

  cells-09-01514




cells-09-01514







Cells 2020, 9(6), 1514; doi:10.3390/cells9061514




Review



Huntington’s Disease—An Outlook on the Interplay of the HTT Protein, Microtubules and Actin Cytoskeletal Components



Aleksandra S. Taran 1, Lilia D. Shuvalova 1,2, Maria A. Lagarkova 2,3,*[image: Orcid] and Irina B. Alieva 2,4,*





1



Faculty of Bioengineering and Bioinformatics, Lomonosov Moscow State University, 1–73, Leninsky Gory, 119992 Moscow, Russia






2



Federal Research and Clinical Center of Physical-Chemical Medicine of Federal Medical Biological Agency, 1a Malaya Pirogovskaya St., 119435 Moscow, Russia






3



Center for Precision Genome Editing and Genetic Technologies for Biomedicine, Federal Research and Clinical Center of Physical-Chemical Medicine of Federal Medical Biological Agency, 1a Malaya Pirogovskaya St., 119435 Moscow, Russia






4



A.N. Belozersky Institute of Physico-Chemical Biology, Lomonosov Moscow State University, 1–40, Leninsky Gory, 119992 Moscow, Russia









*



Correspondence: lagar@rcpcm.org (M.A.L.); irina_alieva@belozersky.msu.ru (I.B.A.)







Received: 3 June 2020 / Accepted: 17 June 2020 / Published: 22 June 2020



Abstract

:

Huntington’s disease is a severe and currently incurable neurodegenerative disease. An autosomal dominant mutation in the Huntingtin gene (HTT) causes an increase in the polyglutamine fragment length at the protein N-terminus. The consequence of the mutation is the death of neurons, mostly striatal neurons, leading to the occurrence of a complex of motor, cognitive and emotional-volitional personality sphere disorders in carriers. Despite intensive studies, the functions of both mutant and wild-type huntingtin remain poorly understood. Surprisingly, there is the selective effect of the mutant form of HTT even on nervous tissue, whereas the protein is expressed ubiquitously. Huntingtin plays a role in cell physiology and affects cell transport, endocytosis, protein degradation and other cellular and molecular processes. Our experimental data mining let us conclude that a significant part of the Huntingtin-involved cellular processes is mediated by microtubules and other cytoskeletal cell structures. The review attempts to look at unresolved issues in the study of the huntingtin and its mutant form, including their functions affecting microtubules and other components of the cell cytoskeleton.
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1. The Cytoskeleton Plays an Important Role in the Neuronal Morphology, Plasticity, and Neurodegenerative Processes


Neurons are the main units of reception, procession, and transmission of information in the nervous system. They establish connections using long specialized processes—unbranched axons, whose length can exceed a meter, and shorter branched dendrites. The cytoskeleton is the main intracellular player that determines the shape of the cell. In neurons, the cytoskeleton consists of three filament systems—microtubules (MTs), microfilaments, and neurofilaments. Unlike neurofilaments, tubulin-polymerized MTs and actin-polymerized microfilaments are highly dynamic structures, which determines their important role in the development of neurons and their plasticity, and neurodegenerative processes [1]. Besides, MTs and microfilaments are polar structures; they provide pathways for motor protein-mediated directional transport, which is of particular importance for neurons with long axons. Various associated proteins modulate the dynamicity of the MT and actin microfilament system, shifting the balance of the polymerization reaction, which leads either to the formation of a polymer or to the formation of monomers of the corresponding proteins. In addition, several factors act as cross-linkers of the two filament systems, providing a mechanism for their property changes, interrelationship within a wide range of functions. Morphological changes during the development and functioning of the nervous system are the result of a complex interplay of the MT system and actin filaments in the neuron [2], and in this sense, the neuron is no different from other types of cells [3,4,5].




2. Microtubules (MTs) and Their Properties Necessary for the Neuron’s Development and Functioning


MTs are hollow non-branching tubes of various lengths with a diameter of about 25 nm. Thirteen laterally linked protofilaments, consisting of α, β-tubulin dimers [6] joined with each other by the “head to tail” principle [7] are forming the MT 5 nm thick wall. As a consequence of “head to tail” connections MT is polar structure—due to the linear polymerization of α- and β-tubulin heterodimers, α-tubulins of each dimer (minus end) are located at one end of the protofilament, and β-tubulins (plus-end) are disposed at the other end.



