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Neurons are highly polarized cells with significantly long axonal and dendritic extensions that can reach distances up to hundreds of centimeters away from the cell bodies in higher vertebrates. Their successful formation, maintenance, and proper function highly depend on the coordination of intricate molecular networks that allow axons and dendrites to quickly process information, and respond to a continuous and diverse cascade of environmental stimuli, often without enough time for communication with the soma. Two seemingly unrelated processes, essential for these rapid responses, and thus neuronal homeostasis and plasticity, are local mRNA translation and cytoskeletal reorganization. The axonal cytoskeleton is characterized by high stability and great plasticity; two contradictory attributes that emerge from the powerful cytoskeletal rearrangement dynamics. Cytoskeletal reorganization is crucial during nervous system development and in adulthood, ensuring the establishment of proper neuronal shape and polarity, as well as regulating intracellular transport and synaptic functions. Local mRNA translation is another mechanism with a well-established role in the developing and adult nervous system. It is pivotal for axonal guidance and arborization, synaptic formation, and function and seems to be a key player in processes activated after neuronal damage. Perturbations in the regulatory pathways of local translation and cytoskeletal reorganization contribute to various pathologies with diverse clinical manifestations, ranging from intellectual disabilities (ID) to autism spectrum disorders (ASD) and schizophrenia (SCZ). Despite the fact that both processes are essential for the orchestration of pathways critical for proper axonal and dendritic function, the interplay between them remains elusive. Here we review our current knowledge on the molecular mechanisms and specific interaction networks that regulate and potentially coordinate these interconnected processes.
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Introduction

Neurons are the “foundation stones” of the nervous system (NS), relentlessly processing and conveying information crucial for the orchestration of all the necessary functions of life. They are among the most structurally sophisticated cells, consisting of a cell body (soma) with two molecularly and functionally distinct types of cytoplasmic protrusions: the dendrites and the axon (Kevenaar and Hoogenraad, 2015). The significantly extended axons of higher vertebrates are often required to quickly integrate and process multiple incoming signals, independently of the soma. Thus, it is easy to envisage that the proper development, maintenance, and function of the NS depends on a certain degree of axonal autonomy, as in most cases there is simply not enough time for communication with the soma (Mofatteh, 2020). This semi-autonomous activity of axons strongly relies on two processes: Local mRNA translation and dynamic cytoskeleton reorganization.

Neurons possess free ribosomes in their distal compartments and are thus capable of regulating protein synthesis locally and on-demand, using mRNA molecules that are trafficked to various subcellular locations and maintained in a dormant state unto specific stimulation (Cajigas et al., 2012; Buxbaum et al., 2014; Zappulo et al., 2017; Glock et al., 2021). Since the translation of a single mRNA molecule can generate multiple proteins, localized protein synthesis is considered an energetically favorable mechanism over transport of individual proteins to distal axonal compartments, allowing for drastic alteration of the local proteome and subsequent rapid responses upon receipt of microenvironmental signaling (Gasparski et al., 2022). On the other hand, the neuronal cytoskeleton, composed of actin filaments (filamentous actin or F-actin), neurofilaments, and microtubules (MTs), acts as a key regulator of crucial molecular and cellular events related to the establishment and maintenance of neuronal polarity, morphology, structural integrity, and plasticity (Luo, 2002; Barnes and Polleux, 2009). Even though its name implies a static nature, the cytoskeleton is actually exceptionally dynamic, capable of undergoing rapid rearrangements in order to adjust to emerging cellular needs in response to several stimuli.

Local mRNA translation is highly linked to the cytoskeleton, as the latter not only serves as a platform for mRNA trafficking but also acts as a scaffold for the organization of the translational machinery components (Venticinque et al., 2011; Kevenaar and Hoogenraad, 2015; Piper et al., 2015). Meanwhile, successful cytoskeleton reorganization is accomplished by a cycle of polymerization and depolymerization of filaments, based on monomers that are locally synthesized (Grantham et al., 2002; Buxbaum et al., 2014; Preitner et al., 2014). Despite the obvious interrelation of the two processes, and their well-established roles in the regulation of crucial cellular events during development and adulthood, little is known about the potential molecular mechanisms and complexes that are involved in their coordination. Here, we aim to provide an overview of the current literature on the co-orchestrated regulation of local protein synthesis and cytoskeletal reorganization, both in the developing and adult NS. Our goal is to summarize our knowledge and highlight potential missing information that would help us understand the pivotal interplay between these processes, necessary for proper NS structure and function.



Importance and regulation of local mRNA translation in neurons

De novo protein synthesis localized to specific subcellular regions, a process known as local mRNA translation, can be achieved via targeted mRNA transport and allows for the spatiotemporal control of a cell’s protein repertoire (Holt and Schuman, 2013). Localized protein synthesis has been studied extensively in model organisms, where the specific subcellular localization of cytosolic mRNA molecules (e.g., bicoid, oscar, nanos) is crucial for development and cell fate determination (Forrest and Gavis, 2003; Weil et al., 2008; Zimyanin et al., 2008). For example, due to its large size and polarity, the normal development and function of an oocyte in Drosophila melanogaster or Xenopus laevis, depends on the targeted transport of translationally silent mRNAs, and the subsequent activation of protein synthesis at a specific developmental stage or location (Besse and Ephrussi, 2008). This differential subcellular localization of mRNAs in different systems of various species serves as an evolutionarily conserved mechanism for the asymmetrical distribution of proteins among each cell compartment (Mofatteh, 2020). Interestingly, the localized mRNAs often times undergo differential cleavage of their untranslated regions (UTRs) that generates compartment-specific protein isoforms (Andreassi et al., 2021). In addition, due to differences in their post-translational modifications (PTMs), newly synthesized proteins resulting from local mRNA translation are also functionally different than their already existing counterparts. For instance, locally synthesized β-actin is critical for cell polarity and directional movement of fibroblasts (Liao et al., 2008).

In the sublimely complex NS, formation of functional neuronal networks necessitates precise axonal and dendritic positioning, which in turn require spatiotemporal regulation of gene expression. Neuronal local translation is an elegant mechanism, key to this regulation; specific mRNAs that are transported in a dormant state in distal neuronal compartments, are translated on-demand, thus providing axons with a level of autonomy that is crucial for their proper development and function (Mofatteh, 2020).


Local mRNA translation in axon outgrowth and guidance

Several studies highlight the role of local translation in neurodevelopmental processes, such as growth cone formation, axon pathfinding and branching, and formation of synapses, while at the same time numerous neurodevelopmental disorders have been correlated with disrupted local protein synthesis (Sasaki et al., 2010; Zivraj et al., 2010; Spillane et al., 2012; Gkogkas et al., 2013; Santini et al., 2013). After extensive research in the last couple of decades, we now know that developing axons exhibit high capacity for local translation, which provides them with such remarkable autonomy, that they can grow and navigate independently of the neuronal soma. Indeed, a series of elegant in vitro experiments initially unraveled that Xenopus retinal axon pathfinding remains unaffected by the removal of the soma (Harris et al., 1987). This observation, along with previous pioneer studies that uncovered the presence of ribosomes in the axonal compartment, led to the conclusion that the basic translation machinery is available in axons, allowing them to tune their proteome and respond to their environment as needed (Harris et al., 1987; Mofatteh, 2020). However, the cellular mechanisms that regulate precise positioning of ribonucleoprotein particles (RNPs) in axons remain largely unknown. Recent work in X. laevis has shown that axonal mRNAs and RNPs are co-transported with late endosomes, with the latter ones also serving as docks for local translation of proteins responsible for axon survival and integrity (Cioni et al., 2019). Interestingly, mitochondria reside in the endosome hotspots for local translation and numerous of the translated mRNAs correspond to proteins that regulate or maintain mitochondrial functions (Cioni et al., 2019). These observations in good agreement with previous work unraveling the importance of mitochondria in local translation and axon branching downstream of nerve growth factor (NGF) (Spillane et al., 2013), underline a remarkable mechanism that axons display, in order to self-sustain their protein homeostasis and the energy required to do so.

