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Editorial on the Research Topic 
The isotypes of α, β and γ tubulin: From evolutionary origins to roles in metazoan development and ligand binding differences


Tubulin, found in all eukaryotes, exists in many forms: α, β, γ, and others. α and β form a heterodimer, polymerizing into microtubules, often nucleated by γ. Not surprisingly, for a protein that has existed since eukaryotic cells appeared billions of years ago, α, β, and γ diverged into different forms---isotypes---with different amino acid sequences encoded by different genes. This Research Topic explores tubulin isotypes and addresses their evolutionary, functional and medical significance.
EVOLUTIONARY SIGNIFICANCE OF TUBULIN ISOTYPES
For a better perspective we must dive into the origin of tubulin, which is itself a member of a superfamily, including the eubacterial FtsZ as well as other proteins found in many prokaryotes and even viruses. These proteins form filaments and bind to GTP and have similar primary and tertiary structures (reviewed in Ludueña, 2013).
An algorithm based on a model for the evolution of the genetic code, places FtsZ among the oldest 10 proteins, coming in third after ferredoxin and slightly older than proteins involved in nucleic acid metabolism (Davis, 1999; Davis, 2002). FtsZ participates in bacterial cell division and binds to membranes and actin filaments.
Fulton’s introductory essay explains the origin of the “multi-tubulin hypothesis,” the idea that there have to be distinct types of tubulin performing different functions. In Naegleria, a unicellular organism that goes from an amoeboid to a flagellated stage, the former contains microtubules that form the mitotic spindle, while the latter has them forming flagella. The Fulton laboratory showed, using 35S-methionine, that flagellar tubulin formed de novo, meaning that the mitotic spindle tubulins were not recycled into flagella, suggesting that there had to be more than one set of α- and β-tubulins. Gene sequencing revealed two α- and two β-tubulins in Naegleria, thus confirming the existence of isotypes. Fulton also suggests that an “engine” pushing the evolution of isotypes may be that duplication of tubulin genes would allow for more tubulin molecules to be produced as needed; later those genes could diverge into isotypes.
Bera and Gupta argue that microorganisms, being easily manipulated, are useful in studying isotypes. They present cases where isotypes have different functions, sometimes forming microtubules differing in dynamic behavior, temporal expression and subcellular localization.
Gasic reviews the eukaryotic realm to show relations among isotypes and to explore the regulation transcription of isotypes, including autoregulation. Gasic argues that isotypes exist to perform different functions and to be expressed in different cell types.
Lu and Zheng focus on C. elegans, which has the advantage of easy genetic manipulation and also of being transparent, allowing for microtubule behavior to be visualized in a living cell. Some isotypes are found in every tissue, some in just a few. Some form microtubules with 15 instead of the canonical 13 protofilaments. These authors describe the individual functions of each isotype and point out that tubulin’s numerous post-translational modifications add to the complexity and also may not be the same for different isotypes.
Based on these works, we can imagine that gene duplication caused the appearance of tubulin isotypes. When multicellular eukaryotes arose, it is conceivable that they had one isotype for mitosis and another for axonemes, both doing their jobs adequately. Gene duplication would have led to the appearance of more isotypes and gradual refinement as the jobs were distributed among the isotypes, followed by each one evolving to doing its job better. With more gene duplication, new isotypes appeared, each one more specialized, leading to further cell complexity and great variation of cell and tissue function, allowing multicellularity in eukaryotes.
FUNCTIONAL SIGNIFICANCE OF TUBULIN ISOTYPES
A key prediction of the multi-tubulin hypothesis is that isotypes exhibit distinct functions, presumably imparted by different amino acid sequences and structures.
Montecinos et al. examine the drug-binding properties of chicken erythrocyte tubulin, which is enriched for the βVI isotype and encoded by the TUBB1 gene in humans. They show that tubulin containing βVI is distinct from mammalian brain tubulin in that it binds weakly to most drugs that target the colchicine site, but tighter to several benzimidazole compounds. This indicates a structural divergence of the colchicine site in βVI tubulin, and points to the potential of benzimidazoles, which are commonly used to target parasite tubulins, for further development of drugs that selectively target human isotypes.
Comparing the function and structure of individual isotypes has long been limited by the lack of isotypically pure sources of tubulin. The mini review by Ti recounts the long history of tubulin purification and reconstitution strategies, including recent breakthroughs that have enabled the expression and purification of recombinant, isotypically pure tubulin. These new approaches have opened avenues for comparing isotypes within or across species, and modeling tubulin variants linked to human disease.
The review by Sulimenko et al. extends the isotype comparison to another member of the tubulin family, the γ-tubulins. The human genome encodes two γ-tubulin genes that promote nucleation of αβ-tubulin assembly at centrosomes and other limited sites within cells. The authors describe recent advances in our understanding of the γ-tubulin structure and the mechanism of microtubule nucleation, and emerging functions of γ-tubulin in signaling and DNA repair within the nucleus.
MEDICAL SIGNIFICANCE OF TUBULIN ISOTYPES
In recent years, many links between tubulin isotypes and human disease have been established. These diseases are either associated with aberrant expression of isotypes or expression of isotypes containing missense mutations that alter function.
Phyo et al. introduce a tubulin code, which becomes rewritten to establish a proliferated, stable microtubule (MT) network that drives cardiac remodeling. They provide evidence of tunable tubulin autoregulation during pathological progression. This “tubulin code” is based on the permutations of tubulin isoforms and their post-translational modifications. A post-translationally-modified MT network is shown to underlie cellular growth in cardiac hypertrophy contributing to contractile dysfunction in heart failure. Using heart failure patient samples and murine models of cardiac remodeling the authors found that autoregulation occurs across tubulin isoforms in the heart concomitantly with rapid transcriptional and autoregulatory activation of specific tubulin isoforms and MT motors.
Buscaglia et al. show that reduced TUBA1A is sufficient to support neuronal migration and cortex development, which provides mechanistic insights into the MT function in support of neurodevelopment. The MT cytoskeleton drives neurite outgrowth, promotes neuronal growth cone responses, and facilitates intracellular cargo transport during neurodevelopment. Since TUBA1A constitutes the majority of α-tubulin in the developing brain, its mutations cause severe brain malformations associated with neurological tubulinopathies. The authors show that a TUBA1A loss-of-function mutation TUBA1AN102D reduces its expression levels and prevents its incorporation into MT polymers. In mice, this leads to grossly normal brain formation except for a major impact on axon extension and impaired formation of forebrain commissures.
Luduena et al. discuss that contrary to normal cells, βII tubulin is present in the cytoplasm and nuclei of many tumor cells. Based on earlier work on nuclear βII, the authors suggest that the presence and location of βII in biopsies could be a useful prognostic indicator and that βII may be involved in cancer progression. They suggest that a signaling pathway in nearby cells causes βII to be synthesized and localized to their nuclei. Hence, the presence of βII in non-cancerous cells could indicate a nearby tumor. A complex which combines αβII with CRISPR-Cas9 could enter the nucleus of a cancer cell and, if guided to the appropriate gene, might destroy the cancer cell or make it less aggressive. These findings offer the possibility that βII localization can aid in cancer diagnosis, prognosis and therapy.
Cushion et al. provide an overview of the α/β-tubulin mutations’ involvement in tubulinopathies such as lissencephaly, microcephaly, polymicrogyria, motor neuron disease, and female infertility. The clinical features associated with these diseases have been attributed to the expression patterns of individual tubulin genes and their distinct functional roles. Additional impact of tubulin mutations on microtubule-associated proteins (MAPs) is emphasized by the authors. Depending on their effects on MTs, MAPs can be classified as polymer stabilizers (e.g., tau, MAP2, doublecortin), destabilizers (e.g., spastin, katanin), plus-end binding proteins (e.g., EB1-3, XMAP215, CLASPs) and motor proteins (e.g., dyneins, kinesins). This review analyzes mutation-specific disease mechanisms that influence MAP binding and their phenotypic consequences.
Duly et al. point out that tubulin expression is commonly dysregulated in cancer. This is significantly found to involve βIII-tubulin, which is encoded by the TUBB3 gene. Whereas in normal cells, TUBB3 expression is tightly restricted, and is found almost exclusively in neuronal and testicular tissues, its over-expression has been reported in various epithelial tumours. Importantly, this has been reported to have a strong correlation with drug resistance and aggressiveness of the neoplastic disease. The paper by Duly et al. is focused on the transcriptional and posttranscriptional regulation of TUBB3 in both normal and cancerous tissue. Better understanding of the mechanisms that control TUBB3 expression, especially in cancer is likely to spur the development of improved cancer therapies since tubulin is one of the key targets in a broad spectrum of cancers since various tubulin isotypes exhibit different affinities for microtubule-targeting agents as demonstrated earlier by Huzil et al. (2007).
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Developing neurons undergo dramatic morphological changes to appropriately migrate and extend axons to make synaptic connections. The microtubule cytoskeleton, made of α/β-tubulin dimers, drives neurite outgrowth, promotes neuronal growth cone responses, and facilitates intracellular transport of critical cargoes during neurodevelopment. TUBA1A constitutes the majority of α-tubulin in the developing brain and mutations to TUBA1A in humans cause severe brain malformations accompanied by varying neurological defects, collectively termed tubulinopathies. Studies of TUBA1A function in mammalian cells have been limited by the presence of multiple genes encoding highly similar tubulin proteins, which leads to α-tubulin antibody promiscuity and makes genetic manipulation challenging. Here, we test mutant tubulin levels and assembly activity and analyze the impact of TUBA1A reduction on growth cone composition, neurite extension, and commissural axon architecture during brain development. We present a novel tagging method for studying and manipulating TUBA1A in cells without impairing tubulin function. Using this tool, we show that a TUBA1A loss-of-function mutation TUBA1AN102D (TUBA1AND), reduces TUBA1A protein levels and prevents incorporation of TUBA1A into microtubule polymers. Reduced Tuba1a α-tubulin in heterozygous Tuba1aND/+ mice leads to grossly normal brain formation except a significant impact on axon extension and impaired formation of forebrain commissures. Neurons with reduced Tuba1a as a result of the Tuba1aND mutation exhibit slower neuron outgrowth compared to controls. Neurons deficient in Tuba1a failed to localize microtubule associated protein-1b (Map1b) to the developing growth cone, likely impacting stabilization of microtubules. Overall, we show that reduced Tuba1a is sufficient to support neuronal migration and cortex development but not commissure formation, and provide mechanistic insight as to how TUBA1A tunes microtubule function to support neurodevelopment.
Keywords: TUBA1A protein, microtubule cytoskeleton, MAP1B, commissure defects, tubulinopathy
INTRODUCTION
Mammalian brain development is a complex process that requires precise coordination of multiple cell types and extracellular cues to form a fully specified tissue. Despite many advances in understanding the cellular and molecular players involved in brain development, there is still much that remains unknown. Insights into the molecular pathways governing neurodevelopment can be gained from studying genetic mutations that impair specific aspects of brain development. Severe cortical and neurodevelopmental phenotypes associated with mutations that disrupt tubulin genes, termed tubulinopathies, have recently been described in humans (Poirier et al., 2007; Fallet-Bianco et al., 2008; Cushion et al., 2013; Oegema et al., 2015). Tubulinopathy mutations cause a spectrum of neurodevelopmental phenotypes, but frequently involve cortical malformations such as lissencephaly, agenesis or hypoplasia of the corpus callosum, and cerebellar hypoplasia (Poirier et al., 2007; Tischfield et al., 2011; Cushion et al., 2013; Oegema et al., 2015). Recent studies of human tubulinopathy mutations have revealed that each variant may impact different aspects of microtubule function, such as protein folding, polymerization competency, and microtubule-associated protein (MAP)-binding (Tian et al., 2008; Tian et al., 2010; Aiken et al., 2019a; Aiken et al., 2019b). Tubulin mutations can therefore be used to interrogate the requirement for specific aspects of microtubule function throughout neurodevelopment.
Developing neurons must migrate to the correct location, extend axons to meet sometimes distant synaptic partners, and form functional connections. Throughout this process, neurons undergo dramatic morphological changes that require coordinated interaction between the cytoskeleton and the extracellular environment. In post-mitotic neurons, microtubule polymers made of α/β-tubulin dimers facilitate nucleokinesis and cellular migration, support growth cone navigation, promote axon formation and form the tracks upon which intracellular trafficking occurs (Sakakibara et al., 2013; Liu and Dwyer, 2014; Kapitein and Hoogenraad, 2015; Miller and Suter, 2018). The microtubule network needs to be precisely controlled to fulfill diverse functions in neurons. Microtubule properties can be modulated through post-translational modifications (PTMs) to tubulin subunits, association with MAPs, and through the particular tubulin genes, or isotypes, that a cell expresses (Gadadhar et al., 2017). The human genome contains at least nine unique α- and ten unique β-tubulin genes (Khodiyar et al., 2007; Findeisen et al., 2014). The α-tubulin isotype encoded by the gene TUBA1A is abundant in the brain and is the most highly expressed α-tubulin in post-mitotic developing neurons (Miller et al., 1987; Gloster et al., 1994; Gloster et al., 1999). TUBA1A mutations are highly represented in cases of human tubulinopathies (Aiken et al., 2017), suggesting that TUBA1A plays an important role in neurodevelopment. However, the high degree of sequence conservation between α-tubulin genes has historically made studying TUBA1A function in cells challenging, due to the limited availability of tools.
Mouse models harboring mutations to Tuba1a can be used as tools to interrogate the function of Tuba1a in the context of the neuronal milieu. As tubulin genes are often required for life and the nucleotide sequence between isotypes is conserved, generation of mutant mouse lines to study Tuba1a function in vivo has been challenging. To date, only a handful of Tuba1a mutant mouse lines have been generated, three by ENU-induced forward genetic screens and one by site-directed CRISPR gene editing (Keays et al., 2007; Gartz Hanson et al., 2016; Bittermann et al., 2019; Leca et al., 2020). We previously revealed that the ENU-induced Tuba1aN102D allele (Tuba1aND) impairs microtubule function in both S. cerevisiae and mice through a loss-of-function mechanism by reducing α-tubulin protein (Gartz Hanson et al., 2016; Buscaglia, 2020). Homozygous Tuba1aND mice exhibit severely impaired brain development and are neonatal lethal, similar to phenotypes seen in the Tuba1anull and Tuba1a-R215* mutant mice (Gartz Hanson et al., 2016; Aiken et al., 2017; Bittermann et al., 2019). In homozygous Tuba1aND, Tuba1aNull and Tuba1a-R215* mice, as well as many patients with TUBA1A-associated tubulinopathies, cortical migration and commissural formation are severely disrupted. This makes it difficult to infer whether axon pathfinding deficits are a direct consequence of altered Tuba1a function or if they are secondary to abnormal cortical layering and migration. Tuba1aND/+ heterozygous mutant mice have reduced Tuba1a function during brain development, which is sufficient to support neuron survival and cortical layer formation (Gartz Hanson et al., 2016; Buscaglia, 2020), but does not support formation of axon commissures. Therefore, Tuba1aND/+ heterozygous animals can provide insight into how Tuba1a contributes specifically to axon pathfinding.
Here, we show that a reduction in developmental Tuba1a protein impairs formation of large brain commissures. Using a novel tubulin visualization technique, we demonstrate that the TUBA1AN102D mutation prevents incorporation of TUBA1A into microtubule polymers in cells. In mice, heterozygous Tuba1aND/+ brains fail to form the corpus callosum, anterior and hippocampal commissures. Cultured neurons from Tuba1aND/+ and wild-type cortices reveal that Tuba1aND/+ neurons have shorter neurites than wild-type. Further, we demonstrate that Tuba1aND/+ neurons fail to localize Map1b, a critical developmental MAP, to the developing growth cone. Neither Map1b expression nor binding to microtubules is impaired by reduced Tuba1a function. Trafficking along neurites is perturbed by reduced Tuba1a. Thus failure to localize Map1b is likely due to defects in trafficking. Collectively, our data present evidence that reduction of functional Tuba1a protein allows for normal neuron migration and cortical layering but prevents formation of commissures by impairing axon outgrowth.
MATERIALS AND METHODS
Animals
All animal research was performed in accordance with the Institutional Animal Care and Use Committee at the University of Colorado School of Medicine. All mice used were maintained on a 129S1/C57Bl6 genetic background. Mice were kept on a 12:12 light:dark cycle with ad libitum access to food and water. Tuba1aND/+ mice were identified in an ENU mutagenesis screen that was conducted using C57Bl/6J mice and then outcrossed onto 129S1/Svlmj (Gartz Hanson et al., 2016). All of the data for this manuscript were obtained from mice that have been outcrossed over 20 generations to 129S1. Tuba1aND/+ and wild-type littermate mice were maintained on water supplemented with 0.2 g/L MgSO4 to promote Tuba1aND/+ survival and ability to reproduce. Survival rates of Tuba1aND/+ with 0.2 g/L MgSO4 are 34/35 total and without MgSO4 supplemented water are three out of nine pups. In contrast, 9/10 wild type litter mates survived without MgSO4 supplemented water and 47/47 wildtype littermates survive with MgSO4 supplemented water. For timed matings, male and female mice (Tuba1aND/+ x wild type) were introduced overnight and separated upon confirmation of mating, which was considered embryonic day 0.5. Male and female mice were represented in all studies. All mice were genotyped by PCR amplification of DNA isolated from tail snips followed by Sanger sequencing to differentiate homozygous or heterozygous Tuba1aND/+ mice from wild-type. Primers used to amplify mouse DNA for genotyping were: forward:TGGATGGTACGCTTGGTCTT; reverse: CTT​TGC​AGA​TGA​AGT​TCG​CA; and sequencing: GTC​GAG​GTT​TCT​ACG​ACA​GAT​ATC.
Histology
Mice were anesthetized and trans-cardially perfused with 0.1 M NaCl and 4% paraformaldehyde (PFA) for histology. Tissues of interest were dissected and post-fixed in 4% PFA. Tissue sectioning was performed on a CM1520 cryostat (Leica, Wetzlar, Germany) and 30 μm cryosections were obtained for all histology. For luxol fast blue staining, sections from brain were stained using a 0.1% luxol fast blue solution. For most immunofluorescence studies PFA-fixed tissues or cells were blocked in phosphate-buffered saline (PBS) containing 5% goat serum or bovine serum albumin (BSA) with 0.3% Triton-X 100. Primary and secondary antibodies were diluted in PBS containing 1% BSA with 0.1% Triton-X 100.
Electron Microscopy
Mice used for electron microscopy were perfused with 0.1 M NaCl and 2.5% glutaraldehyde 4% PFA, after which the brain was dissected and post-fixed in 2.5% glutaraldehyde 4% PFA overnight at 4°C. Following post-fixation, brains were sent for sectioning and imaging by the CU School of Medicine Electron Microscopy Core facility. For analysis, Axons were counted in EM images only if they were captured completely in cross-section (round) and contained either a dark myelin ring surrounding, or had features of an axon (intracellular space had uniform electron density). Structures were only considered as compacted myelin sheaths if they were surrounding a structure resembling a cross-sectional axon and were electron dense.
Plasmids and Reagents
The hexahisitidine (His6) epitope tag was inserted in the α-tubulin internal loop region (Schatz et al., 1987; Heilemann et al., 2008; Hotta et al., 2016). Codon optimization for rattus norvegicus (https://www.idtdna.com/codonopt) was used to generate the His6 sequence CAT​CAC​CAC​CAT​CAT​CAC, which was inserted into the coding region of human TUBA1A from the Mammalian Genome Collection (clone ID:LIFESEQ6302156) between residues I42 and G43. Gibson cloning was used to insert the gBlock of TUBA1A internally tagged with His6 (TUBA1A-His6) into the pCIG2 plasmid (shared by Dr. Matthew Kennedy, University of Colorado) linearized with NruI and HindIII. TUBA1A-His6 incorporation was confirmed by sequencing across the complete TUBA1A coding region. The TUBA1AT349E (TUBA1ATE) polymerization incompetent, and TUBA1AE255A (TUBA1AEA) highly polymer-stable α-tubulin mutants were identified and described in prior publications (Anders and Botstein, 2001; Johnson et al., 2011; Roostalu et al., 2020). To generate the GFP-TUBA1A vector, the coding region of human TUBA1A from the Mammalian Genome Collection (clone ID:LIFESEQ6302156) was amplified with forward primer TAT​GGC​GGC​CGC​AGA​GTG​CTG​GTA​GTG​CTG​GTA​GTG​CTG​GTA​TGC​GTG​AGT​GCA​TCT​CC and reverse primer TAT​GGC​GGC​CGC​TTA​GTA​TTC​CTC​TCC​TTC​TTC​CTC​ACC. The resulting amplicon encompasses the BsrGI cutsite present at the end of GFP, a linker sequence (tripeptide linker SAG), the TUBA1A coding region, and terminates in a NotI site. This amplicon was cloned into the pCIG2 vector at the end of the GFP sequence using sticky-end cloning with BsrGI and NotI. The GFP-MACF43 vector was shared by Dr. Laura Anne Lowery (Boston College) and Dr. Casper Hoogenraad (Utrecht University). Myr-TdTomato plasmid DNA was shared from Dr. Mark Gutierrez and Dr. Santos Franco (University of Colorado).
Cell Culture and Nucleofection
Cos-7 cells (Thermo Fisher Scientific, Waltham, MA; ATCC® CRL-1651™) were cultured in a 37°C humidified incubator with 5% CO2 in DMEM (Gibco) supplemented with 10% fetal bovine serum (Gibco), 1 mM sodium pyruvate (Thermo), and penicillin/streptomycin (1,000 IU/1,000 μg/ml; Thermo). Cos-7 cells were transfected with 2.5 µg of hexahistidine (His6) tagged TUBA1A plasmid DNA using Lipofectamine 3000 (Invitrogen). The Cos-7 cells were fixed and imaged 24 h after the addition of the TUBA1A plasmid. Cells were washed with PBS and PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM Mg2Cl), and then fixed in 2% formaldehyde plus 0.05% glutaraldehyde. Immunostaining was performed using primary antibodies directed against: 6X-Histidine (Invitrogen, 4A12E4 37-2900; 1:500), Acetylated Tubulin (Cell Signaling Technology, D20G3; 1:800). Primary antibodies were diluted in blocking buffer (5% BSA with 0.3% Triton-X 100 in PBS) and incubated overnight at 4°C in a humidified chamber. After primary antibody staining, cells were washed three times with PBS. Fluorescently-conjugated secondary antibodies were diluted 1:500 in 1% BSA with 0.1% Triton-X 100 in PBS and incubated for 1 h at room temperature, protected from light. Secondary antibodies were from Life Technologies (Carlsbad, CA) all used at 1:500. For Cos-7 proteasome inhibition assays, 5 µM Lactacystin A (Tomoda and Omura, 2000; Ōmura and Crump, 2019) was added to normal culture medium for 24 h, the day following transfection with TUBA1A-His6 constructs. Dissociated neurons were cultured from male and female P0-P2 mouse or rat cortices. Brains were removed and placed into Hanks Balanced Salt Solution (HBSS, Life Technologies) supplemented with 9.9 mM HEPES (Life Technologies) and 1 mM kynurenic acid (Tocris Bioscience, Bristol, United Kingdom). Meninges were removed and cortices were dissected and cut into approximately 1 mm pieces. Cortical pieces were triturated to a single-cell suspension using glass Pasteur pipettes. Cortical neurons were plated onto 35 mm Poly-D-Lysine coated glass-bottom culture dishes at a density of 350,000 cells (Willco Wells, HBSt-3522). For nucelofected mouse and rat neurons, 4 µg of plasmid DNA was introduced to 4 × 106 neurons using an AMAXA nucleofection kit (VPG-1001, VPG-1003; Lonza). AMAXA-nucleofected cells were plated in 35 mm glass bottom imaging dishes. Neurons were maintained in a 37°C humidified incubator with 5% CO2 in phenol-free Neurobasal-A medium (Life Technologies) supplemented with B-27 (Thermo Fisher Scientific, Waltham, MA), Penn/strep (Thermo), GlutaMax (Thermo), 5 ng/ml β-FGF (Gibco), and Sodium Pyruvate (Thermo).
