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Tubulin polyglutamylation, a regulator of microtubule functions, can cause neurodegeneration

Neurodegenerative diseases lead to a progressive demise of neuronal functions that ultimately results in neuronal death. Besides a large variety of molecular pathways that have been linked to the degeneration of neurons, dysfunctions of the microtubule cytoskeleton are common features of many human neurodegenerative disorders. Yet, it is unclear whether microtubule dysfunctions are causative, or mere bystanders in the disease progression. A so-far little explored regulatory mechanism of the microtubule cytoskeleton, the posttranslational modifications of tubulin, emerge as candidate mechanisms involved in neuronal dysfunction, and thus, degeneration. Here we review the role of tubulin polyglutamylation, a prominent modification of neuronal microtubules. We discuss the current understanding of how polyglutamylation controls microtubule functions in healthy neurons, and how deregulation of this modification leads to neurodegeneration in mice and humans.

Introduction

Microtubules are key structural components of the neuronal cytoskeleton. They are involved in the establishment and maintenance of neuronal polarity, axon growth and branching, and serve as tracks for trafficking of cargoes in neurons [START_REF] Dent | Reorganization and movement of microtubules in axonal growth cones and developing interstitial branches[END_REF][START_REF] Kapitein | Microtubule dynamics in dendritic spines[END_REF][START_REF] Kelliher | Microtubule control of functional architecture in neurons[END_REF]. A growing body of evidence points toward dysfunctions of the microtubule cytoskeleton in the pathogenesis of several neurodegenerative diseases [START_REF] De Vos | Role of axonal transport in neurodegenerative diseases[END_REF][START_REF] Millecamps | Axonal transport deficits and neurodegenerative diseases[END_REF][START_REF] Roy | Axonal transport defects: a common theme in neurodegenerative diseases[END_REF]. Numerous genes mutated in the most common agerelated neurodegenerative disorders (Parkinson's, Huntington's and Alzheimer's diseases) are related either to microtubule stability (tau protein [START_REF] Goedert | Propagation of Tau Aggregates and Neurodegeneration[END_REF]), microtubule severing (spastin [START_REF] Salinas | Human spastin has multiple microtubule-related functions[END_REF]), or microtubule-based transport (huntingtin, kinesin, dynein [START_REF] Millecamps | Axonal transport deficits and neurodegenerative diseases[END_REF]). However, the role of microtubules themselves in the pathogenesis of neurodegenerative disorders has only recently begun to emerge.

Microtubules are subject to a wide range of posttranslational modifications [START_REF] Magiera | SnapShot: Functions of Tubulin Posttranslational Modifications[END_REF]. The tubulin code concept (Fig. 1A) [START_REF] Janke | The tubulin code and its role in controlling microtubule properties and functions[END_REF][START_REF] Roll-Mecak | The Tubulin Code in Microtubule Dynamics and Information Encoding[END_REF] proposes that these modifications can functionally specialise individual microtubules, thus locally and temporally adapting them to their wide variety of functions within living cells. Perturbations of tubulin modifications are expected to cause microtubule dysfunctions, which in neurons could eventually lead to neurodegeneration. Here we review recent findings that demonstrate the role of polyglutamylation, a key modification of neuronal microtubules, in neurodegeneration. We critically evaluate how cellular and molecular mechanisms that are implicated in neurodegeneration could be induced by perturbed polyglutamylation.

What is tubulin polyglutamylation?

Polyglutamylation is a posttranslational modification that adds secondary peptide chains of glutamates to its target proteins (Fig. 1A). Polyglutamylation has been first identified on brain tubulin [START_REF] Alexander | Characterization of posttranslational modifications in neuron-specific class III beta-tubulin by mass spectrometry[END_REF][START_REF] Eddé | Posttranslational glutamylation of alpha-tubulin[END_REF][START_REF] Rüdiger | Class II tubulin, the major brain beta tubulin isotype is polyglutamylated on glutamic acid residue 435[END_REF], where it is highly enriched compared to most other tissues [START_REF] Wolff | Distribution of glutamylated alpha and beta-tubulin in mouse tissues using a specific monoclonal antibody, GT335[END_REF]. The first enzyme catalysing this novel modification was purified as a multi-protein complex from mouse brains [START_REF] Janke | Tubulin polyglutamylase enzymes are members of the TTL domain protein family[END_REF][START_REF] Regnard | Characterisation of PGs1, a subunit of a protein complex copurifying with tubulin polyglutamylase[END_REF]. Among the proteins of this complex was tubulin tyrosine ligase-like 1 (TTLL1), the catalytic subunit. This discovery bolstered the identification of additional TTLL enzymes, most of them catalysing polyglutamylation [START_REF] Ikegami | TTLL7 is a mammalian beta-tubulin polyglutamylase required for growth of MAP2-positive neurites[END_REF][START_REF] Janke | Tubulin polyglutamylase enzymes are members of the TTL domain protein family[END_REF][START_REF] Van Dijk | A targeted multienzyme mechanism for selective microtubule polyglutamylation[END_REF]. Strikingly, each TTLL enzyme generates a characteristic polyglutamylation pattern on tubulin (Fig. 1B) [START_REF] Van Dijk | A targeted multienzyme mechanism for selective microtubule polyglutamylation[END_REF]. This specificity is determined by structural features within the active sites of those enzymes [START_REF] Mahalingan | Roll-Mecak, Structural basis for polyglutamate chain initiation and elongation by TTLL family enzymes[END_REF][START_REF] Natarajan | Molecular interactions between tubulin tails and glutamylases reveal determinants of glutamylation patterns[END_REF]. Some glutamylases, such as TTLL4 and TTLL5, also modify other, non-tubulin substrates [START_REF] Regnard | Polyglutamylation of nucleosome assembly proteins[END_REF][START_REF] Sun | Loss of RPGR glutamylation underlies the pathogenic mechanism of retinal dystrophy caused by TTLL5 mutations[END_REF][START_REF] Van Dijk | Polyglutamylation Is a Post-translational Modification with a Broad Range of Substrates[END_REF]. However, given that the main neuronal glutamylases TTLL1 [START_REF] Janke | Tubulin polyglutamylase enzymes are members of the TTL domain protein family[END_REF] and TTLL7 [START_REF] Ikegami | TTLL7 is a mammalian beta-tubulin polyglutamylase required for growth of MAP2-positive neurites[END_REF] are tubulin-specific [START_REF] Magiera | Excessive tubulin polyglutamylation causes neurodegeneration and perturbs neuronal transport[END_REF][START_REF] Van Dijk | A targeted multienzyme mechanism for selective microtubule polyglutamylation[END_REF], the glutamylation of non-tubulin substrates might play only minor roles in differentiated neurons.