On top of the ability to maintain their integrity, axons need to respond to a multitude of extracellular signals. Especially in the mammalian NS the neuronal microenvironment is rather complex. Axons and their growth cones receive and integrate a plethora of constant chemoattractive and chemorepulsive cues in vivo. Successful guidance to their synaptic targets is then achieved via intracellular signal transduction and subsequent directed movement along the correct pathway (Dickson, 2002; Erskine and Herrera, 2007). This directional steering strongly depends on local mRNA translation and several axon guidance molecules and growth factors are responsible for eliciting rapid axonal protein synthesis. For instance, the Slits and Semaphorins serve as extracellular cues that promote local translation of mRNA molecules and induce repulsive turning of axons. Notably, blocking local translation can inhibit repulsive turning in response to these molecules (Piper et al., 2006). On the other hand, attractive cues like Netrin-1 also require local protein synthesis to exert their effect on growing axons. The Netrin-1 receptor DCC has been previously shown to directly interact with the translation machinery in developing axons, thereby promoting translation of specific mRNAs and de novo synthesis of proteins necessary for Netrin-1 signaling (Tcherkezian et al., 2021). Notably, one of the best characterized mRNAs that are asymmetrically translated in response to Netrin-1 signaling is that of β-actin, thereby providing the growth cone with blocks for rapid cytoskeletal remodeling, and directional steering toward the chemoattractant source (Leung et al., 2006, 2018).



Local mRNA translation in synapse formation and plasticity

Apart from its evident role in axon development, local protein synthesis is pivotal for synapses. Many studies have shown that the ability of synapses to synthesize proteins in response to specific local demands is necessary for the developing nerve terminal to sense and respond to extrinsic signals. Therefore, it is essential for synaptogenesis, synapse strengthening, and elimination, and even for relaying signals to the cell soma and influencing neuronal survival (Batista and Hengst, 2016). Notably, local translation has been found to be indispensable at both the pre- and post-synaptic sites (Agrawal and Welshhans, 2021). In the post-synaptic compartment, where polyribosomes were first visualized by electron microscopy (EM), a lot of work has been focused on the function of local mRNA translation, which appears as a highly dynamic modulator of the local proteome (Steward and Levy, 1982; Ostroff et al., 2012, 2018). A number of studies highlight a potential similar role of mRNA translation in the pre-synaptic compartment (Koenig, 1967; Autilio et al., 1968; Morgan and Austin, 1968; Koenig et al., 2000; Scarnati et al., 2018). Although initial EM studies were unable to detect ribosomes, or ribosomal RNA (Bartlett and Banker, 1984), recent work has revealed clusters of ribosomes associated with actin in mature axons, as well as a particularly diverse pool of pre-synaptic axonal and dendritic mRNAs (Koenig et al., 2000; Cajigas et al., 2012; Hafner et al., 2019).

A very-well studied signal that induces axon terminal branching and synaptogenesis is the Brain Derived Neurotrophic Factor (BDNF) (Wang et al., 2022). BDNF initiates local translation via activation of tropomyosin receptor kinase B (TrkB) receptors and mTOR signaling, as well as via stimulation of the group I metabotropic glutamate receptors (mGluRs) and ERK-MAPK signaling, regulating synapse formation, plasticity, and maintenance (Steward and Schuman, 2003; Schratt et al., 2004; Napoli et al., 2008). BDNF is secreted both pre- and post-synaptically and affects TrkB receptors localized on both pre- and post-synaptic membranes (Gomes et al., 2006; Mohajerani et al., 2007; Song et al., 2017). Therefore, BDNF activates both pre- and post-synaptic pathways and elicits local protein synthesis and rapid effects on membrane excitability and synaptic transmission (Pradhan et al., 2019). At the pre-synaptic compartment, BDNF-induced activation of TrkB potentiates the release of neurotransmitters such as GABA and glutamate, via the TrkB-ERK pathway (Kang and Schuman, 1995; Levine et al., 1995; Kang et al., 1997; Jovanovic et al., 2000). Post-synaptically, BDNF-induced activation of TrkB generates fast dendritic calcium transients and induces several intracellular signaling pathways (Lang et al., 2007) that may further support structural changes, such as spine density increase and dendritic growth (Segal and Greenberg, 1996; Alonso et al., 2004; Mohajerani et al., 2007). Additional studies have demonstrated that BDNF can induce local synthesis of the transcription factors SMAD1/5/8 followed by their retrograde transport, providing an example of tight signal regulation and relay (Ji and Jaffrey, 2012). In the neuromuscular junction (NMJ) of D. melanogaster, a well-investigated invertebrate synaptic system, SMAD proteins are involved in synapse function both in pre- and in post-synaptic cells (Ueberham and Thomas, 2013).

Based on all of the aforementioned observations and a plethora of additional studies, it is unassailable that synaptic plasticity is greatly affected by the levels of local protein synthesis (Biever et al., 2019), and that activity-dependent local translation is essential for the formation and maintenance of long-term memories. For example, it was recently demonstrated that long-term plasticity of GABA release in established synapses requires local translation (Cioni et al., 2018). Concomitantly, an elegant study that perturbed synaptic translation by local depletion of mitochondrial energy compartments, uncovered severe impairment of spine morphological alterations, highlighting the necessity of both protein synthesis and mitochondria during plasticity in hippocampal neurons (Rangaraju et al., 2019).

The significance of local protein synthesis for synapse formation, function, and plasticity is further underlined by the fact that genetic alterations of the pathways that regulate local mRNA translation are associated with the emergence of synaptopathies, the clinical manifestations of which range from mild intellectual disabilities (ID) to autism spectrum disorders (ASD) and schizophrenia (SCZ) (Ehninger and Silva, 2009; De Rubeis et al., 2013). A common anatomical feature of synaptopathies is the dysgenesis of dendritic spines (Penzes et al., 2011; De Rubeis et al., 2013). For instance, Fragile X Syndrome is an inherited synaptopathy characterized by dendritic spine defects which result in neurodevelopmental delays and autistic-like phenotypes (Irwin et al., 2002; Jacquemont et al., 2007; De Rubeis et al., 2013). It is caused by loss of function of FMRP, an RNA-binding protein (RBP) that regulates local mRNA translation and degradation in neurons, and is responsible for the dendritic targeting of mRNAs (Dictenberg et al., 2008; De Rubeis et al., 2013). In addition, defective assembly of RNPs has been associated with the emergence of neurological diseases such as spinal muscular atrophy (SMA) and amyotrophic lateral sclerosis (ALS) (Sanchez et al., 2013; Mofatteh, 2020).



Local mRNA translation in axon regeneration

Increasing evidence indicates that axonal mRNA translation continues to play roles in mature axons, especially during plastic responses such as injury-induced axon regeneration (Verma et al., 2005; Jung et al., 2012; Kalinski et al., 2015). Interestingly, axonal regeneration following injury encompasses cellular processes that are very similar to physiological axon growth during development, namely axon elongation and the formation of a new growth cone, which is receptive to developmental cues that guide it toward its lost synaptic targets to restore connectivity (Verma et al., 2005; Giger et al., 2010). All these processes require local mRNA translation. And while mature axons of the peripheral nervous system (PNS) maintain the capacity for mRNA trafficking and translation, which is necessary for regeneration after injury, mature axons of the central nervous system (CNS) lose this intrinsic ability (Gumy et al., 2010). This is primarily because the transition from development to maturity in the CNS is marked by gene expression changes that favor synaptic functions and block growth, therefore limiting the capacity of axons for local translation (Jung et al., 2012). In vitro as well as in vivo studies have shown that the enhancement of protein synthesis in injured axons promotes regeneration, while on the other hand, axonal regeneration is attenuated when mRNA translation is blocked after injury (Verma et al., 2005; Christie et al., 2010; Donnelly et al., 2011; Saxton and Sabatini, 2017). These observations suggest that there is a strong correlation between local mRNA translation and the intrinsic ability of axons to regenerate.




