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Abstract

:

The small GTPases of the Rho family regulate many aspects of actin dynamics, but are functionally connected to many other cellular processes. Rac1, a member of this family, besides its known function in the regulation of actin cytoskeleton, plays a key role in the production of reactive oxygen species, in gene transcription, in DNA repair, and also has been proven to have specific roles in neurons. This review focuses on the cooperation between Rac1 and Rab proteins, analyzing how the coordination between these GTPases impact on cells and how alterations of their functions lead to disease.
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1. Introduction


Ras-related C3 botulinum toxin substrate 1 (Rac1) is a member of the family of the typical Rho guanosine triphosphate phosphohydrolases (GTPases), which are known for their role in several cellular processes such as cytoskeleton organization, gene expression regulation, and cell migration [1]. Rac1 is one of the best-characterized typical Rho GTPases, and as all the small G proteins belonging to this group, it can cycle between an active guanosine triphosphate (GTP)-bound and an inactive guanosine diphosphate (GDP)-bound conformation. Modulation of Rac1 activity is highly regulated by several proteins, affecting its localization, expression levels, and functions [1]. Indeed, replacement of GDP with GTP is favored by guanine nucleotide exchange factors (GEFs) that lead to Rac1 activation, while its inactivation is regulated by GTPase activating proteins (GAPs) that promote GTP hydrolysis [1]. Guanine nucleotide dissociation inhibitors (GDIs) are instead responsible for controlling the GTPase activity by extracting it from the membranes where it exerts its role and holding it in an inactive state in the cytosol [1]. Rac1 is a signaling G protein that regulates a number of cellular events, among which, besides cytoskeletal reorganization, there are cell growth and activation of kinases. Rac1 signaling is also modulated through post-translational modifications [2,3,4,5,6,7,8,9] (Table 1). In fact, Rac1 is prenylated and subsequently palmitoylated at Cys178, and these post-translational modifications affect Rac1 localization and activity [2]. Furthermore, several studies have shown that active Rac1 bound to the plasma membrane can be ubiquitinated and subjected to proteasome-mediated degradation, leading to disassembly of epithelial cell-cell contacts and to a regulatory feedback on its activity [3,4]. The major target site for Rac1 ubiquitination is Lys147 and seems to be dependent on JNK (Jun N-terminal Kinase) activation [4], although also the tumor suppressor HACE1 has a role in the regulation of Rac1 ubiquitylation and activity [5,9]. Among the Rac1 post-translational modifications, there is SUMOylation by a small ubiquitin-like protein (SUMO) that is covalently linked to lysine residues. SUMOylation of the C-terminal domain of Rac1 leads to increased activity of this GTPase, and it is mediated by the SUMO E3-ligase PIAS3, which, interacting with Rac1, regulates cell migration [6]. Finally, Rac1 is also phosphorylated on Ser71 by Akt and on Thr108 by ERK [7,8]. Phosphorylation of Ser71 seems to inhibit Rac1 GTP-binding activity without affecting its GTPase activity [7]. Modulation of the phosphorylation of this site is responsible for alterations of selected downstream pathways and specific cell functions, such as, for instance, membrane ruffling and PAK1/2 activation [10]. Phosphorylation of Thr108 inhibits Rac1 interaction with the phospholipase C-γ1 (PLC-γ1) and Rac1 activity, leading to its translocation to the nucleus, affecting in turn cell migration [8]. Besides to the plasma membrane and the nucleus, Rac1 can be recruited also to the mitochondria, where, in its active form, it is responsible for the H2O2 production in macrophages [11,12].



Active Rac1 can interact with a multitude of effector proteins that confer to this small GTPase the ability to mediate several cellular processes that are essential for physiological cell functions [13,14,15,16,17,18]. The main role of Rac1 is the regulation of actin cytoskeleton [19,20]. In fact, this small GTPase is implicated in controlling the formation of membrane ruffles, lamellipodia, actin stress fibers, and focal adhesion [19,20,21]. However, it has been proven that Rac1 is important also in gene expression, cellular plasticity, production of reactive oxygen species (ROS), cellular adhesions, migration and invasion, cell proliferation, apoptosis, and inflammatory responses [22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41]. As Rac1 exerts several physiological functions, alterations of its signaling are implicated in many diseases, such as cancer, cardiovascular disease, arthritis, kidney disorders, pathological inflammatory responses, infectious diseases, and neurodegenerative disorders [38,39,40,41,42,43,44,45,46,47,48,49,50,51,52].