The addition of tubulin subunits occurs predominantly at the plus-end of MT [8]. It was shown that MTs are dynamic structures, their assembly phases alternate with disassembly phases, and this behavior termed “dynamic instability” [9,10,11]. MT dynamic instability has the following parameters: MT polymerization (growth) and depolymerization (shrinkage, shortening) rates, catastrophe (transition from polymerization to depolymerization) and rescue (transition from depolymerization to polymerization) frequencies, as well as pauses—states when MTs are not polymerized or depolymerized [12]. All parameters are finely regulated in a cell; the polymerization and depolymerization rates of individual MT can vary significantly both in cell and in different types of cells [13,14,15].



The polarity and dynamic instability are properties of MTs critical for cell life. MTs are key participants in such cellular processes as membrane vesicle and organelle transport, DNA segregation by the mitotic spindle during mitosis, cell migration, and cellular polarity maintenance. Neurons are complex polarized cells. The specificity of their morphology allows them to establish intercellular connections and conduct chemical and electrical signals. MTs are an important structural component responsible for the morphology of neurons necessary for signal reception and transmission. MTs are necessary for the development of the nervous system and the implementation of numerous neuron-specific processes, especially for intracellular chemical transport over long distances [16,17,18].



The cytoskeleton and the MT system play an active role during various phases of neuron polarization. In young neurons - spherical unpolarized cells, the MT system is radially organized. MTs are growing mainly from the centrosome: their minus-ends are inside, and the plus-ends oriented to the cell periphery [19]. During neuronal differentiation, the symmetry breaks, membrane protrusions begin to form, which lengthen, forming thin outgrowths called neurites [20]. These outgrowths mature into axons and dendrites when the neuron is polarized (Figure 1). Recent decades have convincingly demonstrated that MTs are necessary both for the neurites formation [21] the axons outgrowth [22,23], dendrites [24] and synapses [25,26]. As previously shown, both dendrites and axons contain a fraction of dynamic MTs [27,28,29,30]. Later, it became possible to measure the dynamics of MT polymerization. MT polymerization rates are similar in axons and dendrites of primary hippocampal neurons and Purkinje neurons in vitro [31], in dendrites of mature cultured primary hippocampal neurons [25], as well as in dendrites of cortical neurons in the brain of adult mice [24,32].



Due to their ability to change dynamic properties and stabilize, MTs direct specific membranetraffic and affect actin dynamics by determining axon formation, maintain axon identity, and regulate the dynamics of dendritic spines [1,33,34].



The interaction between actin and MTs by cross-linker proteins is very important for establishing the complex polarized morphology of neurons. During the formation of axons, actin filaments are indirectly stabilized by MTs [35], especially in the initial segment of axon, which is the unique neural compartment, playing a decisive role in generating the action potential and polarity of neurons [36]. Axon forms after neurite expansion due to the local stabilization of MTs in pre-axonal neurites [22]. The process of elongation of a newly formed axon directly depends on stable MTs, which form “rails” for the transport of proteins and organelles necessary for the formation of new axonal segments [23]. The formation of dendrites starts with the dramatic reorganization of MTs in precursor neurites—even before the beginning of dendritogenesis, neurites undergo several cycles of alternating phases of growth and shrinkage, which establish the orientation of approximately 80% of MT plus-ends to the cell periphery [24]. A striking feature of the dendritic MT cytoskeleton organization is the appearance of MTs with their minus-ends oriented towards the dendritic tips [27,28]. Therefore, dendrites acquire unique antiparallel bundles of MTs (plus and minus ends distal) whereas MTs are parallel in axon (plus ends distal). Differences in the MT orientations between axon and dendrites probably contribute to the correct “targeting” of a specific cargo providing the possibility of transport by certain motor proteins.



Differences in the MT orientations between axon and dendrites likely contribute to the correct “targeting” of a specific cargo by enabling transport by specific motor proteins



The formation of synapses—connections between an axon of one neuron and a dendrite of another, is the final and ongoing step in neuronal maturation. Excitatory synapses are formed on dendritic spines, which are actin-rich protrusions on the dendrite. Dynamic MTs contribute to the formation of dendritic spines; they can penetrate them temporarily, polymerizing in proximal regions [25,26]. MTs and their dynamic behavior affect not only the formation and functioning of neurons and a healthy brain but also the processes of brain aging and the development of neurodegenerative diseases [1,37]. Many neurological diseases arise due to defects in MTs and other components of the cytoskeleton and/or their regulation [1,35].