Structure and functions of the neuronal cytoskeleton

As implied by its name, the main role of the cytoskeleton is not only to provide a structural scaffold, establishing and maintaining the mechanical properties, morphology, polarity, and integrity of neurons but also to contribute to neuronal plasticity (Kevenaar and Hoogenraad, 2015). It is an incredibly dynamic structure, undergoing rapid remodeling in order to meet emerging cellular needs in response to constant environmental stimuli and intrinsic homeostatic processes. Several key cellular and molecular events, including protrusion, motility, macromolecule, and organelle positioning, as well as vesicular trafficking, strongly depend on the cytoskeleton, its dynamic flux and ability to serve as a signaling platform (Kim and Coulombe, 2010).


Major components of the neuronal cytoskeleton

The neuronal cytoskeleton is built up from three distinct but integrated fibrous polymers: MTs, F-actin, and neurofilaments. MTs are cylindrical polymers comprised of α- and β-tubulin heterodimers, actin filaments are polymers built up from globular actin (G-actin) and neurofilaments are a family of neuronal intermediate filaments (Kevenaar and Hoogenraad, 2015). F-actin and MTs can serve as rails for long- and short-range axonal transport and can influence axon growth and specification (Kevenaar and Hoogenraad, 2015). Neurofilaments are found mostly in axons and serve as regulators of their diameter and conductance (Yuan et al., 2017).

MTs are characterized by their highly dynamic nature, and their continuous growth and shrinkage constitute the main driving forces for rapid cytoskeletal remodeling (Kevenaar and Hoogenraad, 2015). The filaments can exist in a stable state, marked by PTMs, or they can be dynamically unstable, stochastically switching between polymerization and depolymerization (Mitchison and Kirschner, 1984; Janke, 2014). This is regulated by a wide array of factors, among which are the microtubule-associated proteins (MAPs), with various MAPs, such as MAP1B and Tau, influencing MT dynamics by inducing their stabilization (Drechsel et al., 1992; Tortosa et al., 2013; Derisbourg et al., 2015). One major characteristic of axonal MTs in particular is their unipolar organization, with their plus-end (fast-growing) oriented toward the axon tip and the minus-end (more stable) located in the opposite direction, toward the soma (Baas et al., 1988; Stepanova et al., 2003; Stone et al., 2008). Interestingly though, MTs are excluded from dendritic spines and can only be found in dendritic shafts with mixed orientation (Baas et al., 1988; Stone et al., 2008; Kapitein et al., 2010).

F-actin is another actively dynamic structure, rapidly switching between polymerization and depolymerization, due to the weak interaction forces of actin monomers. Actin monomers are added to the growing end of the protrusion, while actin subunits dissociate in the opposite end (Letourneau, 2009). They are also highly polarized due to the orientation of the actin monomers in the filament (Kevenaar and Hoogenraad, 2015). Many actin-binding proteins (ABPs) influence actin dynamics through different mechanisms, such as the promotion of polymerization/depolymerization of G-actin, as well as the crosslinking and anchoring of F-actin to other cellular components (Letourneau, 2009). Axonal actin is organized along the axon in ring-like structures, comprised of short actin filaments connected by spectrin tetramers and caped by adducin (Xu et al., 2013; Lukinavièius et al., 2014; D’Este et al., 2015). Concomitantly, the cytoskeleton of the dendritic spines is composed of a highly branched network of long- and short-branched actin filaments, connected by many ABPs (Nakahata and Yasuda, 2018). Rearrangements of the actin cytoskeleton, such as actin polymerization/depolymerization, branching, cross-linking, and trafficking, are regulated by multiple ABPs and small GTPase proteins and influence the formation, shape, motility, and stability of dendritic spines (Harvey et al., 2008; Murakoshi et al., 2011; Bosch et al., 2014; Hedrick et al., 2016).



The cytoskeleton during axon outgrowth and guidance

It has become clear that the cytoskeleton enacts a central role during neuronal development, acting as a signaling platform and generating intracellular forces which regulate the speed and direction of outgrowth (Tanaka and Sabry, 1995). Localized cyclic polymerization and depolymerization of F-actin, in combination with MTs stabilization, and chaperoning events like Kinesin1-mediated sliding of MTs contribute to the generation of the mechanical forces needed for the induction of neurite outgrowth (Flynn et al., 2012). The initial exploration stage is characterized by the rapid multidirectional extension and retraction of actin protrusions in response to microenvironmental cues (Tanaka and Sabry, 1995). In particular, in the growth cones that are the distal tips of growing axons, highly dynamic actin filaments that originate from a meshed actin network in the leading edge (lamellipodium), generate filopodial protrusions that serve as cellular antennae, sampling the microenvironment for numerous attractive and repellent extracellular signals (Kolodkin and Tessier-Lavigne, 2011). This plethora of external cues promotes the activation of intracellular cascades, which ultimately converge on the cytoskeleton and induce local rearrangements that contribute to the overall neuronal response and guidance toward the correct direction (Vitriol and Zheng, 2012). Following actin protrusions and signaling, the MTs explore the new growth cone intracellular environment, in order to stabilize the navigating axons and promote proper directionality (Pinto-Costa et al., 2020). Signal transduction in the growth cones depends on factors such as the Rho subfamily of Ras-related GTPases (Tanaka and Sabry, 1995), while numerous ABPs such as Cofilin 1 (Cfl1), Profilins, and Ena/VASP family members are essential for actin reorganization (Dent et al., 2011).



The cytoskeleton during synapse formation and plasticity

Upon reaching the appropriate synaptic target, axonal growth cones cease to explore the environment and axons attenuate their growth, initiating the formation of branches and ultimately presynaptic sites, with crucial cytoskeletal rearrangements (Kevenaar and Hoogenraad, 2015). Specifically, NGF-mediated localized debundling of MTs promotes the formation of axon branches, whereas actin assembly contributes to the stabilization of the branch (Ketschek et al., 2015). Cytoskeletal rearrangements are also pivotal in dendritic spines, although the proper function of neuronal circuits strongly depends on the capacity of spines to remain in a stable state for long periods of time. Numerous studies point to the significance of dynamic molecular and subsequent structural reorganization of spines for circuit plasticity during learning (Grutzendler et al., 2002; Trachtenberg et al., 2002; Yang et al., 2009; Hayashi-Takagi et al., 2015; Li et al., 2017). Synaptic activity regulates dendritic spine morphology by influencing the reorganization of MTs and F-actin in both the developing and adult NS (Gordon-Weeks and Fournier, 2014). The balance between polymerization and depolymerization of actin networks is essential in synaptic plasticity, inducing activity-dependent structural alterations in dendritic spines (Hotulainen and Hoogenraad, 2010). On the other hand, MTs in the dendritic shafts also undergo rapid structural changes that are necessary for spine plasticity and maintenance of proper spine structure (Jaworski et al., 2009; Merriam et al., 2011, 2013). On top of their structural role though, both actin and microtubule filaments have been shown to be of utmost importance for the tethering and stabilization of dendritic mitochondrial compartments, which provide spines with the fuel required for synaptic local translation and plastic responses (Rangaraju et al., 2019).