Interestingly, several studies have proven connections between proteins belonging to the Rho family and proteins from another family of small GTPases, the Rab proteins [53,54]. These discovered connections revealed that alteration of coordination between Rho proteins, and in particular Rac1, and Rabs has important implications in several human diseases.




2. Rac1 and Rabs: Interactions and Regulations of Their Functions


Physical interactions between Rac1 and members of the Rab family have been reported [55]. In fact, Rac1 binds strongly to Rab7a wt and to the Rab7a Q67L constitutively-active mutant, but very weakly to the Rab7a T22N dominant negative mutant, indicating that Rac1 binds preferentially to the GTP-bound form of Rab7a [55]. Interestingly, the GTP-bound form of Rac1 affects Rab7a activity also through one of its effectors, called Armus, which is a Rab7a GAP [17]. Furthermore, it has also been proven that Rab7a is able to regulate Rac1 activity, although the molecular mechanism is not known yet [56,57]. These data suggest that the coordination between Rac1 and Rab proteins is accomplished at different levels in order to control finely their functions.



Furthermore, Rab23 has been proven to affect Rac1 by regulating a Rac1 GEF, Tiam1 [58]. Indeed, GTP-bound Rab23 interacts with β1 integrin, which then recruits Tiam1 and activates Rac1 [58]. Binding of Rab23 to Tiam1 is dependent on the presence of β1 integrin [58]. Furthermore, Rab5 activity is regulated by Rac1 through a GEF [59]. In fact, active Rac1 interacts with alsin, a Rab5 GEF, and a Rac1 effector and activates the Rab GTPase [59]. All together, these data demonstrate that one important level of regulation is based on modulating the activity of GTPase modulators such as GEFs and GAPs.



So far, only a few direct interactions between Rac1 and Rab proteins and/or their regulators have been discovered, but clearly, this could be a general mechanism for their coordination responsible for cellular altered functions and possibly diseases.




3. Rac1 in Cancer: Role of Rac1 and Rabs in Cell Migration and Metastasis


Cancer is a complex group of diseases characterized by uncontrolled cell growth. Excess of Rac1 activity has been linked to several cancer types such as breast cancer, colorectal cancer, gastric cancer, prostate cancer, and cervical cancer [60,61,62,63,64,65]. In particular, Rac1 is involved in several phases of cancer development, as it can promote cancer initiation, cancer progression, and metastases through its role in gene transcription, cell cycle progression, neovascularization, cell adhesion, migration, and invasion [56,66,67,68,69]. Moreover, mutations of Rac1 could determine a pathological state as Rac1 stimulates macropinocytosis, a fluid-phase endocytosis driven by actin-based protrusion of the plasma membrane [19]. Macropinocytosis relies on large organelles called macropinosomes that allow internalization of extracellular material that it is subsequently used by cancer cells to increase their metabolism, therefore contributing to the growth of the tumor [70].



The most important feature of cancer, negatively related to rate of survival, is the ability of cancer cells to spread to other parts of the body through a process called metastasis, which is characterized by cell migration and invasion. Cell migration is a process that consists of the formation of cell protrusions such as lamellipodia and filopodia and new adhesion sites at the front of the cell (leading edge), contraction of the cell body, and detachment of adhesions at the rear [71,72]. Several studies have demonstrated that Rac1 is involved in the regulation of cell migration and invasion and that Rab proteins can collaborate in this process [17,56,58,73,74,75,76,77,78,79].



Among Rab proteins, Rab5a is responsible for the regulation of the trafficking between the plasma membrane and early endosomes [80,81]. However, Rab5a is required also for the activation of Rac1 and, in turn, for the regulation of the actin cytoskeletal organization [82] (Figure 1a). In particular, Rab5a is able to regulate the formation of integrin and adhesion complexes and, in turn, controls Rac1 activity and the organization of actin structures [73]. Therefore, Rab5a silencing reduces the number and size of protrusions and decreases cancer cell motility and invasion, which is important for metastasis and tumor spread [73]. Another isoform of Rab5, Rab5c, has been linked to the regulation of Rac1 activity dependent on EGF and therefore to cell migration [74]. Similar to Rab5a, Rab5c depletion determines the presence of fewer focal adhesion foci, less membrane ruffles, and less cell migration [74]. In fact, Rab5c is responsible for recruiting Rac1 at the plasma membrane, where it promotes the formation of lamellipodia [74]. In line with this, Rab5c silencing affects the abundance of Rac1 in the membrane fraction when compared to control cells [74]. Moreover, upon stimulation with EGF, Rab5c-depleted cells show less phosphorylated, active, AKT and, in turn, PI3 kinases [74]. This leads to a reduction of EGF-stimulated Rac1 activity in Rab5c-depleted cells compared to control cells, although lower Rac1 activity has been detected also at steady state upon Rab5c silencing [74] (Figure 1c).



