulator



	PKA
	Protein kinase A



	CYT-D
	Cytochalasin D



	LAT-A
	Latrunculin A



	cAMP
	adenosine 3’,5’-cyclic monophosphate







References


	



Luo, L. Actin Cytoskeleton Regulation in Neuronal Morphogenesis and Structural Plasticity. Ann. Rev. Cell Dev. Biol. 2002, 18, 601–635. [Google Scholar] [CrossRef]

	



Pollard, T.D.; Borisy, G.G. Cellular Motility Driven by Assembly and Disassembly of Actin Filaments. Cell 2003, 112, 453–465. [Google Scholar] [CrossRef]

	



Salbreux, G.; Charras, G.; Paluch, E. Actin cortex mechanics and cellular morphogenesis. Trends Cell Biol. 2012, 22, 536–545. [Google Scholar] [CrossRef]

	



Schaks, M.; Giannone, G.; Rottner, K. Actin dynamics in cell migration. Essays Biochem. 2019, 63, 483–495. [Google Scholar] [CrossRef]

	



Thomas, S.G. The Structure of Resting and Activated Platelets. In Platelets, 4th ed.; Michelson, A.D., Ed.; Academic Press BV: Cambridge, MA, USA, 2019; pp. 47–77. [Google Scholar]

	



Forscher, P.; Smith, S.J. Actions of cytochalasins on the organization of actin filaments and microtubules in a neuronal growth cone. J. Cell Biol. 1988, 107, 1505–1516. [Google Scholar] [CrossRef]

	



May, R.; Machesky, L. Phagocytosis and the actin cytoskeleton. J. Cell Sci. 2001, 114, 1061–1077. [Google Scholar] [CrossRef]

	



Santella, L.; Limatola, N.; Chun, J.T. Cellular and molecular aspects of oocyte maturation and fertilization: A perspective from the actin cytoskeleton. Zool. Lett. 2020, 6, 1–21. [Google Scholar] [CrossRef] [PubMed]

	



Dos Remedios, C.G.; Chhabra, D.; Kekic, M.; Dedova, I.V.; Tsubakihara, M.; Berry, D.A.; Nosworthy, N.J. Actin Binding Proteins: Regulation of Cytoskeletal Microfilaments. Physiol. Rev. 2003, 83, 433–473. [Google Scholar] [CrossRef] [PubMed]

	



Saarikangas, J.; Zhao, H.; Lappalainen, P. Regulation of the actin cytoskeleton-plasma membrane interplay by phosphoinosi-tides. Physiol. Rev. 2010, 90, 259–289. [Google Scholar] [CrossRef] [PubMed]

	



Pollard, T.D. Actin and Actin-Binding Proteins. Cold Spring Harb. Perspect. Biol. 2016, 8, a018226. [Google Scholar] [CrossRef]

	



Yin, H.L.; Janmey, P.A. Phosphoinositide Regulation of the Actin Cytoskeleton. Annu. Rev. Physiol. 2003, 65, 761–789. [Google Scholar] [CrossRef]

	



Di Paolo, G.; De Camilli, P. Phosphoinositides in cell regulation and membrane dynamics. Nature 2006, 443, 651–657. [Google Scholar] [CrossRef] [PubMed]

	



Senju, Y.; Kalimeri, M.; Koskela, E.V.; Somerharju, P.; Zhao, H.; Vattulainen, I.; Lappalainen, P. Mechanistic principles underlying regulation of the actin cytoskeleton by phosphoinositides. Proc. Natl. Acad. Sci. USA 2017, 114, E8977–E8986. [Google Scholar] [CrossRef] [PubMed]

	



Janmey, P.A. The Cytoskeleton and Cell Signaling: Component Localization and Mechanical Coupling. Physiol. Rev. 1998, 78, 763–781. [Google Scholar] [CrossRef] [PubMed]

	



Santella, L.; Chun, J.T. Actin, more than just a housekeeping protein at the scene of fertilization. Sci. China Life Sci. 2011, 54, 733–743. [Google Scholar] [CrossRef]

	



Maltese, W.A. Posttranslational modification of proteins by isoprenoids in mammalian cells. FASEB J. 1990, 4, 3319–3328. [Google Scholar] [CrossRef]

	



Cadwallader, K.A.; Paterson, H.; Macdonald, S.G.; Hancock, J.F. N-terminally myristoylated RAS proteins require palmitoylation or a polybasic domain for plasma membrane localization. Mol. Cell. Biol. 1994, 14, 4722–4730. [Google Scholar] [CrossRef]

	



Resh, M.D. Fatty acylation of proteins: New insights into membrane targeting of myristoylated and palmitoylated proteins. Biochim. Biophys. Acta (BBA) Bioenerg. 1999, 1451, 1–16. [Google Scholar] [CrossRef]

	



Fukui, Y.; O’Brien, M.C.; Hanafusa, H. Deletions in the SH2 domain of p60v-src prevent association with the detergent-insoluble cellular matrix. Mol. Cell. Biol. 1991, 11, 1207–1213. [Google Scholar] [CrossRef]

	



Grondin, P.; Plantavid, M.; Sultan, C.; Breton, M.; Mauco, G.; Chap, H. Interaction of pp60c-src, phospholipase C, inositol-lipid, and diacyglycerol kinases with the cytoskeletons of thrombin-stimulated platelets. J. Biol. Chem. 1991, 266, 15705–15709. [Google Scholar] [CrossRef]