Polyglutamylation is a reversible modification [START_REF] Audebert | Reversible polyglutamylation of alpha-and beta-tubulin and microtubule dynamics in mouse brain neurons[END_REF]. Enzymes responsible for deglutamylation belong to the family of cytosolic carboxypeptidases (CCP) [START_REF] Kimura | Identification of tubulin deglutamylase among Caenorhabditis elegans and mammalian cytosolic carboxypeptidases (CCPs)[END_REF][START_REF] Rogowski | A family of protein-deglutamylating enzymes associated with neurodegeneration[END_REF][START_REF] Tort | The cytosolic carboxypeptidases CCP2 and CCP3 catalyze posttranslational removal of acidic amino acids[END_REF]. Similar to glutamylases, deglutamylases have distinct enzymatic activities [START_REF] Berezniuk | Cytosolic carboxypeptidase 5 removes alpha-and gamma-linked glutamates from tubulin[END_REF][START_REF] Rogowski | A family of protein-deglutamylating enzymes associated with neurodegeneration[END_REF][START_REF] Wu | A structural and functional analysis of Nna1 in Purkinje cell degeneration (pcd) mice[END_REF], thus allowing them to control the generation of specific polyglutamylation patterns on microtubules (Fig. 1B). CCPs also remove glutamates exposed on the carboxy-terminus of several proteins [START_REF] Silva | Cell-Intrinsic Control of Interneuron Migration Drives Cortical Morphogenesis[END_REF][START_REF] Tanco | Cterminomics screen for natural substrates of cytosolic carboxypeptidase 1 reveals processing of acidic protein C termini[END_REF] including detyrosinated a-tubulin, thus generating another posttranslational modification of tubulin, ∆2-tubulin [START_REF] Paturle-Lafanechere | Characterization of a major brain tubulin variant which cannot be tyrosinated[END_REF][START_REF] Rogowski | A family of protein-deglutamylating enzymes associated with neurodegeneration[END_REF].

Perturbation of tubulin polyglutamylation causes neurodegeneration in mouse models

The first mouse model of neurodegeneration to be linked to polyglutamylation was the Purkinje-cell degeneration (pcd) mouse. This mouse was identified in the 1970ies, and since then studied as a model of neurodegeneration with a characteristic spontaneous degeneration of Purkinje cells in the cerebellum at about 1 month of age [START_REF] Mullen | Purkinje cell degeneration, a new neurological mutation in the mouse[END_REF]. Apart from the degeneration of Purkinje cells, pcd mice also display retina degeneration [START_REF] Blanks | Retinal degeneration in the pcd cerebellar mutant mouse. II. Electron microscopic analysis[END_REF][START_REF] Lavail | Retinal degeneration in the pcd cerebellar mutant mouse. I. Light microscopic and autoradiographic analysis[END_REF], degeneration of the mitral cells in the olfactory bulb [START_REF] Greer | Mitral cell degeneration and sensory function in the neurological mutant mouse Purkinje cell degeneration (PCD)[END_REF], degeneration of thalamic neurons [START_REF] O'gorman | Degeneration of thalamic neurons in "Purkinje cell degeneration" mutant mice. II. Cytology of neuron loss[END_REF][START_REF] O'gorman | Degeneration of thalamic neurons in "Purkinje cell degeneration" mutant mice. I. Distribution of neuron loss[END_REF] and male sterility [START_REF] Handel | Effects on spermiogenesis in the mouse of a male sterile neurological mutation, purkinje cell degeneration[END_REF]. Early electron microscopy studies showed abnormal inclusions and organelle accumulation within the dendrites of degenerating Purkinje cells [START_REF] Landis | The development and degeneration of Purkinje cells in pcd mutant mice[END_REF], which were postulated to play a role in the degenerative process. Later reports found defects in myelination [START_REF] Bouslama-Oueghlani | The developmental loss of the ability of Purkinje cells to regenerate their axons occurs in the absence of myelin: an in vitro model to prevent myelination[END_REF], excessive DNA damage [START_REF] Baltanas | Purkinje cell degeneration in pcd mice reveals large scale chromatin reorganization and gene silencing linked to defective DNA repair[END_REF][START_REF] Baltanas | Nucleolar disruption and cajal body disassembly are nuclear hallmarks of DNA damage-induced neurodegeneration in purkinje cells[END_REF][START_REF] Valero | Pre-neurodegeneration of mitral cells in the pcd mutant mouse is associated with DNA damage, transcriptional repression, and reorganization of nuclear speckles and Cajal bodies[END_REF], increased apoptosis [START_REF] Gillardon | DNA fragmentation and activation of c-Jun in the cerebellum of mutant mice (weaver, Purkinje cell degeneration)[END_REF][START_REF] Gillardon | Differential regulation of bcl-2, bax, c-fos, junB, and krox-24 expression in the cerebellum of Purkinje cell degeneration mutant mice[END_REF], endoplasmic reticulum (ER) stress [START_REF] Kyuhou | Emergence of endoplasmic reticulum stress and activated microglia in Purkinje cell degeneration mice[END_REF], autophagy [START_REF] Berezniuk | CCP1/Nna1 functions in protein turnover in mouse brain: Implications for cell death in Purkinje cell degeneration mice[END_REF] and defects in synaptic connectivity [START_REF] Blosa | Reorganization of Synaptic Connections and Perineuronal Nets in the Deep Cerebellar Nuclei of Purkinje Cell Degeneration Mutant Mice[END_REF][START_REF] Landis | The development and degeneration of Purkinje cells in pcd mutant mice[END_REF]. Excessive DNA damage and apoptosis were both excluded as potential causes of neurodegeneration in pcd mice, as neither the inactivation of DNA repair, nor the disruption of apoptotic pathways prevented Purkinje cell degeneration [START_REF] Wang | The Purkinje cell degeneration (pcd) mouse: an unexpected molecular link between neuronal degeneration and regeneration[END_REF].