Interestingly, also the interplay between Rac1 and Rab7a, which is localized mainly to late endosomes and regulates the late steps of endocytosis [83,84,85], has an important role in cell migration and metastasis [17,55,56]. Indeed, Rab7a interacts with Rac1 [55], and they can affect each other’s activation state [17,56]. Depletion of Rab7a induces a lower activation of Rac1, which in coordination with other effects on the activation of β1 integrin, organization of vimentin filament, and trafficking of myosin X, determines a negative effect on migration, formation of protrusions, adhesion, and spreading [56], similarly to Rab5a and Rab5c (Figure 1f). On the contrary, Rac1 activation determines a lower amount of active Rab7a by acting on Rac1-effector armus, which is a bona fide GAP for Rab7a [17].



The coordination of Rac1 and Rab7a in epithelial cells is important for cell-cell adhesion and for collective cell migration, epithelial-mesenchymal transition (EMT), and metastasis. Integrated signaling among Arf6, Rac1, and Rab7a is necessary for regulating E-cadherin degradation, which in turn, leads to the loss of cell-cell contacts [17]. Arf6 is able to activate both Rac1 and Rab7a, leading to internalization of E-cadherin, which becomes mainly perinuclear. Nevertheless, active Rac1 is able to regulate Rab7a’s activation state through its effector armus, which inhibits Rab7a, blocking E-cadherin degradation in lysosomes [17]. Modulation of E-cadherin surface levels is fundamental for cell adhesion of epithelia both in health and disease, affecting epithelial morphogenesis and differentiation, but also acquisition of mesenchymal characteristics. Epithelial cancer cells can detach from the close layer of cells, undergo EMT, and spread in other tissues, becoming a metastatic cell. Interestingly, upregulation of Rab7a and armus-related proteins has been reported in several epithelial tumors [17,86,87]. In line with the effect of active Rac1 on the activation state of Rab7a, less Rab7a is pulled down by RILP, a GTP-Rab7a interactor [88], when Rac1 is activated [17]. We recently proved that also RILP is able to regulate cell adhesion and migration [89]. Although Rab5a, Rab5c, or Rab7a silencing showed a reduction in cell migration [56,73,74], RILP depletion determined an increase in cell motility and speed [89]. Interestingly, RILP-depleted cells showed the ability to migrate as single cells [89], prompting the evaluation of E-cadherin turnover in these cells, in order to elucidate the mechanisms behind the regulation of cell migration and adhesion mediated by Rab7a and RILP.



Another connection between Rac1 and Rab GTPases in the regulation of cell migration is the one discovered between Rab8 and Rac1 [75]. Rab8 is important in membrane transport to the plasma membrane, but it also regulates the organization of the actin cytoskeleton and the size and distribution of focal adhesions during cell migration [75,90,91,92]. Interestingly, the Rab8-dependent regulation of the actin cytoskeleton organization is mediated by Rac1. In fact, expression of a constitutively-active mutant of Rab8 induced an increase of Rac1 activity, probably due to the redistribution of Tiam1, a Rac1 GEF, to the plasma membrane (Figure 1e). This coordination regulates cell protrusions and contributes to the loss of focal adhesions [75]. Surprisingly, Tiam1-dependent activation has been observed also in Rab5-positive endosomes for the regulation of actin polymerization in dorsal ruffles [93]. However, specific recruitment of Rab8 to the protrusive edge is necessary to ensure persistent migration, and it could be mediated by the Rab8 GEF Rabin8, a Rab11 effector responsible for the apical exocytosis during lumen formation mediated by Rab8 [75,94]. Similar to Rab8, also Rab11 is able to interplay with Rac1 and regulate cell migration [76]. Rab11 regulates transport from recycling endosomes to the plasma membrane, and it has been associated, together with Rac1, to colorectal carcinoma and cervical cancer, where it regulates tumor progression and metastasis through two different processes, collective cell migration and hypoxia [76,77,95]. Collective cell migration has been reported to occur during invasion in malignancy. Indeed, expression of Rab11 and its interactor E-cadherin have been associated with poor survival in patients affected by colorectal cancer [76]. Moreover, by interacting with the adhesion molecule E-cadherin, Rab11 is able to promote cell-cell contacts and increase Rac1 activity and expression of the matrix metalloproteinase-2. All these effects contribute to the increased collective cell migration, Rab11-dependent collective cell invasion and anchorage-independent cell growth [76]. Therefore, Rab11 activity could be important in the early stages of colorectal cancer.