3. The Role of Endogenous MT Modulators and Tubulin Post-Translational Modifications in the Development of the Nervous System Diseases


Since the development of the brain largely depends on the normal functioning of the cytoskeleton, defects of the latter can lead to fatal consequences for the proliferation, migration, and communication of neurons. Mutations affecting MTs are associated with various disorders in the nervous system development, including lissencephaly, microcephaly, polymicrogyria, autism spectrum disorders, and intellectual disorders [38,39,40]. Mutations in MT-associated proteins can alter their functions in neurons [41]. The published data suggest that HTT is capable of regulating the switching of vesicle transport from MTs to actin filaments [42,43]. There is a possibility that mutant HTT (mHTT) cannot carry out this switching normally, which is one of the plausible reasons for the breach in vesicular transport. The main endogenous factors modulating the dynamic properties of MTs are MT-associated proteins: (1) proteins interacting with MT ends, and (2) proteins interacting with the lateral surface of MTs. Post-translational modifications of tubulin make a significant contribution to the variability in MT dynamics.



Proteins interacting with MT ends—MT plus-end tracking proteins—structurally and functionally diverse regulatory factors, located at the growing MT plus-ends which can form complex macromolecular assemblies. MT plus-end proteins regulate the dynamics of MTs, as well as facilitate their interaction with other proteins, organelles, and actin structures [44]. Studies indicate that many families of MT plus- end tracking proteins are crucial for various processes of the nervous system development, especially for the formation of neurites and axons. The main families of MT plus- end tracking proteins involved in the development of neurons are the proteins of: (1) EB family, which regulate MT during the formation of axons and dendrites [45,46]; (2) APCs, that playing an important role in establishing neuronal polarity and regulating axon migration and navigation by stabilizing MTs [47,48,49]; (3) CLIPs, regulating axon formation and growth, as well as dendritic branches growth [35]. The role of minus-end tracking proteins is not completely understood. While the plus-ends of MTs are highly dynamic, the minus-ends are stable and often capped in neurons. Several recent studies have shown that the minus-end tracking protein CAMSAP2 controls the organization of antiparallel MTs network in dendrites [50], and the slow processive growth of free minus-ends [51]. The possible differences in MT dynamics in wild-type and HTT mutant cells have not been studied to date, and it is very interesting to investigate the composition of their regulatory MT ends protein spectrum.



The other group of MT-associated proteins—MT lattice-binding proteins (MAPs—MAP1A, MAP1B, MAP2, and tau) interact with the lateral surface of MTs, stabilize MTs, and regulate their dynamics during the development of neurons. MAP1B is predominantly expressed in the early stages of maturation, while tau and MAP2 are expressed in both immature and mature neurons [52]. MAP2A and MAP2B are predominantly localized in the cell bodies and dendrites of mature neurons [53] while tau propagates mainly in axons [54] and dendrites [55]. Unlike other MT-associated proteins, the role of tau protein in the development of pathology in the brain of some patients with Huntington’s disease (HD) is clear [56], while the role of mHTT in the disease progress is not known [57,58,59].



Post-translational modifications of tubulin can regulate the dynamics and mechanical properties of MTs and their interaction with various proteins, such as molecular motors. Stable MTs enriched in acetylated tubulin are located in both dendrites and axons [60]. However, in cultured mature neurons, the level of modified tubulin is higher in axons than in dendrites [61,62]. The MTs enriched in de-tyrosinated tubulin are located in proximal axon segments [30], whereas MTs with tyrosinated tubulin in cell bodies and dendrites [63]. Strikingly, excessive polyglutamylation of MTs leads to neurodegeneration in mice and humans. The possible reason is the disturbances in axon microtubule transport, causing cell death [64,65,66]. Our preliminary observations indicate that MTs in wild-type and HTT mutant cells consist of tubulin with different post-translational modifications specific for each HTT variant. However, these findings require further investigation.



Thus, MT organization and their dynamic properties are important for the normal neurons’ maturation and functioning.




4. Huntington’s Disease—A History of Studies and Unanswered Questions


Neurodegenerative diseases comprise an extensive list of pathologies associated with the gradual degradation and death of certain types of neurons. One of the groups of such pathologies, polyglutamine diseases, includes Huntington’s disease (HD). HD is a hereditary progressive autosomal dominant neurodegenerative disease [67,68], which is characterized by cognitive, motor, and psychiatric disorders. A mutation in the first exon of the gene coding for a protein called huntingtin (HTT) [69] causes the disease. Cytogenetic location of HTT: 4p16.3, which is the short (p) arm of chromosome 4 at position 16.3. Homologs of this gene exist in many organisms distant from mammals in evolution, which indicates the special importance of HTT for cell physiology [70]. As a result of the mutation, a multiplication of the CAG codon encoding the amino acid glutamine occurs [71]. A mutation in the HTT gene belongs to dynamic mutations: the first exon contains a sequence of tandem CAG repeats, the number of which can vary over a fairly wide range. HD starts to develop when the number of CAG triplets exceeds 35 (Figure 2A) [72].