RNA Isolation + RTPCR
RNA was isolated from Cos-7 cells, 48 h post-transfection using TRIzol Reagent (Thermo; 15596026). RNA concentration and purity were determined using a spectrophotometer, then cDNA was synthesized using the RT2 First Strand Kit (Qiagen, Hilden, Germany; 330401). qRT-PCR reactions were prepared with SYBR Green RT-PCR Master mix (Thermo; S9194) and run with a CFX Connect Real-Time System (Bio-Rad). Samples were run in triplicate, results were analyzed in Excel. All qPCR data presented in this manuscript was normalized to expression of GFP, which was present on the same plasmid as TUBA1A-His6 constructs. Wild-type TUBA1A mRNA quantity was set to = 1 and TUBA1AND relative mRNA quantity was presented relative to wild-type. For all qRT-PCR experiments 3 biological replicates were used per genotype.
Neuron Immunocytochemistry
DIV 2 primary cortical neurons were washed with PBS and fixed with a fixation solution of 4% PFA and 0.2% glutaraldehyde in PBS for 15 min at room temperature. For tubulin extraction, cells were washed with PBS followed by PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM Mg2Cl) then soluble tubulin dimers were extracted using 0.1% triton with 10 µM taxol and 0.1% DMSO in PHEM buffer. Extracted cells were fixed with 2% PFA and 0.05% glutaraldehyde in PBS for 10 min, washed with PBS and then reduced in 0.1% NaBH4 in PBS for 7 min at room temperature. Cells were then washed with PBS and blocked in 3% BSA and 0.2% Triton in PBS for 20 min at room temperature, with agitation. Immunostaining was performed using primary antibodies directed against: 6X-Histidine (Invitrogen, 4A12E4 37-2900; 1:500), total α-tubulin (Sigma, DM1A T6199; 1:5,000), Acetylated Tubulin (Sigma, T7451; 1:1,000), Tyrosinated Tubulin (Chemicon, MAB 1864; 1:1,000), Map1b (Santa Cruz Biotech, sc-135978; 1:500), Map2 (Novus Biologicals, NB300-213; 1:2,000). Primary antibodies were diluted in blocking buffer (5% BSA with 0.3% Triton-X 100 in PBS) and incubated overnight at 4°C in a humidified chamber. After primary antibody staining, cells were washed three times with PBS. Fluorescently-conjugated secondary antibodies were diluted 1:500 in 1% BSA with 0.1% Triton-X 100 in PBS and incubated for 2 h at room temperature, protected from light. Secondary antibodies were from Life Technologies (Carlsbad, CA) all used at 1:500. Alexa Fluor 568-conjugated Phalloidin (Thermo, A12380; 1:20) was added during secondary antibody incubation for labeling of filamentous actin. Tissues or cells of interest were mounted onto glass microscope slides and sealed with glass coverslips and aqueous mounting media containing DAPI (Vector Laboratories, #H-1200) and imaged on a Zeiss 780 or 880 confocal microscope with a ×40 or ×63 oil objective.
Western Blotting
Protein was isolated from brains of P0-P2 mice by dounce homogenization and ultra-centrifugation at 100,000 × g for 45 min at 4°C. Map1b was quantified in three different scenarios. Total Map1b was quantified from the whole brain lysates. For Map1b associated with tubulin, the tubulin-enriched fraction was isolated either with taxol at 37°C according to a previously established protocol (Vallee, 1982) or without taxol at 37°C using centrifugation to separate the tubulin-rich fraction. Cos-7 cell protein was extracted using a Tris-Triton lysis buffer with protease inhibitor cocktail (Sigma). Protein concentrations were assessed using a BCA assay (Thermo), and relative concentration was determined using a Synergy H1 microplate reader (BioTek Instruments, Winooski, VT). 5 µg of either whole brain lysate or tubulin-enriched protein fraction was loaded per lane and run on 4–20% Mini-Protean TGX Stain-Free precast gels (4568093; Bio-Rad Laboratories, Hercules, CA) at 150 mV for 1 h. Prior to protein transfer, Stain-Free gels were activated with UV light for 1 min and imaged for total protein on gel using a ChemiDoc MP imager (Bio-Rad). Proteins were transferred to PVDF blotting membranes (Bio-Rad) in standard 25 mM Tris-base, 192 mM glycine, 15% methanol transfer buffer, or transfer buffer optimized for high molecular-weight proteins (>200 kDa) by the addition of 0.025% SDS. Blots were transferred at 4°C and 75 V for either 1 h for standard molecular-weight proteins, or 3 h for high molecular-weight proteins. Immediately following transfer, PVDF membranes were rinsed in TBST and imaged to quantify the total protein on blot using UV-activated Stain-Free blots. Gels were also imaged post-transfer to assess transfer efficiency for each blot. Membranes were blocked in Tris-buffered Saline containing 0.1% Tween-20 (TBST) with 5% BSA for 1 h and incubated in primary antibody diluted in TBST containing 1% BSA overnight at 4°C. Primary antibodies were: mouse anti 6X-Histidine (Invitrogen, 4A12E4; 1:500), chicken anti-GFP (Invitrogen, A10262; 1:1,000), and mouse anti-Map1b (Santa Cruz, sc-135978; 1:500). Blots were incubated in HRP-conjugated Goat-anti-mouse (1:5,000; Santa Cruz) or goat-anti-chicken (1:5,000; Santa Cruz) secondary antibody diluted in TBST containing 0.5% BSA with streptavidin-HRP (Bio-Rad, 1:10,000) for band visualization for 1 h at room temperature. Blots were developed in ECL solution for 5 min at room temperature (Bio-Rad) and imaged.
Netrin-1 Experiments
Primary wild-type and Tuba1aND/+ neonatal (P0-P3) mouse cortical neurons were nucleofected with 2 µg of Myr-TdTomato plasmid DNA and cultured as described above. Netrin-1 expressing plasmid (OriGene Cat#: MG223704) was transfected into Cos-7 cells using Lipofectamine 3000 (Thermo Fisher Scientific Cat#: L3000015). Cells were washed and media was replaced with Opti-MEM (Thermo Fisher Scientific Cat#: 31985062). The following day media was removed from cells and placed in an equilibrated Amicon 30 kDa molecular weight cut-off ultracentrifuge tube (Millipore Sigma Cat#: UFC903008). The purified Netrin-1 was collected and quantified using a BCA assay (Thermo Fisher Scientific Cat #:23227). Neurons were measured at DIV1 at 10 min intervals for 60 min, Netrin-1 was added at a final concentration of 500 ng/ml to the media and images were taken for 60 min after the addition of the chemoattractant. Neurons were measured using ImageJ/FIJI software (NIH) and Excel (Microsoft). Statistical analyses were performed, and graphs were created using Prism version 9.0 (GraphPad). For all statistical analyses, p < 0.05 was considered statistically significant. Statistical analyses used in each experiment are indicated in their respective figure legends. T-tests were used for any comparisons between two groups and ANOVA was used for any comparison of more than two groups.
dSTORM Super-Resolution Imaging and Analysis
Primary neuronal cultures were generated and immunostained as described in the Cell Culture and Nucleofection and Neuron Immunocytochemistry sections, excepting the mounting step. Instead, an imaging buffer composed of 50 mM Tris (pH 8), 10 mM NaCl, 10% glucose, 10 mM mercaptoethylamin (MEA, Sigma-Aldrich, M6500), 0.56 mg/ml glucose oxidase (Sigma-Aldrich, G0543), and 34 μg/ml catalase (Sigma-Aldrich, C3155) was sterile filtered onto the sample. The cells were then imaged on a Ziess Elyra P.1 microscope using a Plan-Apochromat 63X 1.4NA objective to achieve high excitation power as previously described (Heilemann et al., 2008; Schüttpelz, 2010). In short, the Alexa 647-labeled sample was excited into a high energy state where the majority of fluorophores enter a long-lived dark state while a small fraction of fluorophores are excited into a bright fluorescent state. Over the imaging period, the cycling of fluorophores from the ground state to either of the excited states, stochastically the dark or bright state, provides fluorophore position information. Super-resolution images were generated by running the raw data through a series of analysis steps. First, the fluorescence background was removed using a previously described temporal median filter in Matlab (Matlab code provided by the University of Colorado School of Medicine Advanced Light Microscopy Core) (Hoogendoorn et al., 2014). Fluorophore positions were then fitted using the ThunderSTORM plugin for ImageJ and Fiji (Schneider et al., 2012; Ovesný, 2014). Sample drift was corrected using redundant cross-correlation algorithm in Matlab as previously described (Wang et al., 2014). Finally, a super-resolution image was created by starting out with all pixels set to zero and incrementing the pixel value by one for every molecule localization that falls into that pixel.
Experimental Design and Statistical Analyses
Band volume of all Western blots was analyzed using Image Lab software (Bio-Rad). Fluorescence intensity measurements, area and morphological assessment, kymograph generation, and quantification of EM images was performed using ImageJ/FIJI software (NIH) and Excel (Microsoft). Statistical analyses were performed, and graphs were created using Prism version 8.0 (GraphPad). Most graphs display all data points to accurately represent the variability in each dataset, except in cases where such presentation obscured visibility. For all statistical analyses, statistical significance was considered to be p < 0.05. Statistical analyses used in each experiment are indicated in their respective figure legends. For all graphs mean ± SEM was reported unless otherwise noted. Normality of each dataset was assessed using a Shapiro-Wilk test. In datasets with two groups, parametric data was analyzed using a Student’s t-test, while non-parametric data was assessed by Mann-Whitney U analysis of medians. Multiple groups were compared by one-way or two-way ANOVA and analyzed post hoc by either a Bonferroni or Kruskal-Wallis test for parametric and non-parametric data, respectively.
RESULTS
TUBA1AND α-Tubulin does not Incorporate into Neuronal Microtubules
The high degree of sequence similarity between α-tubulin isotypes has limited study of individual tubulin isotypes at the protein level in cells. As TUBA1A shares 99.5% homology with TUBA1B α-tubulin (only 2 distinct amino acids), commercially available “TUBA1A” specific antibodies are promiscuous and bind more than the intended isotype target. Further, prior attempts to tag TUBA1A neuronal microtubules with N- or C-terminal fluorescent fusion proteins have had detrimental effects on protein function (Gonzalez-Garay and Cabral, 1996; Kimble et al., 2000). These challenges have made the direct visualization of specific tubulin isotypes or mutant tubulin proteins in neurons difficult. Thus, the ways in which TUBA1A specifically contributes to neuronal microtubule protein function have been difficult to ascertain. To address the need for better tools to study TUBA1A protein, we generated a functional hexahistidine (His6)-tagged TUBA1A construct based on a previously identified internal loop in the α-tubulin protein to aid visualization of TUBA1A in mammalian cells (Schatz et al., 1987) (Figure 1A). We inserted the His6 tag into an internal loop of TUBA1A between residues I42 and G43, a region of α-tubulin that tolerates addition of amino acids without disrupting tubulin function (Schatz et al., 1987). Addition of the His6 tag in this loop has previously been used to affinity purify tubulin subunits for reconstituted systems (Heilemann et al., 2008; Hotta et al., 2016). However, to our knowledge this internal His6 tag on α-tubulin has never been used for immunohistochemical assays to visualize isotype-specific localization in cells.
[image: Figure 1]FIGURE 1 | TUBA1AND impairs incorporation into cellular microtubules and reduces α-tubulin protein abundance. (A) Schematic of TUBA1A-His6 tag and experimental design. His6 epitope tag was added to an internal loop on TUBA1A (top), and TUBA1A-His6 plasmid DNA was transfected into Cos-7 cells to label cellular microtubules in the presence or absence of proteasome inhibitor treatment (bottom). (B) Images showing Cos-7 cells transfected with an empty vector control, wild-type TUBA1A-His6, TUBA1ATE-His6 (polymerization-incompetent mutant), TUBA1AEA-His6 (highly polymer stable mutant), and TUBA1AND-His6 plasmid DNA. Cells were immunolabeled with α-His6 antibodies to reveal microtubule incorporation of wild-type and mutant TUBA1A-His6 protein. (B′) Scatter plot showing the Pearsons’ correlation coefficient to quantify the co-localization of acetylated tubulin with anti-His6 staining **p < 0.01 and ***p < 0.001. (C) Western blot for His6 in TUBA1A-His6 transfected Cos-7 cell lysates. A subset of transfected cells were treated with 5 µM Lactacystin A (LactA) for 24 h to block proteasomal degradation. His6 signal was normalized to GFP, which was expressed from the same plasmid. (D) Quantification of band density for His6 western blot shown in (C). His6 band density was normalized to GFP-expressing cells in control-treated (left), and cells treated with 5 µM LactA for 24 h (right). Data were analyzed by t test. N = 3 transfections; n = 3 technical replicates; p = 0.04 for all comparisons marked with asterisks; p = 0.83 for control vs. LactA-treated TUBA1AND. (E) Bar graph representing TUBA1A mRNA expression in Cos-7 cells transfected with TUBA1A-His6. TUBA1A mRNA expression was normalized to GFP mRNA expression. Data were normalized to TUBA1A expression in wild-type (WT) TUBA1A-His6-transfected cells and represent 3 separate transfection experiments and 3 qRT-PCR replicates. Differences between groups were assessed by t test (p = 0.97). All images were taken at ×40 magnification, scale bars are 10 µm. All graphs show mean of data ± SEM, *p < 0.05.
Ectopically expressed wild-type TUBA1A-His6 is incorporated into Cos-7 cell microtubules and colocalizes with polymerized acetylated tubulin (Pearson coefficient = 0.31 ± 0.03, Figures 1B,B′). Along with wild-type TUBA1A-His6, we ectopically expressed three TUBA1A variants in Cos-7 cells. Mutant TUBA1A-His6 ectopic expression in cells facilitates evaluation of the abundance and polymerization capability of mutant TUBA1A proteins. TUBA1AT349E (TUBA1ATE) is an α-tubulin mutation that prevents tubulin polymerization in yeast (Johnson et al., 2011) and acts as a negative control. The TUBA1ATE-His6 shows low levels of punctate His6 staining that does not co-localize with microtubules consistent with previous findings that this mutation prevents TUBA1ATE incorporation into microtubules (Pearson coefficient = 0.042 ± 0.07, Figures 1B,B′). However, acetylated tubulin is clearly visible in TUBA1ATE expressing cells indicating that exogenous expression of TUBA1ATE does not interfere with endogenous microtubule networks. In contrast, TUBA1AE255A (TUBA1AEA) is a microtubule stabilizing α-tubulin mutation which inhibits tubulin depolymerization and thus locks microtubules in a polymer-bound state (Anders and Botstein, 2001; Roostalu et al., 2020) (Figure 1B). The TUBA1AEA-His6 protein is abundantly incorporated into microtubule polymers (Pearson coefficient 0.72 ± 0.02, Figures 1B,B′). Acetylated tubulin staining in TUBA1AEA-His6 is also increased compared to wild type. Previous reports demonstrate that the Tuba1aND variant causes partial loss of α-tubulin function in yeast and mice (Gartz Hanson et al., 2016; Buscaglia, 2020), but it was unclear whether or not the ND mutant tubulin is capable of polymerization. Our data reveal that TUBA1AND -His6 is not visible in microtubule polymers, but can be detected at low levels in the cytoplasm (Pearson coefficient 0.17 ± 0.03, Figures 1B,B′). We conclude that TUBA1AND does not incorporate into microtubules at detectable levels. The acetylated tubulin staining in TUBA1AND-His6 cells is comparable to wild-type; microtubules are present, but TUBA1AND protein is not incorporated.
Western blots of lysates from Cos-7 cells 48 h post-transfection reveal that TUBA1AND-His6 protein is significantly reduced compared to wild-type TUBA1A-His6 (Figures 1C,D; p = 0.04), despite similar TUBA1A mRNA levels between wild-type and TUBA1AND transfected Cos-7 cells (Figure 1E; p = 0.97). To evaluate if TUBA1AND mutant protein is targeted for proteasomal degradation, we treated TUBA1A-His6 transfected Cos-7 cells with 5 µM proteasome inhibitor, Lactacystin A [LactA (Tomoda and Omura, 2000; Ōmura and Crump, 2019)], for 24 h and probed for His6 abundance by western blot (Figure 1C). Treatment with LactA significantly increased wild-type TUBA1A-His6 protein compared to control-treated cells, but had no effect on TUBA1AND-His6 protein abundance (Figure 1D; p = 0.83). These results indicate that TUBA1AND mutant protein is likely not targeted for degradation by the proteasome. Overall, TUBA1AND mutant protein is not incorporated into microtubules and is less abundant in the cells compared to wild type, despite similar mRNA levels.
We next investigated if TUBA1AND substitution impairs incorporation of TUBA1A protein into neuronal microtubule polymers (Figure 2, Supplementary Figure S1). Wild-type rat cortical neurons were nucleofected with GFP-TUBA1A, wild-type TUBA1A-His6, TUBA1ATE-His6 (polymerization incompetent mutant), TUBA1AEA-His6 (stabilizing mutant), and TUBA1AND-His6 DNA at day in vitro 0 (DIV 0; Figure 2A). Following 2 days in culture (DIV 2), cells were fixed and a subset of neurons were permeabilized to remove soluble tubulin dimers (“tubulin extraction”). Extraction of soluble tubulin leaves behind only polymer-bound tubulin, enabling visualization of ectopic tubulin protein polymerization competence (Zieve and Solomon, 1984). Neurons expressing GFP-TUBA1A exhibited abundant GFP signal in intact cells, but tubulin extraction revealed that GFP fusion impaired incorporation of TUBA1A into neuronal microtubule polymers (Figure 2B). In contrast, wild-type TUBA1A-His6 protein was abundantly visible in both unextracted and extracted neurons, demonstrating that His6-tagging does not impair polymerization ability of TUBA1A in neurons (Figure 2C). As predicted, polymerization incompetent TUBA1ATE-His6 mutant protein was diffusely visible in intact neurons, but was absent when only polymerized tubulin remained (after extraction) (Figure 2C, Supplementary Figure S1). The microtubule-stabilizing TUBA1AEA-His6 was retained after extraction and incorporated into polymers more abundantly than wild-type, leading to stubby, microtubule-rich neurites (Figures 2C,C′). TUBA1AND-His6 protein was detectable at very low levels in unextracted neurons, but was not visible following tubulin extraction, indicating that TUBA1AND impairs incorporation into neuronal microtubules (Figures 2C,C′). These experiments suggest that TUBA1AND reduces abundance of TUBA1A protein and prevents incorporation of mutant TUBA1A into cellular microtubules.
[image: Figure 2]FIGURE 2 | TUBA1AND α-tubulin does not incorporate into neuronal microtubule polymers. (A) Schematic of cortical neuron isolation and transfection. (B) Cortical rat neurons at DIV 2 transfected with TUBA1A-GFP. Left panel shows neurons with soluble tubulin dimers extracted, showing only GFP-labeled TUBA1A that is incorporated into microtubule polymer. Right panel shows neurons with intracellular environment intact (unextracted), containing soluble tubulin dimers and polymerized microtubules transfected to express a TUBA1A-GFP fusion protein. (C) Rat cortical neurons at DIV 2 transfected with wild-type (WT) TUBA1A-His6 (far left), TUBA1ATE-His6 polymerization-incompetent mutant as a negative control (middle left), TUBA1AEA stabilizing mutant as a positive control (middle right), TUBA1AND-His6 (far right). Top panels show composite image containing membrane-bound GFP (green) for confirmation of transfection, α-His6 (Magenta) and DAPI (blue) immunolabeling. Middle panels show unextracted and bottom panels show different DIV2 neurons after tubulin has been extracted to reveal only polymer-bound tubulin, labeled with α-His6 antibodies to visualize ectopic TUBA1A-His6 proteins. Scale bar is 25 μm. (C′) A Scatter plot shows that neurons expressing His6-Tuba1aEA have significantly wider neurites than neurons expressing His6-Tuba1aWT and neurons expressing His6-Tuba1aND have neurites that are significantly thinner than neurons expressing His6-Tuba1aWT *p < 0.05, **p < 0.01.
Tuba1a is Required for Formation of Midline Commissures
TUBA1A is a major component of developing neuronal microtubules and is critical for proper brain development (Aiken et al., 2017). Human TUBA1A tubulinopathy patients with heterozygous mutations in TUBA1A exhibit severe brain malformations including defects in commissure formation and changes to cortical folding patterns (lissencephaly, polymicrogyria, pachygyria). While homozygous Tuba1aND/ND mice have severe brain malformations including defects in cortical layer formation (Gartz Hanson et al., 2016), Tuba1aND/+ heterozygous mutant mice undergo normal cortical migration, display comparable brain weight to wild-type littermates at birth, and survive to adulthood (Gartz Hanson et al., 2016; Buscaglia, 2020). However, 93% (14/15 brains) have severe defects in corpus collosum formation including 87% (13/15) with complete agenesis of the corpus callosum and abnormal formation of the anterior and hippocampal commissures (Figure 3A). In wild-type mice, 12/12 had well-formed commissures. For a commissure to form properly, nascent callosal “pioneer” axons extend through midline at E15.5, and early “follower” axons begin extending at E17 in mice (Boyer and Gupton, 2018). Evidence of abnormal callosal projections were apparent as early as P0 in Tuba1aND/+ brains, as seen by the early formation of aberrant axon bundles adjacent to the callosum, known as Probst bundles (Figure 3A) (Probst, 1901). In addition to agenesis of the corpus callosum at midline, lateral regions of adult Tuba1aND/+ corpus callosum were found to be significantly thinner than wild-type (Figure 3B). Similarly, Tuba1aND/+ anterior commissures are smaller than that of wild-type littermates (Figure 3C). In wild-type mice, corpus callosum thickness and anterior commissure area both increased significantly between P0 and adulthood; however, normal postnatal expansion of these tracts was not evident in Tuba1aND/+ mice (Figures 3B,C). The corpus callosum is absent along the rostral-caudal axis in Tuba1aND/+ animals. Tuba1aND/+ axons fail to organize into typical midline commissural structures, indicating that half of the normal amount of Tuba1a during brain development is not sufficient for commissural formation (Buscaglia, 2020).
[image: Figure 3]FIGURE 3 | Tuba1a is required for formation of midline commissural structures. (A) Luxol fast blue-stained coronal brain sections from postnatal day 0 (P0; top) and Adult (middle-bottom) wild-type and Tuba1aND/+ mice. Images portray abnormal midline commissural formation in Tuba1aND/+ mouse brains, with labels highlighting the corpus callosum (CC), anterior commissures (AC), and hippocampal commissure (HC). Scale bars are 500 μm. Arrows indicate Probst bundles. Asterisk in A. shows where measurements for B. were obtained. (B) Scatter plot representing corpus callosum width at P0, 3 months, and 10 months-old. (C) Scatter plot displaying anterior commissure area in P0, 3 months, and 10 months-old wild-type and Tuba1aND/+ brains. Wild-type and Tuba1aND/+ measurements compared by two-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001.
Examination of sagittal brain sections taken directly at midline revealed dramatic disorganization of corpus callosum axons in Tuba1aND/+ brains (Figure 4A). Compared to wild-type, Tuba1aND/+ midline commissural axons were largely absent, and the existing axons failed to organize into a tract with uniform orientation (Figure 4A). Despite dramatic differences between wild-type and Tuba1aND/+ callosal axon organization, Tuba1aND/+ axons were highly colocalized with immunolabeled myelin sheaths (Figure 4A). To further assess the impact of Tuba1aND/+ substitution on callosal axon morphology and myelination, we performed electron microscopy (EM) in both wild-type and Tuba1aND/+ corpus callosi. Due to the scarcity of axons present directly at midline in the Tuba1aND/+ corpus callosum, we sampled a region of corpus callosum 2 mm lateral to midline for both wild-type and Tuba1aND/+ animals (Figure 4B). EM images revealed a striking difference in axon density between wild-type and Tuba1aND/+ corpus callosi (Figures 4B,C; p = 0.03). Myelin thickness, measured by G-ratio, was similar between wild-type and Tuba1aND/+ brains (Figure 4D; p = 0.34), as was axon diameter (Figure 4E; p = 0.14). There was a trend towards decreased myelination in Tuba1aND/+ animals (p = 0.07), but this difference was not statistically significant (Figure 4F). These data provide evidence that Tuba1aND/+ callosal axons do not correctly organize to form a commissure. Previously published data indicated that reduced developmental Tuba1a function is tolerable for cortical neuron migration (Gartz Hanson et al., 2016); however, our results indicate that reduced Tuba1a is not sufficient to support commissure formation.