	



Helmke, S.; Pfenninger, K.H. Growth cone enrichment and cytoskeletal association of non-receptor tyrosine kinases. Cell Motil. Cytoskelet. 1995, 30, 194–207. [Google Scholar] [CrossRef]

	



Rosado, J. A Role for the Actin Cytoskeleton in the Initiation and Maintenance of Store-Mediated Calcium Entry in Human Platelets. Trends Cardiovasc. Med. 2000, 10, 327–332. [Google Scholar] [CrossRef]

	



Dalghi, M.G.; Fernández, M.M.; Ferreira-Gomes, M.; Mangialavori, I.C.; Malchiodi, E.L.; Strehler, E.E.; Rossi, J.P.F.C. Plasma Membrane Calcium ATPase Activity Is Regulated by Actin Oligomers through Direct Interaction. J. Biol. Chem. 2013, 288, 23380–23393. [Google Scholar] [CrossRef]

	



Mazzochi, C.; Benos, D.J.; Smith, P.R. Interaction of epithelial ion channels with the actin-based cytoskeleton. Am. J. Physiol. Physiol. 2006, 291, F1113–F1122. [Google Scholar] [CrossRef]

	



Dalghi, M.G.; Ferreira-Gomes, M.; Rossi, J.P. Regulation of the Plasma Membrane Calcium ATPases by the actin cytoskeleton. Biochem. Biophys. Res. Commun. 2018, 506, 347–354. [Google Scholar] [CrossRef] [PubMed]

	



Shaw, J.E.; Koleske, A.J. Functional interactions of ion channels with the actin cytoskeleton: Does coupling to dynamic actin regulate NMDA receptors? J. Physiol. 2021, 599, 431–441. [Google Scholar] [CrossRef]

	



Morachevskaya, E.A.; Sudarikova, A.V. Actin dynamics as critical ion channel regulator: ENaC and Piezo in focus. Am. J. Physiol. Physiol. 2021, 320, C696–C702. [Google Scholar] [CrossRef]

	



Spira, M.E.; Oren, R.; Dormann, A.; Ilouz, N.; Lev, S. Calcium, protease activation, and cytoskeleton remodeling underlie growth cone formation and neuronal regeneration. Cell. Mol. Neurobiol. 2001, 21, 591–604. [Google Scholar] [CrossRef]

	



Furuyashiki, T.; Arakawa, Y.; Takemoto-Kimura, S.; Bito, H.; Narumiya, S. Multiple spatiotemporal modes of actin reorganization by NMDA receptors and voltage-gated Ca2+ channels. Proc. Natl. Acad. Sci. USA 2002, 99, 14458–14463. [Google Scholar] [CrossRef] [PubMed]

	



Hepler, P.K. The Cytoskeleton and Its Regulation by Calcium and Protons. Plant Physiol. 2016, 170, 3–22. [Google Scholar] [CrossRef] [PubMed]

	



Izadi, M.; Hou, W.; Qualmann, B.; Kessels, M.M. Direct effects of Ca2+/calmodulin on actin filament formation. Biochem. Biophys. Res. Commun. 2018, 506, 355–360. [Google Scholar] [CrossRef] [PubMed]

	



Lange, K. Microvillar Ca++ signaling: A new view of an old problem. J. Cell. Physiol. 1999, 180, 19–34. [Google Scholar] [CrossRef]

	



Chun, J.T.; Santella, L. Roles of the actin-binding proteins in intracellular Ca2+ signalling. Acta Physiol. 2009, 195, 61–70. [Google Scholar] [CrossRef] [PubMed]

	



Vasilev, F.; Chun, J.T.; Gragnaniello, G.; Garante, E.; Santella, L. Effects of Ionomycin on Egg Activation and Early Development in Starfish. PLoS ONE 2012, 7, e39231. [Google Scholar] [CrossRef] [PubMed]

	



Nakamura, M.; Sunagawa, M.; Kosugi, T.; Sperelakis, N. Actin filament disruption inhibits L-type Ca2+ channel current in cultured vascular smooth muscle cells. Am. J. Physiol. Physiol. 2000, 279, C480–C487. [Google Scholar] [CrossRef] [PubMed]

	



Supłat, D.; Targos, B.; Sabała, P.; Barańska, J.; Pomorski, P. Differentiation of answer of glioma C6 cells to SERCA pump inhibitors by actin disorganization. Biochem. Biophys. Res. Commun. 2004, 323, 870–875. [Google Scholar] [CrossRef]

	



Vasilev, F.; Limatola, N.; Park, D.-R.; Kim, U.-H.; Santella, L.; Chun, J.T. Disassembly of Subplasmalemmal Actin Filaments Induces Cytosolic Ca2+ Increases in Astropecten aranciacus Eggs. Cell. Physiol. Biochem. 2018, 48, 2011–2034. [Google Scholar] [CrossRef]

	



Nusco, G.A.; Chun, J.T.; Ercolano, E.; Lim, D.; Gragnaniello, G.; Kyozuka, K.; Santella, L. Modulation of calcium signalling by the actin-binding protein cofilin. Biochem. Biophys. Res. Commun. 2006, 348, 109–114. [Google Scholar] [CrossRef]