It is plausible that the reason for this type of mutation is the replication errors happening during meiosis, which are more likely on repeated DNA sequences [73]. The incidence rate of the disease in the world is approximately 5 per 100,000 people [74]. Among the clinical manifestation chorea, tremors, decreased attention, communication disorders, dementia, depression, aggression, and other symptoms were described [75]. The debut of the disease most often occurs when patients are 30–50 years old, although cognitive decline and behavioral disorders can manifest much earlier. The age of development and the severity of physical and mental symptoms are directly related to the number of CAG repeats. However, family members and even individuals with the same number of repeats (including identical twins) can have significant variability both in the time of the onset of the first signs of the disease and in the intensity of its symptomatic manifestations [72,76,77]. These facts indicate the existence of currently unknown factors affecting the development and severity of HD [78]. At the moment, there is no effective way to treat HD (only symptomatic treatment is available in clinical practice). Therefore, 10–15 years after the first signs of the disease appear, patients die.



The HTT gene expresses in all tissues and organs in humans and mice. Of importance, the level of HTT expression is the highest in neural tissue [79]. HTT knockout mice are embryonic lethal because it causes significant gastrulation defects [77,80,81]. The structure and domain organization of HTT is still not fully described and remains the subject of research. The N-terminal region of the protein has been the most studied since it contains the polyglutamine fragment.



The number of HTT partner proteins is quite large, and according to various researchers, there can be from 100 to 350 [82,83,84]. Such a large number of molecular interactions, the nature of the partner proteins, as well as the relatively large size and stability of HTT suggest that it acts as a kind of scaffold. The presence of HEAT (Huntington, Elongation Factor 3, PR65/A, TOR) domains makes it even more plausible. Thus, a possible function of HTT might be coordinating cellular processes as a central scaffolding component of many protein complexes [43].



Macroscopically, HD neuropathy manifests itself in bilateral atrophy of certain regions of the brain, in particular the striatum [85,86]. First of all, medium spiny GABA-ergic (gamma-aminobutyric acid) neurons are affected [87,88]. With the progression of the disease, at its later stages, death of the substantia nigra [89], cerebral cortex [87,90,91], globus pallidus neurons [92], and other parts of the brain occur. Along with neuronal changes, researchers note a reaction from neuroglia, in particular reactive gliosis (proliferation and activation of glial cells), which the authors consider to be part of the inflammatory response [93].



In addition to the death of neurons in various parts of the brain, patients also show degenerative changes in other tissues: decreased muscle mass, cardiac abnormalities, and pathologies in the gastrointestinal tract [94]. Hence, it is obvious that with the development of Huntington’s disease: (1) nervous tissue is most critically affected; (2) disorders, although less pronounced, affect other types of tissue. The selective effect of the mutant form of HTT on neural tissue is a separate scientific problem [79]. At the moment, this problem has no solution, because the cellular functions of the wild-type of HTT remain poorly understood. Nevertheless, the results of HD studies allow us to outline the range of intracellular processes in which HTT is involved: firstly, vesicular [95,96] and organelle transport [97], endocytosis [98]; secondly, the process of autophagosome formation, degradation of proteins and whole organelles [99,100,101]; thirdly, mitosis [102,103]; and lastly, primary cilia formation process [43,104]. It looks like most of the cellular processes in which HTT is involved are associated with MTs and actin and/or mediated by them [42].




5. Intracellular Localization of Huntingtin and Its Association with the Cell Cytoskeleton


Experimental studies have shown the diffuse distribution of the wild-type HTT in the cell cytoplasm, concentrating around the nucleus, in glia cells, and neurons of huntingtin transgenic mice [105,106,107]. mHTT is located mainly in the nuclei of neurons and glial cells [108]. Moreover, the N-terminal fragments of mHTT after proteolysis co-locate with the nucleus [109]. Furthermore, in the culture of primary fibroblasts obtained from the skin of both healthy donors and patients with HD, HTT diffusely locates in the cytoplasm around the cell nucleus (Figure 2B).



Data on HTT distribution motivated further studies to search for the direct interaction of HTT with the components of the cytoskeleton. However, at present, this issue remains debatable. It is plausible that the perinuclear localization of HTT may reflect interaction with β- and γ-tubulin [110]. Studies show that in normal conditions, HTT co-locates with MTs. Protein concentration is higher in the central region of the cell. That is exactly the place where MTs converge in the cell. Moreover, after exposure to nocodazole (MT-depolymerization agent), the distribution of HTT has become diffuse.