[image: Figure 4]FIGURE 4 | Axon density is reduced by Tuba1aND/+ in midline corpus callosum. (A) Sagittal brain sections at midline from wild-type (top) and Tuba1aND/+ (bottom) brains stained with neurofilament-heavy (NFT-H; magenta) to label axons, and proteolipid protein (PLP; green) to label myelin. Images were taken at ×4 (left) and ×20 (right) magnification with 500 and 50 μm scale bars, respectively. (B) Electron microscopy (EM) images of sagittal wild-type (top) and Tuba1aND/+ (bottom) sections of corpus callosum 2 mm adjacent to midline. Enlarged regions on right are denoted by boxes, scale bar is 1 μm. (C) Scatter plot representing axon density of wild-type and Tuba1aND/+ axons in analyzed EM images. Data points represent average values for each animal (n = 6 regions containing same total area; p = 0.03). (D) Scatter plot of G-ratio measurements for wild-type and Tuba1aND/+ axons. Data points represent individual myelinated axons and are clustered by animal (N = 3 mice, n = 100 axons; p = 0.34). (E) Scatter plot of axon diameters in wild-type and Tuba1aND/+ corpus callosum by EM. Only those axons captured in cross section were assessed for diameter, as skewed axons provide inaccurate measurements. Data points represent individual axons and are clustered by animal (n = 100; p = 0.14). (F) Scatter plot representing the average percent of myelinated axons per animal in wild-type and Tuba1aND/+ corpus callosum. Six regions containing the same total area were assessed (n = 6; p = 0.07). Statistical differences between means of wild-type and Tuba1aND/+ datasets were assessed by t test, with *p < 0.05.
Tuba1a is Necessary for Neurite Extension and Cytoskeletal Organization in Growth Cone
To assess potential mechanisms by which reduced Tuba1a prevents commissural axons from crossing the midline, we measured neurite lengths, growth rates, and retraction frequency in cultured primary cortical neurons from P0 wild-type and Tuba1aND/+ mice (Figure 5A). Tuba1aND/+ neurites were significantly shorter than wild-type neurites (32.51 ±1.75 vs. 41.25 ±1.71 μm, p = 0.0016 by t-test, n = 157 WT neurons N = 13 mice and 77 Tuba1aND/+ neurons, N = 9 mice) at DIV1 (Figure 5B). Tuba1aND/+ neurites trended towards slower growth rates (5.828 vs. 4.064 μm/h, p = 0.1853 by t-test, Figure 5C) and increased frequency of retraction (49.25 vs. 53.39%, p = 0.2247 by t-test, Figure 5D) in an hour. Measurements of the longest neurite, the putative “axon”, at DIV 3 revealed that Tuba1aND/+ neurites remained significantly shorter than those of wild-type neurons (Figure 5E; N = 3 mice, n = 124 neurons; p = 0.02 by t-test). Together, these data show that developing neurons with reduced Tuba1a have a diminished capacity for neurite growth compared to wild-type neurons.
[image: Figure 5]FIGURE 5 | Tuba1aND impairs neurite outgrowth and alters growth cone cytoskeleton in cortical neurons. (A) Representative time-lapse images of membrane-labeled Myr-TdTomato neurons at DIV 1. Myr-TdTomato images were acquired 60 min apart to assess neuronal growth rate in wild-type (WT; top) and Tuba1aND/+ (bottom) cortical neurons. (B) Neurite lengths from WT and Tuba1aND/+ mice at DIV 1. Data points represent individual neurons (32.51 ± 1.75 vs. 41.25 ±1.71 μm, p = 0.0016 by t-test, n = 157 WT neurons N = 13 mice and 77 Tuba1aND/+ neurons, N = 9 mice). (C) Scatter plot of neurite growth rate in DIV 1 neurons measured over 60 min using Myr-TdTomato tagged primary cortical neurons from WT and Tuba1aND/+ mice (5.828 vs. 4.064 μm/h, p = 0.1853). (D) Scatter plot of neurite retraction frequency reveals a trend toward more frequent retractions in Tuba1aND/+ mice (49.25 vs. 53.39%, p = 0.2247). (E) Scatter plot of neurite length at DIV 3 in fixed WT and Tuba1aND/+ primary cortical neurons. For each cell, the longest neurite, designated a putative “axon”, was measured from the cell soma to the distal neurite tip using an acetylated tubulin marker. Data points represent individual neurons (N = 3 mice, n = 124 neurons; p = 0.02). (F) Images of DIV 3 WT (top) and Tuba1aND/+ (bottom) cortical neurons stained with antibodies directed against acetylated tubulin (green) and rhodamine phalloidin (F-actin, magenta). Composite images are shown (left) with single channel grayscale images for acetylated tubulin (middle) and F-actin (right). Fluorescent images were post-processed in ImageJ to enhance brightness and contrast, set to a minimum value of 0 and a maximum value of 70. Scale bars are 10 µm. (G) Scatter plot of growth cone area at DIV 3 in WT and Tuba1aND/+ cortical neurons. Data points represent individual growth cones (N = 3 mice, n = 52 growth cones; p = 0.26). (H) Scatter plot of acetylated tubulin intensity within the growth cone of WT and Tuba1aND/+ cortical neurons at DIV 3. Acetylated tubulin images were collected using identical microscope imaging settings between samples, fluorescence of quantified images was not adjusted prior to measurement. Acetylated tubulin intensity was normalized to the area of the growth cone. Data points represent individual growth cones (n = 49 growth cones; p = 0.89). (I) F-actin intensity within growth cone of WT and Tuba1aND/+ cortical neurons at DIV 3. F-actin images were collected using identical microscope imaging settings between samples, fluorescence of quantified images was not adjusted prior to measurement. F-actin intensity was normalized to the area of the growth cone. Data points represent individual growth cones (N = 3 mice, n = 49 growth cones; p = 0.0014). (J) Representative images of WT and Tuba1aND/+ cortical neuron growth cones showing distribution of acetylated tubulin (green) and F-actin (magenta). The yellow line indicates where microtubule fluorescence intensity measurements were taken. (K) Line plot showing the average acetylated tubulin fluorescence intensity across a 20 µm line scan through the central domain of the growth cone, taken perpendicular to the extending neurite shaft or putative axon in DIV 3 WT and Tuba1aND/+ neurons. Differences between WT and Tuba1aND/+ growth cones were assessed by two-way ANOVA which showed a significant interaction between genotype and fluorescence intensity by position (n = 20 growth cones; p < 0.0001). (L). Scatter plot representing the ratio of acetylated tubulin to F-actin intensity within the growth cones of DIV 3 WT and Tuba1aND/+ cortical neurons. Acetylated tubulin and F-actin intensity was measured from a single ROI in each growth cone, fluorescent images were acquired using the same microscope settings between samples and were not post-processed to adjust fluorescence. Data points represent individual growth cones (N = 3 mice, n = 49 growth cones; p = 0.0003 by Mann-Whitney test). For all plots, lines represent mean and error bars report SEM. Differences between WT and Tuba1aND/+ datasets were assessed by t test unless otherwise noted. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
To determine if there are differences in the cytoskeleton network that explain shorter Tuba1aND/+ neurites, we assessed the abundance of acetylated microtubules and filamentous actin (F-actin) in developing growth cones of wild-type and Tuba1aND/+ cortical neurons at DIV 3 (Figure 5F). The growth cone is a dynamic developmental structure that uses the coordinated action of the actin and microtubule cytoskeleton to drive neuronal outgrowth in response to internal and external cues (Dent et al., 2011; Craig, 2018). The area of Tuba1aND/+ growth cones trended towards reduced area (317.4 ± 31.3 µm2) compared to wild-type (380.9 ± 30.4 µm2; Figure 5G; n = 49 growth cones; p = 0.15, by student’s t-test). We examined the amount of acetylated tubulin, a post-translational modification associated with stable microtubules (Figure 5H) and found there to be no difference in the overall fluorescence intensity of acetylated tubulin in Tuba1aND/+ neurons compared to wild-type (n = 49 growth cones; p = 0.89). In contrast, we observed a significant increase in F-actin fluorescence intensity within the growth cones of Tuba1aND/+ neurons compared to wild-type (Figure 5I; n = 49 growth cones; p = 0.0014). Normally, neuronal microtubules splay out in the central, actin-dominated regions of the growth cone, but are bundled towards the peripheral domains of the growth cone (Buck and Zheng, 2002). To assess the degree of growth cone microtubule bundling, we next performed line scans across the widest point of DIV 3 growth cones ≥10 µm (Figure 5J), an assay that was modeled after similar experiments in Biswas and Kalil (2018) (Biswas and Kalil, 2018). Line scans of acetylated tubulin through the growth cone revealed differences in microtubule organization between wild-type and Tuba1aND/+ neurons (Figure 5K; n = 39 growth cones; p < 0.0001 between genotypes by two-way ANOVA). Specifically, we observed peaks in fluorescence, indicating bundled microtubules, at the edges of the growth cone in wild-type neurons, where acetylated tubulin was more diffuse and lacked obvious organization in Tuba1aND/+ growth cones (Figure 5K). The ratio of acetylated microtubules to F-actin in the growth cone was significantly reduced in Tuba1aND/+ neurons compared to wild-type, indicating changes to the overall growth cone cytoskeletal environment in Tuba1aND/+ neurons (Figure 5L; n = 49 growth cones per genotype; p = 0.0003). Together, these data indicate that neurite growth is particularly sensitive to the amount of Tuba1a tubulin available, and that reduction in Tuba1a leads to shorter neurites (a result of subtle changes to growth and retraction rates) with growth cones containing abnormal actin and microtubule architecture.
Tuba1aND/+ Neurites Exhibit Short Term Growth Increase With Global Addition of Netrin-1
Axon extension to form the corpus callosum is directed by guidance cues, including Netrin-1 (Nishikimi et al., 2013). Netrin-1 can act as an attractive guidance cue for developing axons by promoting directional axonal growth (Boyer and Gupton, 2018), and Netrin-1 deficient mice exhibit defects in commissural axon projection (Serafini et al., 1996) similar to that seen in Tuba1aND/+ mice (Figure 3). To determine if Tuba1aND/+ neurons respond to Netrin-1, primary cortical neurons were transfected with a membrane bound tdTomato reporter and cultured for 24 h. At DIV1, time lapse images were taken every 10 min over the course of an hour, then purified Netrin-1 was added to the media. Time lapse images taken after the addition of Netrin-1 revealed that both wild-type and Tuba1aND/+ neurons have a slight but significant increased growth rate at 10 min after the addition of Netrin-1 (Figures 6A,B). No differences were observed when comparing wild-type and Tuba1aND/+ neurons directly at the same time points (Figure 6C). These data indicate that both wild-type and Tuba1aND/+ neurons exhibit similar short-term responses to global addition of Netrin-1 at DIV1 in culture.
[image: Figure 6]FIGURE 6 | Reduced Tuba1a does not interfere with netrin-1-induced axon growth rates. (A) Primary cortical neuron cell cultures were made from Tuba1aND/+ mice and wildtype littermates. Cells were plated on glass-bottom dishes and images were collected every 10 min for an hour. Purified Netrin-1 was then added to the dish at 500 ng/ml and images were taken every 10 min for an additional hour. (n = 77 neurons; p = 0.0057, unpaired t-test) (B). Analysis was repeated for Tuba1aND/+ mice (n = 91 neurons; p < 0.0001, and n = 83 neurons; p = 0.0488, unpaired t-test) (C). To determine if there was a difference in stimulated growth between the wildtype and Tuba1aND/+ mice the growth values were compared at each time point. No differences were found at any time point.
Tuba1aND Neurons Fail to Localize Critical Developmental Protein Map1b to Growth Cone
MAPs play a crucial role in regulating neuronal microtubule function to support proper neurodevelopment. Microtubule-associated protein 1b (Map1b) regulates microtubule dynamics and facilitates actin/microtubule crosstalk to promote axon extension (Del Río et al., 2004). Mice lacking Map1b display an absence of the corpus callosum (Meixner et al., 2000; Gonzalez-Billault et al., 2001), similar to what is seen in Tuba1aND/+ mice. To assess whether Tuba1aND might disrupt Map1b function, we performed a series of biochemical and immunocytochemical analyses. Map1b is highly enriched in neurons compared to other cells in the brain, and neuronal expression of Map1b accounts for most of the Map1b in the whole brain (Zhang et al., 2014; Zhang et al., 2016). Western blot analysis of whole brain lysates from wild-type and Tuba1aND/+ mouse brains showed no difference in the total amount of Map1b protein (Figure 7A; p = 0.98). There was no significant deficit in the association of Map1b with taxol-stabilized microtubules from Tuba1aND/+ brain lysates compared to wild-type; in fact, Tuba1aND/+ samples contained slightly more Map1b than wild-type (Figure 7B; p = 0.03). In addition, we performed a western blot to quantify and compare the amount of Map1b associated with polymerized tubulin in brains from WT and Tuba1aND/+ brains without taxol, at 37°C to avoid stimulating tubulin polymerization. We found that there was no difference in Map1b in the polymerized tubulin fraction (Figure 7C). These data indicate Tuba1aND does not impair the interaction between Map1b and microtubules. In developing wild-type neurons, Map1b localizes strongly to the growth cone to promote axon growth and facilitate microtubule response to guidance cues (Figure 7D) (Black et al., 1994; Mack et al., 2000; Gonzalez-Billault et al., 2001; González-Billault et al., 2002; Tymanskyj et al., 2012). Strikingly, while Tuba1aND/+ neurons contained Map1b protein, they exhibited very little Map1b fluorescence in the growth cone compared to wild-type neurons (Figure 7E; n = 31 growth cones; p = 0.009). These data provide evidence that while the abundance of Map1b protein is unchanged by Tuba1aND, reduced Tuba1a dramatically impedes the subcellular localization of Map1b to the growth cone. Failure of Tuba1aND/+ neurons to localize Map1b to the developing growth cone provides a putative mechanism by which developing axons may fail to correctly organize the growth cone cytoskeleton, leading to the commissural deficits observed in Tuba1aND/+ mice.
[image: Figure 7]FIGURE 7 | Tuba1aND neurons do not correctly localize Map1b to the developing growth cone. (A) Western blot showing total Map1b protein in whole brain lysate from wild-type (WT) and Tuba1aND/+ mice. Scatter plot representing total Map1b protein in brain lysate by western blot, normalized to the total protein on a stain-free blot. p = 0.98 by t-test. (B) Western blots showing Map1b protein associated with a taxol stabilized tubulin-enriched fraction from brain (top panel). Due to the amount of protein that was loaded for Map1b western blots, antibody-stained bands for α-tubulin were oversaturated and could not be quantified, thus Map1b was normalized to the 50 kDa band (presumed to be primarily tubulin) on a UV-activated stain-free blot (bottom panel). Scatter plot quantifying Map1b associated with the taxol-stabilized tubulin-enriched brain lysate, normalized to the 50 kDa presumed tubulin band using stain-free western blotting. p = 0.03 by t-test (C). Western blot showing Map1b from WT and Tuba1aND/+ pellet fraction of brain lysates without the addition of taxol. Scatter plot quantifying Map1b associated with tubulin enriched from brain lysates shows no significant difference between the amount of Map1b associated with tubulin when no taxol was added, p = 0.76 by t-test. Map1b is normalized to the 50 kDa tubulin band using stain-free western blotting. (D) Scatter plot showing the subcellular distribution of Map1b protein in WT and Tuba1aND/+ cortical neurons at DIV 3. Data are represented as Map1b fluorescent signal in growth cone region divided by a region proximal to the cell body of the same area. Fluorescent images were acquired using identical microscope imaging settings between samples and were not post-processed to adjust fluorescence prior to quantification. p = 0.009. (E) Representative images showing altered subcellular distribution of Map1b in Tuba1aND/+ (bottom) cortical neurons compared to WT (top) at DIV 3. Composite and individual channel grayscale images of MAP2 and Map1b immunocytochemistry are shown, i and ii indicate enlarged regions shown in insets. Scale bars are 10 m. Differences between groups were evaluated by t test. *p < 0.05; **p < 0.01.
DISCUSSION
Functions of TUBA1A During Neurodevelopment
Using TUBA1A-His6 as a novel imaging tool, we illustrate that the TUBA1AND allele is excluded from microtubule filaments and decreases the abundance of TUBA1A in cells (Figures 1, 2). We further demonstrate that mice with diminished Tuba1a exhibit normal cortical layering but are incapable of forming axon commissures. On a cellular level, decreased Tuba1a impairs neurite outgrowth (Figures 5–7) and disrupts growth cone localization of Map1b, which acts as a critical regulator of cytoskeletal dynamics during axonal outgrowth (Figure 8). The timing of axonal extension is precisely regulated, and growth cones which fail to reach targets at the correct time can miss crucial developmental signaling events. Interactions between MAPs and microtubules play a major role in adapting microtubule function in response to changing intra- and extra-cellular developmental environments (Meixner et al., 2000; Del Río et al., 2004; Tymanskyj et al., 2012). Therefore, it’s possible that neurons with reduced Tuba1a may be incapable of maintaining appropriate axonal growth rates or mounting appropriate cytoskeletal responses to extracellular guidance cues due to lack of localization of critical cargos such as MAP1B (Figure 8B). Our evidence supports a model in which adequate TUBA1A levels are required for neurite extension and commissure formation, which is achieved via a dynamic cytoskeleton that can readily respond to external cues through the action of critical factors localized to the growth cone. Without sufficient Tuba1a, axons cannot grow at the appropriate rate or correctly localize important MAP(s), rendering Tuba1a deficient axons incapable of crossing the midline to reach distant targets.
[image: Figure 8]FIGURE 8 | Mechanisms of Tuba1a-induced axonal pathfinding deficits. (A) Schematic illustrating how reduced Tuba1a may impair ability of Tuba1aND/+ axons to reach key signaling points at the correct developmental time to support proper brain formation. Wild-type axons (WT; left) reaching the midline crossing point of corpus callosum by embryonic day (E) 18.5 are compared to the potentially stunted axonal growth in Tuba1aND/+ brains (right). The reduced density of microtubules impair localization of Map1b and potentially other MAPs to contribute to slower growth of developing Tuba1aND/+ commissural neurons.
Studying α-Tubulin Isotypes
TUBA1A has long been associated with neurodevelopment due to its spatial and temporal expression as well as its causal role in tubulinopathies (Miller et al., 1987; Gloster et al., 1994; Bamji and Miller, 1996; Gloster et al., 1999; Poirier et al., 2007; Fallet-Bianco et al., 2008; Kumar et al., 2010; Lecourtois et al., 2010; Oegema et al., 2015; Aiken et al., 2017), but cellular visualization of a single α-tubulin isotype or mutant has remained elusive due to the limited availability of isotype-specific tools. Studying individual α-tubulin isotypes in neurons has been historically arduous as the high degree of amino acid sequence similarity between α-tubulin isotypes (TUBA1A and TUBA1B proteins are 99.5% identical) leads to antibody promiscuity and has made genetically targeting a single α-tubulin gene challenging. The abundance of clinically identified mutations to TUBA1A provide strong evidence that TUBA1A is a major player in both tubulinopathy and typical neurodevelopment; however, the lack of available tools to study TUBA1A in cells has prevented researchers from understanding precisely how TUBA1A contributes to neurodevelopment. As such, previous studies of tubulinopathy mutations have relied heavily on mRNA analysis and indirect methods of evaluating TUBA1A protein function. Here we harness a previously-identified internal loop within TUBA1A that tolerates addition of small epitope tags without impacting TUBA1A incorporation or dynamics (Schatz et al., 1987; Heilemann et al., 2008; Hotta et al., 2016) to generate an important tool for the study of tubulinopathies and neuronal α-tubulin. Advantages of this tool are many. In Cos-7 cells and neurons, wild-type TUBA1A-His6 was able to incorporate into microtubule polymers, unlike TUBA1A containing a GFP fusion that prohibited incorporation into neuronal microtubules (Figure 2). Further, internal tagging does not interfere with C-terminal post translational modifications, which are abundant in neurons and contribute to function. The His6 tag can also be eluted natively so that the same tubulin isotype mutants can be purified for in vitro studies to complement localization and functional studies completed in cells. Additionally, the addition of the internal His6 tag did not remove or replace the Lysine 40 acetylation site. In Cos-7 cells and neurons, wild-type TUBA1A-His6 was able to incorporate into microtubule polymers, unlike TUBA1A containing a GFP fusion that prohibited incorporation into neuronal microtubules (Figure 2). Importantly, this epitope-tagged TUBA1A can be used to gain insight into how mutant tubulin behaves in cellular microtubule networks (Figures 1, 2). For example, we reveal that TUBA1AT349E, a substitution analogous to a previously described mutation that prevents tubulin polymerization in yeast (Johnson et al., 2011), fails to polymerize into neuronal microtubules but does not interfere with endogenous microtubule networks, as revealed by intact acetylated microtubules (Figure 2C). In contrast, TUBA1AE255A, a lethal α-tubulin stabilizing mutation discovered in yeast which prevents tubulin depolymerization (Anders and Botstein, 2001; Roostalu et al., 2020), is abundantly incorporated into microtubule polymers and increases acetylated tubulin staining compared to wild type (Figure 2C). This mutation leads to thickened microtubule-rich protrusions (Figure 2C). Overall, this tool enables researchers to gain valuable insight into the cellular function of specific α-tubulin isotypes and determine how mutations impact tubulin function, microtubule networks, and cellular morphology.
When applied to TUBA1AN102D, the epitope-tagged TUBA1A visualization revealed that the N102D mutation leads to polymerization-incompetent tubulin similar to the T349E substitution. Ectopic expression of TUBA1A-His6 protein in cells revealed that TUBA1AND protein is excluded from microtubule filaments (Figures 1B, 2C) and is approximately half as abundant as wild-type (Figure 1D), despite similar amounts of mRNA expression in transfected cells (Figure 1E). Based on this evidence, TUBA1AND substitution lowers the total amount of usable α-tubulin in the cell (Figure 1D). Newly synthesized α- and β-tubulin proteins enter a complex tubulin folding pathway, where they interact with cytosolic chaperonins and tubulin-binding cofactors to become folded and assembled into tubulin heterodimers (Lewis et al., 1997). We found TUBA1AND protein to be diminished compared to wild-type, and the introduction of the ND substitution into the primary yeast α—tubulin, Tub1, (Tub1ND) is synthetic lethal when combined with tubulin folding pathway mutants. These data reveal an increased reliance on tubulin assembly cofactors when the ND mutation is present, which may be retained in mammalian systems (Gartz Hanson et al., 2016).
Tuba1a Influences the Microtubule Cytoskeleton in Cells
The microtubule cytoskeleton supports a wide range of different cellular functions in different cell types, ranging from facilitating chromosome segregation during mitosis to forming dynamic and motile structures such as the neuronal growth cone. Understanding how different cells use the same basic building blocks to create vastly different microtubule-based structures is a major question in microtubule biology. Many different mechanisms have been identified by which cells regulate microtubule network properties and overall function. In this study, we provide the first evidence that TUBA1A is essential for regulating neuronal microtubule function to support commissure formation (Figures 3, 4). Tuba1aND neurons exhibit deficits in neurite extension, [Figures 5, 6; (Buscaglia, 2020)], and do not support growth cone localization of at least one critical developmental MAP necessary for commissural axon pathfinding, Map1b (Figure 6). Collectively, these data support the conclusion that reduced Tuba1a is sufficient for certain microtubule-dependent neurodevelopmental stages, such as cortical neuron migration (Gartz Hanson et al., 2016), but does not allow for sufficient microtubule function to properly localize proteins to the growth cone or to grow at the rate necessary to form commissures. Thus, axons extending to reach distant targets may be exquisitely sensitive to α-tubulin levels.