	



Kyozuka, K.; Chun, J.T.; Puppo, A.; Gragnaniello, G.; Garante, E.; Santella, L. Actin cytoskeleton modulates calcium signaling during maturation of starfish oocytes. Dev. Biol. 2008, 320, 426–435. [Google Scholar] [CrossRef]

	



Kyozuka, K.; Chun, J.T.; Puppo, A.; Gragnaniello, G.; Garante, E.; Santella, L. Guanine Nucleotides in the Meiotic Maturation of Starfish Oocytes: Regulation of the Actin Cytoskeleton and of Ca2+ Signaling. PLoS ONE 2009, 4, e6296. [Google Scholar] [CrossRef]

	



Chun, J.T.; Limatola, N.; Vasilev, F.; Santella, L. Early events of fertilization in sea urchin eggs are sensitive to actin-binding organic molecules. Biochem. Biophys. Res. Commun. 2014, 450, 1166–1174. [Google Scholar] [CrossRef] [PubMed]

	



Limatola, N.; Chun, J.T.; Kyozuka, K.; Santella, L. Novel Ca2+ increases in the maturing oocytes of starfish during the germinal vesicle breakdown. Cell Calcium 2015, 58, 500–510. [Google Scholar] [CrossRef]

	



Santella, L.; Limatola, N.; Vasilev, F.; Chun, J.T. Maturation and fertilization of echinoderm eggs: Role of actin cytoskeleton dynamics. Biochem. Biophys. Res. Commun. 2018, 506, 361–371. [Google Scholar] [CrossRef]

	



Abraham, R.T.; Weiss, A. Jurkat T cells and development of the T-cell receptor signalling paradigm. Nat. Rev. Immunol. 2004, 4, 301–308. [Google Scholar] [CrossRef]

	



Arrieumerlou, C.; Randriamampita, C.; Bismuth, G.; Trautmann, A. Rac Is Involved in Early TCR Signaling. J. Immunol. 2000, 165, 3182–3189. [Google Scholar] [CrossRef]

	



Wolf, I.M.A.; Guse, A.H. Ca2+ Microdomains in T-Lymphocytes. Front. Oncol. 2017, 7, 73. [Google Scholar] [CrossRef]

	



Trebak, M.; Kinet, J.-P. Calcium signalling in T cells. Nat. Rev. Immunol. 2019, 19, 154–169. [Google Scholar] [CrossRef]

	



Friedmann, K.S.; Bozem, M.; Hoth, M. Calcium signal dynamics in T lymphocytes: Comparing in vivo and in vitro measurements. Semin. Cell Dev. Biol. 2019, 94, 84–93. [Google Scholar] [CrossRef] [PubMed]

	



Thauland, T.J.; Hu, K.H.; Bruce, M.A.; Butte, M.J. Cytoskeletal adaptivity regulates T cell receptor signaling. Sci. Signal. 2017, 10, eaah3737. [Google Scholar] [CrossRef] [PubMed]

	



Ang, W.G.; Church, A.M.; Kulis, M.; Choi, H.W.; Burks, A.W.; Abraham, S.N. Mast cell desensitization inhibits calcium flux and aberrantly remodels actin. J. Clin. Investig. 2016, 126, 4103–4118. [Google Scholar] [CrossRef]

	



Olivera, A.; Beaven, M.A.; Metcalfe, D.D. Mast cells signal their importance in health and disease. J. Allergy Clin. Immunol. 2018, 142, 381–393. [Google Scholar] [CrossRef] [PubMed]

	



Oka, T.; Sato, K.; Hori, M.; Ozaki, H.; Karaki, H. FcεRI cross-linking-induced actin assembly mediates calcium signalling in RBL-2H3 mast cells. Br. J. Pharmacol. 2002, 136, 837–846. [Google Scholar] [CrossRef]

	



Frigeri, L.; Apgar, J.R. The role of actin microfilaments in the down-regulationdownregulation of the degranulation re-sponse in RBL-2H3 mast cells. J. Immunol. 1999, 162, 2243–2250. [Google Scholar] [PubMed]

	



Teshima, R.; Ikebuchi, H.; Nakanishi, M.; Sawada, J. Stimulatory effect of pervanadate on calcium signals and histamine secretion of RBL-2H3 cells. Biochem. J. 1994, 302, 867–874. [Google Scholar] [CrossRef]

	



Sheshachalam, A.; Baier, A.; Eitzen, G. The effect of Rho drugs on mast cell activation and degranulation. J. Leukoc. Biol. 2017, 102, 71–81. [Google Scholar] [CrossRef] [PubMed]

	



Dráberová, L.; Amoui, M.; Dráber, P. Thy-1-mediated activation of rat mast cells: The role of Thy-1 membrane microdomains. Immunology 1996, 87, 141–148. [Google Scholar] [PubMed]

	



Tolarová, H.; Dráberová, L.; Heneberg, P.; Dráber, P. Involvement of filamentous actin in setting the threshold for degranulation in mast cells. Eur. J. Immunol. 2004, 34, 1627–1636. [Google Scholar] [CrossRef] [PubMed]

	