There are experimental evidences of a possible association of HTT with actin cell structures and focal contacts. Thus, mHTT co-localizes with actin in the lamellipodia of mouse cells [111]. In further experiments, exogenously expressed HTT fragment (1–558 aa) fused to GFP, F-actin, and BAIAP2 co-located with the filopodia of cultured NIH3T3 mouse fibroblasts [83].



Previous proteomic experiments have shown that HTT interacts with α-actinins 1, 2, and 4 [83,112]. However, immunofluorescence studies have not confirmed those findings. The functional interaction of HTTs with α-actinin isoforms has confirmed by the integrated approach—immunoprecipitation method using exogenously expressed proteins in combination with immunofluorescence and PLA analysis [113]. The authors suggest that HTT regulates the localization of α-actinin-1 and combines growth factor signaling with actin polymerization and the formation of actin bundles in newly formed adhesion sites. Therefore, the results of recent studies indicate the relationship of HTT with individual components of the cytoskeleton of the cell, including MTs and actin filaments.




6. HTT Involvement in Cell Life Processes: Normal Protein Functions and Toxicity of the Mutant Form of HTT


There are several hypotheses on the effect of an extended polyglutamine fragment on cell physiology. In particular, there is a model of mHTT conformation changes in the presence of a long polyglutamine fragment. The polyglutamine repeat (17–34 repeats) between the N-end domain (17aa) and the polyproline domain of wild type HTT acts as a flexible hinge. That allows the amino-terminal domain to interact with the downstream polyproline one, enhancing the interaction of HTT with the cell membrane. More repeats in a mHTT lead to a decrease in the flexibility of the hinge, disrupting the interaction of domains [114].



The mHTT is toxic due to aggregation and accumulation of an excess protein in cells. The lysosomal system removes toxic forms from cytoplasm via macrophages and HTT acetylation. In the nucleus, wild type and mHTT undergo proteolysis. In the cytoplasm, the dynamic interaction of HTT with the endoplasmic reticulum leads to the formation of autophagosomes. The association of HTT with late endosomes, autophagic vesicles, Rab5, indirectly indicates that one of the normal functions of HTT is autophagy. Interestingly, this includes the autophagy of mHTT by wild type one [99,100,101]. During autophagy, HTT promotes p62-mediated recognition of cargo, as it increases the affinity between p62 and ubiquitinated protein fragments [115,116].



Autophagosome formation is abnormally high in the cells of HD patients. Moreover, mHTT has a dual effect on the normal course of this process. Firstly, mHTT enhances autophagy via the inactivation of mTOR kinase [117,118]; secondly, HTT is a regulator of cargo recognition. The inefficient protein loading or formation of empty autophagosomes leads to the degradation of proteins and even whole organelles [100,101]. Together these data indicate that Huntington’s disease is a classic example of proteinopathies [119]. HTT aggregates in neurons cause cell death, and the toxicity of the aggregates may depend on their intracellular location and stage of the disease [120].



However, the role of aggregate formation in the pathophysiology of HD remains uncertain. There is directly opposite evidence confirming that mHTT aggregates are not responsible for pathology, but also provide the cell with a protective mechanism that protects it from the toxic effects of polyglutamine [121,122,123].



During the degradation of improperly folded proteins in the cell, the mutant form of HTT also undergoes such degradation, in particular, it is cleaved by proteases. Thus, an N-terminal fragment containing a long polyglutamine tail is released. These fragments are then transferred to the nucleus, where they affect transcription processes and lead to cell death [88,124,125].



During the development of HD, disruption of gene transcription occurs, as shown on the human post-mortal brain, and samples obtained from transgenic mutant HTT mice [125]. HTT binds to many transcription factors, including NF-kB (nuclear factor κB) [126] and p53 [127].



Through these interactions, HTT can potentially influence processes such as cell cycle control, apoptosis, stress response, DNA repair, etc. Researchers have suggested that in the nucleus, HTT also functions as a scaffold for various transcriptional complexes [128]. The cytoplasmic pool of HTT can affect transcription by mediating the transport of transcription factors into the nucleus [129]. Besides, HTT itself can also act as a transcriptional cofactor [130] or participate in chromatin rearrangement [131].



Strikingly, HTT not only impairs transport of BDNF but also inhibits its expression in the cortex. These effects are due to the formation of polyglutamine fragments after proteolysis and may be characteristic of other polyglutamine diseases [132]. Additionally, the proteolysis of mHTT leads to the release of toxic C-terminal fragments. The native function of C-terminal fragments is the regulation of dynein-1 activity [133]. The toxic effects of mHTT include the inhibition of chaperones, proteasomal, and autophagic degradation. The participation of mHTT in the physiology of mitochondria, transcription of BDNF, and mitochondrial proteins plays an important role [88].