The mutation causing the phenotypes of pcd mice was later mapped to the Nna1 gene, coding for a protein containing a zinc carboxypeptidase domain [START_REF] Fernandez-Gonzalez | Purkinje cell degeneration (pcd) phenotypes caused by mutations in the axotomy-induced gene[END_REF]. Rescue experiments showed that only an enzymatically active Nna1 could prevent neurodegeneration in pcd mice, thus demonstrating that the carboxypeptidase activity of this protein is essential for its neuroprotective function. However, the substrates modified by Nna1 were not known at the time [START_REF] Wang | The carboxypeptidase-like substrate-binding site in Nna1 is essential for the rescue of the Purkinje cell degeneration (pcd) phenotype[END_REF]. The discovery that Nna1 is a member of a larger family of cytosolic carboxypeptidases (CCPs) [START_REF] Kalinina | A novel subfamily of mouse cytosolic carboxypeptidases[END_REF][START_REF] Rodriguez De La Vega | Nna1-like proteins are active metallocarboxypeptidases of a new and diverse M14 subfamily[END_REF], which are involved in tubulin deglutamylation [START_REF] Berezniuk | Cytosolic Carboxypeptidase 1 Is Involved in Processing alpha-and beta-Tubulin[END_REF][START_REF] Kimura | Identification of tubulin deglutamylase among Caenorhabditis elegans and mammalian cytosolic carboxypeptidases (CCPs)[END_REF][START_REF] Rogowski | A family of protein-deglutamylating enzymes associated with neurodegeneration[END_REF][START_REF] Tort | The cytosolic carboxypeptidases CCP2 and CCP3 catalyze posttranslational removal of acidic amino acids[END_REF] (Fig. 1B) strongly suggested that perturbed tubulin polyglutamylation could be the cause of the observed neurodegeneration in pcd mice.

As predicted, pcd mice showed excessive accumulation of tubulin polyglutamylation in the cerebellum and the olfactory bulb [START_REF] Rogowski | A family of protein-deglutamylating enzymes associated with neurodegeneration[END_REF], two brain regions in which massive neurodegeneration had been described [START_REF] Greer | Mitral cell degeneration and sensory function in the neurological mutant mouse Purkinje cell degeneration (PCD)[END_REF][START_REF] Mullen | Purkinje cell degeneration, a new neurological mutation in the mouse[END_REF]. Assuming that excessive polyglutamylation is the primary cause of the observed degeneration implied that reducing polyglutamylation of tubulin, i.e. microtubules, in the affected neurons might prevent, or at least delay their degeneration. This could indeed be demonstrated by targeting the main neuronal polyglutamylase, TTLL1 [START_REF] Janke | Tubulin polyglutamylase enzymes are members of the TTL domain protein family[END_REF]. Initial experiments using electroporation of interfering RNAs into cerebella of pcd mice avoided the degeneration of some Purkinje cells [START_REF] Rogowski | A family of protein-deglutamylating enzymes associated with neurodegeneration[END_REF]. In a more thorough genetic experiment, Ttll1 was knocked out selectively in Purkinje cells of pcd/Ttll1flox mice using Purkinje-cell specific expression of cre recombinase (L7-cre [START_REF] Rico | Control of axonal branching and synapse formation by focal adhesion kinase[END_REF]). In these mice Purkinje cells did not degenerate, and even survived throughout the entire life of these mice [START_REF] Magiera | Excessive tubulin polyglutamylation causes neurodegeneration and perturbs neuronal transport[END_REF]. This demonstrated that (i) accumulation of polyglutamylation on microtubules, generated by the tubulin-specific glutamylase Ttll1 is the cause of the degeneration observed in pcd mice, and that (ii) this process is cell-autonomous, as it could be rescued by lowering tubulin polyglutamylation levels only in the Purkinje cells of the pcd mice. These conclusions are further bolstered by earlier experiments, in which cerebellar tissue from wild-type mice was grafted into cerebella of pcd mice. Not only did the tissue grafts survive in the pcd brains; wild-type Purkinje cells also replaced the degenerated neurons and formed functional synaptic connections with the host brain [START_REF] Gardette | Electrophysiological demonstration of a synaptic integration of transplanted Purkinje cells into the cerebellum of the adult Purkinje cell degeneration mutant mouse[END_REF][START_REF] Sotelo | Reconstruction of the defective cerebellar circuitry in adult Purkinje cell degeneration mutant mice by Purkinje cell replacement through transplantation of solid embryonic implants[END_REF].