The cytoskeleton during axon regeneration

Successful axon regeneration, following trauma induced by mechanical injury or a neurodegenerative disease, strongly relies on the capacity of the cytoskeleton for rapid and coordinated rearrangements (Kevenaar and Hoogenraad, 2015). One of the reasons why adult CNS axons fail to regenerate after injury is the inhibitory microenvironmental cues that ultimately suppress cytoskeletal reorganizations, required for axon regrowth (Gordon-Weeks and Fournier, 2014). Upon CNS injury, the retraction bulbs that are formed at the tips of the injured neurons are dystrophic and growth-incompetent, comprised of a severely disorganized cytoskeleton (Ertürk et al., 2007). Conversely, the bulbs that are formed at the tips of injured PNS neurons consist of a highly organized and appropriately bundled network of MTs and dynamic actin structures, which resemble a developmental growth cone and can promote axon regrowth and regeneration (Gordon-Weeks and Fournier, 2014). Inhibitory molecules converge upon the neuronal cytoskeleton by initiating intracellular signaling cascades that hinder axonal regrowth. The small GTPase RhoA, as well as its downstream effector Rho Kinase (ROCK), are central mediators of the actin cytoskeleton, regulating inhibitory signaling pathways that limit regeneration (Alabed et al., 2006; McKerracher and Higuchi, 2006). Various inhibitory ligands activate RhoA-mediated cascades, therefore blocking axonal repair. Several studies have indicated that RhoA or ROCK inhibition improves axonal regeneration by enhancing the in vitro and in vivo regrowth of injured CNS neurons on repellent substrates (Wahl et al., 2000; Dergham et al., 2002; Borisoff et al., 2003; Fournier et al., 2003; Yukawa et al., 2005; Alabed et al., 2006). Therefore, RhoA inhibitors display therapeutic potential and are currently used in clinical trials aiming to enhance axonal regeneration after spinal cord injury (Fehlings et al., 2011; Pinto-Costa et al., 2020).



The cytoskeleton in transport

Besides its crucial aforementioned roles, the cytoskeleton is an essential element for the active transport of a plethora of molecular cargoes along the significantly extended projections of neurons. Neuronal homeostasis, axonal polarization and outgrowth, synaptic function, and regeneration of axons after injury are all processes that rely on cytoskeleton-dependent transport. Conserved mechanisms of active motor protein-mediated transport are crucial for the proper distribution of various types of cargoes, such as axonal proteins, mRNAs, signaling molecules, vesicles, and organelles, at specific locations within the axons and dendrites (Broix et al., 2021). Three types of motor proteins mediate the cytoskeletal transport of the aforementioned cargoes: Myosins, kinesins, and dyneins. Kinesin is responsible for the anterograde long-range transport (from the soma to the synapse) of cargoes along the MTs, while dynein is involved in the retrograde long-range transport (from the synapse to the soma) (Hirokawa et al., 2010). In contrast to the previous motor proteins, myosin moves along the actin filaments of the cytoskeleton and facilitates short-range transport (Vale, 2003). Notably, dynein-dependent retrograde axonal transport is one of the first cellular processes activated after NS injury, in order for neurons to induce a regenerative response (Broix et al., 2021).




Coordination between local translation and cytoskeletal remodeling

It is more than evident that cytoskeletal dynamics are crucial for proper architecture, function, and regeneration of the NS, and indeed, numerous studies have linked cytoskeletal defects to the emergence of neurodevelopmental and neurodegenerative diseases (Kevenaar and Hoogenraad, 2015). Concomitantly, local protein synthesis is pivotal for neuronal homeostasis, with an increasing number of studies unraveling its role during development, plasticity, and regeneration. The two processes are essentially interrelated and it has been recently demonstrated that cytoskeletally-tethered mitochondria exist in dendrites, as local energy booths that fuel local translation in synapses and potentially other neuronal compartments (Rangaraju et al., 2019). However, what remains poorly understood up to date, are the molecular mechanisms neurons utilize to co-regulate local protein synthesis and cytoskeletal remodeling, when rapidly responding to stimuli.


The CYFIP1 complexes


The FMRP-CYFIP1 ribonucleoprotein complex

One of the best-characterized mechanisms that coordinate cytoskeletal remodeling and local translation involves the FMRP-CYFIP1 RNP complex. The cytoplasmic fragile X mental retardation protein (FMRP) interacts with the Cytoplasmic FMRP Interacting Protein (CYFIP1), also known as Specific Rac1-Activated protein (SRA1), forming a heterodimer ribonucleoparticle that represses protein synthesis (Kobayashi et al., 1998; Schenck et al., 2001, 2003; Napoli et al., 2008). FMRP is an RBP implicated in mRNA translation, localization, and stability (Bagni and Greenough, 2005; Zalfa et al., 2007; Zhang et al., 2007). It is the encoded protein product of the X-linked fragile X mental retardation 1 (fmr1) gene. FMRP interacts with specific mRNA molecules by recognizing domains such as G quartets and/or U-rich sequences, or via small non-coding RNA adaptors and miRNAs (Napoli et al., 2008). It influences the dendritic targeting of mRNAs and regulates mRNA translation and decay in the neuronal soma and at synapses (Bassell and Warren, 2008; Dictenberg et al., 2008). The other crucial partner of the FMRP-CYFIP1 RNP complex is CYFIP1, a protein that regulates both cytoskeletal dynamics and protein translation. FMRP tethers specific mRNAs to CYFIP1, which in turn interacts and binds to the cap-binding eukaryotic initiation factor 4E (eIF4E) and inhibits the initiation of translation (Napoli et al., 2008; De Rubeis et al., 2013). Extracellular cues, like BDNF, and synaptic activity result in the release of CYFIP1 from eIF4E and from bound mRNAs, promoting the initiation of mRNA translation (Napoli et al., 2008). Protein synthesis can then begin after the eukaryotic initiation factor 4G (eIF4G) binds to eIF4E, promoting the recruitment of other initiation factors and ribosomal proteins (Santini et al., 2017). Several mRNAs have been identified to be translationally inhibited by the FMRP-CYFIP1 complex in the mammalian brain, including map1b, camkII, arc, and app. Indeed, the absence of any of the two, CYFIP1 or FMRP, has been associated with increased translation levels of the aforementioned mRNAs (Zhang et al., 2001; Zalfa et al., 2003; Lu et al., 2004; Hou et al., 2006; Westmark and Malter, 2007; Napoli et al., 2008). In dendrites and synapses, BDNF promotes the FMRP-CYFIP1-mediated translation of arc/arg3.1 and camkII (Aakalu et al., 2001; Yin et al., 2002; Zalfa et al., 2003; Schratt et al., 2004; Napoli et al., 2008).



The CYFIP1-WRC complex

Besides the FMRP-CYFIP1-eIF4E complex, CYFIP1 has also been identified as part of the WAVE Regulatory Complex (WRC). WRC is implicated in actin polymerization by regulating the actin-nucleating activity of the Arp2/3 complex (Schenck et al., 2001; Kunda et al., 2003; Napoli et al., 2008; De Rubeis et al., 2013). It is a heteropentamer, containing WAVE1/2/3, ABI1/2, NCKAP1, and HPSC300, and can be activated through kinases and phospholipids, as well as through the small Rho GTPase Rac1, which induces a CYFIP1-mediated activation of WRC (Kobayashi et al., 1998; Eden et al., 2002; Takenawa and Suetsugu, 2007; Chen et al., 2010).