A condition that stimulates cancer invasion and migration is hypoxia. Hypoxia can occur in many solid tumors where there is poor vascularization. Therefore, hypoxia functions as selective pressure for the survival of the most aggressive and metastatic cells and could promote tumor cell invasion and lead to poor prognosis and low survival rate for the patient. Rab11 has been recently associated with hypoxia-stimulated invasion and migration of cervical cancer cells [77]. In fact, Rab11 stimulates αvβ3 integrin and the activation of FAK and PI3K through their phosphorylation under hypoxia, which then affect the expression and localization of Rac1. Indeed, when Rab11 is present, Rac1 is more expressed in hypoxia, and it is distributed also in plasma membrane and cytoplasm, besides the nucleus, where it normally localizes during normoxia [77]. Therefore, Rab11 plays an important role in coordination with Rac1 for the regulation of cell migration and development of metastasis through its action in hypoxia and collective cell migration [76,77] (Figure 1b).



Another Rab GTPase, called Rab23, is important during mouse development, and it has been associated with several types of cancer. Interestingly, Rab23 was found to be over-expressed in squamous cell carcinoma cells, and it was demonstrated that active Rab23 interacts with β1 integrin and, through it, with Tiam1, which mediates Rac1 activation and cell migration and invasion [58] (Figure 1e). Moreover, Rab23 was found absent in normal astrocytes, while it was expressed in almost 50% of astrocytoma-affected patients, showing a correlation with a higher stage of cancer progression [78]. Thus, it was demonstrated that Rab23 modulates Rac1 activity and, in turn, cell proliferation, colony formation, migration, and invasion [78].



A strong connection between Rab35 protein and Rac1 has been proven [79]. In fact, Wnt5a, which is normally involved in cell growth, proliferation, differentiation, motility, and survival, activates Disheveled 2 (Dvl2) by phosphorylating it, and Dvl2 then interacts with Rab35. Subsequently, Rab35 activates Rac1, which, in turn, promotes cell migration of breast cancer cells [79] (Figure 1d).



All together, the studies conducted on the coordination of Rac1 and Rab proteins in several processes occurring during cancer development, progression, and metastasis show how interconnected the roles of these proteins are (Figure 1). Interestingly, research on the use of Rac1 inhibitors in the case of common and/or aggressive tumors showed that Rac1 could be a good target for counteracting cancer progression [58,78].




4. Rac1 in Neurological Diseases: Role of Rab Proteins


Rac1 plays an important role in the central and peripheral nervous systems, as it regulates neuronal migration and axon development, which are related to brain development and regeneration after axonal injuries. Indeed, while neuronal migration is important for the brain formation as it allows neurons to reach their final position during development, neurite outgrowth is fundamental for both brain development, through the formation of neuronal networks, and for the regeneration of injured axons [96,97,98,99,100,101]. Notably, also Rab proteins play several key roles in neurons, often in the same processes controlled by Rac1 [102,103].



A human brain contains hundreds of billions of neurons connected together in a complex network, which is responsible for all human functions including behavior, personality, and thoughts. During brain development, newborn neurons have to migrate from specific areas to other parts of the brain, where they will establish important communications with other neurons through the production of neurites, which are dendrites and axons. Rac1 is involved in neuronal migration as its inhibition or the inhibition of its regulator Tiam1 causes a strong impairment of the radial migration of neurons without affecting their differentiation [104]. The initial phase of neuronal migration is accompanied by an increase in volume of the proximal leading process, which is called proximal cytoplasmic dilation in the leading process (PCDLP). At this step, active Rac1 and actin assembly are fundamental and regulated by POSH (plenty of SH3s) [105]. In fact, disruption of Rac1 activity affects actin assembly and PCDLP, impairing neuronal migration [105]. Given the role of Rac1 in cell migration and actin reorganization, this small GTPase has been linked to several diseases associated with brain development, such as lissencephaly and intellectual disability [98,106]. Lissencephaly, literally meaning smooth brain, is a severe brain malformation characterized by a smooth or nearly smooth cerebral surface caused by abnormal neuronal migration during brain development. Lissencephaly is a genetically heterogeneous disorder, but the LIS1 gene seems to have an important role in this disease, as the complete loss of Lis1 is lethal for the embryo, while LIS1 haploinsufficiency alters neuronal migration through the upregulation of RhoA and the downregulation of Rac1 and Cdc42 activities [106,107]. Intellectual disability (ID) is a neurodevelopmental disorder where intellectual and adaptive functioning are severely impaired due to altered synaptic network and excitation/inhibition balance of specific cerebral areas. Hereditary forms of ID are caused by mutations in the RAC1 gene or in genes regulating this small GTPase functionality. Mutations that occur in these genes determine a hypo- or hyper-activity of Rac1, impairing actin dynamics at the growth cone that affect the formation of dendrites and axons, leading to altered neuronal connections and ID [98]. Although in these diseases, only the involvement of GTPases of the RHO family has been demonstrated, it is tempting to speculate that a key role could be played also by Rab proteins, as also the transport mediated by Rab proteins is required for neuronal positioning [108] and considering that coordination between Rac1 and Rab proteins is fundamental for the regulation of many cellular processes.