We previously showed that while there was an overall reduction in α-tubulin protein in brains of heterozygous Tuba1aND/+ mice compared to wild type, there was no significant difference in the overall ratio of post-translational modifications, normalized to total α-tubulin (Buscaglia, 2020). Here, we show that the Tuba1aND mutation changes the distribution of acetylated microtubules subcellularly in the growth cone (Figure 5), likely reflecting altered microtubule organization (Figure 5). Acetylation is a microtubule PTM that is associated with stable microtubule populations and as such is sparse in dynamic structures like growth cones (Schulze et al., 1987; Robson and Burgoyne, 1989; Mansfield and Gordon-Weeks, 1991; Palazzo et al., 2003; Baas et al., 2016; Eshun-Wilson et al., 2019). However, microtubule acetylation can be induced in growth cones following contact with extracellular matrix proteins and promotes cortical neuron migration in vivo and suppresses axon branching in vitro, demonstrating a clear role for this PTM in development (Dan et al., 2018; Bergstrom et al., 2007; Creppe et al., 2009). Tubulin PTMs, like acetylation, impact MAP-binding affinity and function, providing a clear mechanism by which changing the PTM landscape of microtubules could alter neuronal microtubule function (Mansfield and Gordon-Weeks, 1991; Bonnet et al., 2001; Reed et al., 2006; Janke and Kneussel, 2010; Lacroix et al., 2010; Sirajuddin et al., 2014; Balabanian et al., 2017). Thus, any changes to the organization or distribution of acetylated microtubules in the growth cone could impact the ability of developing neurons to appropriately navigate their environment and establish correct synaptic targets.
Tuba1aND/+ growth cones showed a significant increase in F-actin fluorescence compared to wild-type, causing an overall shift in the growth cone microtubule-actin balance (Figure 5). This may be due to a shift in distribution of F-actin rather than an increase in levels of F-actin. It is well established that interplay between the actin and microtubule cytoskeleton drives growth cone movements in developing neurons (Dent and Kalil, 2001; Dent et al., 2011; Piper et al., 2015; Craig, 2018). Growth cone microtubule polymerization induces F-actin assembly, and coordination of actin and microtubules is regulated by interactions with MAPs to drive appropriate growth cone response (Rochlin et al., 1999; Szikora et al., 2017; Biswas and Kalil, 2018; Slater et al., 2019). As actin and microtubules are tightly regulated within the growth cone, it is reasonable to assume that mutations which disrupt microtubule function, like Tuba1aND, likely also impact the actin cytoskeleton of developing neurons. In Tuba1aND/+ neurons, the actin cytoskeleton may occupy increased growth cone territory as the result of microtubule deficiencies, but additional testing of actin-response in developing Tuba1aND/+ neurons is needed to assess whether the increase in growth cone actin has any functional consequences.
We show that Tuba1aND/+ neurons do not effectively localize at least one developmental MAP, Map1b, to the growth cone (Figure 7). We previously demonstrated that axonal transport is impaired in developing Tuba1aND/+ neurons (Buscaglia, 2020), thus reduced Tuba1a could lead to altered localization of developmental MAPs due to disrupted trafficking. Our data do not support the conclusion that Map1b expression or binding to microtubules is reduced. Instead, we favor a model in which trafficking is disrupted so that Map1b is not appropriately localized. Intracellular transport is a crucial function of neuronal microtubules throughout life, and microtubule-based transport is essential during neurodevelopment for distributing cellular components into burgeoning neurites (Hoogenraad and Bradke, 2009; Feltrin et al., 2012; Liu et al., 2012; Baraban et al., 2013; Dent and Baas, 2014; Leung et al., 2018; Miller and Suter, 2018). Correct localization of developmental MAPs, mRNAs and organelles are necessary for cytoskeletal response to extracellular guidance cues (Welshhans and Bassell, 2011; Feltrin et al., 2012; Qu et al., 2013; Pilaz et al., 2016; Leung et al., 2018). In particular, Map1b is required for commissure formation (Meixner et al., 2000) and homozygous Map1b knockout animals have similar phenotypes to Tuba1aND/+ mice [Figure 3 and (Meixner et al., 2000)]. Map1b is necessary for neuronal response to the guidance cue, Netrin1, a key player in commissural formation (Serafini et al., 1996; Barallobre et al., 2000; Finger et al., 2002; Lindwall et al., 2007; Fothergill et al., 2014; Arbeille and Bashaw, 2018). While our data show that Tuba1aND/+ neurites grow faster in response to global application of Netrin-1 similar to wild type neurons in the time frame we measured, we cannot rule out impairment of turning in response to a localized source of Netrin-1 or response to other guidance cues. With the exception of tubulin and actin, Map1b is the most abundant cytoskeletal protein in the growth cone and localizes asymmetrically to the growth cone (Mack et al., 2000; Igarashi, 2014). Our data suggests that if Map1b is not localized to the growth cone, it cannot perform its function in commissure formation. Map1b acts downstream of several important developmental signaling pathways to regulate function of both actin and microtubules within the growth cone, and dysregulation of this or other MAPs could therefore impact multiple cytoskeletal components (Mack et al., 2000; Noiges et al., 2002; Tymanskyj et al., 2012).
Reduced Tuba1a Function does not Adequately Support Neurite Growth for Development
The timing of axon growth is crucial for the growth cone to receive and respond to the appropriate guidance cues (Rossi et al., 2017; Krol and Feng, 2018). We showed that neuronal microtubules with reduced Tuba1a do not support axonal growth to the same degree as wild-type microtubules, causing shorter neurite length (Figure 5). If neurons lacking appropriate levels of TUBA1A do not reach the correct location at the correct time, it is possible that neurons will fail to receive key developmental signals (Figure 8). How does reducing Tuba1a function impair axon extension? One possibility is that there is not enough α-tubulin in the neurite or axon to assemble and extend microtubules. Another, non-exclusive possibility is that the microtubule tracks formed in Tuba1aND axons are not sufficient to support trafficking of microtubule stabilizing factors. Microtubule-based transport is essential during neurodevelopment (Hoogenraad and Bradke, 2009; Feltrin et al., 2012; Liu et al., 2012; Baraban et al., 2013; Dent and Baas, 2014; Leung et al., 2018; Miller and Suter, 2018), and we previously showed that intracellular transport is impaired in developing Tuba1aND/+ neurons (Buscaglia, 2020). Map1b is not appropriately localized to the growth cone (Figures 7, 8), suggesting that diminished Tuba1a function in neurons impacts the subcellular localization of Map1b, and potentially other MAPs, to the growth cone through impairments to intracellular trafficking (Figure 8).
Human neurodevelopmental disorders that impact microtubule function, such as tubulinopathies, demonstrate that microtubules are critical for neurodevelopment. Tubulinopathy patients exhibit severe, sometimes lethal, brain malformations that frequently impact multiple neurodevelopmental processes, including neuronal survival, migration, and axon extension (Fallet-Bianco et al., 2008; Tian et al., 2008; Keays et al., 2010; Kumar et al., 2010; Tian et al., 2010; Bamba et al., 2016; Belvindrah, 2017; Aiken et al., 2019a; Aiken et al., 2019b). The range of phenotypes exhibited by tubulinopathy patients have made it challenging for scientists to pinpoint specific aspects of neuronal function that are reliant on TUBA1A tubulin. We used Tuba1aND as a tool to interrogate the requirement for Tuba1a in discrete aspects of neurodevelopment. Importantly, commissural abnormalities, such as agenesis of the corpus callosum, are commonly reported features in tubulinopathy patients (Poirier et al., 2007; Fallet-Bianco et al., 2008; Cushion et al., 2013; Oegema et al., 2015; Aiken et al., 2017). Cortical malformations and neuronal migration errors are also common features of TUBA1A tubulinopathies; however, it has thus far been unclear whether commissural deficits occur as a primary or secondary consequence of TUBA1A dysfunction. In this study, we provide evidence that axons deficient in Tuba1a fail to properly navigate to meet contralateral binding partners. These data demonstrate that TUBA1A is required for forebrain commissural formation, independent of its role in neuronal survival or migration.
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Supplementary Figure S1 | dSTORM imaging of TUBA1A-His6 signal reveals single microtubules. (A) Wide-field (top panels) and dSTORM super-resolution (lower panels and insets) microscopy of DIV7 neurons transfected with TUBA1A-His6 plasmid DNA and immunolabeled with α-His6 antibody. Yellow boxes reveal the location of the magnified insets below. (B) dSTORM super-resolution microscopy of DIV4 astrocytes immunolabeled with total α-tubulin antibody (left panels) or transfected with TUBA1A-His6 plasmid DNA and immunolabeled with α-His6 antibody. Yellow boxes reveal the location of the magnified insets below.
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Microtubules, made from the polymerization of the highly conserved α/β-tubulin heterodimers, serve as important components of the cytoskeleton in all eukaryotic cells. The existence of multiple tubulin isotypes in metazoan genomes and a dazzling variety of tubulin posttranslational modifications (PTMs) prompted the “tubulin code” hypothesis, which proposed that microtubule structure and functions are determined by the tubulin composition and PTMs. Evidence for the tubulin code has emerged from studies in several organisms with the characterization of specific tubulins for their expression and functions. The studies of tubulin PTMs are accelerated by the discovery of the enzymes that add or remove the PTMs. In tubulin research, the use of simple organisms, such as Caenorhabditis elegans, has been instrumental for understanding the expression and functional specialization of tubulin isotypes and the effects of their PTMs. In this review, we summarize the current understanding of the expression patterns and cellular functions of the nine α-tubulin and six β-tubulin isotypes. Expression studies are greatly facilitated by the CRISPR/Cas9-mediated endogenous GFP knock-in reporters and the organism-wide single cell transcriptomic studies. Meanwhile, functional studies benefit from the ease of genetic manipulation and precise gene replacement in C. elegans. These studies identified both ubiquitously expressed tubulin isotypes and tissue-specific isotypes. The isotypes showed functional redundancy, as well as functional specificity, which is likely caused by the subtle differences in their amino acid sequences. Many of these differences concentrate at the C-terminal tails that are subjected to several PTMs. Indeed, tubulin PTM, such as polyglutamylation, is shown to modulate microtubule organization and properties in both ciliated and non-ciliated neurons. Overall, studies from C. elegans support the distinct expression and function patterns of tubulin isotypes and the importance of their PTMs and offer the promise of cracking the tubulin code at the whole-genome and the whole-organism level.
Keywords: microtubules, C. elegans, scrna-seq, tubulin code, tubulin PTM, tubulin (poly)glutamylation, touch receptor neurons, axonemal microtubules
INTRODUCTION
Microtubules perform pivotal roles in numerous cellular activities, including cell division, cell shape changes, intracellular trafficking, sperm motility, and neuronal sensation. In dividing cells, kinetochore microtubules attach chromosomes to the spindle pole, allowing the separation of chromosomes into daughter cells, while astral microtubules radiate out from spindle poles toward the cell cortex to help orient the spindles and control the plane of cell division (Prosser and Pelletier 2017). In the nervous system, microtubules provide mechanical support for axonal outgrowth and serve as transport highways for organelles and vesicles from the cell bodies to axons and dendrites (Matamoros and Baas 2016). Two other specialized organelles, the motile flagella and non-motile cilia, also rely heavily on microtubules, as the microtubule-based axoneme structures control the locomotion of flagellated sperms and how ciliated neurons sense the environment (Guichard et al., 2021; Gadadhar et al., 2022).
Compared to their versatile functions, microtubules have a relatively simple and rigid structure in the shape of 25-nm-wide hollow tubes. They generally harbor 13 linear protofilaments formed from evolutionarily conserved tubulin dimers. After the initiation of de novo microtubule assembly (“microtubule nucleation”) by the γ-tubulin ring complex of the microtubule-organizing center (Consolati et al., 2020; Liu et al., 2021), tubulin heterodimers composed of one α- and one β-tubulin are recruited to elongate protofilaments at the plus end. Through incorporating and removing tubulin dimers, microtubules switch between the states of polymerization and depolymerization, a process called dynamic instability. Microtubule dynamics is required for spindle assembly and function in dividing cells (Wittmann et al., 2001) and growth cone navigation during axonal pathfinding of growing or regenerating neurons (Gudimchuk and McIntosh 2021; Sanchez-Huertas and Herrera 2021).
The simplicity of microtubule structure and composition makes it intriguing to unravel how the behavior of the multifunctional microtubules are precisely controlled. Previous studies identified microtubule-associated proteins (MAPs) as important regulators of microtubule dynamics and functions. For example, molecular motors walk along microtubules to transport cargoes and generate movement in cilia (Howard 1997; Webb et al., 2020); microtubule-severing enzymes, such as katanin, can rapidly reorganize microtubules by cutting them into shorter fragments during cell division (Sharp and Ross 2012); MAP2 and tau, on the other hand, promote microtubule assembly and protect microtubules from severing in the nervous system (Qiang et al., 2006; Barbier et al., 2019). In addition to MAPs, tubulins themselves are also important determinants of the properties of microtubules.
Eukaryotes contain multiple tubulin genes, called tubulin isotypes. For instance, the human genome has nine α-, ten β-, and two γ-tubulin isotypes (HGCN “tubulins” gene group). These isotypes, as building blocks of microtubule, may possess specific properties that dictate the structure and function of the entire microtubule polymer. One prominent example is the human β1-tubulin (TUBB1) whose mutation leads to disorganized microtubules of blood platelets and thus congenital macrothrombocytopenia (Kunishima et al., 2009), even though six other β-tubulin isotypes are simultaneously abundant in the cells (Cuenca-Zamora et al., 2019). Given that tubulin isotypes generally bear more than 95% identity in amino acid sequences, the distinct functions of the isotypes likely originate from their subtle sequence variations. A region where significant sequence divergence was found is the carboxy-terminal tail, which protrudes from microtubule backbones and remains highly accessible to MAPs. The C-terminal tail is also subjected to a range of tubulin post translational modifications (PTMs) that regulate microtubule dynamics and MAP binding (Magiera and Janke 2014), and tubulin isotypes with varying C-terminal tails may have different susceptibility to PTMs. Therefore, one could hypothesize that the incorporation of specific tubulin isotypes into the microtubules may regulate microtubule properties by controlling the accessibility to certain MAPs.
Altogether, the diversity of tubulin isotypes and the complexity of tubulin PTMs gave rise to the concept of “tubulin code,” which proposes that the structural and functional properties of microtubules are precisely controlled by the tubulin isotype composition and their PTMs (Janke and Magiera 2020; Roll-Mecak 2020). Evidence for such code is starting to emerge from recent studies, although more work needs to be done to address the intricate regulatory mechanisms of microtubule behaviors. In this paper, we review the tubulin studies in Caenorhabditis elegans, which is a powerful model organism thanks to its relatively simple anatomy with only ∼1,000 somatic cells, short (3-days) life cycle, and amenability to genetic manipulations (Brenner 1974; Corsi et al., 2015). C. elegans also has transparent embryos and bodies, allowing in vivo imaging of microtubule dynamics in living animals. Studies on the expression and function of tubulin isotypes, as well as the effects of their PTMs, provide critical insights into how the isotypes exert specific functions in specific tissues at the whole-organism level.
Expression Patterns of Tubulin Isotypes in C. elegans
Tissue Specificity of Tubulin Isotypes
C. elegans genome contains nine α-, six β-, and one γ-tubulin genes (Figure 1 and Table 1). C. elegans has no δ- and ε-tubulins associated with the centrioles (Chang and Stearns 2000). When and where tubulin genes are expressed in C. elegans had been studied using a range of methods, including the traditional promoter-reporters, immunofluorescence with tubulin-specific antibodies (Fukushige et al., 1995; Lu et al., 2004), transcriptomic approaches (Baugh et al., 2003; Lockhead et al., 2016), and GFP knock-in at the endogenous tubulin loci (Nishida et al., 2021). Recent single-cell RNA-seq data (Taylor et al., 2021) provide opportunities to understand the combinations of tubulin isotypes expressed in each cell and their relative abundance in a quantitative manner. Based on these expression patterns, C. elegans tubulin isotypes can be categorized into 1) mitotic and ubiquitous tubulins, 2) ciliary tubulins, 3) mechanosensory tubulins, 4) other tubulins (Table 1).
[image: Figure 1]FIGURE 1 | Phylogenetic tree of human and C. elegans tubulin isotypes. Neighbor-joining trees were generated by aligning the protein sequences of human and C. elegans α-tubulin (A) and β-tubulin (B) isotypes using ClustalW. C. elegans tubulins are in red (A) and blue (B), while human tubulins are in black.
TABLE 1 | Summary of the expression and function of C. elegans tubulin isotypes.
[image: Table 1]Two α-tubulins (tba-1 and tba-2) and two β-tubulins (tbb-1 and tbb-2) are the four main isotypes expressed in the embryos (Baugh et al., 2003) and virtually all tissues in larva and adults, including epidermis, germline, intestine, muscle, and neurons (Nishida et al., 2021). They are incorporated into the mitotic spindle during cell division in the embryos (Honda et al., 2017) and likely contribute to microtubule formation in every cell of the animal as ubiquitously expressed tubulin isotypes.
Three α-tubulins (tba-5, tba-6, and tba-9) and one β-tubulin (tbb-4) are specifically expressed in the ciliated sensory neurons (Hurd et al., 2010; Hao et al., 2011). Among the 302 neurons in C. elegans hermaphrodites, 60 of them are ciliated sensory neurons containing axoneme, a microtubule-based structure that forms the core of the cilia. These ciliary isotypes contribute to the formation of axonemal microtubules and cilia functions. Interestingly, among the ciliated sensory neurons, the three α-tubulins showed distinct and largely non-overlapping expression in hermaphrodites. Fluorescent reporter studies found that tba-5 is expressed in the ADF, ADL, AFD, ASE, ASG, ASH, ASI, ASK, AWA, AWB, and PHA neurons, tba-6 is expressed in IL2, and tba-9 is expressed in CEP, ADE, PDE, AWA, and AWC neurons (Hurd et al., 2010; Nishida et al., 2021). Information about each neuron type in C. elegans can be found at WormAtlas (https://www.wormatlas.org/neurons/Individual%20Neurons/Neuronframeset.html). scRNA-seq identified their expression in more ciliated neurons but their expression patterns remain mostly non-overlapping (Figure 2). In contrast, the only ciliary β-tubulin (tbb-4) is widely expressed in many ciliated neurons (Hao et al., 2011). The partitioned expression of the three ciliary α-tubulin isotypes leads to the hypothesis that the axonemal microtubules may have different properties in different sets of ciliated neurons, thus requiring the expression of distinct isotypes. Whether tba-5, tba-6 and tba-9 are functionally interchangeable among different ciliated neurons remains to be tested. These ciliary tubulins are also expressed in the male-specific ciliated sensory neurons (Hurd et al., 2010).
[image: Figure 2]FIGURE 2 | Heatmap for the expression of tubulin isotypes in the C. elegans nervous system. Transcript levels (TPM) of tubulin isotypes in each neuron type were extracted from the scRNA-seq data (Taylor et al., 2021) and log2 transformed. TRNs are in red and ciliated neurons are in blue. Raw data can be found in Supplementary Table S1.
One α-tubulin (mec-12) and one β-tubulin (mec-7) showed highly enriched expression in the mechanosensory neurons, also known as the touch receptor neurons (TRNs) including ALM, AVM, PLM, and PVM (Hamelin et al., 1992; Fukushige et al., 1999). These neurons contain the special 15-protofilament microtubules, while all other neurons in C. elegans have 11-protofilament microtubules (Chalfie and Thomson 1982). Mutations in mec-7 leads to the loss of the 15-protofilament microtubule structure (Savage et al., 1989), suggesting that tubulin isotype can define the structure and organization of microtubules. Both mec-12 and mec-7 are required for the mechanosensory functions of TRNs (Chalfie and Au 1989). It is worth noting that mec-7 is also expressed in a few other neurons outside of the TRNs, and mec-12 expression is found in many neurons, including motor neurons and interneurons, although their expression in the six TRNs are much higher compared to other expression (Fukushige et al., 1999; Nishida et al., 2021). This expression pattern is supported by scRNA-seq data (Figure 2). Surprisingly, mec-12 transcripts were found in all neurons at a level comparable to tba-1 and tba-2, suggesting that mec-12 is potentially a third ubiquitous α-tubulin with specific enrichment in the TRNs.
Other α-tubulin isotypes include tba-4, tba-7, and tba-8, which had very little expression in the nervous system. tba-4 is expressed in the epidermis and muscle, tba-7 is expressed in the intestine, excretory pore cells, and rectal gland cells, and tba-8 is expressed specifically in the seam cells of the larva (Hurd 2018; Nishida et al., 2021). Other β-tubulin isotypes include ben-1 (also known as tbb-5), which is the only benomyl-sensitive tubulin whose null mutation renders the animals resistant to the toxic fungicide and is expressed in many neurons (Driscoll et al., 1989; Hurd 2018), and tbb-6, which has expression only in the pharynx (Munkacsy et al., 2016). The only C. elegans γ-tubulin isotype (tbg-1), involved in the initiation of microtubule assembly, is expressed in the germline, embryos, and likely all somatic cells (Strome et al., 2001).
Relative Abundance of Tubulin Isotypes in C. elegans Neurons
The combinatorial tubulin code is controlled by the relative abundance of the multiple isotypes in each cell. scRNA-seq data provides a window to quantitatively assess the isotype composition in a cell at the transcript level (Taylor et al., 2021). In the ciliated neurons, such as the IL2 neurons, the ciliary tubulin tba-6 showed much higher level of transcription than the ubiquitously expressed tba-1 and tba-2, since tba-6 counts for 74 and 62% of all α-tubulin transcripts in IL2_DV and IL2_LR neurons, respectively (Figure 2). Thus, in the IL2 neurons, the axonemal microtubules may be mostly made of the ciliary isotype TBA-6. In other cases (e.g., tba-5 and tbb-4), the ciliary tubulins are transcribed at a level comparable or lower than the ubiquitous tubulin isotypes, indicating that the cilia-specific isotypes may not be the major isotype in the axonemal microtubules.
Another example is the mechanosensory tubulins, mec-12 and mec-7, which count for over 99% of the total α- and β-tubulin transcripts, respectively, in the TRNs according to the scRNA-seq data (Taylor et al., 2021). Lockhead et al. (2016) also independently quantified the tubulin transcripts in the PLM neurons (the posterior TRN subtype) using single-neuron RNA-seq and found that mec-12 and mec-7 count for 95 and 83% of the overall α- and β-tubulin transcripts, respectively. Both transcriptomic studies suggest that mec-12 and mec-7 are the dominating tubulin isotypes in the TRNs, while tba-1, tba-2, tbb-1, and tbb-2 have very low abundance. Thus, it is reasonable to expect that the 15-protofilament microtubules are mostly made of MEC-12/MEC-7 heterodimers, although this idea has yet to be confirmed with in vivo evidence.