Both CYFIP1 complexes are crucial for proper synaptic function, since they establish a fine balance between cytoskeletal reorganization and mRNA translation. The incorporation of CYFIP1 in each complex relies on the capacity of CYFIP1 to undergo conformational changes. Specifically, a more globular CYFIP1 conformation is required for the assembly of the FMRP-CYFIP1-eIF4E complex, while a planar form is suitable for the recruitment of CYFIP1 to the WRC (Chen et al., 2010; De Rubeis et al., 2013). This conformational change of CYFIP1 is promoted by factors such as BDNF. BDNF administration results in a Rac1 signaling-mediated conformational transition of CYFIP1 from globular to planar (De Rubeis et al., 2013). This reduces the amount of CYFIP1 interacting with FMRP and, as a result, enhances protein synthesis of key regulators of synaptic plasticity, such as ARC (De Rubeis et al., 2013). Concomitantly, it increases the pool of CYFIP1 recruited on the WRC, promoting actin cytoskeleton rearrangements, necessary for proper spine morphology and function (De Rubeis et al., 2013).

Perturbations in the balance of these two CYFIP1 interconnected pathways are associated with spine dysmorphogenesis, a recurrent feature of several neuropsychiatric disorders (Penzes et al., 2011; De Rubeis et al., 2013). In particular, loss of function of FMRP causes the Fragile X Syndrome (FXS), a common inherited ID, also implicated in the emergence of ASD (Hatton et al., 2006; Jacquemont et al., 2007; Bassell and Warren, 2008). At the cellular level, FXS is characterized by deficient synaptic maturation, while patients with FXS display dendritic spine defects, autistic-like phenotypes, and neurodevelopmental delays (Irwin et al., 2002; Jacquemont et al., 2007). A model proposed by Napoli et al. (2008) suggests that in the absence of FMRP, there would be decreased binding of CYFIP1 to FMRP target mRNAs and subsequent alleviation of translational inhibition. This would result in abnormally high levels of proteins whose synthesis undergoes FMRP regulation (Napoli et al., 2008). Since a wide array of mRNAs is regulated by FMRP, the simultaneous dysregulation of numerous proteins may contribute to the emergence of FXS (Brown et al., 2001; Miyashiro et al., 2003; Liao et al., 2008; Darnell et al., 2011; Klemmer et al., 2011).

cyfip1 is located at the 15q11.2 chromosomal locus, a hot-spot for ASD. Mutations that lead to downregulation of cyfip1 mRNA levels have been associated with cognitive disabilities and ASD (Doornbos et al., 2009; van der Zwaag et al., 2010; Cooper et al., 2011; von der Lippe et al., 2011). In addition, downregulation of the cyfip1 mRNA has been observed in a subgroup of FXS patients who display a Prader-Willi-like phenotype, severe ASD, and obsessive-compulsive behavior (Nowicki et al., 2007; De Rubeis et al., 2013). CYFIP1 has also been linked to SCZ (Tam et al., 2010; Zhao et al., 2013). Depletion of CYFIP1 negatively influences ARC synthesis and actin polymerization, severely affecting spine morphology (De Rubeis et al., 2013). Not only CYFIP1 but also a plethora of CYFIP1 interactors, among which NCKAP1 and eIF4E, are implicated in disorders with a broad range of clinical manifestations, such as ID, ASD, and SCZ (Nowicki et al., 2007; Doornbos et al., 2009; Neves-Pereira et al., 2009; Tam et al., 2010; Cooper et al., 2011; Zhao et al., 2013).

Genetic ablation of the WRC components is also associated with defective rearrangements of the actin cytoskeleton, which negatively influence dendritic spine homeostasis, morphology, and excitability (Grove et al., 2004; Wiens et al., 2005; Kim et al., 2006; Soderling et al., 2007). Regarding the potential therapeutic strategies for these synaptopathies, Santini et al. (2017) proposed an interesting viewpoint related to the treatment of FXS. Particularly, they showed that treating FXS mice with 4EGI-1, which blocks interactions between eIF4E and eIF4G that are required for protein synthesis, reverses defects in hippocampus-dependent memory and spine morphology (Santini et al., 2017). Since the aberrant increase in the levels of many proteins is associated with the emergence of FXS, the targeting of translation initiation factors may be a promising therapeutic plan.




The mena-ribonucleoprotein complex

Another important player involved in cytoskeletal dynamics and local translation is the Enabled/Vasodilator-Stimulated Phosphoprotein (Ena/VASP) family. Three Ena/VASP family members are found in vertebrates: Mena (Mammalian-Enabled), VASP (Vasodilator-Stimulated Phosphoprotein), and EVL (Ena-VASP like). The Ena/VASP proteins contain two conserved domains: the N-terminus EVH1 (Ena-VASP Homology 1) and the C-terminus EVH2. The EVH1 domain binds to proteins with FPPPP (FP4) repeats and is crucial for cellular localization (Bilancia et al., 2014; Harker et al., 2019). EVH2 is composed of an F-actin binding domain (FAB), a G-actin binding domain (GAB), and a C-terminal coiled-coil tetramerization domain (Bachmann et al., 1999; Walders-Harbeck et al., 2002). Between EVH1 and EVH2, there is a central poly-proline region that binds the monomer-binding protein profilin 1 (PFN1) (Ferron et al., 2007; Hansen and Mullins, 2010; Harker et al., 2019), which is necessary for both Arp2/3 and Ena/VASP function (Skruber et al., 2020). All Ena/VASP members display actin filament anti-capping and barbed-end elongation enhancement activity (Barzik et al., 2005; Hansen and Mullins, 2010; Breitsprecher et al., 2011; Winkelman et al., 2014; Havrylenko et al., 2015), which renders them crucial for lamellipodia-based motility and the assembly of filopodia (Grevengoed and Peifer, 2003; Gates et al., 2007; Kwiatkowski et al., 2007; Tucker et al., 2011; Havrylenko et al., 2015). At the initial stage of filopodia assembly, Ena/VASP proteins localize at the edge of the lamellipodia protrusions and facilitate the formation of straight, long actin filaments (Bear et al., 2002; Svitkina et al., 2003; Barzik et al., 2005; Applewhite et al., 2007; Bear and Gertler, 2009; Winkelman et al., 2014; Harker et al., 2019). Their localization at the tips of newly formed and mature filopodia promotes the subsequent assembly of fascin-bundled filaments of the same length (Svitkina et al., 2003; Winkelman et al., 2014; Harker et al., 2019). The capacity of Ena/VASP proteins to bind G-actin, F-actin, and profilin and, hence, deliver monomers from the actin-binding sites to the growing barbed ends of actin filaments, is crucial during these processes and enhances motility and protrusion (Chereau and Dominguez, 2006; Ferron et al., 2007; Hansen and Mullins, 2010; Breitsprecher et al., 2011).

Given their pivotal roles in actin-remodeling, Ena/VASP proteins are key players during cell movement and adhesion. Especially in the NS, numerous genetic studies have shown that the Ena/VASP family members are critical factors for neurulation, neuritogenesis, migration, axon guidance and branching, and synapse formation (Lanier et al., 1999; Lebrand et al., 2004; Menzies et al., 2004; Li et al., 2005; Dwivedy et al., 2007; Kwiatkowski et al., 2007; Lin et al., 2007; McConnell et al., 2016). Neurons deficient for Ena/VASP proteins fail to respond to axon guidance cues that elicit both local translation and actin reorganization in axons, such as Netrin and Slit (Lanier et al., 1999; Lebrand et al., 2004; Menzies et al., 2004; McConnell et al., 2016).