Pivniouk, V.I.; Snapper, S.B.; Kettner, A.; Alenius, H.; Laouini, D.; Falet, H.; Hartwig, J.; Alt, F.W.; Geha, R.S. Impaired signaling via the high-affinity IgE receptor in Wiskott-Aldrich syndrome protein-deficient mast cells. Int. Immunol. 2003, 15, 1431–1440. [Google Scholar] [CrossRef]

	



Yoon, E.; Beom, S.; Cheong, H.; Kim, S.; Oak, M.; Cho, D.; Kim, K.-M. Differential regulation of phospholipase Cγ subtypes through FcεRI, high affinity IgE receptor. Biochem. Biophys. Res. Commun. 2004, 325, 117–123. [Google Scholar] [CrossRef] [PubMed]

	



Wakefield, D.L.; Holowka, D.; Baird, B. The FcεRI signaling cascade and integrin trafficking converge at patterned ligand surfaces. Mol. Biol. Cell 2017, 28, 3383–3396. [Google Scholar] [CrossRef]

	



Holowka, D.; Sheets, E.D.; Baird, B. Interactions between FceRI and lipid raft components are regulated by the actin cytoskeleton. J. Cell Sci. 2000, 6, 1009–1019. [Google Scholar] [CrossRef]

	



Shelby, S.A.; Veatch, S.L.; Holowka, D.A.; Baird, B.A. Functional nanoscale coupling of Lyn kinase with IgE-FcεRI is restricted by the actin cytoskeleton in early antigen-stimulated signaling. Mol. Biol. Cell 2016, 27, 3645–3658. [Google Scholar] [CrossRef] [PubMed]

	



Frelinger, A.; Michelson, A.D.; Gremmel, T. Platelet Physiology. Semin. Thromb. Hemost. 2016, 42, 191–204. [Google Scholar] [CrossRef] [PubMed]

	



Estevez, B.; Du, X. New Concepts and Mechanisms of Platelet Activation Signaling. Physiology 2017, 32, 162–177. [Google Scholar] [CrossRef] [PubMed]

	



Scharf, R.E. Platelet Signaling in Primary Haemostasis and Arterial Thrombus Formation: Part 2. Hämostaseologie 2018, 38, 211–222. [Google Scholar] [CrossRef] [PubMed]

	



Obergfell, A.; Eto, K.; Mócsai, A.; Buensuceso, C.; Moores, S.L.; Brugge, J.S.; Lowell, C.A.; Shattil, S.J. Coordinate interactions of Csk, Src, and Syk kinases with αIIbβ3 initiate integrin signaling to the cytoskeleton. J. Cell Biol. 2002, 157, 265–275. [Google Scholar] [CrossRef]

	



Phillips, D.R.; Prasad, K.S.; Manganello, J.; Bao, M.; Nannizzi-Alaimo, L. Integrin tyrosine phosphorylation in platelet signaling. Curr. Opin. Cell Biol. 2001, 13, 546–554. [Google Scholar] [CrossRef]

	



Huang, J.; Li, X.; Shi, X.; Zhu, M.; Wang, J.; Huang, S.; Huang, X.; Wang, H.; Li, L.; Deng, H.; et al. Platelet integrin αIIbβ3: Signal transduction, regulation, and its therapeutic targeting. J. Hematol. Oncol. 2019, 12, 1–22. [Google Scholar] [CrossRef]

	



Goldschmidt-Clermont, P.J.; Machesky, L.; Baldassare, J.J.; Pollard, T.D. The actin-binding protein profilin binds to PIP2 and inhibits its hydrolysis by phospholipase C. Science 1990, 247, 1575–1578. [Google Scholar] [CrossRef]

	



Hinchliffe, K.A.; Irvine, R.F.; Divecha, N. Aggregation-dependent, integrin-mediated increases in cytoskeletally associated PtdInsP2 (4,5) levels in human platelets are controlled by translocation of PtdIns 4-P 5-kinase C to the cytoskeleton. EMBO J. 1996, 15, 6516–6524. [Google Scholar] [CrossRef]

	



Munday, A.D.; Norris, F.A.; Caldwell, K.K.; Brown, S.; Majerus, P.W.; Mitchell, C.A. The inositol polyphosphate 4-phosphatase forms a complex with phosphatidylinositol 3-kinase in human platelet cytosol. Proc. Natl. Acad. Sci. USA 1999, 96, 3640–3645. [Google Scholar] [CrossRef]

	



Banno, Y.; Nakashima, S.; Ohzawa, M.; Nozawa, Y. Differential Translocation of Phospholipase C Isozymes to Integrin-mediated Cytoskeletal Complexes in Thrombin-stimulated Human Platelets. J. Biol. Chem. 1996, 271, 14989–14994. [Google Scholar] [CrossRef] [PubMed]

	



Lian, L.; Wang, Y.; Draznin, J.; Eslin, D.; Bennett, J.S.; Poncz, M.; Wu, D.; Abrams, C.S. The relative role of PLCβ and PI3Kγ in platelet activation. Blood 2005, 106, 110–117. [Google Scholar] [CrossRef] [PubMed]

	



Khan, G.M.; Ghosh, A.; Variya, B.; Santharam, M.A.; Kandhi, R.; Ramanathan, S.; Ilangumaran, S. Hepatocyte growth control by SOCS1 and SOCS3. Cytokine 2019, 121, 154733. [Google Scholar] [CrossRef]