But why was the degeneration in pcd mice limited to only some regions of the brain? One possible explanation was that other deglutamylases from the CCP family prevent hyperglutamylation in brain regions that remain unaffected, such as the cerebral cortex and the hippocampus. Indeed, when Ccp6, a deglutamylase strongly expressed in brain except for the cerebellum and the olfactory bulb [START_REF] Rogowski | A family of protein-deglutamylating enzymes associated with neurodegeneration[END_REF], was depleted in pcd mice, a strong accumulation of hyperglutamylation in previously unaffected brain regions was observed. Consequently, cortical pyramidal neurons were found to degenerate in the Ccp1/Ccp6 double-knockout mice [START_REF] Magiera | Excessive tubulin polyglutamylation causes neurodegeneration and perturbs neuronal transport[END_REF].

These mouse models established that increased tubulin polyglutamylation affects the survival of a large spectrum of neurons in the nervous system. It also revealed that different types of neurons are not equally sensitive to hyperglutamylation. In the cerebellum, for instance, Purkinje neurons die relatively synchronously within four weeks [START_REF] Mullen | Purkinje cell degeneration, a new neurological mutation in the mouse[END_REF], while granule cells degenerate only partially and over a much longer time interval [START_REF] Triarhou | Rate of neuronal fallout in a transsynaptic cerebellar model[END_REF]. Mitral cells in the olfactory bulb, while morphologically similar to Purkinje cells, start to degenerate only after two months [START_REF] Greer | Mitral cell degeneration and sensory function in the neurological mutant mouse Purkinje cell degeneration (PCD)[END_REF]. Finally, pyramidal neurons in the cerebral cortex are only reduced by about 20% after five months despite massive accumulation of hyperglutamylation in brains of pcd/Ccp6 (Ccp1/Ccp6) double knockout mice [START_REF] Magiera | Excessive tubulin polyglutamylation causes neurodegeneration and perturbs neuronal transport[END_REF]. The reasons for the different time courses of degeneration of different neuronal populations could either be related to differences in their overall susceptibility to physiological perturbations [START_REF] Fu | Selective vulnerability in neurodegenerative diseases[END_REF][START_REF] Saxena | Selective neuronal vulnerability in neurodegenerative diseases: from stressor thresholds to degeneration[END_REF], or to different levels and activities of polyglutamylating enzymes [START_REF] Li | Nna1 gene deficiency triggers Purkinje neuron death by tubulin hyperglutamylation and ER dysfunction[END_REF]. Moreover, given that CCP1 has other, nontubulin substrates [START_REF] Silva | Cell-Intrinsic Control of Interneuron Migration Drives Cortical Morphogenesis[END_REF][START_REF] Tanco | Cterminomics screen for natural substrates of cytosolic carboxypeptidase 1 reveals processing of acidic protein C termini[END_REF], it cannot be excluded that deglutamylation of these proteins contributes to the degeneration of neurons in pcd mice.

The role of microtubule polyglutamylation in neuronal function

The discovery that accumulation of polyglutamylation on microtubules is sufficient to induce neurodegeneration univocally demonstrated the importance of this tubulin modification for neuronal function and homeostasis. Determining which microtubule functions are controlled by polyglutamylation is therefore of key importance to understand the molecular mechanisms of this novel type of neurodegeneration.

Microtubules and their many partners

Polyglutamylation takes place at the carboxy-terminal tails of tubulins that decorate the outer surface of microtubules (Fig. 1A), and is thus expected to control interactions of microtubuleassociated proteins (MAPs) with microtubules (Fig. 2A). MAPs are a large, heterogenous family of proteins that interact with microtubules to control their dynamics, structure and function. The so-called 'structural MAPs' are thought to stabilise microtubules [START_REF] Bodakuntla | Microtubule-Associated Proteins: Structuring the Cytoskeleton[END_REF]. In neurons, predominant MAPs of this group are tau, a key player in Alzheimer's disease [START_REF] Goedert | Alzheimer's and Parkinson's diseases: The prion concept in relation to assembled Abeta, tau, and alpha-synuclein[END_REF], as well as MAP1A, MAP1B and MAP2. Another group of microtubule-interacting proteins are the microtubule-severing enzymes spastin, katanin and fidgetin, which regulate microtubule mass and dynamics in cells [START_REF] Mcnally | Microtubule-severing enzymes: From cellular functions to molecular mechanism[END_REF]. In neurons, these enzymes play important roles in axon outgrowth and plasticity [START_REF] Brill | Branch-Specific Microtubule Destabilization Mediates Axon Branch Loss during Neuromuscular Synapse Elimination[END_REF][START_REF] Fassier | Motor axon navigation relies on Fidgetin-like 1-driven microtubule plus end dynamics[END_REF][START_REF] Rumpf | Functions of Microtubule Disassembly during Neurite Pruning[END_REF]. Mutations in spastin are linked to the most frequent form of a neurodegenerative disorder, hereditary spastic paraplegia [START_REF] Errico | Spastin, the protein mutated in autosomal dominant hereditary spastic paraplegia, is involved in microtubule dynamics[END_REF][START_REF] Fonknechten | Spectrum of SPG4 mutations in autosomal dominant spastic paraplegia[END_REF][START_REF] Hazan | Spastin, a new AAA protein, is altered in the most frequent form of autosomal dominant spastic paraplegia[END_REF].