Regarding the role of the Ena/VASP family in local mRNA translation, recent findings point to a Mena-dependent regulation. Mena (ENAH), being an actin-regulatory protein, has been implicated in integrin-mediated signaling, cell motility, and adhesion in the developing and adult NS (Drees and Gertler, 2008; Gupton and Gertler, 2010; Gupton et al., 2012). A recent study by Vidaki et al. (2017) revealed an additional role of Mena as a regulator of both steady-state and BDNF-induced local translation in axons. Mena was found to associate with multiple RBPs and is a main component of a novel RNP complex involved in localized mRNA translation in axons (Vidaki et al., 2017). This complex contains known regulators of translation, like HnrnpK, Pcbp1, and additional RBPs, as well as specific cytosolic mRNAs involved in NS development and function, such as dyrk1a (Vidaki et al., 2017). Notably, Dyrk1a is a dosage-sensitive, dual-specificity kinase important in neuronal development and implicated in the emergence of ASD, ID, Down syndrome, and Parkinson’s disease (Tejedor and Hämmerle, 2011; O’Roak et al., 2012; Qian et al., 2013; Krumm et al., 2014; Coutadeur et al., 2015; Di Vona et al., 2015; van Bon et al., 2016). Although the localization, and thus axonal transport of dyrk1a mRNA is not affected in the absence of Mena, translation of the mRNA is Mena-dependent, and the study revealed a significant decrease in Dyrk1a protein levels, both locally in axons, and globally in Mena-null developing brains (Vidaki et al., 2017). HnrnpK and PCBP1 can form complexes that bind to the 3′-UTRs of target mRNAs, inhibiting the initiation of translation, therefore Mena could be required for the disassembly of the RNP and de-repression of translation (Gebauer and Hentze, 2004; Vidaki et al., 2017). This hypothesis, combined with the facts that both Mena and HnrnpK are implicated in synapse formation and plasticity and that Mena-deficient mice exhibit severe axon guidance defects, highlights the significance of Mena in NS formation and function. Mena’s capability of binding to different growth cone receptors, and its dual role in regulating actin rearrangements and local proteins synthesis, could act as a balancing force between the two processes, coupling and coordinating them on spatiotemporal demand (Lanier et al., 1999; Giesemann et al., 2003; Li et al., 2005; Folci et al., 2014; McConnell et al., 2016; Vidaki et al., 2017).



The DCC cell-surface receptor

The DCC (Deleted in colorectal cancer) receptor is another example of a molecule that could coordinate local mRNA translation and cytoskeletal reorganization, downstream of Netrin-1 signaling. DCC is a ∼185 kD protein encoded by the DCC gene, which is located on chromosome 18q (Keino-Masu et al., 1996). It is a single-pass transmembrane receptor for the extracellular factor Netrin-1, facilitating important functions related to axonal and dendritic growth, guidance, and targeting during development (Keino-Masu et al., 1996; Fazeli et al., 1997; Parent et al., 2005; Tcherkezian et al., 2021). Its extracellular portion contains six fibronectin type III (FN1-FN6) domains and four immunoglobulin-like domains, whereas its intracellular part is comprised of three domains, P1, P2, and P3 (Kolodziej et al., 1996; Finci et al., 2017). DCC can be found in various neuronal populations, expressed across the lifespan of many species, including humans, but its levels decrease dramatically following the transition from embryonic life to adulthood (Manitt et al., 2011; Horn et al., 2013; Reyes et al., 2013; Torres-Berrio et al., 2020). This decrease is accompanied by a change in the role of DCC-mediated signaling, which henceforth is crucial for neuronal survival, and the organization and refinement of large neuronal circuits (Torres-Berrio et al., 2020). Netrin-1, a member of the laminin superfamily, is a secreted protein that binds to the FN4 and FN5 domains of DCC and promotes local protein synthesis and reorganization of the actin cytoskeleton (Torres-Berrio et al., 2020; Tcherkezian et al., 2021). Upon Netrin-1 binding, DCC serves as a platform for the assembly of a multicomponent complex, where numerous intracellular components associated with the translation initiation machinery are recruited (Torres-Berrio et al., 2020; Tcherkezian et al., 2021). Regulation of local translation is mediated by factors such as the Nck-1 adaptor protein and the ribosomal protein L5, which link DCC to the large and small ribosomal subunits (Tcherkezian et al., 2021). Nck-1 activates Src family kinases and Rho GTPases, enhancing the release of Ca2+ and initiating local translation and actin cytoskeleton rearrangements (Torres-Berrio et al., 2020). The cytoplasmic domain of DCC also interacts with eukaryotic initiation factors (eIFs) such as eIF4E, which facilitates the recruitment of mRNAs in the preinitiation translation complex, 80S ribosomes, ribosomal subunits 40S and 60S, and various signal transduction proteins implicated in translational control (Tcherkezian et al., 2021). In parallel, Netrin-1-binding to DCC activates PKA that leads to Ena/VASP-dependent actin polymerization, and initiates a signaling cascade that results in Wave-Arp2/3-dependent actin filament branching (Lebrand et al., 2004; Bouchard et al., 2008; Boyer and Gupton, 2018). Therefore, DCC poses as a compelling molecule that coordinates cytoskeletal remodeling and local mRNA translation downstream of Netrin-1, leading to tightly regulated neuronal responses.

Additional guidance receptors, like Robo2/3 that binds Slit2 and Nrp1 that binds Sema3A, elicit local translation during axon development, as well as cytoskeletal reorganization (Piper et al., 2006; Leung et al., 2013; Bellon et al., 2017; Russell and Bashaw, 2018). However, their mechanism of function is either indirect, or elusive, with respect to the immediate coordination of the two processes, and thus they will not be discussed further.



The APC-ribonucleoprotein complex

An additional molecular network that appears to co-regulate and interrelate local protein synthesis and MT filaments, is the APC-RNP complex. Adenomatus Polyposis Coli (APC) was initially identified as a tumor suppressor, mutated in numerous human colon carcinomas and brain tumors (Powell et al., 1992; Sieber et al., 2002; Green and Kaplan, 2003; Kawasaki et al., 2003; Attard et al., 2007). Structurally, APC is a large scaffold protein with binding domains for several protein targets (Preitner et al., 2014). It is also an MT plus-end tracking protein (+ TIP), involved in the regulation of MT dynamics, playing important roles in cell polarity, adhesion, axon migration, and regulation of the cytoskeleteon (Shi et al., 2004; Watanabe et al., 2004; Etienne-Manneville et al., 2005; Kita et al., 2006; Koester et al., 2007; Purro et al., 2008). In migrating cells, APC has been observed at the ends of detyrosinated MTs (Glu-MTs), where it associates with a minority of MTs toward the leading edge of growing cellular protrusions, promoting MT assembly (Näthke et al., 1996; Mimori-Kiyosue et al., 2000; Wen et al., 2004; Mili et al., 2008).