The role of Rac1 in neurite outgrowth and extension is important also for axonal regeneration. In fact, despite the fact that axonal regeneration after nerve transection is not frequent in the central nervous system (CNS), injured axons can regenerate in the peripheral nervous system (PNS) due to the lack of inhibitory molecules and the presence of a fine coordination among cellular and molecular elements that assure an optimal microenvironment for axonal regrowth. Moreover, Rac1 regulates actin polymerization during myelination and demyelination in the PNS [97,109]. The sciatic nerve is the largest peripheral nerve considering both length and cross-sectional area. Due to its size, repairing of this nerve after injury can be complex. In order to identify the key molecules in axonal regeneration, several approaches have been tried, included an mRNA expression profile-based study in dorsal root ganglia (DRG) before and after sciatic nerve transection [97]. This study has discovered several genes with altered neuronal expression after peripheral nerve injury. Among these, the genes coding for myosin X and Fn14 are related to actin reorganization and protrusion formation. In particular, Fn14 contributes to nerve regeneration by interacting and co-localizing with Rac1 [97]. Interestingly, Fn14 seems to be specific for peripheral nerve regeneration as it is induced during this phase, but it is not expressed during neuronal development [97]. Similar to Rac1, Rab proteins seem to have a specific role after nerve injury [110,111], and therefore, a cooperation between them could be envisaged.



In neuronal disorders as well, a connection between Rac1 and Rab proteins could be determinant for a healthy or pathologic state. Rac1’s role in amyotrophic lateral sclerosis (ALS) disease seems to involve Rab5 activity [59,112]. ALS is a progressive and heterogeneous neurodegenerative disease that affects nerve cells in the brain and the spinal cord and is characterized by degeneration and death of motor neurons and loss of muscle movement. A small percentage of ALS (5–10%) can be inherited, and mutations in the ALS2 gene, coding for the alsin protein, have been linked to a juvenile inherited form of ALS. Interestingly, alsin interacts with Rac1 and was initially thought to be a Rab5-GEF for the three Rab5 isoforms, even though the highest activity is on Rab5a [112]. Alsin colocalizes on Rab5-positive endosomes and also on Rac1-positive structures such as lamellipodia and membrane ruffles, and a partial colocalization between alsin, Rab5, and Rac1 has been detected on punctuate structures [112]. However, in contrast to previous work, it has been demonstrated that alsin is not a Rac GEF, but an effector of Rac1, preferably interacting with its active form [59,112]. Indeed, Rac1 recruits alsin to membrane ruffles and then to macropinosomes, where it is important for macropinocytosis. Subsequently, alsin regulates the fusion of these macropinosomes with transferrin-positive endosomes through the action of Rab5, regulating the maturation of the macropinosomes [59]. Therefore, alsin, in coordination with Rac1 and Rab5, seems to be important for membrane trafficking events that are fundamental for the integrity of motor neurons and that could be impaired in ALS [59,112].