Microtubules are the 'tracks' for molecular motors such as kinesins and dynein. In neurons, these motor proteins play a pivotal role in transporting a wide range of cargoes to distinct subcellular locations, thus assuring neuronal function and survival [START_REF] Guedes-Dias | Axonal transport: Driving synaptic function[END_REF][START_REF] Maday | Axonal transport: cargo-specific mechanisms of motility and regulation[END_REF]. Given the complex architecture of many neurons, it is not surprising that defects in neuronal transport are common features of human neurodegenerative diseases [START_REF] Brady | Regulation of motor proteins, axonal transport deficits and adult-onset neurodegenerative diseases[END_REF][START_REF] De Vos | Neurobiology of axonal transport defects in motor neuron diseases: Opportunities for translational research?[END_REF][START_REF] Kim | Lost in Transportation: Nucleocytoplasmic Transport Defects in ALS and Other Neurodegenerative Diseases[END_REF][START_REF] Millecamps | Axonal transport deficits and neurodegenerative diseases[END_REF][START_REF] Sleigh | Axonal transport and neurological disease[END_REF][START_REF] Van Den Berg | Axonal transport deficits in multiple sclerosis: spiraling into the abyss[END_REF]. In fact, transport defects, and therefore microtubule dysfunctions, might act upstream of other pathogenic events in neurodegenerative diseases [START_REF] Bilsland | Deficits in axonal transport precede ALS symptoms in vivo[END_REF][START_REF] Small | Endosomal Traffic Jams Represent a Pathogenic Hub and Therapeutic Target in Alzheimer's Disease[END_REF].

Polyglutamylation as regulator of microtubule interactors (Fig. 2A)

A large variety of microtubule-interacting proteins play key roles in neurons, and many of them have also been linked to neurodegenerative disorders. Even more strikingly, most of these proteins have also been linked to microtubule polyglutamylation. Early studies have suggested that binding affinity of several major neuronal MAPs, such as tau, MAP1B and MAP2 to tubulin is regulated by polyglutamylation [START_REF] Bonnet | Differential binding regulation of microtubule-associated proteins MAP1A, MAP1B, and MAP2 by tubulin polyglutamylation[END_REF][START_REF] Boucher | Polyglutamylation of tubulin as a progressive regulator of in vitro interactions between the microtubule-associated protein Tau and tubulin[END_REF]. These results were obtained under non-native conditions and still await validation in native states. More thorough molecular insights have been gained on the regulation of the microtubule-severing enzyme spastin by polyglutamylation. Initial experiments in cells, and reconstitution of microtubule severing in cell-free conditions showed that in particular long polyglutamate chains on tubulin strongly induce severing by spastin [START_REF] Lacroix | Tubulin polyglutamylation stimulates spastin-mediated microtubule severing[END_REF]. More detailed analyses further revealed that polyglutamylation controls the severing activity of spastin in a non-linear, biphasic way: while the initial addition of the modification activated severing, further accumulation of polyglutamylation inhibited spastin activity [START_REF] Valenstein | Roll-Mecak, Graded Control of Microtubule Severing by Tubulin Glutamylation[END_REF]. In vivo observations suggested that katanin can also be activated by polyglutamylation of microtubules [START_REF] Shin | Structural and Molecular Basis for Katanin-Mediated Severing of Glutamylated Microtubules[END_REF].

The molecular motors kinesin and dynein were long expected to be regulated by polyglutamylation. Early studies already suggested that kinesin motor proteins bind stronger to polyglutamylated tubulin [START_REF] Larcher | Interaction of kinesin motor domains with alpha-and beta-tubulin subunits at a tau-independent binding site. Regulation by polyglutamylation[END_REF]. First functional evidence obtained by direct measurements of motor protein movement on native microtubules showed that polyglutamylation can regulate the motility of several motor proteins. Strikingly, different patterns of polyglutamylation had distinct effects on velocity and processivity of the motors, and not all motor proteins were affected in the same way [START_REF] Lessard | Polyglutamylation of tubulin's C-terminal tail controls pausing and motility of kinesin-3 family member KIF1A[END_REF][START_REF] Sirajuddin | Regulation of microtubule motors by tubulin isotypes and post-translational modifications[END_REF].

Polyglutamylation regulates cargo traffic in neurons (Fig. 2B)

Motor proteins in differentiated neurons are heavily implicated in intracellular cargo transport, which needs to cover long distances [START_REF] Burute | Cellular Logistics: Unraveling the Interplay Between Microtubule Organization and Intracellular Transport[END_REF][START_REF] Maday | Axonal transport: cargo-specific mechanisms of motility and regulation[END_REF]. It was therefore intuitive to hypothesise that polyglutamylation of microtubules could act as a regulator of neuronal traffic. Early indications for a role of polyglutamylation in intracellular transport came from observations in mice lacking the polyglutamylase subunit 1 (PGs1) of the TTLL1 complex, which show reduced polyglutamylation in the brain. In neurons of these mice, the kinesin motor KIF1A was unable to move into neurites, while two other kinesins, KIF3A and KIF5, were not affected. Given that the KIF1A motor is particularly involved in carrying synaptic cargoes [START_REF] Lo | KIF1A is the primary anterograde motor protein required for the axonal transport of dense-core vesicles in cultured hippocampal neurons[END_REF], this study suggested that polyglutamylation could regulate the delivery of synaptic vesicles, and might therefore also affect synaptic transmission [START_REF] Ikegami | Loss of alpha-tubulin polyglutamylation in ROSA22 mice is associated with abnormal targeting of KIF1A and modulated synaptic function[END_REF]. Indeed, first insight into how synaptic activity could control postsynaptic cargo transport by modulating polyglutamylation was provided by another study. Activating hippocampal neurons by either stimulating AMPA (a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate)-type glutamate receptors, or by inhibiting glycine-responsive receptors resulted in strongly increased levels of tubulin polyglutamylation, and a concomitant accumulation of vesicles containing the synapse-scaffolding protein gephyrin [START_REF] Tyagarajan | Gephyrin: a master regulator of neuronal function?[END_REF] in the cell bodies. Strikingly, the vesicle transport was restored when TTLL1 was downregulated, strongly suggesting that polyglutamylation directly controls the trafficking of these vesicles [START_REF] Maas | Synaptic activation modifies microtubules underlying transport of postsynaptic cargo[END_REF]. This was recently confirmed in a mouse model where lack of spastin leads to microtubule hyperglutamylation and reduced delivery of AMPA receptors to synapses [START_REF] Lopes | Spastin depletion increases tubulin polyglutamylation and impairs kinesin-mediated neuronal transport, leading to working and associative memory deficits[END_REF].