However, recent studies using N-terminal GFP knock-in at the endogenous tubulin genes found that GFP::TBA-1 and GFP::TBB-2 showed higher levels of fluorescence than GFP::MEC-12 and GFP::MEC-7 in the TRNs, respectively (Nishida et al., 2021). The authors attributed this discrepancy to different translational efficiencies of the isotypes, but it could also be an artefact of the GFP fusion, since the N-terminal GFP may interfere with tubulin autoregulation that relies on the first four residues (MREI) (Lin et al., 2020). Another discrepancy exists between the broad abundance of mec-12 in all neurons in the scRNA-seq dataset (Figure 2) and the weak and restricted fluorescence of GFP::MEC-12 in the animal (Nishida et al., 2021). Further studies combining transcriptomic and proteomic approaches will be needed to address such discrepancies.
scRNA-seq data also revealed divergence in the number of isotypes expressed and the total tubulin transcripts among cell types. For example, C. elegans neurons on average express three α-tubulin and three β-tubulin isotypes, but significant inequality in the number of isotypes are found among the neuron types (e.g., PDE neurons express 6 α- and 5 β-tubulin isotypes, whereas ALN neurons express 2 α- and 1 β-tubulin isotypes; Figures 3A,B). The total number of tubulin transcripts show even greater variation in the nervous system. Compared to other neurons, the TRNs (especially ALM and PLM neurons) have extraordinarily high level of transcripts for both α- and β-tubulin due to the strong expression of the mechanosensory tubulins, mec-12 and mec-7 (Figures 3C,D). This high abundance of tubulin is correlated with the large number of microtubules found in the TRNs. A cross-section of TRN neurite contains ∼31 15-protofilament microtubules which form a bundle, whereas most other neurons have only a few (∼5 per cross-section) 11-profilament microtubules (Chalfie and Thomson 1979). Moreover, deletion of either mec-12 and mec-7 leads to significant loss of microtubules (Zheng et al., 2017), suggesting that the number of microtubules in a cell may partly depend on the level of tubulin expression. Strikingly, there is a 245- and 1268-fold difference in total α- and β-tubulin transcripts levels, respectively, between the neurons with the highest and lowest tubulin expression levels (Figures 3C,D). This finding may reflect different needs for microtubules among distinct cell types.
[image: Figure 3]FIGURE 3 | Tubulin isotype numbers and total tubulin transcripts among different neuron types in C. elegans. The number of tubulin isotypes expressed (TPM >0) in each neuron type were counted for α-tubulin (A) and β-tubulin (B) isotypes from the scRNA-seq data. The total number of α-tubulin (C) and β-tubulin (D) transcripts in each neuron type were calculated by summing the TPM of each isotype.
Functions of Tubulin Isotypes
Functional Redundancy and Specificity of Tubulin Isotypes in Embryogenesis
The expression of multiple tubulin isotypes and their high sequence identity suggest that the isotypes may be functionally redundant, while the distinct expression patterns, relative abundance, and subtle sequence difference indicate that each isotype may carry specific functions. This coexistence of redundancy and specificity have been well supported by experimental data in C. elegans.
Cell division in the germline and early embryos of C. elegans relies heavily on two pairs of tubulins (tba-1, tba-2, tbb-1, tbb-2) that assemble into spindle microtubules during mitosis and meiosis. The two α- and two β-tubulin isotypes are mostly redundant. The loss of either TBA-1 or TBA-2 by gene deletion and RNAi caused little viability defects, while simultaneously depleting both is lethal due to the disruption of spindle formation in embryogenesis (Phillips et al., 2004). Similarly, tbb-1 and tbb-2 are partially redundant for embryonic viability (Lu et al., 2004), although the null mutation of tbb-2 caused partial lethality (Ellis et al., 2004; Lu et al., 2004). Missense mutation in tbb-2 can also cause severe lethality by acting as gain-of-functions to disrupt spindle microtubule assembly in the embryos (Wright and Hunter 2003; Ellis et al., 2004). As the only γ-tubulin isotype, tbg-1 is found to be required for the nucleation and organization of centrosomal microtubule asters and the positioning dynamics of the spindle (Strome et al., 2001; Hannak et al., 2002).
In addition to the redundancy, functional difference also exists between the isotypes. For example, microtubule-severing enzyme katanin prefers TBB-2 over TBB-1 during meiosis since the loss of tbb-2 leads to severe lethality in activity-weakened katanin mutants, but the loss of tbb-1 does not cause similar synthetic lethality, suggesting that katanin severs microtubules that contain TBB-2 much more efficiently to support the formation of meiotic spindles (Lu et al., 2004). This different susceptibility to katanin activity may be attributed to the significant sequence divergence of the two isotypes at the C-terminal tail, which is an essential site for the interactions between microtubules and MAPs (Figure 4). Using similar methods, TBA-2 was later found to be preferred over TBA-1 by katanin (Lu and Mains 2005).
[image: Figure 4]FIGURE 4 | Sequence variation among the tubulin isotypes in C. elegans. Alignment of part of the amino acid sequences of α-tubulin (A) and β-tubulin (B) isotypes. Sites for potential PTMs were color-coded. Green for K40 acetylation, red for polyglutamylation, and blue for potential detyrosination. The sequence for the M loop is labeled by the orange box and the amino acids in the M loop of MEC-7 that differ from the ubiquitous TBB-1 and TBB-2 are in orange as well.
In an elegant gene replacement experiment, Honda et al. (2017) found that when the coding exons of the tbb-1 locus was endogenously edited to encode TBB-2 (the sequences of TBB-1 and TBB-2 only different in 12 amino acids) or vice versa, the resulted embryos expressing two copies of tbb-1 or tbb-2 were viable and had similar levels of total β-tubulin expression as the wild-type. Interestingly, the authors also found that the deletion of tbb-2 reduced the total level of β-tubulin to 19% of the wild-type level and attributed the partial lethality in tbb-2(-) mutants to the paucity of total β-tubulin. These results support that TBB-1 and TBB-2 can functionally replace each other for development. However, the two isotypes can also confer distinct dynamic properties of microtubules. For example, the duration of growth for the astral microtubules is longer in embryos expressing only TBB-2 than the ones expressing only TBB-1, while microtubule disassembly occurs more frequently in the TBB-1-only embryos. Moreover, TBA-1 and TBA-2 also appear to differently affect microtubule dynamics, as microtubules composed of TBA-1/TBB-1 had higher growth rate than microtubules made of TBA-2/TBB-1 (Honda et al., 2017). These results support both the redundancy and functional specificity of tubulin isotypes.
Ciliary Tubulins Affect the Structure and Function of Cilia
Ciliary tubulins (tba-5, tba-6, tba-9, and tbb-4) are found to regulate the structure of the axonemal microtubule and the formation of the cilia in ciliated neurons. For example, missense gain-of-function mutations in tba-5 and tbb-4 result in the loss of the distal segments of the cilia in many sensory neurons and destabilize singlet microtubules in cilia, but their deletion alleles do not cause any defects (Hao et al., 2011). So, these two ciliary tubulin isotypes are likely functional redundant with the ubiquitous isotypes also expressed in the neurons. Interestingly, TBA-5 and TBB-4 showed different localization patterns within the cilia. TBB-4 localizes along the length of the cilium but is not found at the transition zone or in the dendrites, whereas TBA-5 localizes in dendrites, the transition zone, and the cilia with enrichment in the distal segment of the cilia (Hao et al., 2011).
The loss-of-function mutation in tba-6 alters the ciliary ultrastructure in male-specific CEM neurons, causing abnormal curvatures of the axoneme and reduced number of B-tubule singlets. The loss of tba-6 also affects the intraflagellar transport and extracellular vesicle release in the CEM neurons (Silva et al., 2017). tba-6, tba-9, and tbb-4 are also expressed in the male tail sensory ray neurons and their deletions all lead to male mating defects likely because the ray neuron function is compromised (Hurd et al., 2010). Interestingly, the loss of tbb-4 reduces the accumulation of TBA-6 and TBA-9 in the ray neuron cilia, and the loss of tba-6 reduces the localization of TBB-4, suggesting that these ciliary isotypes may need to work together to form the specialized ciliary microtubules.
Mutations in the Mechanosensory Tubulins Cause Neurite Growth Defects
The α-tubulin mec-12 and β-tubulin mec-7 are highly expressed in the mechanosensory TRNs, which contain many (∼31 per cross-section) large-diameter, 15-protofilament microtubules (Figures 5A,B). In fact, these neurons were originally identified in the electron micrographs by their prominent microtubule structures (e.g., the neuron name “ALM” stands for anterior lateral microtubule) (Chalfie and Thomson 1979). Earlier studies found that missense mutations in either mec-12 or mec-7 resulted in the loss of the 15-protofilament microtubules (Savage et al., 1989; Fukushige et al., 1999; Bounoutas et al., 2009). Recent studies using the deletion alleles, however, found that only the mec-7(-) mutants but not the mec-12(-) mutants lost the 15-protofilament structure (Zheng et al., 2017). mec-7(-) mutants instead have the small-diameter 11-protofilament microtubules. Both mec-7(-) and mec-12(-) mutants have significantly fewer (∼6 or 7 per cross-section) microtubules compared to the wild type. This result suggests that the role of MEC-7 in producing the 15-protofilament microtubules cannot be replaced by other β-tubulin isotypes (e.g., TBB-1 and TBB-2) in the TRNs, whereas MEC-12 can be replaced by other α-tubulin isotypes. MEC-7 may possess unique properties that modulate the protofilament number and microtubule organization (e.g., unique sequences in the M loop that affects lateral contact; Figure 4B). The reduced number of microtubules in mec-12(-) and mec-7(-) mutants is likely caused by the decrease in total tubulin levels, since mec-12 and mec-7 count for >99% of the total α- and β-tubulin transcripts, respectively, according to the scRNA-seq data. Although the removal of one tubulin isotype may cause the upregulation of other isotypes (e.g., TBB-1 proteins are upregulated ∼3-fold in tbb-2(-) mutants (Ellis et al., 2004)), it is unclear whether the upregulation of other isotypes can entirely compensate for the loss of the highly transcribed mec-12 and mec-7 in the TRNs. Moreover, the abundance of microtubules appeared to be essential for mechanosensation in TRNs, since both mec-12(-) and mec-7(-) mutants showed significantly reduced touch sensitivity.
[image: Figure 5]FIGURE 5 | Illustration of microtubule structures in C. elegans. (A) Most cells in C. elegans contain the 11-protofilament microtubules made mostly of the ubiquitous tubulin isotypes TBA-1, TBA-2, TBB-1, and TBB-2. Other expressed isotypes can also be incorporated into the microtubules (not depicted). (B) The 15-protofilament microtubules in the TRNs are likely made of MEC-12/MEC-7 heterodimers given their high abundance. The lowly expressed TBA-1/2 and TBB-1/2 may also be incorporated at low levels. Only the microtubules incorporating MEC-12 can be acetylated at the K40 residues. (C) The structure of the axonemal microtubules (only one of the nine A-B doublets is depicted). The A-B doublet splay into A-tubule and B-tubule singlets in the middle segment of the cilia. Polyglutmaylation (a chain of “Glu” in red) occurs mostly on the C-terminal tail of the tubulins in the B-tubule. A-B doublet fails to splay into singlets in ttll-11(-) mutants. The orange sticks represent the C-terminal tails of the tubulins on B-tubule. Not all tubulin C-terminal tails on the microtubules are depicted.
TRNs extend long antero-posteriorly running neurites that mediate the sensing of mechanical stimuli along the body. Deletion of mec-12 or any of the four ubiquitous tubulin isotypes individually did not produce any obvious defects on neurite growth, and the deletion of mec-7 only caused mild defects (Lockhead et al., 2016; Zheng et al., 2017). These results suggest that the reduced number of microtubules and the 11-protofilament microtubules are sufficient for supporting general neurite growth in the TRNs. Thus, the tubulin isotypes appeared to be generally redundant in regulating neuronal morphogenesis.
Through extensive genetic screens, a large collection of mec-12 and mec-7 missense mutations (99 alleles in total) had been isolated and characterized for their effects on neurite growth (Zheng et al., 2017; Lee et al., 2021). In addition to many loss-of-function mutants, two distinct types of gain-of-function alleles were found among the missense alleles, and they had much stronger effects on neurite growth than the deletion alleles. The antimorphic gain-of-function mutations were dominant or semi-dominant and caused severe shortening of all TRN neurites. The mutated residues mostly locate at the GTP binding site and the intradimer and interdimer interfaces, suggesting that the antimorphic mutations may cause the formation of poisonous tubulin dimers, whose incorporation could terminate microtubule polymerization and induce instability, thus blocking neurite growth. On the other hand, the neomorphic gain-of-function mutations resulted in hyperstable microtubules and ectopic neurite growth; these mutations were mostly mapped to the exterior surface of the microtubules and may affect the interaction with MAPs (Zheng et al., 2017). In genetic terms, antimorphs are dominant-negative mutations that act in opposition to normal gene activity, and neomorphs cause gain of gene function that is different from the normal gene function.
Such structure-function analysis, which were enabled by the phenotypical characterization of a large number of tubulin missense alleles in C. elegans TRNs, is valuable in light of the discovery of over 100 tubulin mutations associated with neurodevelopmental disorders in humans (Tischfield et al., 2011; Fourel and Boscheron 2020). In fact, previous work has shown that C. elegans TRNs can be used to evaluate the cellular impact of disease-associated human tubulin mutations by engineering these mutations into the endogenous mec-12 and mec-7 loci and then examining the phenotype on neurite growth patterns (Zheng et al., 2017). Given the ease of gene editing in C. elegans, such phenotypical evaluation can be done in less than two weeks, which provides a tool to understand the nature of the human tubulin mutations.
Lastly, studies of the mec-12 and mec-7 alleles also found complex genetic interactions between the tubulin mutations, including epistatic, additive, synthetic, and balancing effects (Lee et al., 2021). For example, the effects of neomorphic gain-of-function mutants can be suppressed by loss-of-function and antimorphic gain-of-function mutations. Neomorphic alleles often show additive effects as expected, but sometimes a weaker neomorphic allele could also mask the effects of a stronger neomorphic allele in inducing ectopic neurite growth. Moreover, the microtubule-stabilizing and -destabilizing effects of neomorphic and antimorphic alleles were found in some cases to neutralize each other to allow normal neurite growth pattern in the double mutants (Lee et al., 2021). These results are in line with earlier molecular genetics studies on tubulins in other organisms (Morris et al., 1979) and can help understand how tubulin isotypes work together.
Other Functional Studies of Tubulins
Since microtubules serve as the tracks for intracellular transport, mutations in tubulins also disrupt the trafficking of organelles and vesicles. For example, mutations in mec-12 and mec-7 cause abnormalities in the transport of synaptic vesicles and mechanosensitive channel protein MEC-2 in the TRNs (Huang et al., 1995; Zheng et al., 2017).
Outside of the TRNs, missense mutations are also found to affect neuronal development. For example, a gain-of-function missense mutation in tba-1 causes defects in axonal extension and neuromuscular synapse formation in the DD motor neurons, which leads to altered locomotion, although tba-1(-) null mutants does not show any of these defects (Baran et al., 2010). Interestingly, tbb-2(-) null mutants also show axonal growth defects in DD neurons and reduced synapse numbers, suggesting that the missense mutation in tba-1 may mostly affect microtubules formed by TBA-1 and TBB-2. The same tba-1 missense mutation delays synapse remodeling in DD neurons, and this delay is exacerbated by the loss of the MAPKKK DLK-1 (Kurup et al., 2015). Further studies found that the tba-1 gain-of-function mutation and the dlk-1(-) null mutation have synergistic effects in reducing microtubule dynamics, which leads to defects in synaptic remodeling.
Both deletion and missense mutations in ben-1 (or tbb-5) confer resistance to the microtubule-depolymerizing drug benomyl in a dominant fashion, suggesting that ben-1 is haploid insufficient (Driscoll et al., 1989). Except for the resistance to the neurological phenotypes induced by benomyl, ben-1(-) mutants had no other obvious defects. Although ben-1 was thought, for a long time, to be the only tubulin isotype sensitive to benomyl, which may result from specific features in the sequence of BEN-1, a later study isolated a rare tbb-2 missense mutation that also confers benomyl resistance (Wright and Hunter 2003).
Tubulins were identified in genome-wide RNAi screens for genes required in cell migration. For example, tba-1, tba-2, tba-4, tbb-1, tbb-2, and tbg-1 are all found in a gene network that regulates the migration of distal tip cells during the development C. elegans gonad (Cram et al., 2006). It is worth noting that both a missense and a nonsense mutation in tba-7 were previously found to cause ectopic neurite growth and enhanced axonal regeneration in the TRNs (Zheng et al., 2017; Kim et al., 2018). However, follow-up studies found that these defects should be attributed to two independent background mutations in the microtubule-depolymerizing kinesin-13 klp-7, which is closely linked to tba-7 (Lu and Zheng 2021). The function of tba-7 and other tubulins (including tbb-6 and tba-8) awaits further investigations.
The Effects of Tubulin PTMs in C. elegans
Tubulins undergo a variety of posttranslational modifications (PTMs) that regulate the microtubule structure, dynamics, and association with MAPs. Functional PTMs include α-tubulin K40 and K252 acetylation, detyrosination, and Δ2-modification and β-tubulin Q15 polyamination and S172 phosphorylation, as well as polyglutamylation and polyglycylation of the C-terminal tails of both α- and β-tubulin isotypes; their effects in other organisms have been extensively reviewed elsewhere (Magiera and Janke, 2014; Janke and Magiera, 2020). We will focus on the reported function of tubulin PTMs in C. elegans.
MEC-12 K40 Acetylation
Among the nine α-tubulin isotypes in C. elegans, only MEC-12 possess the lysine 40 residue (Figure 4A). So, only MEC-12 is subjected to K40 acetylation, which is catalyzed redundantly by two α-tubulin acetyltransferases—MEC-17 and ATAT-2 (Akella et al., 2010). The loss of either one alone did not reduce MEC-12 acetylation levels, but acetylation is not detectable in the mec-17(-) atat-2(-) double mutants (Topalidou et al., 2012). Although K40 acetylation has been found in long-lived microtubules (Schulze et al., 1987), exactly how it contributes to microtubule stability remains unclear. As the only PTM site located inside the lumen of microtubules (Figure 5B), acetylated K40 is found by recent studies to reduce inter-protofilament interactions and thus prevent long-lived microtubules from breaking under mechanical stresses (Portran et al., 2017; Eshun-Wilson et al., 2019). However, it remains debatable whether microtubules become stable after acetylation or whether long-lived microtubules accumulate acetylation (Palazzo et al., 2003).
In C. elegans, MEC-17 is specifically expressed in the six TRNs, whereas ATAT-2 is broadly expressed in the nervous system. The deletion of MEC-17 reduces the number and length of microtubules and converts the 15-protofilament organization to 13-protofilament in the TRNs (Cueva et al., 2012; Topalidou et al., 2012). These changes in microtubule structure are not likely caused by the loss of K40 acetylation because MEC-12 K40 acetylation level in mec-17(-) mutants is comparable to the wild-type animals due to the existence of ATAT-2. Disorganized microtubules in mec-17(-) mutants lead to reduced touch sensitivity and abnormal neurite morphology, as well as early-onset axonal degeneration (Topalidou et al., 2012; Neumann and Hilliard, 2014). Many of these defects, however, can be rescued by the expression of enzymatically inactive MEC-17, which further supports that at least part of MEC-17’s function is independent of acetylating MEC-12 K40. Exactly how MEC-17 exerts these functions remains to be understood.
On the other hand, some studies attempted to directly assess the effect of K40 in mec-12 by transgenic expression of the acetyl-mimic K40Q and the nonacetylatable K40R mutants. Akella et al. (2010) found that expression of either K40Q or K40R could partially rescue touch sensitivity in mec-12(e1620) mutants to the same level but neither could rescue as well as the mec-12(+) transgene. Cueva et al. (2012) found that mec-12(K40R) transgene could not restore the number and length of microtubules and the protofilament number in mec-12(e1620) mutants to the same level as the mec-12(+) transgene could. These results are difficult to interpret because 1) the mec-12(e1620) allele used is in fact not a null allele but an antimorphic gain-of-function (Zheng et al., 2017); 2) transgenes often have variable expression levels and the abundance of tubulins would affect their functions. Better experimental design (e.g., editing the endogenous mec-12 locus) will be needed to address the role of MEC-12 K40 acetylation.
Tubulin Polyglutamylation
The C-terminal tails of tubulins contain approximately 12 amino acids, which are subjected to at least five PTMs (Janke and Magiera, 2020). One such PTM is polyglutamylation, which adds multiple glutamates to the γ-carboxyl group of any of the glutamic acid residues in the C-terminal tail (Edde et al., 1990). Tubulin polyglutamylation were catalyzed by enzymes of the tubulin tyrosine ligase-like (TTLL) family and the glutamate side chain can also be removed by the cytosolic carboxypeptidases (CCPs) in a process known as deglutamylation (Janke et al., 2005; Rogowski et al., 2010). Mammalian genomes encode multiple TTLL and CCP proteins (e.g., mice have at least nine TTLLs and six CCPs), which showed preferences towards either α- or β-tubulins; some TTLLs are responsible for initiating the glutamylation, and others for elongating the glutamate sidechain (van Dijk et al., 2007; Rogowski et al., 2010). Tubulin polyglutamylation is known to regulate axonemal motility by modulating the activity of dynein motors in the cilia (Kubo et al., 2010; Suryavanshi et al., 2010) and regulate microtubule stabilities in neurons by stimulating spastin-mediated severing of microtubules (Lacroix et al., 2010).
The C. elegans genome encodes six TTLLs (TTLL-4, -5, -9, -11, -12, and -15) and two CCPs (CCPP-1 and CCPP-6), although TTLL-12 is the ortholog of mammalian TTLL12, which lacks glutamylase and glycylase activity (Yu et al., 2015). Biochemical studies found that TTLL-4 and CCPP-6 are the major tubulin polyglutamylase and deglutamylase, respectively, in ciliated sensory neurons, because either removing ttll-4 or overexpressing CCPP-6 abolished the polyglutamylation signal in immunofluorescence (Kimura et al., 2010). In the male-specific ciliated neurons, CCPP-1 regulates axonemal microtubule structures and the ciliary localization of kinesin-3 KLP-6 and its cargo polycystin PKD-2 (O'Hagan et al., 2011). The loss of ccpp-1 results in B-tubule defects, microtubule disorganization, and ciliary fragmentation, which is consistent with the findings that B-tubules are the main site of polyglutamylation (Kubo et al., 2010). At the behavioral level, in addition to mate-sensing defects, ccpp-1(-) mutants showed a progressive, age-dependent defects in dye-filling (uptake of fluorescent dye by sensory cilia) and osmotic avoidance, indicating that hyperpolyglutamylation may disrupt ciliary maintenance (O'Hagan et al., 2011).
Further studies found that TTLL-11 is required for ciliary microtubule polyglutamylation in males (O'Hagan et al., 2017). Intriguingly, ttll-11(-) mutants showed some similar defects as ccpp-1(-) mutants, including the abnormal enrichment of PKD-2 in the cilia and defects in extracellular vesicle release from the ciliary base, suggesting that an optimal level of glutamylation is needed for ciliary functions. The loss of TTLL-11 alters the axonemal microtubule architecture by preventing the splaying of the A-B doublets into A- and B-tubule singlets (Figure 5C); and ccpp-1(-) ttll-11(-) double mutants showed similar defects as the ttll-11(-) single mutants (O'Hagan et al., 2017). These results suggest that polyglutamylation regulates microtubule organization in the cilia. It is worth noting that tba-6(-) mutants also showed similar defects in splaying the A-B tubules (Silva et al., 2017), but the C-terminal tail of TBA-6 does not seem to contain residues for polyglutamylation (Figure 4A). One possible explanation is that TBA-6 functions together with other tubulin isotypes, such as TBB-4, which has polyglutamylation sites. The loss of TBA-6 may affect TBB-4 incorporation into the axonemal microtubules and thus reduce the overall glutamylation levels of the microtubules. In fact, Hurd et al. (2010) has previously observed reduced TBB-4 localization in the cilia of tba-6(-) mutants, supporting this hypothesis. Whether polyglutamylation of TBB-4 indeed regulates the organization of ciliary microtubules awaits further investigation.
Moreover, mutations in ttll-11 also suppressed the abnormal localization and increased velocity of kinesin motors KLP-6 and OSM-3 in ccpp-1(-) mutants, suggesting that tubulin polyglutamylation serves as an important regulator of kinesin motility in intraflagellar transport (O'Hagan et al., 2017). In a separate study, Chawla et al. (2016) found that although the loss of ttll genes individually did not affect male mating efficiency, the ttll-4(-) ttll-5(-) ttll-11(-) triple mutants showed defects in the response step of male mating. Thus, it appears both hyperglutamylation and hypoglutamylation disrupt the function of male-specific cilia. Nevertheless, the triple mutants did not show defects in embryonic viability, brood size, dye-filling, and osmotic avoidance (Chawla et al., 2016).