Another Rab protein that could be involved, together with Rac1, in neurological diseases is Rab7a. Despite the fact that there is no direct demonstration of the coordination of these two GTPases on a specific disease, mutations of the RAB7A gene are responsible for the onset of Charcot-Marie-Tooth disease type 2B (CMT2B), a dominant axonal peripheral neuropathy. CMT2B is characterized by prominent large and small fiber sensory loss and distal muscle weakness and atrophy that may lead to ulcerations and amputations [113]. Retrograde axonal transport of neurotrophins and neurotrophins’ receptors and neuritogenic signaling are regulated by Rab7a in neurons, and expression of CMT2B-associated Rab7a mutant proteins inhibits neurite outgrowth [114,115,116,117]. Furthermore, in zebrafish, axonal growth and branching are reduced in neurons expressing CMT2B-associated Rab7a mutants [118]. Furthermore, it has been demonstrated that a number of Rab proteins, such as Rab5, Rab7a, and Rab11, regulate neuronal migration in concert with members of the RHO GTPase family, such as RhoA, Rac1, and Cdc42 [119,120]. As Rab7a interacts with Rac1 and together they regulate cell migration and adhesion, it would be interesting to evaluate the interaction of Rac1 with the CMT2B-associated Rab7a mutants [55,56]. In fact, Rac1 is important for neurite outgrowth, and altered interaction between Rac1 and CMT2B-associated Rab7a mutant compared to the wild-type protein could affect axonal regeneration and would explain the specificity of the effects of Rab7a mutated forms in the peripheral nervous system. Recent work proved that Rab7a mutants alter autophagy, suggesting that impairment of the autophagic flux could be one of the factors leading to neurodegeneration [121]. Interestingly, enhancement of autophagy can be achieved by inhibiting the Rac1-mTOR signaling pathway [122], suggesting again a coordination between Rab7a and Rac1.



Rab29 and Rac1 are involved in Parkinson's disease through the protein leucine-rich repeat kinase 2. Parkinson's disease is a progressive disorder of the nervous system where several areas of the brain are affected, especially the region called substantia nigra, which is responsible for balance and movement. Parkinson’s disease can be inherited, and mutations in the LRRK2 gene, which codes for the protein leucine-rich repeat kinase 2, have been associated with this neurological pathology [123]. LRRK2 interacts with Rac1 and Rab29, showing a higher affinity for Rab29. Rab29 controls endosome-to-TGN retrograde membrane trafficking, a step of transport that is affected also by the disease-associated mutant of LRRK2. In addition, this mutant induces neurite shortening, which is counteracted by both Rac1 and Rab29, suggesting a common role of these two GTPases in the neurite outgrowth process [123].



Rab35 is involved in the regulation of endocytic receptor recycling, in cytokinesis, and in neurite outgrowth together with Rac1 [124]. In fact, Rab35 co-localizes with actin filaments and with Rac1, modulating the actin cytoskeleton. Co-localization of Rab35 and Rac1 also on macropinosomes has been detected, and it has been demonstrated that Rab35 regulates neurite outgrowth and cell shape through its action on Rho proteins [124].




5. Rac1 and Rab35 in Infections: Regulation of the Innate Immune Response


Humans are constantly exposed to potential pathogens from the surrounding environment that can cause dangerous infections. The ability to avoid infections depends on two types of responses from the human body: the innate immune response and the adaptive immune response [125]. While the adaptive immune response relies on the previous contact with a specific infectious agent and it is slow to develop after the first exposure to a new pathogen, the innate immune response is the first human defense and protects quickly from infections. In the innate immune system, pathogens are recognized from generic shared features, inflammatory response is activated, and phagocytic cells react to destroy the pathogen. In fact, phagocytic cells migrate to the site of infection, stretch themselves, and engulf the foreign body in a process called phagocytosis, which requires morphological changes based on the actin structure and which leads to the pathogen being trapped in a compartment called the phagosome and then killed [125].



The adaptive immune system relies on the immunological memory after an initial response to a specific pathogen and leads to an enhanced response to the same pathogen in the future. The adaptive immune response is triggered by the recognition of the pathogen by antigen-presenting cells (APCs) that will be exposed on the plasma membrane through the major histocompatibility complexes’ (MHC) specific antigens that will prompt in turn the activation of T cells [126]. Indeed, T cells will become polarized toward the APC and will form the immunological synapse at the interface between the APC and the T cell, an important step in the immune response. T cell migration is very important in order to encounter the APCs exposing the antigen [126].



The innate immune response exists both in vertebrates and invertebrates. Interestingly, intracellular survival and proliferation of Salmonella enterica serovar typhimurium relies on the modulation of nischarin, a Rac1, Rab4, Rab14, and Rab9 effector [127]. In fact, the interaction of nischarin with GTPases regulates maturation and acidification of the vacuoles containing bacteria, and its recruitment to these vacuoles facilitates the survival of intracellular bacteria [127].