In primary hippocampal neurons cultured from hyperglutamylation mouse models, mitochondria, lysosomes, LAMP1 endosomes and BDNF (brain-derived neurotrophic factor) vesicles consistently showed reduced motility, though mitochondria and BDNF vesicles appeared to be most affected [START_REF] Bodakuntla | Tubulin polyglutamylation is a general traffic-control mechanism in hippocampal neurons[END_REF][START_REF] Magiera | Excessive tubulin polyglutamylation causes neurodegeneration and perturbs neuronal transport[END_REF]. Strikingly, the impact of polyglutamylation on the transport of these cargoes appeared to be cell-type specific: while in hippocampal neurons both, mitochondria and lysosomes were affected by hyperglutamylation [START_REF] Bodakuntla | Tubulin polyglutamylation is a general traffic-control mechanism in hippocampal neurons[END_REF], mitochondria, but not lysosomes showed reduced transport in cerebellar granule neurons [START_REF] Gilmore-Hall | CCP1 promotes mitochondrial fusion and motility to prevent Purkinje cell neuron loss in pcd mice[END_REF]. The reasons for these differences are not yet understood, but it is clear that cell-type specific microtubule properties, as well as the differential expression of enzymes involved in polyglutamylation could be involved [START_REF] Li | Nna1 gene deficiency triggers Purkinje neuron death by tubulin hyperglutamylation and ER dysfunction[END_REF].

By which mechanism does polyglutamylation induce neurodegeneration? (Fig. 2C)

To determine the molecular causes of hyperglutamylation-induced neurodegeneration, different mechanisms were tested. Given that increased polyglutamylation is known to induce microtubule severing [START_REF] Lacroix | Tubulin polyglutamylation stimulates spastin-mediated microtubule severing[END_REF][START_REF] Valenstein | Roll-Mecak, Graded Control of Microtubule Severing by Tubulin Glutamylation[END_REF], the role of spastin was tested by generating a pcd(Ccp1)/spastin double-knockout mouse. If the increased polyglutamylation in pcd mice would have contributed to the early degeneration of Purkinje cells via the stimulation of spastin-mediated severing, then deletion of spastin should rescue this phenotype. This, however, was not the case [START_REF] Magiera | Excessive tubulin polyglutamylation causes neurodegeneration and perturbs neuronal transport[END_REF]. Instead, the observation of organelle accumulation in axons of mice with hyperglutamylation-induced neurodegeneration pointed towards defects in axonal transport. Indeed, perturbed cargo traffic was identified in neurons from these mice [START_REF] Bodakuntla | Tubulin polyglutamylation is a general traffic-control mechanism in hippocampal neurons[END_REF][START_REF] Gilmore-Hall | CCP1 promotes mitochondrial fusion and motility to prevent Purkinje cell neuron loss in pcd mice[END_REF][START_REF] Magiera | Excessive tubulin polyglutamylation causes neurodegeneration and perturbs neuronal transport[END_REF], but so far, no direct evidence for a causative role of transport defects could be provided.

Another important player in neurodegeneration are MAPs, in particular tau protein. Exposing cultured neurons to toxic beta-amyloid oligomers caused an upregulation of polyglutamylation on dendritic microtubules, which was accompanied by missorting of tau protein from its typical axonal into more dendritic localisations. This was accompanied by microtubule loss [START_REF] Zempel | Amyloid-beta oligomers induce synaptic damage via Tau-dependent microtubule severing by TTLL6 and spastin[END_REF], a common end point in neurodegenerative diseases [START_REF] Jean | It cuts two ways: microtubule loss during Alzheimer disease[END_REF].

Polyglutamylation was suggested to directly cause these two phenotypes given its known role in regulating tau-tubulin interactions [START_REF] Boucher | Polyglutamylation of tubulin as a progressive regulator of in vitro interactions between the microtubule-associated protein Tau and tubulin[END_REF] and spastin-mediated microtubule severing [START_REF] Lacroix | Tubulin polyglutamylation stimulates spastin-mediated microtubule severing[END_REF][START_REF] Valenstein | Roll-Mecak, Graded Control of Microtubule Severing by Tubulin Glutamylation[END_REF].

Whether the proposed mechanisms work alone or in synergy, and to which extent they differ between different neurodegenerative disorders still remains an open question. Many microtubule-based mechanisms are interconnected, and polyglutamylation might affect several of them. Some MAPs have been shown to directly influence microtubule-based traffic [START_REF] Hooikaas | MAP7 family proteins regulate kinesin-1 recruitment and activation[END_REF][START_REF] Monroy | Competition between microtubule-associated proteins directs motor transport[END_REF][START_REF] Siahaan | Kinetically distinct phases of tau on microtubules regulate kinesin motors and severing enzymes[END_REF][START_REF] Tan | Microtubules gate tau condensation to spatially regulate microtubule functions[END_REF], and MAPs themselves compete on the microtubule lattice, which might allow a coordinated traffic control in cells [START_REF] Monroy | A Combinatorial MAP Code Dictates Polarized Microtubule Transport[END_REF]. Loss of the microtubule-severing enzyme spastin has recently been demonstrated to increase microtubule polyglutamylation in neurons, which in turn led to a reduced efficiency of neuronal transport [START_REF] Lopes | Spastin depletion increases tubulin polyglutamylation and impairs kinesin-mediated neuronal transport, leading to working and associative memory deficits[END_REF]. Finally, MAPs have been suggested to shield microtubules from severing enzymes [START_REF] Qiang | Tau protects microtubules in the axon from severing by katanin[END_REF], thus controlling microtubule dynamics in cells. To which extent polyglutamylation can control these processes needs to be determined.