Excessive amount of polyglutamylation causes neurodegeneration in mammals (Magiera et al., 2018). In C. elegans amphid and phasmid neurons, the loss of CCPP-1 leads to progressive ciliary degeneration, which results in dye-filling defects in adults but not at early larval stages. Mutations in ttll-4, ttll-5, and ttll-11 individually could all at least partially suppress the age-dependent dye-filling defects of ccpp-1(-) mutants (Power et al., 2020), supporting that polyglutamylation regulates ciliary stability and hyperglutamylation promotes ciliary microtubule degeneration.
In the non-ciliated TRNs, hyperglutamylation alters microtubule dynamics and blocks axonal regeneration. Loss of ccpp-6 reduced the length of PLM regrowth following laser axotomy, whereas the regrowth is enhanced in ttll-5(-) mutants (Ghosh-Roy et al., 2012). Microtubules in ccpp-6(-) mutants are not able to sustain stabilized growth, while microtubules in ttll-5(-) mutants transition into persistent growth faster than the wild-type after axotomy. The same study also suggested that polyglutamylated microtubules may have increased sensitivity to the microtubule-destabilizing kinesin-13 KLP-7, supporting the idea that polyglutamylation may reduce microtubule stability in non-ciliated neurons.
Other Tubulin Posttranslational Modifications
Apart from K40 acetylation and polyglutamylation, the existence and function of other tubulin PTMs in C. elegans were unclear. For example, polyglycylation also occurs at the C-terminal tail of tubulins by adding glycine side chains to the same glutamate residues that are subjected to polyglutamylation (Janke and Magiera 2020). Polyglycylation appears to mostly label the axonemal microtubules in motile flagella and cilia. C. elegans has neither motile cilia nor orthologs of mammalian polyglycylase, and immunostaining against polyglycylation shows no signal (Kimura et al., 2010).
The C-terminal tail of α-tubulin could also undergo detyrosination, which removes the terminal tyrosine residue. Detyrosination can lead to the removal of the exposed penultimate glutamate residue, generating Δ2-tubulin. Both detyrosination and Δ2-modificatiosn are associated with long-lived stable microtubules and the tyrosination/detyrosination state modulate the interaction with plus end-binding proteins (Peris et al., 2006), the MT-depolymerization activity of kinesin-13 (Peris et al., 2009), and the motility of dynein-dynactin motor (McKenney et al., 2016). Detyrosination is mediated by the tubulin carboxypeptidases, vasohibins (VASH1/VASH2), and their stabilizing chaperone SVBP (Nieuwenhuis et al., 2017). Most C. elegans α-tubulin isotypes contain the terminal tyrosine (Figure 4A), but C. elegans has no ortholog of vasohibins, raising the question whether detyrosination occurs in C. elegans. Mutating the terminal tyrosine to alanine in TBA-1 and TBA-2 abolishes tyrosination signal and causes defects in the centration and rotation of centrosome in early embryos, similar to the defects found in dynactin dnc-1 mutants, which supports that detyrosination may regulate the interaction with dynein-dynactin complex (Barbosa et al., 2017). However, this study only indicates the importance of the terminal tyrosine but could not serve as evidence for detyrosination in C. elegans. In addition, detyrosinated tubulins can be retyrosinated by tubulin tyrosine ligase (TTL) (Nieuwenhuis and Brummelkamp 2019). C. elegans does not seem to have a direct homolog of mammalian TTL, and whether any of the six TTLL enzymes in C. elegans can mediate tubulin retyrosination remains unknown.
Future Directions
The existence of multiple tubulin isotypes with distinct expression patterns and specialized functions, together with the ever-expanding variety of tubulin PTMs, lead to the fascinating concept of “tubulin code”. The use of a simple organism such as C. elegans can be instrumental for cracking the tubulin code and understanding the regulation of microtubule structure and function by tubulin isotype composition and PTMs. Since CRISPR/Cas9-mediated gene editing is extremely easy and robust in C. elegans, we expect genetic studies to continue providing important insights into the functional specificity of tubulin isotypes and the effects of tubulin PTMs. Below, we list some future research directions.
The function of each tubulin isotype can be elucidated by analyzing the phenotype of individual tubulin deletion mutants guided by the tubulin expression map. Specific combination of tubulin mutants could also be constructed based on their expression patterns to overcome the expected genetic redundancies. This systematic analysis will provide a full picture of the expression and functional diversity of tubulin isotypes at the whole-genome and whole-organism level. To assess isotype-specific properties, gene replacement studies can be conducted to convert the endogenous locus of one tubulin isotype to another as done by Honda et al. (2017). This type of gene editing experiments can also be used to address whether the relative abundance of the tubulin isotypes play a role in defining microtubule properties. For example, the mec-12 and tba-1 coding regions in the genome can be swapped without changing their promoters and then the microtubule properties can be analyzed to test whether the relative abundance of MEC-12 and TBA-1 is important in TRNs.
The study of the tubulin code will also benefit from the development of the recombinant tubulin technology. Previous in vitro studies of tubulins and microtubules mostly rely on the use of tubulin proteins isolated from the bovine brain, which is known to contain tubulins with mixed isotypes and unknown PTMs. Recent studies by Ti et al. (2018) have shown the promise of generating isotypically pure microtubules with define PTMs from a recombinant source. Through cryo-EM reconstructions, the authors found that human TUBA1B/TUBB3 heterodimers form microtubules with 13 protofilaments, while TUBA1B/TUBB2 dimers form microtubules with 14 protofilaments, suggesting that β-tubulin isotype can determine protofilament number. This result echoes the findings that MEC-7 is required for the 15-protofilament microtubule structure in the C. elegans TRNs. Structural studies of the microtubules made from recombinant MEC-12/MEC-7 dimers and comparison with the microtubules made of the ubiquitous tubulins (e.g., TBA-1/TBB-1) can provide the definitive answer for how a specific isotype determines the 15-profilament structure.
The studies of the effects of tubulin PTMs need to include more precise gene editing experiments. Previous studies on tubulin PTMs may be limited in two aspects. First, the effects of the PTMs were studied by mostly deleting the enzymes that add or remove specific PTMs. However, these enzymes may have substrates other than tubulins or have activities independent of its enzymatic functions (e.g., the acetyltransferase MEC-17). So, the effects resulted from losing an enzyme may not be entirely attributed to the change of tubulin PTMs. Second, in some cases, the effects of tubulin PTMs were revealed by the expression of tubulin mutants with PTM-mimicking or unmodifiable amino acid substitutions. Such transgenic expression may create artifacts due to uncontrolled expression levels and potential tubulin mRNA autoregulation (Lin et al., 2020). Therefore, precise engineering of the endogenous tubulin loci to install PTM-mimicking or -inactivating mutations will be better in revealing the role of the PTM. Nonetheless, polymodifications, such as polyglutamylation and polyglycylation, are difficult to mimic genetically. Advances in chemical biology will be needed to create tools for such studies.
In the coming years, we will likely see more and more tubulin PTMs to be identified and their functions to be studied, especially given that proteomic studies have identified 80 residues in tubulins that are subjected to one or multiple types of PTMs (Liu et al., 2015). We expect C. elegans to serve as a valuable tool in understanding the role of this network of tubulin PTMs.
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 Peris, L., Thery, M., Fauré, J., Saoudi, Y., Lafanechère, L., Chilton, J. K., et al. (2006). Tubulin Tyrosination Is a Major Factor Affecting the Recruitment of CAP-Gly Proteins at Microtubule Plus Ends. J. Cel. Biol. 174, 839–849. doi:10.1083/jcb.200512058
 Peris, L., Wagenbach, M., Lafanechère, L., Brocard, J., Moore, A. T., Kozielski, F., et al. (2009). Motor-dependent Microtubule Disassembly Driven by Tubulin Tyrosination. J. Cel. Biol. 185, 1159–1166. doi:10.1083/jcb.200902142
 Phillips, J. B., Lyczak, R., Ellis, G. C., and Bowerman, B. (2004). Roles for Two Partially Redundant α-tubulins during Mitosis in earlyCaenorhabditis Elegansembryos. Cell Motil. Cytoskeleton 58, 112–126. doi:10.1002/cm.20003
 Portran, D., Schaedel, L., Xu, Z., Théry, M., and Nachury, M. V. (2017). Tubulin Acetylation Protects Long-Lived Microtubules against Mechanical Ageing. Nat. Cel. Biol. 19, 391–398. doi:10.1038/ncb3481
 Power, K. M., Akella, J. S., Gu, A., Walsh, J. D., Bellotti, S., Morash, M., et al. (2020). Mutation of NEKL-4/NEK10 and TTLL Genes Suppress Neuronal Ciliary Degeneration Caused by Loss of CCPP-1 Deglutamylase Function. Plos Genet. 16, e1009052. doi:10.1371/journal.pgen.1009052
 Prosser, S. L., and Pelletier, L. (2017). Mitotic Spindle Assembly in Animal Cells: a fine Balancing Act. Nat. Rev. Mol. Cel. Biol. 18, 187–201. doi:10.1038/nrm.2016.162
 Qiang, L., Yu, W., Andreadis, A., Luo, M., and Baas, P. W. (2006). Tau Protects Microtubules in the Axon from Severing by Katanin. J. Neurosci. 26, 3120–3129. doi:10.1523/jneurosci.5392-05.2006
 Rogowski, K., Van Dijk, J., Magiera, M. M., Bosc, C., Deloulme, J.-C., Bosson, A., et al. (2010). A Family of Protein-Deglutamylating Enzymes Associated with Neurodegeneration. Cell 143, 564–578. doi:10.1016/j.cell.2010.10.014
 Roll-Mecak, A. (2020). The Tubulin Code in Microtubule Dynamics and Information Encoding. Dev. Cel. 54, 7–20. doi:10.1016/j.devcel.2020.06.008
 Ronald Morris, N., Lai, M. H., and Elizabeth Oakley, C. (1979). Identification of a Gene for α-tubulin in Aspergillus nidulans. Cell 16, 437–442. doi:10.1016/0092-8674(79)90019-9
 Sánchez-Huertas, C., and Herrera, E. (2021). With the Permission of Microtubules: An Updated Overview on Microtubule Function during Axon Pathfinding. Front. Mol. Neurosci. 14, 759404. doi:10.3389/fnmol.2021.759404
 Savage, C., Hamelin, M., Culotti, J. G., Coulson, A., Albertson, D. G., and Chalfie, M. (1989). mec-7 Is a Beta-Tubulin Gene Required for the Production of 15-protofilament Microtubules in Caenorhabditis elegans. Genes Dev. 3, 870–881. doi:10.1101/gad.3.6.870
 Schulze, E., Asai, D. J., Bulinski, J. C., and Kirschner, M. (1987). Posttranslational Modification and Microtubule Stability. J. Cel. Biol. 105, 2167–2177. doi:10.1083/jcb.105.5.2167
 Sharp, D. J., and Ross, J. L. (2012). Microtubule-severing Enzymes at the Cutting Edge. J. Cel. Sci. 125, 2561–2569. doi:10.1242/jcs.101139
 Silva, M., Morsci, N., Nguyen, K. C. Q., Rizvi, A., Rongo, C., Hall, D. H., et al. (2017). Cell-Specific α-Tubulin Isotype Regulates Ciliary Microtubule Ultrastructure, Intraflagellar Transport, and Extracellular Vesicle Biology. Curr. Biol. 27, 968–980. doi:10.1016/j.cub.2017.02.039
 Strome, S., Powers, J., Dunn, M., Reese, K., Malone, C. J., White, J., et al. (2001). Spindle Dynamics and the Role of γ-Tubulin in EarlyCaenorhabditis elegansEmbryos. MBoC 12, 1751–1764. doi:10.1091/mbc.12.6.1751
 Suryavanshi, S., Eddé, B., Fox, L. A., Guerrero, S., Hard, R., Hennessey, T., et al. (2010). Tubulin Glutamylation Regulates Ciliary Motility by Altering Inner Dynein Arm Activity. Curr. Biol. 20, 435–440. doi:10.1016/j.cub.2009.12.062
 Taylor, S. R., Santpere, G., Weinreb, A., Barrett, A., Reilly, M. B., Xu, C., et al. (2021). Molecular Topography of an Entire Nervous System. Cell 184, 4329–4347. doi:10.1016/j.cell.2021.06.023
 Ti, S.-C., Alushin, G. M., and Kapoor, T. M. (2018). Human β-Tubulin Isotypes Can Regulate Microtubule Protofilament Number and Stability. Dev. Cel. 47, 175–190 e175. doi:10.1016/j.devcel.2018.08.014
 Tischfield, M. A., Cederquist, G. Y., Gupta, M. L., and Engle, E. C. (2011). Phenotypic Spectrum of the Tubulin-Related Disorders and Functional Implications of Disease-Causing Mutations. Curr. Opin. Genet. Dev. 21, 286–294. doi:10.1016/j.gde.2011.01.003
 Topalidou, I., Keller, C., Kalebic, N., Nguyen, K. C. Q., Somhegyi, H., Politi, K. A., et al. (2012). Genetically Separable Functions of the MEC-17 Tubulin Acetyltransferase Affect Microtubule Organization. Curr. Biol. 22, 1057–1065. doi:10.1016/j.cub.2012.03.066
 Van Dijk, J., Rogowski, K., Miro, J., Lacroix, B., Eddé, B., and Janke, C. (2007). A Targeted Multienzyme Mechanism for Selective Microtubule Polyglutamylation. Mol. Cel. 26, 437–448. doi:10.1016/j.molcel.2007.04.012
 Webb, S., Mukhopadhyay, A. G., and Roberts, A. J. (2020). Intraflagellar Transport Trains and Motors: Insights from Structure. Semin. Cel. Dev. Biol. 107, 82–90. doi:10.1016/j.semcdb.2020.05.021
 Wittmann, T., Hyman, A., and Desai, A. (2001). The Spindle: a Dynamic Assembly of Microtubules and Motors. Nat. Cel. Biol. 3, E28–E34. doi:10.1038/35050669
 Wright, A. J., and Hunter, C. P. (2003). Mutations in a β-Tubulin Disrupt Spindle Orientation and Microtubule Dynamics in the EarlyCaenorhabditis elegansEmbryo. MBoC 14, 4512–4525. doi:10.1091/mbc.e03-01-0017
 Yu, I., Garnham, C. P., and Roll-Mecak, A. (2015). Writing and Reading the Tubulin Code. J. Biol. Chem. 290, 17163–17172. doi:10.1074/jbc.r115.637447
 Zheng, C., Diaz-Cuadros, M., Nguyen, K. C. Q., Hall, D. H., and Chalfie, M. (2017). Distinct Effects of Tubulin Isotype Mutations on Neurite Growth in Caenorhabditis elegans. MBoC 28, 2786–2801. doi:10.1091/mbc.e17-06-0424
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Lu and Zheng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 01 April 2022
doi: 10.3389/fcell.2022.837486


[image: image2]
Transcriptional, Post-Transcriptional, and Post-Translational Mechanisms Rewrite the Tubulin Code During Cardiac Hypertrophy and Failure
Sai Aung Phyo1,2, Keita Uchida2, Christina Yingxian Chen2, Matthew A. Caporizzo2, Kenneth Bedi3, Joanna Griffin3, Kenneth Margulies3 and Benjamin L. Prosser2*
1Department of Genetics and Epigenetics, University of Pennsylvania Perelman School of Medicine, Philadelphia, PA, United States
2Department of Physiology, Pennsylvania Muscle Institute, University of Pennsylvania Perelman School of Medicine, Philadelphia, PA, United States
3Department of Medicine, Cardiovascular Institute, University of Pennsylvania Perelman School of Medicine, Philadelphia, PA, United States
Edited by:
Jeffrey Moore, University of Colorado Anschutz Medical Campus, United States
Reviewed by:
Ryoma Ohi, University of Michigan, United States
Dan Sackett, Eunice Kennedy Shriver National Institute of Child Health and Human Development (NICHD), United States
* Correspondence: Benjamin L. Prosser, bpros@pennmedicine.upenn.edu
Specialty section: This article was submitted to Cellular Biochemistry, a section of the journal Frontiers in Cell and Developmental Biology
Received: 16 December 2021
Accepted: 02 February 2022
Published: 01 April 2022
Citation: Phyo SA, Uchida K, Chen CY, Caporizzo MA, Bedi K, Griffin J, Margulies K and Prosser BL (2022) Transcriptional, Post-Transcriptional, and Post-Translational Mechanisms Rewrite the Tubulin Code During Cardiac Hypertrophy and Failure. Front. Cell Dev. Biol. 10:837486. doi: 10.3389/fcell.2022.837486

A proliferated and post-translationally modified microtubule network underlies cellular growth in cardiac hypertrophy and contributes to contractile dysfunction in heart failure. Yet how the heart achieves this modified network is poorly understood. Determining how the “tubulin code”—the permutations of tubulin isoforms and post-translational modifications—is rewritten upon cardiac stress may provide new targets to modulate cardiac remodeling. Further, while tubulin can autoregulate its own expression, it is unknown if autoregulation is operant in the heart or tuned in response to stress. Here we use heart failure patient samples and murine models of cardiac remodeling to interrogate transcriptional, autoregulatory, and post-translational mechanisms that contribute to microtubule network remodeling at different stages of heart disease. We find that autoregulation is operant across tubulin isoforms in the heart and leads to an apparent disconnect in tubulin mRNA and protein levels in heart failure. We also find that within 4 h of a hypertrophic stimulus and prior to cardiac growth, microtubule detyrosination is rapidly induced to help stabilize the network. This occurs concomitant with rapid transcriptional and autoregulatory activation of specific tubulin isoforms and microtubule motors. Upon continued hypertrophic stimulation, there is an increase in post-translationally modified microtubule tracks and anterograde motors to support cardiac growth, while total tubulin content increases through progressive transcriptional and autoregulatory induction of tubulin isoforms. Our work provides a new model for how the tubulin code is rapidly rewritten to establish a proliferated, stable microtubule network that drives cardiac remodeling, and provides the first evidence of tunable tubulin autoregulation during pathological progression.
Keywords: hypertrophy, heart failure, tubulin isoforms, transcription, autoregulation
INTRODUCTION
Heart Failure (HF) is a complex pathological condition in which cardiac performance fails to match systemic demand. HF is commonly preceded by an enlargement of the heart known as cardiac hypertrophy, which serves as a major risk factor for progression to HF. As such, understanding the molecular determinants of hypertrophy may reveal novel targets for HF prevention.
Microtubules are hollow tubes formed from the polymerization of α- and β- tubulin dimers that play essential roles in the structural support of cells, intracellular transport, and cell division. They exhibit stochastic growth and shrinkage and maintain a dynamic equilibrium between free and polymerized tubulin (Supplementary Figure S1A). Through their trafficking role, microtubules regulate cardiomyocyte electrical activity, mitochondrial dynamics, protein degradation and local translation, while also forming load-bearing structures that influence myocyte mechanics and mechano-signaling (Caporizzo et al., 2019).
During cardiac hypertrophy and heart failure, the microtubule network is significantly remodeled and acts as a double-edged sword. On one hand, a proliferated, stable microtubule network is essential for the development of cardiac hypertrophy in response to stressors such as adrenergic stimulation and hemodynamic overload (Sato et al., 1997; Fassett et al., 2009; Fassett et al., 2019; Scarborough et al., 2021). Upon such hypertrophic stimuli, a dense microtubule network and the anterograde motor protein kinesin-1 coordinates the trafficking of mRNA and the translational machinery to control local synthesis and integration of nascent proteins (Scarborough et al., 2021). In the absence of microtubules, increased protein translation is decoupled from protein integration and the heart fails to grow (Scarborough et al., 2021), identifying an essential role of microtubule-based transport in adaptive cardiac growth.
Yet upon chronic stress, the densified microtubule network can also contribute to contractile dysfunction in HF(Tsutsui et al., 1999; Caporizzo et al., 2018; Chen et al., 2018). A collective body of research has established a causal link between aberrant microtubule network remodeling and impaired cardiac mechanics in HF. Tubulin mass, and consequently microtubule network density, is consistently increased in the myocardium of HF patients (Chen et al., 2018; Schuldt et al., 2021) and pressure-overloaded animals (Sato et al., 1997; Fassett et al., 2019), and its destabilization can improve dysfunctional cardiac mechanics (Tsutsui et al., 1993; Cheng et al., 2008; Chen et al., 2018; Caporizzo et al., 2020).
While the state of the microtubule network in advanced HF has been well-defined by recent studies (Chen et al., 2018; Schuldt et al., 2020), we know little about the drivers and temporal progression of changes to the microtubule network that occur during cardiac remodeling. A seemingly obvious mechanism to increase tubulin mass is transcriptional upregulation; yet when we examine published transcriptomic and proteomic data from HF samples, we observe a surprising but consistent inverse correlation between tubulin mRNA and protein levels across different causes of HF in multiple studies (Figures 1A,B). This motivates a deeper examination between transcriptional and translation coupling of tubulin isoforms and other factors that could contribute to microtubule proliferation.
[image: Figure 1]FIGURE 1 | Tubulin autoregulation is operant in the heart and activated in heart failure. (A) Heatmaps of previously published mRNA (left) & protein (right) data of human αβ-tubulin isoforms during dilated (DCM) (Liu et al., 2015, Chen et al., 2018), ischemic (ICM) (Liu et al., 2015, Chen et al., 2018), & hypertrophic (HCM) (Schuldtet al., 2021) cardiomyopathies. (B) Scatter-plot of log2fold-change of mRNA on x-axis and log2fold-change of protein on y-axis in heart failure; each data point represents an average log2fold-change value from DCM and ICM groups from (A), and y = x represents a proportionate change between mRNA and peptide. (C) Schematic of tubulin autoregulation: The introns of tubulin pre-mRNA are spliced out and the mRNA is fully translated in the absence of excess free tubulin; in the presence of excess free tubulin, the mRNA, but not the pre-mRNA, is degraded. (D) Relative log2fold-change of mRNA counts of intronic (left) and exonic (right) αβ-tubulin isoforms in isolated adult mouse cardiomyocytes after treatment with either depolymerizing (Colch) or polymerizing (Tax) agents (n = 3); whiskers represent ± 1SEM, bolded line represents mean, * represents p-value from Welch-corrected two-tailed two-sample t-test on non-log data <0.025 (Bonferroni-corrected for two comparisons), ** representsp < 0.01, and *** represents p < 0.001. (E) Scatter-plot of relative log2fold-change of intron on x-axis and exon on y-axis after Colch or Tax treatment in adult mouse cardiomyocytes; whiskers represent ± 1SEM. (F) Scatter-plot of relative log2fold-change of intron on x-axis and exon on y-axis in near-normal and failing patient heart samples; whiskers represent ± 1SEM. (G) Relative fold-change of mRNA counts of intronic and exonic αβ-tubulin isoforms in near-normal and failing patient heart samples; whiskers represent ± 1SEM, bolded line represents mean, and p-values are from Welch-corrected two-tailed two-sample t-test.
There are a multitude of α and β tubulin isoforms that arise from alternative tubulin genes; in humans, there are nine α and nine β -tubulin isoforms, and in mice, seven α and eight β isoforms (Supplementary Figure S1B). The abundance of tubulin transcripts can be controlled through autoregulation, a tubulin-specific mRNA rheostat in which an excess of free tubulin can activate a ribosomal RNase to degrade nascent tubulin transcripts (autoinhibition); conversely, if free tubulin levels are reduced, autoregulation is released (autoactivation) to promote tubulin synthesis and restore free tubulin content (Gasic and Mitchison 2019) (Figure 1C). The extent to which tubulin isoforms are controlled through transcriptional or autoregulatory mechanisms has not been characterized, and autoregulation has not been examined in any capacity in the heart. Finally, any pathological relevance of autoregulation in cardiac or other tissues is largely unexplored.