Energy impairment play important role in the pathogenesis of HD. mHTT causes mitochondrial dysfunction. It manifests in decreased mitochondrial biogenesis and trafficking, oxidative stress, impaired mitochondrial calcium handling, ATP deficit, increased apoptosis, and as a result, an energy deficit. Neurons are energy-demanding and susceptible to oxidative stress and energetic failure.



Changes to several metabolic pathways, for example, glycolysis and tricarboxylic acid cycle have been observed in cell and animal models of HD. Energy and metabolic defects in HD are comprehensively reviewed by [134].



Not only the mutant protein but also the mutant RNA of HTT can have possible toxic effects [135].



In Huntington’s disease, non-functional toxic proteins other than mHTT are generated in neural cells. Their translation is caused by an abnormal secondary structure of mutant CAG-RNA (mCAG-RNA). Atypical translation associated with repeats (repeat associated non-ATG (RAN) translation) leads to the appearance of non-functional peptides and proteins with toxic properties [136]. RAN translation occurs because a hairpin formed in the mRNA by the CAG repeat can initiate the start of translation in the absence of the canonical ATG triplet. In this case, the RAN translation can start from either a non-canonical initiation site or a site within the repeat. In HD, four homopolymer proteins (polyalanine, polyserine, polyleucine, and polycysteine) accumulate in the brain [137]. RAN-translation in HD occurs with sense and antisense chains. In post-mortal sections of the human brain, the largest amounts of these proteins have been found in the caudate nucleus, white matter, and in the case of the juvenile form in the cerebellum. HD-RAN protein accumulation and aggregation is CAG length dependent. Homotypic proteins resulting from RAN translation were also found in a mouse model of HD [137].



Even though HTT is expressed in all human tissues, HD is clinically manifested precisely as the degradation of nervous tissue. One of the plausible reasons for this tissue specificity can be just its very own, well-known specific feature of this tissue—the absence of the process of regeneration of nervous tissue in adults. Neurons, as long-living cells, gradually accumulate a mutant protein during their life and subsequently die because stem cells do not restore their population [138].



At the same time, such tissue selectivity might arise from a violation of transport processes by affecting specific MT organization in this type of cell. The first event in the development of HD is the death of striatum cells. Researchers assign this to the breach of BDNF transport to the striatum. BDNF is produced in the cortex and then transported along the neuronal axons to the striatum. BDNF is a factor, required for the survival of neurons, and when the transport has affected, cells begin to actively degrade [139].



Thus, several mechanisms lead to mHTT toxicity. At the present stage of research, it is impossible to determine which of these mechanisms makes the most significant contribution to the pathology development. It is likely that for the normal physiology of cells of different tissues types, various functional activities characteristic of normal HTT will be fundamentally important - which means that non-identical toxicity mechanisms can be critical for them. An obvious challenge for further research is the separation of specific toxic properties of mHTT as a substance and effects resulting from the disruption of transport processes. Transport disruption may be due to: (1) defects in the structures that make up the cytoskeleton; (2) broken interconnection and disorganization of the cytoskeletal structures; or (3) defects in motor proteins transporting substances along the cytoskeletal “rails” caused by the physical accumulation of protein aggregates in the cytoplasm of cells.




7. The Involvement of HTT in Vesicular Transport and Endocytosis


We think that the transport function of HTT is the most important of all investigated so far. HTT controls anterograde and retrograde transport of organelles, including presynaptic vesicles in axons and dendrites of neurons [140]. In this manner autophagosomes [141], endosomes, lysosomes [142,143]; vesicles with BDNF [139]; with APP (amyloid precursor protein) [144,145], and with GABA receptors (γ-aminobutyric acid, GABA) move in the cell [146]. According to several studies, HTT interaction with huntingtin-associated protein 1 (HAP1) regulates the transport. HAP1 binds to the p150Glued subunit of dynactin and the transport protein of the KIF5C kinesin family (Figure 3) [95,96]. HTT also interacts with both N- and C-terminal domains of dynamin-1, serving as a scaffold for this protein [82,133]. HTT increases the speed of vesicle movement along the MTs by binding and retaining glyceraldehyde 3-phosphate dehydrogenase (GAPDH) on the vesicles, which produces energy for axonal transport. Therefore, HTT acts as a scaffold, spatially combining energy production with its consumption [147].