	



Nojiri, S.; Hoek, J. Suppression of Epidermal Growth Factor–Induced Phospholipase C Activation Associated with Actin Rearrangement in Rat Hepatocytes in Primary Culture. Hepatology 2000, 32, 947–957. [Google Scholar] [CrossRef]

	



Dearden-Badet, M.-T.; Mouchiroud, G. Re-distribution of phospholipase C gamma 2 in macrophage precursors is mediated by the actin cytoskeleton under the control of the Src kinases. Cell. Signal. 2005, 17, 1560–1571. [Google Scholar] [CrossRef] [PubMed]

	



Goodman, C.S. Mechanisms and Molecules that Control Growth Cone Guidance. Ann. Rev. Neurosci. 1996, 19, 341–377. [Google Scholar] [CrossRef]

	



Etamariz, E.; Varela-Echavarría, A. The discovery of the growth cone and its influence on the study of axon guidance. Front. Neuroanat. 2015, 9, 51. [Google Scholar] [CrossRef]

	



Bellon, A.; Mann, F. Keeping up with advances in axon guidance. Curr. Opin. Neurobiol. 2018, 53, 183–191. [Google Scholar] [CrossRef]

	



Di Giaimo, R.; Penna, E.; Pizzella, A.; Cirillo, R.; Perrone-Capano, C.; Crispino, M. Cross Talk at the Cytoskeleton–Plasma Membrane Interface: Impact on Neuronal Morphology and Functions. Int. J. Mol. Sci. 2020, 21, 9133. [Google Scholar] [CrossRef]

	



Suter, D.; Forscher, P. Transmission of growth cone traction force through apCAM–cytoskeletal linkages is regulated by Src family tyrosine kinase activity. J. Cell Biol. 2001, 155, 427–438. [Google Scholar] [CrossRef]

	



Ren, Y.; He, Y.; Brown, S.; Zbornik, E.; Mlodzianoski, M.; Ma, D.; Huang, F.; Mattoo, S.; Suter, D.M. A single tyrosine phosphorylation site in cortactin is important for filopodia formation in neuronal growth cones. Mol. Biol. Cell 2019, 30, 1817–1833. [Google Scholar] [CrossRef]

	



Thomas, D.; Patterson, S.D.; Bradshaw, R.A. Src Homologous and Collagen (Shc) Protein Binds to F-actin and Translocates to the Cytoskeleton upon Nerve Growth Factor Stimulation in PC12 Cells. J. Biol. Chem. 1995, 270, 28924–28931. [Google Scholar] [CrossRef]

	



Wu, B.; Decourt, B.; Zabidi, M.A.; Wuethrich, L.T.; Kim, W.H.; Zhou, Z.; MacIsaac, K.; Suter, D.M. Microtubule-mediated Src Tyrosine Kinase Trafficking in Neuronal Growth Cones. Mol. Biol. Cell 2008, 19, 4611–4627. [Google Scholar] [CrossRef]

	



He, Y.; Ren, Y.; Wu, B.; Decourt, B.; Lee, A.C.; Taylor, A.; Suter, D.M. Src and cortactin promote lamellipodia protrusion and filopodia formation and stability in growth cones. Mol. Biol. Cell 2015, 26, 3229–3244. [Google Scholar] [CrossRef] [PubMed]

	



Lassing, I.; Lindberg, U. Specific interaction between phosphatidylinositol 4,5-bisphosphate and profilactin. Nature 1985, 314, 472–474. [Google Scholar] [CrossRef] [PubMed]

	



Davey, R.J.; Moens, P.D. Profilin: Many facets of a small protein. Biophys. Rev. 2020, 12, 827–849. [Google Scholar] [CrossRef] [PubMed]

	



Goldschmidt-Clermont, P.J.; Kim, J.W.; Machesky, L.M.; Rhee, S.G.; Pollard, T.D. Regulation of Phospholipase C-γ1 by profilin and tyrosine phosphorylation. Science 1991, 251, 1231–1233. [Google Scholar] [CrossRef]

	



Panebra, A.; Ma, S.-X.; Zhai, L.-W.; Wang, X.-T.; Rhee, S.G.; Khurana, S. Regulation of phospholipase C-γ1 by the actin-regulatory protein villin. Am. J. Physiol. Cell Physiol. 2001, 281, C1046–C1058. [Google Scholar] [CrossRef]

	



Khurana, S.; Arpin, M.; Patterson, R.; Donowitz, M. Ileal Microvillar Protein Villin Is Tyrosine-phosphorylated and Associates with PLC-γ1. Role of cytoskeletal rearrangement in the carbachol-induced inhibiton of ileal NaCl absorption. J. Biol. Chem. 1997, 272, 30115–30121. [Google Scholar] [CrossRef]

	



Ferrary, E.; Cohen-Tannoudji, M.; Pehau-Arnaudet, G.; Lapillonne, A.; Athman, R.; Ruiz, T.; Boulouha, L.; El Marjou, F.; Doye, A.; Fontaine, J.-J.; et al. In Vivo, Villin Is Required for Ca2+-Dependent F-Actin Disruption in Intestinal Brush Borders. J. Cell Biol. 1999, 146, 819–830. [Google Scholar] [CrossRef]

	