The stabilization (i.e., protection from breakdown) of polymerized microtubules is another potentially important driver of the dense microtubule network observed in hypertrophy and HF. Microtubules are stabilized through association with microtubule-associated proteins (MAPs) and motors as well as through post-translational modifications (PTMs) of tubulin (Supplementary Figure S1). Acetylation of polymerized α-tubulin produces long-lived and resilient microtubules that are resistant against repeated mechanical stresses (Kalebic et al., 2013; Portran et al., 2017), while detyrosination - the removal of a tyrosine residue on the C-terminal tail of α-tubulin by vasohibins 1 and 2 (VASH1/2) (Aillaud et al., 2017; Nieuwenhuis et al., 2017)—stabilizes microtubules by modulating their interactions with depolymerizing effector proteins (Peris et al., 2009; Chen et al., 2021). The permutations of PTMs and tubulin isoforms is known as the “tubulin code” (Supplementary Figure S1), which creates microtubule networks with distinct biochemical and mechanical properties. Altered detyrosination (Chen et al., 2018; Yu et al., 2021), acetylation (Swiatlowska et al., 2020), and MAP (Cheng et al., 2010; Li et al., 2018; Yu et al., 2021) binding are each implicated in pathological cardiac remodeling; yet how the tubulin code is rewritten during cardiac hypertrophy and HF remains largely unclear.
In this study, we interrogate changes to the tubulin code, MAPs, and motors at discrete stages of pathological cardiac remodeling. We find that surprisingly rapid and isoform-specific transcriptional induction and autoactivation of tubulin mRNA combine with post-translational detyrosination to drive microtubule stabilization and proliferation during early cardiac growth. We also find that in progressed heart failure, there is a switch to autoinhibition that reduces tubulin mRNA expression in the face of elevated tubulin protein content. This work identifies roles for autoregulation in rewriting the tubulin code during cardiac remodeling and may inform on approaches intended to modulate the course of hypertrophy and its progression to HF.
METHODS
Human Myocardial Tissue
Procurement of human myocardial tissue was performed under protocols and ethical regulations approved by Institutional Review Boards at the University of Pennsylvania and the Gift-of-Life Donor Program (Pennsylvania, United States) and as described (Chen et al., 2018). In summary, failing human hearts were procured at the time of orthotropic heart transplantation at the Hospital of the University of Pennsylvania following informed consent from all participants. Non-failing hearts were obtained at the time of organ donation from cadaveric donors. In all cases, hearts were arrested in situ using ice-cold cardioplegia solution and transported on wet ice. Transmural myocardial samples were dissected from the mid left ventricular free wall below the papillary muscle and the samples were kept frozen at 80°C. Contractile parameters, including left ventricle ejection fraction, were determined by echocardiography in subjects. In this study, a total of 35 donor hearts were used. 12 donors were classified as near-normal non-failing (NF) without left-ventricular hypertrophy, and 23 donors were classified as heart failure with 12 hearts from hypertrophic cardiomyopathy patients and 11 hearts from dilated cardiomyopathy patients.
Animal Care
Animal care and procedures were approved and performed in accordance with the standards set forth by the University of Pennsylvania Institutional Animal Care and Use Committee (IACUC) and the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH).
Drug Injection
Eight to 12 weeks old male C57/Bl6 mice were used throughout the study. On days 0 and 2, based on their body weights, mice were subcutaneously injected with either ascorbic acid (Ctrl, Sigma-Aldrich: A92902), 10 mg/kg phenylephrine (PE, Sigma-Aldrich: P6126) prepared in Ctrl, or 5 mg/kg isoproterenol (Iso, Sigma-Aldrich: I6504) prepared in Ctrl.
Cardiac Tissue Harvest
Mice were put under general anesthesia using isoflurane and the hearts were surgically removed. Excised hearts were thoroughly washed in ice-cooled PBS and extra-cardiac tissues were removed. To properly measure heart weight (HW), residual blood from the chambers was removed by sandwiching the heart between Kimwipes and gently squeezing it. After HW measurement, atrial and right ventricular tissues were removed, the remaining septal and left-ventricular tissues were cut into five pieces of similar size and from similar locations of the heart. The weights of the individual pieces were recorded, frozen in liquid nitrogen, and stored at -80°C until further processing. Concurrent with tissue harvest, the tibia length (TL) of respective mouse was measured to calculate HW-over-TL (HW/TL).
Exclusion Criteria
During the study: for the 4-h time point, there were six mice per treatment group for a total of 18 mice, and for the 4-days time point, there were eight mice per treatment group for a total of 24 mice. As we aimed to study mice who underwent consistent cardiac hypertrophy, for the 4-days time point, we set exclusion criteria as the followings: (1) hearts whose HW/TL were beyond 2 SD of the population mean, and (2) experimental hearts whose classical hypertrophy response genes were not changed relative to that of the control hearts. After the removal of outliers, in the final study: for the 4-h time point, there are six mice per treatment group for a total of 18 mice, and for the 4-days time point, there are seven mice in Ctrl, seven mice in PE, and six mice in Iso, for a total of 20 mice.
Mouse Cardiomyocyte Isolation, Culture, and Drug Treatment
Primary adult ventricular myocytes were isolated from eight- to 12-week-old C57/Bl6 mice using the protocol previously described (Prosser et al., 2011). Briefly, mice were put under general anesthesia using isoflurane and were injected peritoneally with heparin (∼1,000 units/kg). The heart was excised and cannulated to a Langendorff apparatus for retrograde perfusion with enzymatic digestion solution at 37°C. Once digested, the heart was minced and triturated with glass pipettes. The isolated cardiomyocytes were centrifuged at 300 revolution per minute for 2 min. The supernatant containing debris was discarded and the isolated cells were resuspended in cardiomyocyte media containing Medium 199 (GIBCO: 11150-59) supplemented with 1x insulin-transferrin-selenium-X (GIBCO: 51500-56), 20 mM HEPES pH 7.4, 0.1 mg/ml Primocin, and 25 μmol/L of cytochalasin D. Immediately following cell isolation, the cardiomyocytes were treated with either DMSO, 10 μM colchicine, or 10 μM taxol, and incubated at 37°C and 5% CO2 for 6 h.
Echocardiography
On day 4, transthoracic echocardiography was performed on mice, which were anesthetized using intraperitoneal injection of 0.01 ml/G body-weight of 2.5% Avertin, using Vevo2100 Ultrasound System (VisualSonics Inc., Toronto, Ontario, Canada). Fractional shortening, chamber dimensions, and ventricular wall-thickness were measured from short axis M-mode images at the mid-level view of the papillary muscle.
Total Protein Lysate Preparation
Frozen aliquoted cardiac tissue obtained from similar locations of the heart was pulverized finely using a liquid nitrogen-cooled mortar and pestle. 1x Radioimmunoprecipitation assay (RIPA) buffer (Cayman Chemical Company: 10010263) supplemented with 1x protease inhibitor cocktail (Cell Signaling Technology: 5872S) and 1:200 diluted endonuclease (Lucigen: OC7850K) was immediately added to the pulverized tissue at a constant ratio of 15 μL/mg of tissue. The sample was then mechanically homogenized using a handheld homogenizer until visible chunks of tissues were dissociated. The sample was incubated for 10 min on ice to allow endonuclease to cleave DNA. After processing of all samples, the samples underwent two freeze-thaw cycles, after which, equal-volume of 5% SDS-10% glycerol boiling (SGB) buffer was added to each sample. The samples were vortexed thoroughly then heated to 100°C for 8 min. Residual undissolved cell debris were removed from the resulting samples by centrifugation at 8000 g for 5 min at room temperature (22°C). The concentrations of the total protein were determined using Bicinchoninic acid (BCA) assay; all samples were diluted to 4 μg/μL using RIPA:SGB buffer. The diluted total protein lysates were aliquoted and stored at −80°C until further processing.
Microtubule Fractionation
100 mM PIPES-KOH pH 6.8, 1 mM MgCl2, 1 mM EGTA-KOH pH 7.7 (PME) buffer was prepared fresh and was supplemented with 1 mM DTT, 1 mM GTP (Sigma-Aldrich: G8877), and 1x protease inhibitor cocktail. Seven parts supplemented PME buffer was mixed with three parts glycerol; the final PME-30G buffer was kept incubated in a 37°C water bath. Frozen aliquoted cardiac tissue obtained from similar locations of the heart was pulverized crudely using a liquid nitrogen-cooled mortar and pestle. Immediately following pulverization, warmed PME-30G buffer was added at a constant ratio of 20 μL/mg of tissue. The sample was then mechanically homogenized using the handheld homogenizer until visible chunks of tissues were dissociated and was set aside at 22°C until all samples were processed. All processed samples were then centrifuged at 16000 g for 15 min at 30°C; the supernatants were transferred into fresh tubes and were saved as free tubulin (Free) fractions. 10 μL of 1 part RIPA and 1 part SGB (RIPA:SGB) buffer was added to the pellet obtained from 1 mg of tissue and the sample was homogenized using the handheld homogenizer. After processing of all samples, the samples were heated to 100°C for 8 min, cooled on ice, and centrifuged at 8000 g for 5 min at 22°C; the supernatants were transferred into fresh tubes and were saved as polymerized tubulin (Poly) fractions. The concentrations of the Poly fractions were determined using BCA assay. The Poly fractions were diluted to 4 μg/μL using RIPA:SGB buffer; the respective Free fraction was diluted with PME-30G buffer using twice the volume needed to dilute the Poly fraction. The final diluted Free and Poly fractions were aliquoted and stored at −80°C until further processing.
Sample Preparations and Western Blot Analysis
To quantify the relative abundance of specific proteins of interest in the total protein lysate, aliquoted diluted total protein lysate samples were thawed at 22°C. One part 4x loading buffer (125 mM Tris-HCl pH 6.8, 35% v/v glycerol, 0.2% w/v Orange G) freshly supplemented with 10% v/v β-mercepthoethanol (BME) was mixed with three parts total protein lysate to get final concentrations of 1x loading buffer with 2.5% BME, and 3 μg/μL of total protein. The final samples were heated to 100°C for 8 min. The heated samples were cooled to 22°C, centrifuged briefly, vortexed thoroughly, and loaded 5μL/sample onto precast protein gels (Bio-Rad: 5671085).
To quantify the relative abundances of the Free and Poly fractions, aliquoted diluted Free and Poly fractions were thawed at 22°C. For the Free fractions, 2x loading buffer (62.5 mM Tris-HCL pH 6.8, 5% v/v SDS, 0% glycerol, 0.1% w/v Orange G) freshly supplemented with 5% v/v BME was used, whereas, for the Poly fractions, 4x loading buffer freshly supplemented with 10% v/v BME was used; to prepare the final samples, the respective loading buffers were diluted to 1x using the Free and Poly fractions. The final samples were heated to 100°C for 8 min. The heated samples were cooled to 22°C, centrifuged briefly, vortexed thoroughly, and loaded 5 μL/Poly fraction and 10 μL/Free fraction onto precast protein gels.
Protein gel electrophoresis was carried out under constant voltage of 135 V for the Midi gels for 1 h. The resolved proteins were transferred onto a nitrocellulose membrane using the Turbo Transfer System (Bio-Rad) under recommended conditions. The post-transferred membrane was blocked in blocking buffer (LI-COR Biosciences: 927-60003) for at least 1 h at 22°C (or overnight at 4°C). The blocked membrane was incubated overnight at 4°C with primary antibodies diluted in 1x Tris buffered saline with Tween-20 (TBST, Cell Signaling Technology: 9997S). The membrane was washed twice using TBST, and incubated for 1 h at 22°C with secondary antibodies diluted in blocking buffer. The final immunoblotted membrane was washed twice using TBST and was imaged using the Odyssey Western Blot Imaging System (LI-COR Biosciences).
WB Data Analysis
The WB data was analyzed using Image Studio Lite (LI-COR Biosciences). The signal intensity of an individual band was obtained by drawing a rectangular block encompassing the entire band. The background was thresholded using the parameters: median, border width = 3, Top/Bottom. Two technical replicates (n) per sample, and six biological replicates (N) per treatment for 4-h time point and eight biological replicates per treatment for 5-days time point were used in the analysis. GAPDH intensity was used as a loading control. A mean value of the Ctrls that were run on the same blot was used to normalize the data and to calculate the relative fold-changes over the Ctrl. Statistical analyses were performed as described below.
Primary and Secondary Antibodies
(see table below)
 | 
[image: ]Mass Spectrometry (MS) Sample Preparation
To quantify the relative changes of multiple proteins of interest in the total protein lysate, aliquoted diluted total protein lysate samples were thawed at 22°C. One part 4x loading buffer freshly supplemented with 10% v/v ΒΜΕ was mixed with three parts total protein lysate. The final samples were heated to 100°C for 8 min. The heated samples were cooled to 22°C, centrifuged briefly, vortexed thoroughly, and loaded 50 μL/sample onto precast protein gels (Bio-Rad: 4561034). Protein gel electrophoresis was carried out under constant voltage of 110 V for the Mini gels for 1.5 h. The resolved protein gel was stained with Coomassie blue (Bio-Rad: 1610435) using the provided protocol. After the destaining of the gel, the 50 kDa bands were carefully excised and stored in deionized water at 4°C until further processing.
The gel bands were destained with 100 mM ammonium bicarbonate/acetonitrile (50:50). The bands were reduced in 10 mM dithiothreitol/100 mM Ammonium bicarbonate for over 60 min at 52°C; the bands were then alkylated with 50 mM iodoacetamide/100 mM ammonium bicarbonate at 22°C for 1 h in the dark. The proteins in the gel bands were digested with enzymes while incubating overnight at 37°C; different enzymes such as trypsin, Chymotrypsin, and Glu-C were used according to protein sequences. The supernatants were transferred and kept in fresh tubes. Additional peptides were extracted from the gel by adding 50% acetonitrile/1% TFA and incubated for 10 min on a shaker. The supernatants were combined and dried. The dried samples were reconstituted using 0.1% formic acid for MS analysis.
MS Analysis Using Nano-LC-MS/MS
Peptides were analyzed on a Q-Exactive HF (Thermo Fisher Scientific) attached to an Ultimate 3000 rslcnano system (Thermo Fisher Scientific) at 400 nL/min. Peptides were eluted with a 55 min gradient from 5% to 32% ACN (25 min) and 90% ACN over 5 min in 0.1% formic acid. Data-dependent acquisition mode with a dynamic exclusion of 45 s was enabled. One full MS scan was collected with a scan range of 350–1,200 m/z, resolution of 70 K, maximum injection time of 50 milliseconds, and AGC of 1 × 106. Then, a series of MS2 scans were acquired for the most abundant ions from the MS1 scan (top 12). Ions were filtered with charges 2–4. An isolation window of 2 m/z was used with quadruple isolation mode. Ions were fragmented using higher-energy collisional dissociation (HCD) with a collision energy of 27%. Orbitrap detection was used with a scan range of 140–2000 m/z, resolution of 30 K, maximum injection time of 54millisecondsmilliseconds, and AGC of 50,000.
MS Data Analysis
Proteome Discoverer (Thermo Fisher Scientific, version 2.4) was used to process the raw spectra. Default search parameters were used, including precursor mass tolerance of 10 ppm, fragment mass tolerance of 0.02 Da, enzymes specific cleavage, and up to 2 mis-cleavage. Carbamidomethyl [C] was set as a fixed modification, while Oxidation [M] and Acetylation [N-terminal and K] were set as variable modifications. The target-decoy approach was used to filter the search results, in which the false discovery rate was less than 1% at the peptide and protein levels. For measuring the relative protein abundances, all the chromatographic data were aligned and normalized to peptide groups and protein abundances, missing values were imputed and scaled. The normalized protein abundance values from four Ctrls, 5 PE, and four Iso 4-days mice were used in the subsequent analysis. Since the different tubulin isoforms share multiple homologous regions, only unique peptides that are unambiguous to each isoform were used to calculate protein abundance. The unique peptides acquired for the analyzed isoforms ranged from 1–13 peptides and the full suite of peptide and protein groups used in the analysis can be found in the public proteomic repository as outlined in the data availability statement. Statistical analyses were performed on the calculated protein abundances as described below.
Total RNA Extraction
Frozen aliquoted cardiac tissue obtained from similar locations of the heart was pulverized finely using a liquid nitrogen-cooled mortar and pestle. 500 μL of ice-cooled RNAzol (Molecular Research Center: RN 190) was added to the pulverized tissue and immediately homogenized using the handheld homogenizer until visible chunks of tissues were dissociated. 200 μL of molecular grade water was added to the sample; the sample was vortexed and incubated for 15 min at 22°C. After processing of all samples, the samples were then centrifuged at 12000 g for 15 min at 22°C. 550 μL of the clear supernatant was carefully removed and transferred into a fresh tube. 550 μL of isopropanol was then added to the supernatant, vortexed, and incubated for 10 min at 22°C. The samples were centrifuged at 16000 g for 10 min at 22°C, and the resulting supernatants were discarded. The visible RNA pellets were washed in 75% ethanol in molecular grade water three times. The undried RNA pellets were resuspended in 30 μL of RNase free water. The total RNA concentrations, and 260/230 and 260/280 ratios were determined using NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies). The RNA samples were stored at -80°C until further analysis.
NanoString nCounter Analysis
Total RNAs from 37 samples were analyzed. The concentration of the total RNA was reassessed using NanoDrop spectrophotometer. The quality of the total RNA was assessed using the Agilent 4200 TapeStation (Agilent Technologies). Only samples that were pure as defined by OD 260/280 and 260/230 ratios >1.8, and integrity RIN value >8.0 were used in the study. 100 ng of total RNA per sample for tubulin and hypertrophy panels or 200 ng of total RNA per sample for tubulin autoregulation panel was used for the subsequent step. Hybridization between the target mRNA and reporter-capture probe pairs was performed for 18 h at 65°C using Mastercycler Pro S Thermal Cycler (Eppendorf) according to the manufacturer’s protocol. Post-hybridization processing was carried out on a fully automated nCounter Prep Station (NanoString Technologies) liquid-handling robotic device using the High Sensitivity setting. For image acquisition and data processing, the probe/target complexes were immobilized on the nCounter cartridge that was then placed in the nCounter Digital Analyzer (NanoString Technologies) as per the manufacturer’s protocol with FOV set to 555. The expression level of a gene was measured by counting the number of times the probe with a unique barcode, which was targeted against that gene, was detected. The barcode counts were then tabulated in a comma-separated value (.csv) format.
NanoString nCounter Data and Statistical Analysis
The raw digital counts of expressions were exported into nSolver Analysis software (NanoString, version 4.0) for downstream analysis. The data was analyzed in nSolver using the Nanostring Analysis and Advanced Analysis software packages. The background of the data was thresholded using the geometric means after removing negative control values that are three-times higher than the rest. The data was then normalized using the geometric means of the positive controls, after removing “F” if the value is too close to background, and the three housekeeping genes (Gapdh, Rpl4, Tbp). Without removing low count values, the Bonferroni-corrected differentially expressed gene (DEG) analysis of the normalized data was computed using Treatment as covariates. For tubulin autoregulation panel, raw counts were exported, and statistical analyses were carried as outlined below.
Statistical Analysis
Graphing and statistical analyses were performed using OrginPro 2019 software (OriginLabs). First, the normality of the data was determined using the Shapiro-Wilk test. For comparison of data distributions whose normality cannot be rejected at 0.05 level, the calculated probability of the means (p) between the control and the experimental group was calculated using the two-tailed two-sample Welch-corrected student’s t-test. For comparison of data distributions whose normality is rejected at 0.05 level, the p-value between the control and the experimental group was calculated using the two-tailed two-sample Kolmogorov-Smirnov test. For significance level, we used the Bonferroni-corrected significance cut-off of p < 0.025 denoted by *; ** represents p < 0.01 and *** represents p < 0.001. p-values to two significant figures were reported for 0.05 < p < 0.025. For all bar graphs, the bar represents mean and the whisker represents +1 SEM. For all box plots, the bolded line represents mean, and the whiskers represent ±1 standard error of mean (SEM).
RESULTS
Tubulin Autoregulation is Operant in the Heart and Induced in Heart Failure
Despite the importance of microtubule proliferation in cardiac pathology, any role of tubulin autoregulation has not been examined. We utilized a previously established strategy to test for autoregulation by measuring the relative abundances of pre-spliced (i.e. intron-containing) and spliced (i.e. those without introns) tubulin mRNAs (Gasic et al., 2019). Using this approach, one can detect transcriptional regulation of a target through correlated changes in intronic and exonic mRNA levels (y = x in Figure 1E, for example), whereas post-transcriptional autoregulation would only affect exonic mRNA (shift along the y-axis of Figure 1E). To study autoregulation in an isoform-specific fashion, we designed NanoString nCounter probes for direct and unique detection of either intronic or exonic regions of individual tubulin isoforms. To determine if autoregulation is operant in heart muscle cells, we treated isolated mouse cardiomyocytes for 6 h with colchicine, a microtubule depolymerizing agent predicted to trigger autoinhibition (decrease in only exonic species) by increasing free tubulin, or taxol, a microtubule polymerizing agent predicted to trigger autoactivation (increase in only exonic species) by shifting free tubulin into the polymerized pool. Consistently, depolymerization significantly reduced the amount of exonic but not intronic mRNA across most tubulin isoforms, while polymerization increased the amount of exonic tubulin mRNA (Figures 1D,E). This data serves as the first demonstration that autoregulation is operant in the cardiomyocyte and that it regulates the majority of tubulin isoforms.
Next, we tested whether tubulin autoregulation can partially explain the discrepancy in mRNA and protein levels observed in HF. To this end, we designed a separate Nanostring probe set against introns and exons of human tubulin isoforms and probed RNA extracted from 35 cardiac samples from 12 non-failing donors and 23 patients with advanced heart failure. Figures 1F,G shows the relative intron and exon abundances for all tubulin isoforms that could be readily detected at the intron, exon and protein level (Chen et al., 2018) (Figures 1A,B). In failing hearts, the majority of tubulin isoforms showed reduced exonic relative to intronic levels, indicative of active autoinhibition across most isoforms. An exception is TUBA1A, the only isoform that demonstrated significant transcriptional induction; consistently TUBA1A is also being the only isoform to show both increased and correlated mRNA and protein levels in this HF population (Figures 1A,B). Of additional note, TUBB4B is by far the most abundant β-tubulin isoform expressed in the heart, and it exhibits robust autoinhibition in HF, yet maintains increased protein abundance. Taken together this data indicates that in HF, elevated tubulin protein triggers persistent autoinhibition of tubulin mRNA. The maintained elevation in tubulin protein may be explained by significantly increased tubulin stability/lifetime.
However, there remains no explanation as to how the heart achieved the increased tubulin protein in the first place or whether autoregulation plays any role in the establishment of the increased tubulin mass observed in pathological cardiac remodeling. To better understand this, we employed mice models of cardiac hypertrophy that allows us to explore the early roles of tubulin transcription, autoregulation, and stability.
Acute Adrenergic Agonism Induces Anatomic and Transcriptional Cardiac Remodeling
To determine how the microtubule network remodels during the development of cardiac hypertrophy, we characterized the myocardial cytoskeleton at two time points in two mouse models of adrenergic agonist-induced hypertrophy (Scarborough et al., 2021) (Figure 2A). A 4-h post-injection time point was chosen to capture a stage when hearts were exposed to hypertrophic stimuli but have not yet hypertrophied, and a 4-days post-injection time point was chosen to capture a stage when hearts had demonstrably hypertrophied. As expected, no change in heart-weight-to-tibia-length (HW/TL) was observed 4 h after injection of either phenylephrine (PE) or isoproterenol (Iso) compared to vehicle control (Ctrl) (Figure 2B, left). When mice were given a second injection on day 2 and hearts were collected on day 4, we observed a consistent cardiac hypertrophy with both PE and Iso (Figure 2B, right). To assess left-ventricular remodeling and function, we performed echocardiography on the 4-days hypertrophy animals. We observed consistent evidence of concentric hypertrophy upon both PE and Iso treatment, with elevated left-ventricular (LV) mass and increased wall and septal thickness (Figures 2C,D). Neither group exhibited evidence of decompensation toward HF, with no evidence of ventricular dilation or depressed contractility, indicating a compensated, concentric hypertrophy in response to acute adrenergic agonism.