Apart from regulating MT dynamics, APC associates with both mRNAs and RBPs and forms APC-RNPs involved in local mRNA translation (Mili et al., 2008; Preitner et al., 2014). A genome-wide study by Mili et al. (2008) in migrating fibroblasts revealed a function of APC in RNA localization, as well as a novel RNA anchoring mechanism. They specifically proposed that APC is a component of RNP complexes that contain localized RNAs, pabp1 and fmrp, and is required for accumulation and anchoring of mRNA transcripts in pseudopodial protrusions (Mili et al., 2008). These transcripts are anchored in granules located at the plus ends of Glu-MTs via their 3′-UTRs (Mili et al., 2008). Another genome-wide study by Preitner et al. (2014) in native brain tissue identified APC as an RBP, which serves as a binding platform for a wide array of functionally related protein and mRNA targets. Among these molecular targets are β-catenin,β-actin, and importin-β, which are known to be locally translated in axons and in the leading edge of migrating cells, as well as β2B-tubulin (Hanz et al., 2003; Condeelis and Singer, 2005; Jones et al., 2008; Preitner et al., 2014). β2B-tubulin (Tubb2b) is a tubulin isotype implicated in cortical neuron migration and axon tract formation in humans (Jaglin et al., 2009; Cederquist et al., 2012; Romaniello et al., 2012; Preitner et al., 2014). Preitner et al. (2014) suggested a model where APC can induce MT polymerization partially by directing the local protein synthesis of β2B-tubulin in the periphery of MT growing ends. To do so, APC initally binds to the 3′-UTR of β2B-tubulin mRNA in order to facilitate its translocation to the dynamic MTs, located in the axonal growth cone’s periphery (Preitner et al., 2014). Subsequently, APC acts as a positive regulator of local translation, promoting β2B-tubulin protein synthesis (Preitner et al., 2014). This axonal enrichment of β2B-tubulin protein at the periphery influences MT dynamics by promoting their further extension and thus contributing to the formation of the axonal growth cone’s expanded structure (Preitner et al., 2014). APC functions have also been implicated in the canonical Wnt/β-catenin signaling pathway, which is known to regulate gene transcription (Rubinfeld et al., 1993; Zeng et al., 2005; Clevers and Nusse, 2012). In accordance with this fact, Preitner et al. (2014) showed that APC binds β-catenin mRNA, as well as the mRNAs of several other proteins involved in Wnt/β-catenin signaling, supporting the notion that APC might significantly influence this specific pathway. An additional study from Yasuda et al. (2013) further specifies the way APC mediates local translation. The group showed that Fus is a component of APC-RNPs that preferentially affects protein synthesis within cellular protrusions, and they specifically revealed that local protein synthesis from APC-RNPs can take place within cytoplasmic Fus granules (Yasuda et al., 2013).

In accordance with its roles in MT dynamics and translation, and therefore in numerous aspects of neuronal cell biology, disruption or loss of APC function has been associated with impaired polarization and cell migration, and has also been implicated in neurological disorders, such as SCZ and autism (Etienne-Manneville and Hall, 2003; Watanabe et al., 2004; Kroboth et al., 2007; Kalkman, 2012).



Zipcode binding protein

Zipcode binding protein (ZBP1) is an oncofetal protein that belongs to a family of highly conserved RBPs and is crucial for proper NS development (Nicastro et al., 2017). Three paralogs are found in vertebrates: IMP1/ZBP1, IMP2, and IMP3/VgRBP (Yisraeli, 2005). In neurons, ZBP1 and VgRBP are localized in growth cones and associate with β-actin transcripts (Zhang et al., 2001; Leung et al., 2006; Yao et al., 2006; Welshhans and Bassell, 2011). ZBP1 contains four hnRNP K-homology domains and two RNA recognition motifs (Nielsen et al., 1999; Yisraeli, 2005). Normally, ZBP1 is highly expressed in embryos, and reduced levels, or impaired protein function hinders embryonic development and results in a smaller cerebral cortex (Nishino et al., 2013). In developing neurons, ZBP1 regulates dendritic morphology, growth cone guidance, and axonal remodeling (Eom et al., 2003; Leung et al., 2006; Sasaki et al., 2010; Welshhans and Bassell, 2011; Medioni et al., 2014). To do so, ZBP1 interacts with a wide array of mRNAs (Jønson et al., 2007; Hansen and Mullins, 2010; Patel et al., 2012; Conway et al., 2016; Hafner et al., 2019). This interaction is required for translational regulation, transport, and maintenance of mRNAs, with the most-studied one being that of β-actin (Leeds et al., 1997; Hüttelmaier et al., 2005; Leung et al., 2006; Weidensdorfer et al., 2009; Conway et al., 2016). Despite the fact that ZBP1 does not directly associate with the cytoskeleton, its role in the precise localization and translation of β-actin renders it worth mentioning herein.

β-actin is a crucial factor during neuronal development, favoring actin polymerization, cellular remodeling, and migration (Jung et al., 2014; Nicastro et al., 2017). For instance, in the growth cones of developing axons, local β-actin synthesis is essential in steering (Welshhans and Bassell, 2011). Localization of β-actin mRNA to subcellular sites of actin polymerization requires ZBP1 (Lawrence and Singer, 1986). ZBP1 binds to “zipcode,” a conserved 54-nucleotide element in the 3′-UTR of the β-actin mRNA and facilitates its translocation to actin-rich protrusions, such as the developing neuronal growth cone (Farina et al., 2003; Hüttelmaier et al., 2005). A study of Hüttelmaier et al. (2005) in NG108-15 neuroblastoma cells describes the best characterized mechanism of ZBP1-regulated translation of the β-actin mRNA. In particular, they proposed that ZBP1 associates with the β-actin transcript through the assembly of a localized mRNA-protein complex in the nucleus. Subsequently, ZBP1 mediates transport of the β-actin mRNA to the cytoplasm in a translationally repressed state (Hüttelmaier et al., 2005). This ZBP1-mediated inhibition of translation prevents premature protein synthesis. Translation can then occur when the ZBP1-RNA complex reaches its destination at the cell edge. Once at the periphery of the cell and in response to extracellular cues, ZBP1 can be phosphorylated by the protein kinase Src in a key tyrosine residue necessary for ZBP1’s RNA binding capacity (Hüttelmaier et al., 2005). This phosphorylation interferes with RNA binding and alleviates translational repression by decreasing ZBP1’s affinity to β-actin mRNA. Consequently, the β-actin mRNA can then be released and translated. The local increase in β-actin protein levels favors actin polymerization, cellular remodeling, and migration (Jung et al., 2014; Nicastro et al., 2017).

Another study by Welshhans and Bassell (2011), in ZBP1 deficient (ZBP1-/-) cortical neurons, demonstrates a genetic requirement for ZBP1 in local translation of β-actin and axon guidance. Especially following stimulation with cues like Netrin-1 and BDNF that elicit local mRNA translation and cytoskeletal rearrangements, the axonal growth cones of ZBP1-/- neurons exhibit attenuated localization of β-actin transcripts, as well as impaired β-actin local protein synthesis (Welshhans and Bassell, 2011). Furthermore, both filopodial dynamics and axon guidance are impaired in ZBP1-/- cortical neurons (Welshhans and Bassell, 2011). This is not a surprising consequence of ZBP1’s depletion (and subsequent β-actin translation impairment) since β-actin is mostly involved in filopodial dynamics (Suter and Forscher, 2000). Improper enrichment of β-actin protein in the growth cone is associated with impaired filopodial dynamics and axon guidance defects (Welshhans and Bassell, 2011).

Notably, ZBP1 has also been identified as a downstream mediator of non-canonical Sonic hedgehog (Shh) signaling during commissural axon guidance and providing the first link between Shh and growth cone cytoskeleton rearrangements (Lepelletier et al., 2017). Shh guides spinal cord commissural axons by attracting them toward the floorplate (Lepelletier et al., 2017). Local protein synthesis in response to Shh is the main driving force during this process. A study of Lepelletier et al. (2017) in rat commissural axons revealed that upon Shh stimulation, phospho-ZBP1 levels are increased in the growth cones. They also observed that Shh stimulation of axons that have been removed from the cell bodies results in increased β-actin protein levels in the growth cones (Lepelletier et al., 2017). On the other hand, depletion of ZBP1 in vivo results in commissural axon guidance defects (Lepelletier et al., 2017). Therefore, they suggest a model where stimulation of growth cones by Shh gradients induces ZBP1 phosphorylation and subsequent translation of its mRNA cargo, thereby allowing the growth cones to respond to Shh in a spatially defined manner (Lepelletier et al., 2017). Taking everything into account and considering the fact that ZBP1 can also bind to other mRNA molecules, such as the actin-related proteins (Arp) mRNAs which are involved in actin polymerization, ZBP1 seems to be a crucial factor for cytoskeleton dynamics by regulating local protein synthesis of specific cytoskeletal components and mediators (Jønson et al., 2007).