Watt, S.A.; Kular, G.; Fleming, I.N.; Downes, C.P.; Lucocq, J.M. Subcellular localization of phosphatidylinositol 4,5-bisphosphate using the pleckstrin homology domain of phospholipase C delta1. Biochem. J. 2002, 363, 657–666. [Google Scholar] [CrossRef]

	



Chun, J.T.; Puppo, A.; Vasilev, F.; Gragnaniello, G.; Garante, E.; Santella, L. The Biphasic Increase of PIP2 in the Fertilized Eggs of Starfish: New Roles in Actin Polymerization and Ca2+ Signaling. PLoS ONE 2010, 5, e14100. [Google Scholar] [CrossRef]

	



Suzuki, K.; Takahashi, K. Actin filament assembly and actin-myosin contractility are necessary for anchorage- and EGF-dependent activation of phospholipase C? J. Cell. Physiol. 2001, 189, 64–71. [Google Scholar] [CrossRef]

	



Fukami, K.; Furuhashi, K.; Inagaki, M.; Endo, T.; Hatano, S.; Takenawa, T. Requirement of phosphatidylinositol 4,5-bisphosphate for α-actinin function. Nature 1992, 359, 150–152. [Google Scholar] [CrossRef] [PubMed]

	



Lodyga, M.; Bai, X.-H.; Mourgeon, E.; Han, B.; Keshavjee, S.; Liu, M. Molecular cloning of actin filament-associated protein: A putative adaptor in stretch-induced Src activation. Am. J. Physiol. Cell. Mol. Physiol. 2002, 283, L265–L274. [Google Scholar] [CrossRef]

	



Calaghan, S.; Le Guennec, J.-Y.; White, E. Cytoskeletal modulation of electrical and mechanical activity in cardiac myocytes. Prog. Biophys. Mol. Biol. 2004, 84, 29–59. [Google Scholar] [CrossRef]

	



Prat, A.G.; Xiao, Y.F.; Ausiello, D.A.; Cantiello, H.F. cAMP-independent regulation of CFTR by the actin cytoskeleton. Am. J. Physiol. Physiol. 1995, 268, C1552–C1561. [Google Scholar] [CrossRef] [PubMed]

	



Lazarides, E.; Lindberg, U. Actin Is the Naturally Occurring Inhibitor of Deoxyribonuclease I. Proc. Natl. Acad. Sci. USA 1974, 71, 4742–4746. [Google Scholar] [CrossRef] [PubMed]

	



Sanger, J.M.; Dabiri, G.; Mittal, B.; Kowalski, M.A.; Haddad, J.G. Disruption of microfilament organization in living nonmuscle cells by microinjection of plasma vitamin D-binding protein or DNase I. Proc. Natl. Acad. Sci. USA 1990, 87, 5474–5478. [Google Scholar] [CrossRef] [PubMed]

	



Cantiello, H.F.; Stow, J.; Prat, A.G.; Ausiello, D.A. Actin filaments regulate epithelial Na+ channel activity. Am. J. Physiol. Cell Physiol. 1991, 261, C882–C888. [Google Scholar] [CrossRef] [PubMed]

	



Schubert, T.; Akopian, A. Actin filaments regulate voltage-gated ion channels in salamander retinal ganglion cells. Neuroscience 2004, 125, 583–590. [Google Scholar] [CrossRef] [PubMed]

	



Houssen, W.E.; Jaspars, M.; Wease, K.N.; Scott, R.H. Acute actions of marine toxin latrunculin A on the electrophysiological properties of cultured dorsal root ganglion neurones. Comp. Biochem. Physiol. Part C Toxicol. Pharmacol. 2006, 142, 19–29. [Google Scholar] [CrossRef] [PubMed]

	



Vanagas, L.; De La Fuente, M.C.; Dalghi, M.; Ferreira-Gomes, M.; Rossi, R.C.; Strehler, E.E.; Mangialavori, I.C.; Rossi, J.P.F.C. Differential Effects of G- and F-Actin on the Plasma Membrane Calcium Pump Activity. Cell Biophys. 2013, 66, 187–198. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Mattson, M.P.; Furukawa, K. Endoplasmic reticulum calcium release is modulated by actin polymerization. J. Neurochem. 2002, 82, 945–952. [Google Scholar] [CrossRef]

	



von Blume, J.; Alleaume, A.-M.; Cantero-Recasens, G.; Curwin, A.; Carreras-Sureda, A.; Zimmermann, T.; van Galen, J.; Wakana, Y.; Valverde, M.A.; Malhotra, V. ADF/Cofilin Regulates Secretory Cargo Sorting at the TGN via the Ca2+ ATPase SPCA1. Dev. Cell 2011, 20, 652–662. [Google Scholar] [CrossRef]

	



Harwood, N.E.; Batista, F.D. Early Events in B Cell Activation. Ann. Rev. Immunol. 2010, 28, 185–210. [Google Scholar] [CrossRef]

	



Mattila, P.; Batista, F.D.; Treanor, B. Dynamics of the actin cytoskeleton mediates receptor cross talk: An emerging concept in tuning receptor signaling. J. Cell Biol. 2016, 212, 267–280. [Google Scholar] [CrossRef]

	