Given that combinations of polyglutamylases and deglutamylases allow for the generation of many different modification patterns on cellular microtubules, it is possible that polyglutamylation plays the role of central controller that coordinates the behaviour of multiple microtubule interactors in a targeted manner. This would provide a paradigm by which this modification could control microtubule dynamics, stability, and microtubule-based transport in neurons. It also implies that perturbations of this process do not affect a single, but rather several interconnected microtubule-based processes, which could synergistically contribute to the degeneration of neurons.

Tubulin polyglutamylation and its links to human neurodegeneration

The first human neurodegenerative disorder that has been directly linked to deregulated tubulin polyglutamylation was an infantile-onset, progressive neurodegeneration of the central and peripheral nervous systems caused by mutations in CCP1. Most obvious pathological representations of this disease are cerebellar atrophy and lower motor neuron degeneration [START_REF] Karakaya | Biallelic variant in AGTPBP1 causes infantile lower motor neuron degeneration and cerebellar atrophy[END_REF][START_REF] Shashi | Loss of tubulin deglutamylase CCP1 causes infantile-onset neurodegeneration[END_REF][START_REF] Sheffer | Biallelic variants in AGTPBP1, involved in tubulin deglutamylation, are associated with cerebellar degeneration and motor neuropathy[END_REF]. As in the pcd mouse model, the CCP1 mutations found in these patients consistently led to enzymatically inactive variants of CCP1. Many of the pathological hallmarks described in those patients are recapitulated in the pcd mice, which makes these mice an excellent model to study the human disease. It also allows the cautious conclusion that, similar to what has been shown in pcd mice, the degeneration in CCP1 patients might be prevented by interfering with the polyglutamylating enzyme TTLL1 [START_REF] Magiera | Excessive tubulin polyglutamylation causes neurodegeneration and perturbs neuronal transport[END_REF][START_REF] Shashi | Loss of tubulin deglutamylase CCP1 causes infantile-onset neurodegeneration[END_REF]. Most importantly, the high similarity between the pathologies in mice and men also point to the possibility that new insights obtained from other mouse models with perturbed polyglutamylation are relevant in humans. For instance, mice lacking Ccp1 and Ccp6 have been used to demonstrate that perturbed polyglutamylation in the cerebral cortex leads to the degeneration of pyramidal neurons [START_REF] Magiera | Excessive tubulin polyglutamylation causes neurodegeneration and perturbs neuronal transport[END_REF]. Pyramidal neurons are often affected in human lateonset neurodegenerative disorders, such as Alzheimer's disease [START_REF] Mann | Pyramidal nerve cell loss in Alzheimer's disease[END_REF], which opens the exciting perspective that perturbation of polyglutamylation could be involved in the pathology of these disorders.

Mechanisms that lead to deregulation of polyglutamylation in neurodegenerative diseases could be diverse. Mutations in other genes involved in polyglutamylation often lead to less obvious defects in mice, but might cause yet unexplored subtle defects in human neurons, especially given the longer life span of humans as compared to mice. It is also possible that polyglutamylation is deregulated by changing expression patterns of polyglutamylation-related enzymes, or their posttranslational regulation, fields that have so far been little explored.

Several examples for dysregulation of enzymes catalysing polyglutamylation have already been found in genome-wide analyses of patients with neurodegeneration. A clinical study of 2,237 individuals revealed a strong association of single nucleotide polymorphisms (SNPs) in the AGBL1 gene, coding for the deglutamylase CCP4, with learning disorders [START_REF] Mehta | A method for integrating neuroimaging into genetic models of learning performance[END_REF]. Recent studies using single-nucleus RNA sequencing and transcriptomics on samples from Alzheimer's disease patients showed differential expression of TTLL7, one of the two major brain glutamylase, in oligodendrocytes [START_REF] Grubman | A single-cell atlas of entorhinal cortex from individuals with Alzheimer's disease reveals cell-type-specific gene expression regulation[END_REF][START_REF] Mathys | Single-cell transcriptomic analysis of Alzheimer's disease[END_REF]. Whole-exome sequencing [START_REF] Velez | Mutations modifying sporadic Alzheimer's disease age of onset[END_REF] and proteomic studies [START_REF] Seyfried | A Multi-network Approach Identifies Protein-Specific Co-expression in Asymptomatic and Symptomatic Alzheimer's Disease[END_REF] identified AGBL3 (encoding the deglutamylase CCP3) as one of the genes linked to early-onset Alzheimer's disease. The AGBL2 gene, encoding the CCP2 deglutamylase, was shown to be present at a locus associated with susceptibility to Alzheimer's disease [60]. Both, CCP2 and CCP3 are deglutamylases expressed in the brain, but at relatively low levels. Knocking out both enzymes in mice did not lead to any obvious neurological phenotypes [START_REF] Tort | The cytosolic carboxypeptidases CCP2 and CCP3 catalyze posttranslational removal of acidic amino acids[END_REF]. However, this does not exclude that these enzymes have specific functions in neurons that, when perturbed, could lead to late-onset defects followed by degeneration in humans. Given the rapid increase in the landscape of studies reporting mutations in polyglutamylation enzymes, it is conceivable that alterations of this modifications directly or in combination with additional risk factors could be linked to other late-onset human neurodegenerative diseases [START_REF] Kitano | Bioinformatics Data Mining Approach Suggests Coexpression of AGTPBP1 with an ALS-linked Gene C9orf72[END_REF].