In Drosophila melanogaster, only the innate immune system is present, and two different types of innate immune response are raised: humoral and cell-mediated [128]. While some specific pathways are activated and lead to the production of antimicrobial peptides, hemocytes, which are the phagocytes of invertebrates, internalize the pathogen in order to destroy it through maturation of the phagosome into phagolysosomes. Therefore, a rearrangement of actin cytoskeleton is important both for immune cell migration to the site of infection and for the phagocytosis of the pathogen through the rearrangement of actin filaments at the plasma membrane. Rab35 is important both for the regulation of the transport of organelles involved in phagocytosis and for the localization of Cdc42 and Rac1 at the plasma membrane where they control the formation of protrusions responsible for generating the phagocytic cup and where they colocalize with Rab35 [129]. In fact, upon loss of Rab35, higher lethality after infection was observed, whereas the Rab35 mutant flies showed defects in phagocytosis in vivo [129]. While the formation of ruffles was reduced at the plasma membrane upon Rab35 silencing, numerous large vesicles surrounded by actin polymers were observed when Rab35 was depleted or when the negative mutant of Rab35 was expressed [129]. Furthermore, the transport of Rac1- and Cdc42-containing vesicles by Rab35 occurred through microtubule tracks [129]. Therefore, as Rab35 is a key regulator of phagocytosis by controlling Rac1 and Cdc42 transport to the plasma membrane and actin structure remodelling, alteration of the Rab-Rho coordination could be responsible for higher susceptibility to infections.




6. Possible Roles of Rac1 and Rab Proteins in Other Diseases


Rac1 and Rab proteins’ coordination has been proven to be important for mechanisms involved in cancer, neurological diseases, and infections. However, other connections between Rabs and Rac1 have been identified, and these could have an important role in other pathologies. For instance, Rab7a, already linked to cell migration and to neuropathy, has been related to fundamental functions together with Rac1 also in osteoclasts and in thyroid cells [55,57]. Indeed, Rab7a is involved in the formation of the ruffled border, finger-like processes that constitute a late endosomal-like compartment at the bone-facing plasma membrane of bone resorbing osteoclasts. This structure increases the surface area and facilitates delivery of digestive enzymes for bone degradation. Therefore, Rab7a functions in the bone resorption by interacting and colocalizing with Rac1 at the fusion zone of the ruffled border and regulating the rapid fusion of intracellular acidic vesicles to the plasma membrane, possibly mediating, through the cooperation with Rac1, the transport of these vesicles between microtubules and actin microfilaments, as no microtubules reach the peripheral ruffled border [55]. Downregulation of Rab7a prevents the formation of the ruffled border and bone resorption [130], and therefore, alterations of the interaction between Rab7a and Rac1 could result in a pathological state. In fact, bone resorption is fundamental for skeletal modeling during growth and for bone remodeling of the skeleton in adults, and impairment of this osteoclast function has been already related to the tissue destruction in psoriatic arthritis and rheumatological disorders, but also to Paget’s disease of bone (PDB), a chronic and focal bone disorder, to osteoporosis, and to bone changes secondary to cancer [131,132,133,134].



Both Rab7a and Rac1 have been associated with the formation of circular dorsal ruffles (CDRs), dynamic protrusions containing actin structures located in apical surfaces of cells that might be important for internalization of molecules and cell motility. In particular, overexpression of Rab7a could induce the formation of CDRs by interacting and modulating the activity of Rac1, which, in turn, regulates the actin cytoskeleton and the genesis of CDRs. Moreover, Rab7a partially colocalizes with these large structures when overexpressed [57]. As Rab7a overexpressing cells are able to internalize thyroglobulin through the CDRs and in thyroid autonomous adenomas, Rab7a is upregulated in order to promote thyroglobulin endocytosis, it is possible that the higher thyroglobulin endocytosis observed in this pathology may occur through the activation of Rac1 and the formation of CDRs [57,87]. Therefore, alteration of this axis could be involved in the onset of this type of benign tumor.



Interestingly, it has been discovered that both Rab5a and Rab11 can regulate T cell functions together with Rac1 in the activation of the adaptive immune response [135,136]. Indeed, Rab5a is phosphorylated by protein kinase Cε (PKCε) upon integrin or chemokine stimulation. Moreover, PKCε interacts with Rab5a in migrating T cells and regulates its localization and, in turn, Rac1 activation, actin rearrangement, and T cell motility [136]. Rab11 regulates Rac1 subcellular localization and actin dynamics through its effector FIP3. This leads to impairments in the T cell spreading, immunological synapse formation, and T cell activation. Interestingly, lamellipodia formation in T cells is dependent on Rac1 localization [135]. Alteration of T cell migration and activation could be important for the functionality of the immune system, and studying the role of Rac1 and Rabs could further elucidate the molecular mechanisms of pathologies related to inappropriate immune responses.