HTT interacts with several proteins involved in endocytosis, including huntingtin-interacting protein 1 (HIP1 and HIP1R). These proteins are involved in membrane invagination processes and the assembly of clathrin-coated vesicles [148,149,150]. Moreover, it also activates the Rab11 GTPase, which, in turn, participates in the transport of vesicles after endocytosis [151]. At the same time, HTT seems to be capable of regulating the switching of vesicle transport from MTs to actin filaments, which is fundamentally important for the development and function of neurons. Such a transition of a vesicle from one component of the cytoskeleton to another can occur as follows: depending on post-translational modifications, HTT can bind to various motor complexes, for example, through the HAP40 protein [42]. After binding of HAP40 to HTT, the complex interacts predominantly with actin, thus switching transport from MTs to actin filaments. Similarly, switching can occur involving the Rab8/optineurin/myosin VI complex [152,153] and the HAP1/dynactin complex [70,95,139]. Switching cargo transport from MTs to actin can occur both near the plasma membrane and near the trans-Golgi—this ensures traffic between the two cell compartments [43].




8. HTT and Regulation of the Primary Cilia Formation


The primary cilium is a single immobile organelle found in almost all somatic vertebrate cells [154]. It is a structure surrounded by a specialized cell membrane, consisting of a basal body, an active centriole derivative, and an axoneme growing from it, built of nine pairs of MT doublets. The cilia axoneme can be of considerable length and extend beyond the cell at a different angle to the plane of the substrate [155]. It is plausible that in the body, depending on the type of cells, the primary cilium performs mechano-sensory or receptor functions [156]. Bidirectional transport of pericentriolar material 1 (PCM1) protein, to and from the basal body is necessary for the primary cilium formation. It is tenable that the function of PCM1 is to inhibit the nucleation of MTs [157]. There is molecular evidence of disruption of the primary cilia formation under the influence of mutant HTT. The reason for this effect is the breach of the PCM1 protein transport to the basal body at the base of the cilia. Indeed, in several transformed immortalized human cell cultures, HTT forms a complex with PCM1 and HAP1 and locates in the cell’s centrosome [158].



Several researchers found HTT in the base of cilia in photoreceptor cells, as well as in the axoneme of the primary cilia [158,159,160]. It is credible that the dynein/dynactin/HAP1/HTT complex participates in the transport of the PCM1 protein to the pericentric material (Figure 3). Studies in mice have shown that lack of HTT in cells leads to retrograde transport of PCM1, and the same process has occurred in experiments in Xenopus L. epithelial cells [158,159], and disrupts primary cilia formation. An analysis of the correlation of number and length of primary cilia on cells with the decrease of HTT expression shows that the number of primary cilia decreases and its axoneme abnormally lengthens [158].




9. HTT in the Process of Cell Division


In the interphase, HTT locates near the centrosome, and this association depends on the presence of MTs [158]. The expression of HTT is high in actively proliferating cells and throughout mitosis, and it locates at the poles of the spindle of division on astral MTs. During mitosis, HTT moves to the poles of the spindle, together with dynein and provides for the accumulation of NUMA (nuclear mitotic apparatus protein) and leucine-glycine-asparagine (LGN, G-protein-signaling modulator 2, GPSM2) proteins [102,103]. This cortical localization of dynein/dynactin/NUMA/LGN, required to generate pulling forces on astral MTs for mitotic spindle positioning. Hence, loss of HTT function during mitosis leads to spindle misorientation [43]. Studies on cultured fibroblasts from mHTT transgenic mice and patients with HD show that mitotic index decreases in mHTT cells. A variety of mitotic disturbances has found in experiments: variability in the number of centrioles, a high incidence of aneuploidy and residual body stability [103,161].



Therefore, HTT is critically involved in the process of cell division as it participates in many mitotic events. We speculate that HTT can function in cell differentiation processes. In neurogenesis, it can serve as a regulator of maintaining proliferative potential in precursors [102]. Studies show that HTT regulates caspases, proteases, which play an important role in apoptosis, necrosis, and inflammatory processes. HTT can block activation of caspases 3 and 9 [162,163], suggesting that mHTT may contribute to additional cell death by apoptosis.




10. Conclusions and Future Outlook


To date, in the result of many studies of the molecular, genetic, and cellular basis of Huntington’s disease, answers to the fundamental questions that have been enigmatic for more than 100 years have received: (1) the gene encoding for the HTT protein has cloned; (2) the mutation, which leads to the expression in the cells a defective protein responsible for this disease has explored; (3) it has found, that HTT participates in many intracellular processes mediated by MTs and other cytoskeletal cell structures.