Baeker, T.R.; Simons, E.R.; Rothstein, T.L. Cytochalasin induces an increase in cytosolic free calcium in murine B lym-phocytes. J. Immunol. 1987, 138, 2691–2697. [Google Scholar]

	



Van Haelst, C.; Rothstein, T.L. Cytochalasin stimulates phosphoinositide metabolism in murine B lymphocytes. J. Immunol. 1988, 140, 1256–1258. [Google Scholar]

	



Mattila, P.; Feest, C.; Depoil, D.; Treanor, B.; Montaner, B.; Otipoby, K.L.; Carter, R.; Justement, L.; Bruckbauer, A.; Batista, F.D. The Actin and Tetraspanin Networks Organize Receptor Nanoclusters to Regulate B Cell Receptor-Mediated Signaling. Immunity 2013, 38, 461–474. [Google Scholar] [CrossRef]

	



Rey-Suarez, I.; Wheatley, B.A.; Koo, P.; Bhanja, A.; Shu, Z.; Mochrie, S.; Song, W.; Shroff, H.; Upadhyaya, A. WASP family proteins regulate the mobility of the B cell receptor during signaling activation. Nat. Commun. 2020, 11, 1–14. [Google Scholar] [CrossRef]

	



Lim, D.; Lange, K.; Santella, L. Activation of oocytes by latrunculin A. FASEB J. 2002, 16, 1050–1056. [Google Scholar] [CrossRef]

	



Puppo, A.; Chun, J.T.; Gragnaniello, G.; Garante, E.; Santella, L. Alteration of the Cortical Actin Cytoskeleton Deregulates Ca2+ Signaling, Monospermic Fertilization, and Sperm Entry. PLoS ONE 2008, 3, e3588. [Google Scholar] [CrossRef] [PubMed]

	



Lange, K.; Gartzke, J. F-actin-based Ca signaling—a critical comparison with the current concept of Ca signaling. J. Cell. Physiol. 2006, 209, 270–287. [Google Scholar] [CrossRef]

	



Berridge, M.J. Inositol trisphosphate and calcium signalling. Nature 1993, 361, 315–325. [Google Scholar] [CrossRef] [PubMed]

	



Rhee, S.G. Regulation of Phosphoinositide-Specific Phospholipase C. Ann. Rev. Biochem. 2001, 70, 281–312. [Google Scholar] [CrossRef]

	



Parsons, S.J.; Parsons, J.T. Src family kinases, key regulators of signal transduction. Oncogene 2004, 23, 7906–7909. [Google Scholar] [CrossRef]

	



Mikoshiba, K. IP3receptor/Ca2+ channel: From discovery to new signaling concepts. J. Neurochem. 2007, 102, 1426–1446. [Google Scholar] [CrossRef]

	



Lehotzky, A.; Telegdi, M.; Liliom, K.; Ovádi, J. Interaction of phosphofructokinase with tubulin and microtubules. Quantitative evaluation of the mutual effects. J. Biol. Chem. 1993, 268, 10888–10894. [Google Scholar] [CrossRef]

	



Reszka, A.A.; Seger, R.; Diltz, C.D.; Krebs, E.G.; Fischer, E.H. Association of mitogen-activated protein kinase with the microtubule cytoskeleton. Proc. Natl. Acad. Sci. USA 1995, 92, 8881–8885. [Google Scholar] [CrossRef]

	



Volker, K.; Reinitz, C.A.; Knull, H.R. Glycolytic enzymes and assembly of microtubule networks. Comp. Biochem. Physiol. Part B Biochem. Mol. Biol. 1995, 112, 503–514. [Google Scholar] [CrossRef]








[image: Ijms 22 10366 g001 550] 