7. Conclusions


Plenty of data suggest a close relationship between Rho and Rab proteins prompting the investigation of coordinated functions in order to better understand, at the molecular level, how these proteins control together a number of cellular events.



Rac1, a member of the Rho GTPases, controls the actin cytoskeleton and signal transduction, while Rab GTPases are important for the regulation of membrane trafficking. From the numerous data reported in this review, it is clear that Rac1 acts often in combination with Rab proteins, indicating that, in general, regulation of actin cytoskeleton by Rac1 and regulation of vesicular transport steps by Rab proteins are finely-coordinated events important for controlling and modulating numerous cellular functions. Indeed, coordination is emerging as a central mechanism to ensure precise control of membrane trafficking and, in turn, of multiple cellular functions. Notably, impairment of this coordination leads to several kinds of human diseases, ranging from cancer to infectious and/or neurodegenerative diseases (Figure 2). Further investigation on this coordination could help to elucidate the molecular mechanisms underlying a number of important human diseases, opening the way to the identification of targets for future effective therapeutical means.
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Figure 1. Schematic model that depicts the coordination of Rab proteins and Rac1 in cell migration. Different pathways are indicated with letters. (a) Rab5a regulates the internalization and recycling of integrins from the rear edge to the leading edge. This regulation is important for the formation of new adhesions at the front of the cell, for Rac1 activation, and for actin filament (in red) reorganization. (b) Rab11 interacts with E-cadherin and recruits and activates Rac1 at the plasma membrane. In hypoxia, αvβ3 integrin and PI3K are activated through the action of Rab11, leading to Rac1 activation and cell migration. (c) Cell stimulation with EGF and its binding to EGFR modulates activity of PI3K and AKT in a Rab5c-mediated manner. This in turn leads to increased Rac1 activity, membrane ruffles, and cell migration. (d) Wnt5a signaling induces the activation of Dvl2, which binds to Rab35 activating it. Active Rab35 increases Rac1 activity and therefore cell migration. (e) Rab8 activation induces Rac1 activation mediated by a Rac1 GEF called Tiam1, regulating cortical actin polymerization and focal adhesion reorganization. Furthermore, active Rab23 interacts with Tiam1, through its interaction with β1 integrin, regulating Rac1 activity and cell migration. (f) Rab7a regulates cell migration by modulating Rac1 activity, β1 integrin, and myosin X transport at the leading edge and the regulation of vimentin filament organization (in orange). Moreover, Rac1 regulates Rab7a activity and in turn E-cadherin degradation in lysosomes, and therefore cell-cell contacts. 
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Figure 2. Demonstrated relationships between Rac1 and Rab proteins, whose alterations are responsible for human diseases. The interactions of Rab5c, Rab23, and Rab8 with Rac1 are important for cell migration and cancer. The coordination between Rab11 and Rac1 has a key role in immune system regulation and cancer. Rab5a and Rac1 interaction could be relevant for immune system diseases, neurological pathologies, and tumors. Rab29 and Rac1 contribute together to the onset of neurological diseases, whereas Rac1 and Rab35 interaction is altered in infectious diseases, neurological pathologies, and cancer. Finally, Rab7a has a key role in cell migration and adhesion together with Rac1, and alterations of the Rac1-Rab7a interaction could be important for bone-related diseases. 
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Table 1. Post-translational modifications of Rac1.






Table 1. Post-translational modifications of Rac1.





	
Type of Modification

	
Chemical Group Added

	
Aminoacidic Residue

	
Effect

	
Reference






	
Prenylation

	
Prenyl group

	
Cys178

	
Rac1 localization and activity

	
[2]




	
Palmitoylation

	
Palmitoyl group




	
Ubiquitination

	
Ubiquitin

	
Lys147

	
Rac1 degradation and regulation of its activity

	
[4,5,9]




	
SUMOylation

	
Small Ubiquitin-related Modifier (SUMO) proteins

	
Lysine residues; C-terminal domain

	
Rac1 activity and cell migration

	
[6]




	
Phosphorylation

	
Phosphate group

	
Ser71

	
Rac1 GTP-binding activity

	
[7]




	
Phosphorylation

	
Phosphate group

	
Thr108

	
Rac1 activity, interaction with PLC-γ1 and cell migration

	
[8]
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