The Shot-Kra complex

A study by Lee et al. (2007) highlights a new mechanism of how local mRNA translation can be coupled with cytoskeletal reorganization in the commissural neurons of Drosophila melanogaster. Short stop (Shot) is a neuronally expressed protein that constitutes a member of the cytoskeleton-associated plakin family in D. melanogaster (Lee and Kolodziej, 2002). Shot binds to, cross-links, and organizes both MTs and F-actin, thereby linking cytoskeletal structures together (Lee and Kolodziej, 2002; Sonnenberg and Liem, 2007). Krasavietz (KRA; also known as Extra bases) on the other hand is a novel Shot interactor identified in D. melanogaster (Lee et al., 2007). It contains a W2 motif which is also found in eIF5 and eIF2Bε, two translation initiation factors that regulate the activity of the heterotrimeric GTP-binding protein eIF2 (Lee et al., 2007). In its GTP-bound form, eIF2 is required for the recruitment of the initiator tRNA to the small (40S) ribosomal subunit (Howe and Hershey, 1984; Gavrilova et al., 1987). eIF2Bε and eIF5 regulate the activity of eIF2 by mediating GDP-GTP exchange and GTP hydrolysis (Chakrabarti and Maitra, 1991; Huang et al., 1997; Gomez et al., 2002; Kershaw et al., 2021).

Lee et al. (2007) conducted genetic complementation assays in D. melanogaster to highlight the crucial roles of Shot and Kra in midline axon guidance, a process highly dependent on Slit signaling via the Robo receptor. Based on their proposed model, Shot could serve as a cytoskeleton-localized platform for eIF2β and Kra, blocking eIF2β-mediated translation initiation in growth cones upon Slit-Robo repulsive signaling (Lee et al., 2007). They specifically found that Kra binds to the β-subunit of eIF2 through its W2 domain and associates with the growth cone cytoskeleton by physically interacting with Shot (Lee et al., 2007). In vitro, Kra inhibits global translation, suggesting a potential competition with eIF2Bε or eIF5 or both, for binding to eIF2β and blocking the initiation of translation by inhibiting the recruitment of the initiator tRNA to the 40S ribosomal subunit (Lee et al., 2007). Additionally, ectopic midline crossing defects due to loss of function mutations showed that eIF2β, as well as the W2 domain of Kra and the F-actin binding domain of Shot are crucial for proper midline axon guidance (Lee et al., 2007). Taken together, their study revealed that Slit-mediated midline repulsion requires the assembly of a functional, inhibitory, Shot-Kra-eIF2β translation complex that needs to be connected to the F-actin network to ensure proper function in the neuronal growth cone (Lee et al., 2007). Therefore, Shot can serve both as a cytoskeleton organizer and as a scaffold for translation regulators involved in midline axon guidance.

Although the Shot-Kra-eIF2β complex inhibits protein synthesis, it could have an alternative role in activating the translation of specific mRNAs. An interesting viewpoint regarding this potential additional function was described by Van Horck and Holt (2008). Based on the aforementioned model, Slit-induced repulsion would promote the translational activation of mRNAs that influence cytoskeletal disassembly, as well as the translational repression of mRNAs involved in cytoskeletal assembly. Thus, they hypothesized that the Shot-Kra-eIF2β complex could contribute to fine-tuning the balance between local mRNA translation repression and activation during midline axon guidance (Van Horck and Holt, 2008).

Interestingly, the mammalian homologs of Shot, namely, MACF1 and dystonin, are strongly expressed in the NS where they execute essential functions during development, as well as during maintenance/aging (Voelzmann et al., 2017). They interact with all cytoskeletal elements and affect important regulators of axonal MT, such as Tau and Map2. Although their function has not been studied with respect to mRNA translation, dystonin loss was reported to reduce levels of Tau and Map2 proteins, but not mRNAs, which could imply a potential role in translational control, alongside with their well-characterized function in cytoskeletal organization (Voelzmann et al., 2017).




Concluding remarks

The highly polarized morphology and function of neurons is tightly bound to extremely complex, yet finely tuned intracellular processes, and precisely coordinated molecular mechanisms. Local mRNA translation, namely the ability of neurons to synthesize their proteins in situ and independently of the soma, is an astounding example of such sophisticated mechanisms. It enables remote axonal and dendritic subcellular compartments to remodel their proteome promptly and in response to local demand, allowing immediate responses to changes in the extracellular environment. It is not surprising therefore, that aberrant local translation in neuronal distal compartments has been correlated with numerous neurodevelopmental and neurodegenerative disorders, as well as the ability of axons to regenerate after injury. However, our current understanding of the mechanisms that regulate local mRNA translation is quite limited. On the other hand, the cytoskeleton is intrinsically linked to all aspects of NS development, maintenance, and function. Rapid rearrangements of cytoskeletal elements are required for neurons to be able to migrate, navigate their axons to synaptic targets, form and maintain synapses, and recover from traumatic injury. Therefore, it is not surprising that the regulation of the cytoskeleton has been extensively studied throughout the years, and numerous works have contributed to our understanding of filament formation, elongation, branching, and stability, as well as their implication to motility, guidance, synaptogenesis, and plasticity in the NS.

Given the innate connection of local mRNA translation and cytoskeletal reorganization, especially for prompt plastic responses to environmental stimuli, it is self-evident for neurons to retain common regulatory mechanisms for the sake of time and energy consumption. Yet, our current knowledge on those mechanisms and their coordination is very limited. A lot of effort has been put into uncovering specific mRNAs that are locally translated in different neuronal compartments, in an attempt to understand the molecular basis of axon development, synapse formation, and plasticity, as well as axonal response to injury. This has resulted in an extensive cataloging of transcripts that are specifically localized in subneuronal compartments, and are locally translated under different conditions. Notably, a large number of those transcripts encode cytoskeletal elements, like actin and tubulin, as well as cytoskeleton-associated proteins that bind to and stabilize cytoskeletal filaments. However, the proteins and protein complexes that regulate translation of those mRNAs in a precise spatiotemporal manner remain elusive, and so does our understanding of their crosstalk with the cytoskeleton. Herein, we have included protein complexes that appear to co-regulate mRNA translation and cytoskeletal remodeling, potentially connecting and balancing the two processes in the developing and adult NS (Figure 1). Nonetheless, a lot of research is still required, in order for us to fully apprehend the elegant means neurons possess to tune their molecular repertoires and intracellular procedures, in order to achieve prompt responses and precise function, both at the cellular and organismal level. Such knowledge could uncover novel therapeutic targets for neuronal disorders, and strategies based on the modulation of specific molecules with dual roles, tuning distinct processes toward the same outcome.


[image: image]

FIGURE 1
Schematic representation of the complexes discussed herein, with respect to basic components and spatial distribution in axonal growth cones (left) and synaptic spines (right). Note the regulatory complexes that have been reported and could potentially affect local protein synthesis and cytoskeletal rearrangements in both compartments, like the DCC receptor and the Mena-RNP. ZBP1 and the APC-RNP have been extensively studied in axons, whereas the CYFIP1-FMRP-RNP has been primarily examined in synapses. Potential crosstalk between the pathways remains elusive, although the direct or indirect association of receptors like DCC and Robo with Mena, or the WRC has been previously reported (Menzies et al., 2004; McConnell et al., 2016; Zou et al., 2018).
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