Figure 1. Modulation of the Ca2+ signal transduction by the actin cytoskeleton in the cells of immune response. Artificially altered actin dynamics during cell activation either enhances or represses Ca2+ signaling through the PLC/InsP3 pathway. (A) Exposure of T-lymphocytes to anti-CD3 antibody triggers T-Cell Receptor activation that leads to a cascade of downstream phosphorylation reactions that activates enzymes like PLC-γ1, ZAP-70 (Zeta-chain-associated protein kinase 70), PTKs as well as adaptor proteins such as LAT, Slp76, and Gads. Interference with the actin dynamics by use of Rac overexpression or Latrunculin-A (LAT-A) reduces phosphorylation of these enzymes, and thereby inhibits the PLC-γ1 activity and cytokine secretion. (B) Upon binding to antigen-IgE, the FcεRI receptor on the surface of a mast cell is phosphorylated and recruits more Lyn kinase to activate Syk kinase, which in turn stimulates PLC-γ to produce InsP3 and thereby release intracellular Ca2+ and trigger degranulation. If the concomitantly occurring actin polymerization is prevented by actin drugs LAT-A or Cytochalasin-D (CYT-D), the activation of PLCγ is even more enhanced. (C) Binding of thrombin to the integrin receptor (αIIbβ3) on the plasma membrane leads to enhanced polymerization of actin, which is accompanied by the translocation of PLCβ3 and other proteins. The resulting Ca2+ signal induces platelet aggregation. When the responsive actin polymerization is inhibited by CYT-D or fibrinogen antagonist tetra-peptide (RGDS), the extent of PLCγ activation and platelet aggregation is severely compromised. Note: The T-shaped red bars near the curved arrows denote inhibition. 
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Figure 2. Actin-binding proteins modulate PLC activities with or without actin filaments. (A) A model based on in vitro reaction mixture containing phospholipid bilayer with PIP2, purified EGFR, PLC-γ1, ATP, and profilin. Profilin binds to PIP2, and thereby prevents PLC-γ1 from accessing its substrate PIP2. When PLC-γ1 is phosphorylated by the activation of EGFR, the inhibition by profilin is overcome and PIP2 is hydrolyzed to produce InsP3 and DAG (not shown). (B) Likewise, villin masks PIP2 from PLC-γ, but phosphorylated villin (by Src) loses its binding affinity to PIP2. Then, PLC has access to PIP2 to produce InsP3. (C) The focal adhesion complex in human mammary epithelial (HME) cells comprises PLC-γ, integrin β1, α-actinin, F-actin, and EGFR. Binding of EGF to EGFR induces EGF receptor dimerization, phosphorylation of PLC-γ, and increased α-actinin loading on PIP2. Here, α-actinin’s binding to PIP2 facilitates its hydrolysis by PLC-γ, and consequently the production of InsP3 doubles. Disruption of the actin cytoskeleton with Cytochalasin-D (CYT-D) dissociates α-actinin from PIP2, and the EGFR-associated PLC-γ is unable to cleave the PIP2 not bound to α-actinin. (D) Actin filament-associated protein (AFAP) in rat fetal lung cells presents Src to PLC-γ1 via actin filaments so as to activate the enzyme. As a result, InsP3 production is increased, but the effect is inhibited by CYT-D. 
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Figure 3. Disassembly of actin filaments can spontaneously activate PLC in certain cells: a model involving SFK. (A) Src family kinases (SFK) can be recruited to the plasma membrane due to their myristoylation, but the enzymes hardly have access to its substrate PLC-γ because of the actin cytoskeleton to which SFK is often associated. (B) When the actin cytoskeleton is disassembled, the physical barrier is essentially removed. SFK now gains access to PLC-γ and activates it. The phosphorylated PLC-γ now hydrolyzes the plasma membrane PIP2 to produce InsP3, a Ca2+-mobilizing second messenger acting on the receptor ion channel on the endoplasmic reticulum (ER). In the case of starfish egg (Astropecten aranciacus), disassembly of subplasmalemmal F-actin with Latrunculin-A and other drugs leads to increased production of InsP3 and the consequent rise of intracellular Ca2+ levels in the form of repetitive waves. 
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Table 1. Effects of interference with actin dynamics on cell signaling.
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	Cell Type
	Actin Modifier
	Effect
	Reference





	Jurkat cell

(T-lymphocyte)
	Active Rac mutant
	Reduces PLC-γ1 activity and Ca2+ responses to anti-CD3.
	[46]



	
	Latrunculin-A
	Reduces Ca2+ responses to anti-CD3.
	



	RBL-2H3 (mast cell)
	Cytochalasin-D
	Enhances InsP3 production and Ca2+ response via FcεRI pathway.
	[53]



	
	Latrunculin-A
	Increases PLC activity, FcεRI phosphorylation, and degranulation.
	[54,62]



	Platelets
	Cytochalasin-D
	Reduces PLCβ3 translocation to the actin cytoskeleton; inhibits platelets aggregation.
	[73]



	Hepatocytes
	Cytochalasin-D
	Increases colocalization of PLC-γ1 with the actin cytoskeleton; restores InsP3 production and Ca2+ response to EGF.
	[76]



	Human mammary epithelial cell
	Cytochalasin-D
	Decreases α-actinin’s binding to PIP2; inhibits PIP2 hydrolysis after EGF receptor activation.
	[95]



	Rat fetal lung cells
	Mechanical force
	Stimulates Src activity and its translocation to the actin cytoskeleton.
	[97]



	Mouse mammary adenocarcinoma cells (transfected)
	Cytochalasin-D
	Enhances human CFTR activity conducting Cl- (10 min), abolishes CFTR activity (>6 h);
	[99]



	
	DNase I
	Inhibits actin-induced CFTR activity.
	[99]



	
	Filamin
	Inhibits actin-induced CFTR activity.
	



	Xenopus laevis A6 cells
	Cytochalasin-D
	Stimulates Na+ channel activity.
	[102]



	Salamander retinal ganglion cells
	Cytochalasin-D, Latrunculin-A
	Reduces L-type Ca2+ channel activity; Inhibits voltage-gated K+ channel activities.
	[103]



	Rat dorsal root ganglion
	Latrunculin-A
	Inhibits K+ current; increases frequency of action potential.
	[104]



	B lymphocytes
	Cytochalasin-A,B,D,E
	Induces Ca2+ influx and release from internal stores.
	[110]



	
	Cytochalasin-D
	Increases the intracellular InsP3 level.
	[111]



	Starfish egg (Astropecten aranciacus)
	Latrunculin-A
	Increases PLC-γ activity, InsP3 production, and intracellular Ca2+.
	[38]



	
	Latrunculin-A, Cytochalasin-B, Mycalolide-B
	Triggers intracellular Ca2+ releases and influx.
	[38]



	Sea urchin egg (Paracentrotus lividus)
	Latrunculin-A
	Increases InsP3 production.
	[38]
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