Conclusion and perspective

The microtubule cytoskeleton plays undisputedly an important role in many neurodegenerative diseases. However, which molecular processes are perturbed by microtubule dysfunction has remained an open question, in particular in late-onset, progressive neurodegenerative disorders such as Alzheimer's or Parkinson's diseases. The recent discovery that the deregulation of a posttranslational modification of tubulinpolyglutamylation -directly causes the degeneration of neurons opens a novel perspective in the research of causes of neurodegeneration. Modulations of the microtubules themselves have timidly emerged as possible causes of neuronal dysfunctions: A growing number of tubulin mutations lead to neurodevelopmental disorders, and occasionally are also linked to neurodegeneration [START_REF] Chakraborti | The emerging role of the tubulin code: From the tubulin molecule to neuronal function and disease[END_REF][START_REF] Tischfield | Phenotypic spectrum of the tubulin-related disorders and functional implications of disease-causing mutations[END_REF]. Deregulation of other tubulin modifications, such as detyrosination and acetylation, were linked to neurodevelopmental processes [START_REF] Erck | A vital role of tubulintyrosine-ligase for neuronal organization[END_REF][START_REF] Jenkins | Effects of mutating alpha-tubulin lysine 40 on sensory dendrite development[END_REF][START_REF] Li | ATAT1 regulates forebrain development and stress-induced tubulin hyperacetylation[END_REF][START_REF] Marcos | Tubulin tyrosination is required for the proper organization and pathfinding of the growth cone[END_REF], synaptic function [START_REF] Osseni | HDAC6 regulates microtubule stability and clustering of AChRs at neuromuscular junctions[END_REF][START_REF] Perry | The Role of Histone Deacetylase 6 in Synaptic Plasticity and Memory[END_REF], and disease [START_REF] Dompierre | Histone deacetylase 6 inhibition compensates for the transport deficit in Huntington's disease by increasing tubulin acetylation[END_REF][START_REF] Iqbal | Loss of function of SVBP leads to autosomal recessive intellectual disability, microcephaly, ataxia, and hypotonia[END_REF][START_REF] Pagnamenta | Defective tubulin detyrosination causes structural brain abnormalities with cognitive deficiency in humans and mice[END_REF][START_REF] Zhang | Posttranslational modifications of alpha-tubulin in alzheimer disease[END_REF]. This multitude of processes have in common that they potentially modulate microtubule properties and functions, thus impacting, in many cases subtly, the physiological functions of the microtubule cytoskeleton [START_REF] Janke | The tubulin code and its role in controlling microtubule properties and functions[END_REF].

Polyglutamylation stands out as it has so far not been linked to neurodevelopment, but specifically to degeneration. This converges with the observation that polyglutamylation accumulates in differentiated neurons [START_REF] Audebert | Reversible polyglutamylation of alpha-and beta-tubulin and microtubule dynamics in mouse brain neurons[END_REF][START_REF] Audebert | Developmental regulation of polyglutamylated alpha-and beta-tubulin in mouse brain neurons[END_REF], and most enzymes catalysing polyglutamylation are prominently expressed in the adult brain [START_REF] Bodakuntla | Tubulin polyglutamylation is a general traffic-control mechanism in hippocampal neurons[END_REF]. Hence, polyglutamylation emerges as a promising mechanism and a potential druggable target in several neurodegenerative diseases. Tubulins are also subject to a variety of posttranslational modifications. In the nervous system, the key modifications are acetylation, polyglutamylation and detyrosination. B) Polyglutamylation is catalysed by a variety of enzymes from the tubulin-tyrosine-ligase-like (TTLL) family. These enzymes have distinct specificities that allow them to generate specific modification patterns, which in turn could regulate specific functions of the microtubule cytoskeleton (Fig. 2). Polyglutamylation is removed by enzymes of the cytosolic carboxypeptidase (CCP) family. The key enzymes expressed in neurons and brain [START_REF] Ikegami | TTLL7 is a mammalian beta-tubulin polyglutamylase required for growth of MAP2-positive neurites[END_REF][START_REF] Janke | Tubulin polyglutamylase enzymes are members of the TTL domain protein family[END_REF] are shown in bold. [START_REF] Magiera | Excessive tubulin polyglutamylation causes neurodegeneration and perturbs neuronal transport[END_REF][START_REF] Rogowski | A family of protein-deglutamylating enzymes associated with neurodegeneration[END_REF][START_REF] Shashi | Loss of tubulin deglutamylase CCP1 causes infantile-onset neurodegeneration[END_REF]) perturbs this balance, which ultimately leads to microtubule dysfunctions in axons and dendrites. So far, defects in cargo transport have been demonstrated [START_REF] Bodakuntla | Tubulin polyglutamylation is a general traffic-control mechanism in hippocampal neurons[END_REF][START_REF] Gilmore-Hall | CCP1 promotes mitochondrial fusion and motility to prevent Purkinje cell neuron loss in pcd mice[END_REF][START_REF] Magiera | Excessive tubulin polyglutamylation causes neurodegeneration and perturbs neuronal transport[END_REF], however, perturbed binding of MAPs, and altered microtubule dynamics have also been detected and might contribute to the degeneration [START_REF] Lopes | Spastin depletion increases tubulin polyglutamylation and impairs kinesin-mediated neuronal transport, leading to working and associative memory deficits[END_REF][START_REF] Munoz-Castaneda | Cytoskeleton stability is essential for the integrity of the cerebellum and its motor-and affective-related behaviors[END_REF][START_REF] Zempel | Amyloid-beta oligomers induce synaptic damage via Tau-dependent microtubule severing by TTLL6 and spastin[END_REF].
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