Actin filaments and MTs and associated proteins play an important role in establishing the morphology of neurons and their plasticity. The dynamic properties of these structures allow them to adapt to changes in the environment and create a structural basis for rapid local intracellular rearrangements and fast neuron shape changes. The ability to stabilize ensures the necessary steadfastness of the formed structures [1]. The results of recent studies demonstrate a credible direct connection of HTT with individual components of the cell cytoskeleton—actin structures and MTs. HTT, as a part of the protein complex dynein/dynactin/HAP1/HTT, participates in directional transport [158]. We hope for a breakthrough in studying the effect of mutant forms of HTT on the processes of transport and cell division in the nearest future.



The role of the cytoskeleton in the development of neurodegenerative processes in humans is not in dispute. Axonal transport disorders are key pathological events contributing to neurodegeneration: polyglutamine diseases, hereditary spastic paraplegia, Charcot-Marie-Tooth disease, amyotrophic lateral sclerosis, and Parkinson’s disease [164]. The researchers found and characterized many genetic mutations in the MT system leading to impaired development of neurons [41]. Studies revealed a whole range of modulators responsible for the development of nervous system pathologies and human diseases. Thus, the universal regulators of MTs and the cytoskeleton as a whole, MT plus-end tracking proteins play an important role in all aspects of the development of the nervous system and involved in the development of many neuropathologies, neurodegenerative and neurological diseases [165]. Therefore, MTs and the actin cytoskeleton appear to be an obvious target in neurodegenerative lesions caused by a mutation leading to HD.



Studying emerging defects in the cytoskeleton, its components, factors involved in the regulation, and interaction, responsible for intracellular disorders, seems a very promising approach for obtaining answers to pressing questions that we do not have answers to at the moment. This approach will be facilitated by the emergence of new Huntington’s disease models that solve the ethical problems of research. Cell models based on induced pluripotent stem cells differentiated into specialized neural cells that can organize themselves into three-dimensional organoids similar to the complex architecture of the brain [166,167] and model animals have been widely used [168]. These models will allow without breaching ethical standards to study diseases at the organ and organism levels, creating the much-needed theoretical foundations for gene therapy or personalized stem cell therapy that underwent genetic correction [167,169].
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Figure 1. Microtubule organization in neuronal progenitor and mature neuron. In the early stages of neuron polarization, MTs originate from the centrosome, where their minus-ends are located during nucleation and elongation before detachment from the centrosome (or oriented after detachment). Hence, the structure of MTs in neuronal progenitor is radial. When neurites mature into axons and dendrites, the structure of the MT network changes. In dendrites, MTs became antiparallel: unique feature of the dendritic MT cytoskeleton is the appearance of MTs with their minus-ends oriented towards the dendritic tips. Simultaneously, in the axons, all the minus-ends are directed towards the body of the neuron. 
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Figure 2. (A) The correlation of the number of CAG repeats in the HTT gene with the clinical manifestation of HD. The number of repeats ≤35 is normal; from 36 to 39 may not phenotypically manifest (or lead to the development of HD at a later age); from 40 upwards in 100% of cases causes HD. Hence, the age of disease onset and the severity of clinical symptoms depend on the number of CAG repeats according to the inverse correlation principle. (B) Immunocytochemical detection of HTT in the skin fibroblasts of healthy donors and patients with HD. Localization of HTT in the cells of a healthy donor (top panel) and a patient with HD (bottom panel). 
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Figure 3. Participation of HTT in microtubule transport. HTT functions as a scaffold for the dynein-dynactin complex. (A) Vesicular transport. The phosphorylation of HTT determines the movement direction of the vesicles to the plus or minus end of the MT. (B) The formation of the primary cilia. HTT as a part of the dynein dynactin/HAP1 complex transports PCM1 protein to the basal body, which is necessary for the formation and lengthening of the primary cilia. Anterograde and retrograde transport using molecular motors inside the cilia allows the regulation of the number of receptors on its surface, for example, ARL13B, a small G protein from the Ras superfamily specific for the primary cilia. (C) Mitotic spindle orientation is adjusted using HTT. During cell division HTT is directed to the spindle poles that determines the accumulation of NUMA and LGN there. In addition, HTT controls NUMA and LGN transport along astral microtubules to the cell cortex. At the cell cortex this complex provides pulling forces on astral microtubules for mitotic spindle orientation. HAP1—huntingtin-associated protein 1; PCM1—pericentriolar material 1 protein; ARL13B—ADP-ribosylation factor-like protein 13B; LGN (GPSM2)—leucine-glycine-asparagine (G-protein-signaling modulator 2); NUMA—nuclear mitotic apparatus protein. 
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