[image: Figure 2]FIGURE 2 | Acute α- or β- adrenergic stimulation induces cardiac hypertrophy. (A) Graphical scheme of the experimental plan. (B) Heart-weight/Tibia length (HW/TL) data of mice 4-h (n = 6) or 4-days (n = Ctrl:7, PE:7, Iso:6) following 10 mg/kg/injection of phenylephrine (PE) or 5 mg/kg/injection of isoproterenol (Iso). (C) Representative echocardiographic M-mode images of 4-days mice hearts. (D) Quantification of relevant echocardiographic parameters: FS = Fractional Shortening, LVIDd = Left-Ventricular Internal Diameter at end diastole, RWT = Relative Wall Thickness, LVMI = Left-Ventricular Mass Index, LVPWd = Left-Ventricular Posterior Wall thickness at end diastole, IVSd = InterVentricular Septal thickness at end diastole (n = 8). (E) Relative log2fold-change of nCounter mRNA counts of Immediate Early Genes (IEGs), hypertrophic stress markers, and genes of fetal reprogramming (n = 4 h: 6, 4 days: Ctrl:7, PE:7, Iso:6). For all box plots, whiskers represent ± 1SEM and bolded-lines represent mean. For (B, D), * represents p-value from Welch-corrected two-tailed two-sample student’s t-test < 0.025, ** represents p < 0.01, and *** represents p < 0.001. For (E), * represents Bonferroni adjusted (for 45 genes) p-value < 0.025 (Bonferroni-corrected for two comparisons), ** represents adj_p < 0.01, and *** represents adj_p < 0.001 (see Methods for more statistical details).
We further validated our models using NanoString nCounter to assess transcriptional markers of cardiac remodeling in the hearts of PE and Iso treated mice. Using direct RNA counting of 42 transcripts sorted into immediate early genes (IEGs), hypertrophy-related genes, and fibrosis-related genes, we analyzed differentially expressed genes (DEGs) in the septa and LV of our time-matched control and experimental groups. We hypothesized that IEGs would be upregulated after 4-h of adrenergic stimulation, followed by upregulation of canonical markers of hypertrophic remodeling after 4 days. Consistent with this hypothesis, we observed robust upregulation of the canonical IEGs—cMyc and cFos—in both PE and Iso treated mice at 4-h (Figure 2E and Supplementary Figure S2), followed by induction of stress markers—Nppa and Nppb—at 4-days, along with markers of fetal reprogramming including myosin isoform switching (reduced Myh6:Myh7 ratio).
The full complement of DEGs in each experimental group at the 4-h and 4-days time points are depicted in Supplementary Figure S2. At both 4-h and 4-days after adrenergic agonism, we observed upregulation of hypertrophy-related gene Fhl1 (Friedrich et al., 2012), and fibrosis-related genes Ctgf (Hayata et al., 2008) & Vcan (Vistnes et al., 2014). Additional potentially relevant DEGs included the upregulation of Col4a1 (Steffensen and Rasmussen 2018) and Timp1 (Barton et al., 2003), and the downregulation of Agrn(Bassat et al., 2017; Baehr et al., 2020), among others.
The Microtubule Network Is Rapidly Detyrosinated Upon Hypertrophic Stimulation
Having validated the 4-h and 4-days models, we examined microtubule network remodeling in these contexts. We first determined whether the total αβ-tubulin content and free vs. polymerized tubulin pools are altered in the pre-hypertrophic (4-h) state. We observed no significant differences in these metrics of total tubulin content or fractionation at this early time point (Figures 3A–C).
[image: Figure 3]FIGURE 3 | The microtubule network is rapidly detyrosinated upon hypertrophic stimulation. Representative immunblots and relative fold-change of α-tubulin (left) and β-tubulin (right) in (A) total proteins, (B) free or (C) polymerized -tubulin fractions (n = 6). Representative immunoblots with technical duplicate lanes and relative fold-change using GAPDH (left) or α-tubulin (right) as loading controls for (D) acetylated α-tubulin, (E) detyrosinated α-tubulin, (F) Δ2 α-tubulin, (G) polyglutamylated α-tubulin, & (H) polyglycylated pan-tubulin (n = 6). For all bar plots, whiskers represent + 1SEM and bar represents mean. For all graphs, * represents p-value from Welch-corrected two-tailed two-sample t-test < 0.025 (Bonferroni-corrected for two comparisons), ** represents p < 0.01, and *** represents p < 0.001.
We next determined whether tubulin is rapidly post-translationally modified upon hypertrophic stimulation. We immunoblotted for the five best-studied PTMs using validated antibodies: acetylation, detyrosination, polyglutamylation, polyglycylation, and Δ2 tubulin. Polyglutamylation, polyglycylation, and Δ2 are well characterized in cilia, flagella, and the brain (Paturle-Lafanechère et al., 1994; Aillaud et al., 2016), but they have not been studied in the heart. Detyrosination and acetylation, which occur predominantly on polymerized microtubules, are common markers of stable, long-lived microtubules, and of microtubule damage and repair-stabilization processes (Portran et al., 2017; Xu et al., 2017) respectively.
At the 4-h time point, we did not observe any significant differences in either the absolute (PTM/GAPDH) or the relative (PTM/α-tubulin) amounts of acetylation, polyglutamylation, polyglycylation, or Δ2 tubulin (Figures 3D,F–H). Surprisingly, we did observe robust induction of the absolute and relative amounts of detyrosination in both PE and Iso treated groups (Figure 3E). These data suggest that within 4 h of hypertrophic stimulation, prior to other overt changes in tubulin mass, microtubules are rapidly detyrosinated, which may serve as an early driver of microtubule stabilization.
Post-Translationally Modified Microtubules Proliferate During the Establishment of Cardiac Hypertrophy
We next characterized microtubule network remodeling at day 4, concurrent with cardiac hypertrophy. We probed the three tubulin pools and immunoblotted for α-tubulin, β-tubulin, acetylation, detyrosination, polyglutamylation, polyglycylation, Δ2 as described above.
At this stage we observed increased free, polymerized, and total αβ-tubulin protein in the hearts of PE and Iso-treated mice (Figures 4A–C). In the PE group, the ratio of free:polymerized α-tubulin decreased (Supplementary Figure S3A), consistent with enhanced microtubule stability. In PE-treated mice, we observed increases in the absolute amounts of acetylation, polyglutamylation, and polyglycylation, and in the absolute and relative amounts of detyrosination. Iso treated mice showed a similar trend for each PTM, but of reduced magnitude and greater variability (Figures 4C–H). Taken together, these data indicate that during cardiac hypertrophy tubulin content increases, the polymerized network densifies, and there is a proportionally increased abundance of post-translationally modified microtubules with a modest enrichment of detyrosination.
[image: Figure 4]FIGURE 4 | Total tubulin content increases and the microtubule network densifies during hypertrophy. Representative immunoblots and relative fold-change of α-tubulin (left) and β-tubulin (right) in the (A) total proteins, (B) free, or (C) polymerized -tubulin fractions (n = Ctrl:7, PE:7, Iso:6). Representative immuno- blots with technical duplicate lanes and relative fold-change using GAPDH (left) or α-tubulin (right) as loading controls for (D) acetylated α-tubulin, (E) detyrosinated α-tubulin, (F) Δ2 α-tubulin, (G) polyglutamylated α-tubulin, & (H) polyglycylated pan-tubulin (n = Ctrl:7, PE:7, Iso:6). For all bar plots, whiskers represent + 1SEM and bar represents mean; * represents p-value from Welch-corrected two-tailed two-sample t-test < 0.025 (Bonferroni-corrected for two comparisons), ** represents p < 0.01, and *** represents p < 0.001.
We next sought to determine how specific tubulin isoforms contribute to the increase in tubulin content observed at 4-days. To this end, we utilized mass spectrometric (MS) analysis of the total tubulin pool. We observed that the predominant α- and β-tubulin isoforms of murine LV were Tuba1a and Tubb4b, respectively (Figure 5A). Each of these predominant isoforms were modestly increased upon PE and Iso treatment. We also determined the relative changes of all detectable tubulin isoforms and observed significant increases in Tuba1a, Tuba1c, Tubb2a, Tubb2b, Tubb3, Tubb5, and Tubb6 (Figures 5A,B). Of note, Tuba4a—the only tubulin isoform that is synthesized in its detyrosinated form—was clearly not increased upon hypertrophic stimulation. This indicates that the early increases in detyrosination are not due to increased synthesis of Tuba4a, and instead likely due to altered activity of the enzymes of the tyrosination cycle. Tubb6 exhibited the highest degree of upregulation with a ∼4-fold increase upon PE treatment; this is notable as Tubb6 induction has been causally implicated in microtubule network reorganization in Duchenne Muscular Dystrophy (Randazzo et al., 2019). Despite significant upregulation of multiple low abundance isoforms, the overall composition of the total tubulin pool is largely conserved at this stage of hypertrophic remodeling (Figure 5A).
[image: Figure 5]FIGURE 5 | Differential expression of tubulin isoforms, modifying enzymes and MAPs during the onset and establishment of hypertrophy. (A) MS counts of unique peptides of detectable αβ-tubulin isoforms at 4-days timepoint. For all following box plots, whiskers represent ± 1SEM and bolded line represents mean. (B) Relative log2fold-change of αβ-tubulin isoforms peptide counts at 4-days (n = Ctrl: 4, PE: 5, Iso: 4); * represents p-value from Welch-corrected two-tailed two-sample t-test on non-log data <0.025 (Bonferroni-corrected for two comparisons), ** represents p < 0.01, and *** represents p < 0.001. (C) relative log2fold-change of nCounter mRNA counts of detectable tubulin isoforms at 4-h (left) (n = 6) and 4-days timepoints (right) (n = Ctrl:7, PE:7, Iso:6); * represents Bonferroni adjusted (for 50 genes) p-value < 0.025, ** represents adj_p < 0.01, and *** represents adj_p < 0.001 (see Methods and Materials for more statistical details). (D) Scatter-plot of log2fold-change of mRNA on x-axis and log2fold-change of protein on y-axis at 4-days timepoint; whiskers represent ± 1SEM and y = x represents a proportionate change between mRNA and peptide. Relative log2fold-change of nCounter mRNA counts of (E) detyrosinase complex and tyrosinase, & (F) MAPs, anterograde, & retrograde motors at 4-h (n = 6) and 4-days timepoints (n = Ctrl:7, PE:7, Iso:6); * represents Bonferroni adjusted (for 50 genes) p-value < 0.025, ** represents adj_p < 0.01, and *** represents adj_p < 0.001 (see Methods for more statistical details).
Transcriptional Analysis of αβ-Tubulin Isoforms, Tubulin Modifying Enzymes, and MAPs During the Induction and Establishment of Hypertrophy
We next examined the contribution of transcriptional changes to the protein and network level microtubule remodeling at the 4-h and 4-days timepoints. To this end, we utilized NanoString analysis of total RNA using another set of 47 genes that includes tubulin isoforms, tubulin modifying enzymes, and MAPs.
While tubulin protein content was unchanged 4-h after adrenergic stimulation, we noted significant upregulation of several tubulin transcripts with both PE and Iso treatment at this stage, including Tuba1c, Tubb2a and Tubb6, with additional and more robust upregulation of Tubb2b and Tubb3 by day 4 (Figure 5C). Consistent with proteomics assessments, Tuba4a and Tuba8 were either unchanged or even downregulated upon PE and Iso treatment.
Regardless of the directionality of response, specific tubulin isoforms generally responded similarly to either adrenergic stimulus (Figure 5C). Further, in contrast to what was observed in advanced HF, transcript levels were also well-correlated with protein abundance across most isoforms at the 4-days time point (R2 = 0.38, slope = 0.20, p = 1.4e-4) (Figure 5D). Consistent with protein expression lagging transcriptional regulation, the four isoforms (Tuba4a, Tuba8, Tubb2b, Tubb3) that displayed the greatest deviation in the change in the mRNA relative to the change in the protein levels (i.e., located furthest away from the y = x line when plotting log2FC of mRNA vs protein levels) were transcripts that showed delayed regulation; these isoforms were unchanged after 4-h but differentially expressed by 4-days. Consistent upregulation at the transcript and protein level was seen for Tuba1c, Tubb2a, Tubb2b, Tubb3, and Tubb6. Combined with the early upregulation of tubulin transcripts, this data indicates that increased tubulin mRNA at least partly underlies the isoform-specific increase in tubulin protein, and therefore tubulin mass, that is necessary for hypertrophic remodeling (Sato et al., 1997; Tsutsui et al., 1999; Scarborough et al., 2021).
We noted several additional transcriptional changes of tubulin modifying enzymes and MAPs that may bear relevance to cardiac remodeling and warrant further investigation (Figures 5E,F; Supplementary Figure S4). These include: (1) Vash2, which encodes a tubulin detyrosinase, exhibited the greatest differential expression among the 47 assessed transcripts at the 4-h PE time point; this may contribute to the robust early induction of detyrosination in this group (2) Early upregulation of Kif5b after 4-h in PE (Tigchelaar et al., 2016), which encodes the primary transport kinesin heavy chain 1 implicated in mRNA transport during myocyte growth (Scarborough et al., 2021); (3) upregulation of Mapre1 in both PE and Iso at 4-h, which encodes a member of microtubule associated protein RP/EB family of +TIP tracking protein that guides microtubule growth; (4) Robust upregulation of Kif15 in both PE and Iso by 4-days, which encodes a kinesin family member implicated in stabilizing parallel growing microtubules; (5) induction of Map1a in both PE and Iso at 4-days, which encodes a stabilizing structural MAP.
We next sought to determine whether these mRNA changes were reflected at the protein level for targets for which we could obtain robust signal via western blot from validated antibodies. Generally, transcripts that were upregulated early at the 4-h time point such as Kif5b and Mapre1 also appeared to be upregulated at the protein level by day 4, whereas transcripts that were unchanged or only upregulated later at 4-days (such as Vash1 and Kif15), did not show protein level changes at day 4 (Supplementary Figures S3B,C).
All tubulin-associated transcript volcano plots (Supplementary Figure S4) were asymmetric, tending to show a greater degree of upregulated than downregulated genes, implying a generalized induction of a tubulin-associated program at 4-days. This was particularly evident in the PE groups, and with progressive upregulation from the 4-h to 4-days time point. There were, however, notable down-regulated transcripts. While kinesin isoforms, which encode plus-end directed anterograde motors, were generally upregulated in treated groups, transcripts encoding subunits of the dynein/dynactin minus-end directed motor (Dynll2, Dync1h1, Dctn2) were either downregulated or unchanged (Figure 5F). This preferential induction of anterograde motors would bias trafficking toward the microtubule plus-end and away from the minus-end, which has implications for directed cardiac growth and for autophagic flux, which requires minus-end directed transport (McLendon et al., 2014). We also noted the early downregulation of enzymes involved in the polyglutamylation cycle, such as cytosolic carboxypeptidase 5 (Ccp5) and TTL-like family members 1 and 5 (Ttll1/5), which were all reduced in PE and Iso at the 4-h time point (Supplementary Figure S4).
To determine the conservation of these tubulin-associated transcriptional responses across varied hypertrophic stimuli, we compared our data with publicly available RNA sequencing datasets from two separate studies that examined early time-points following pressure-overload and angiotensin II induced hypertrophy. While data is not available for all transcripts, transcripts that were consistently reported across studies demonstrate well-conserved transcriptional signatures at both early (hours) and later (days) timepoints (Supplementary Figure S5), including the consistent upregulation of most αβ-tubulin isoforms but with the notable downregulation of Tuba4a and Tuba8.
Transcriptional and Autoregulatory Mechanisms Underlie Isoform-specific Increases in αβ-Tubulin mRNA
The above transcriptional and proteomic profiling indicates that the upregulation of tubulin mRNAs is an early driver of microtubule proliferation during the development of hypertrophy. This may arise from two non-exclusive mechanisms—(1) increased transcription or (2) decreased autoregulation (i.e., autoactivation). To differentiate between the two, we utilized the tubulin isoform and location -specific approach outlined above to interrogate the mechanism of tubulin upregulation during cardiac hypertrophy. Overall, we observed that by day 4 the exonic levels of almost all tubulin isoforms increased more than intronic levels, suggesting a generalized autoactivation of tubulin isoforms driven by microtubule stabilization (Figure 6). The most prominent cases of autoactivation are that of Tubb2b, whose increase in transcript level is solely through an increase in exonic species at both 4-h and 4-days, and Tuba1a, whose immediate response at 4-h was through an increase in exonic level with no change in intronic level (Figure 6A). Additionally, in a subset of the tubulin isoforms—Tuba1b, Tubb2a, Tubb5, and Tubb6—we observed robust increases in intronic levels that indicate direct transcriptional activation by the hypertrophic stimuli (Figures 6B and Supplementary Figure S6). Interestingly, despite a generalized upregulation and autoactivation of tubulin isoforms in the early stages of hypertrophy, Tuba4a and Tuba8 are downregulated and autoinhibited, respectively. These data collectively show that αβ-tubulin mRNA is controlled in an isoform-specific and time-dependent fashion through both transcriptional and autoregulatory mechanisms to rewrite the tubulin code during cardiac remodeling.
[image: Figure 6]FIGURE 6 | Tubulin isoforms are differentially regulated at the mRNA level through isoform-specific transcription and/or autoregulation during cardiac hypertrophy. Relative log2fold-change of mRNA counts of αβ-tubulin isoforms that are predominantly regulated through (A) autoregulation, or (B) transcription (n = 4 h: 6, 4 days: Ctrl:7, PE:7, Iso:6); * represents p-value from Welch-corrected two-tailed two-sample t-test on non-log data <0.025 (Bonferroni-corrected for two comparisons), ** represents p < 0.01, and *** represents p < 0.001. Scatter-plots of relative log2fold-change of intron on x-axis and exon on y-axis at (C) 4-h and (D) 4-days timepoints; whiskers represent ± 1SEM.
DISCUSSION
In this work we combined transcriptomic and proteomic assessments of advanced heart failure samples and temporally well-defined murine models of cardiac remodeling to understand how a dense and modified microtubule network is achieved. Among other observations expanded upon below, we arrive at four primary conclusions: 1) tubulin autoregulation is operant in the heart and represses mRNA levels of tubulin isoforms in HF, contributing to the observed discrepancy between tubulin RNA and protein in HF; 2) the microtubule network is rapidly post-translationally detyrosinated within 4 h of a hypertrophic stimuli; 3) concomitantly, the abundance of tubulin mRNA is rapidly altered in an isoform-specific fashion through both transcriptional and autoregulatory mechanisms; 4) the time-dependent upregulation of discrete αβ-tubulin transcripts drives an increase in microtubule mass during cardiac hypertrophy.
Combining our work with past literature, we arrive at a sequential model for the formation of a proliferated and stabilized microtubule network in the remodeled heart (Supplementary Figure S7). Within hours of a hypertrophic stimuli and prior to detectable growth, the microtubule network is detyrosinated (Figure 3E). Our data indicate that this increase in detyrosination is likely due to transcriptional (Figure 5E) or post-translational (Yu et al., 2021) upregulation of the recently identified detyrosinating enzyme complex, as our data argues against alternative mechanisms such as increased Tuba4a expression (Figure 5C), increased polymerized or long-lasting microtubule substrate (Figures 3C,D), or decreased TTL expression (Supplementary Figures S3B,C). Detyrosination serves as a network stabilizer to protect microtubules from breaking down by regulating their interaction with effector proteins (Peris et al., 2009; Chen et al., 2021). Microtubule stabilization, in turn, shuttles free tubulin into the polymerized microtubule pool, triggering autoactivation that increases tubulin mRNA stability and translation. How autoregulation may achieve isoform-specificity is not understood, although indicated by our data (see Tubb2b vs. Tuba8, Figure 6). In concert with post-transcriptional upregulation of tubulin mRNA, increased transcription of several isoforms concomitantly increases tubulin mRNA. Independent of the mode of upregulation, tubulin mRNAs appear to be efficiently translated, as mRNA levels are well correlated with peptide abundance across tubulin isoforms (Figure 5D). As the stimuli persists and the heart enlarges, the newly translated tubulin is integrated into the microtubule network, resulting in increased microtubule mass and additional substrate for post-translational modifications (Figure 4).
Insights into tubulin isoforms in muscle biology have pointed towards the potential detrimental effects of specific isoforms in muscle pathologies; for example, TUBB6 is upregulated in dystrophic skeletal muscles, and it contributes to microtubule disorganization and altered muscle regeneration in muscular dystrophy (Randazzo et al., 2019). Elevated TUBA4A in human cardiomyopathy contributes to the increased detyrosination that impedes myocyte function (Chen et al., 2018; Schuldt et al., 2021). Strikingly, when we examine publicly available transcriptomic and proteomic data from chronically hypertrophied or failing human hearts (Figure 1A), we observe an inverse relationship between the transcript and protein levels of almost all αβ-tubulin isoforms. It is worth noting that TUBA8 is the lone tubulin transcript that is consistently increased in HF while the protein level is consistently decreased. Intriguingly, Tuba8 was also the sole isoform to clearly escape autoactivation (and appear seemingly autoinhibited) during early hypertrophic remodeling (Figure 6A). We have no current explanation for how or why Tuba8 shows unique regulation in both settings. In contrast to this inverse relationship in HF, we observed that during the establishment of hypertrophy, transcript and protein levels are highly correlated, suggesting an uncoupling of transcript and protein levels that occurs later in the course of cardiac remodeling. Chronic, robust microtubule stabilization and increased tubulin lifetime could account for the stably elevated tubulin protein content despite persistent autoinhibition that we observe in HF.
Our analysis permits the temporal evaluation of several cytoskeletal- or hypertrophy- associated factors at distinct stages representing the onset and establishment of cardiac hypertrophy. Beyond the key conclusions listed above, several additional observations on cytoskeletal remodeling are of note. The association of the microtubule network with motor proteins such as kinesins alters its mechano-biochemical properties as well as its density. As an example, Kif15 (kinesin-12) has been shown to cross-link nearby parallel microtubules, causing them to bundle, and subsequently decreases the catastrophic events of dynamic microtubules (Drechsler and McAinsh 2016). Interestingly, during both PE and Iso -induced hypertrophy, Kif15 is upregulated, suggesting that Kif15 could contribute to microtubule network densification. Kif5b (Kinesin-1), the predominant anterograde motor in the heart, was previously reported to be increased in PE induced-hypertrophy of neonatal rat ventricular cardiomyocytes (Tigchelaar et al., 2016). We observed similar and rapid increase in Kif5b transcript and protein levels in our hypertrophy models (Figure 5F, Supplementary Figure S3C). Kinesin-1 was recently identified to be required for the distribution of mRNA and ribosomes that enables cardiomyocyte hypertrophy (Scarborough et al., 2021), and past work indicates that kinesin-1 prefers to transport cargo along detyrosinated microtubule tracks (Kaul et al., 2014). Meanwhile, the dynein/dynactin retrograde motor protein complex (transcriptionally downregulated, Figure 5F), prefers tyrosinated microtubule tracks (Nirschl et al., 2016). Taking together, these observations suggest that the heart both rapidly induces its primary anterograde transport motor and remodels its preferred tracks in response to a hypertrophic stimulus.
Our findings indicate that rapid transcriptional, autoregulatory, and post-translational mechanisms remodel the microtubule network following a hypertrophic stimulus. Contextualized with past literature, these changes will support the ability of the microtubule network to bear increased mechanical load, facilitate mechanotransduction, and enhance transport of the translational machinery that is required for growth. In summary, the data points towards a concerted and adaptive response to establish hypertrophy, and we provide a resource for further investigation into the diverse roles of microtubules in cardiac remodeling.
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The multi-tubulin hypothesis proposed in 1976 was motivated by finding that the tubulin to build the flagellar apparatus was synthesized de novo during the optional differentiation of Naegleria from walking amoebae to swimming flagellates. In the next decade, with the tools of cloning and sequencing, we were able to establish that the rate of flagellar tubulin synthesis in Naegleria is determined by the abundance of flagellar α- and β-tubulin mRNAs. These experiments also established that the tubulins for Naegleria mitosis were encoded by separate, divergent genes, candidates for which remain incompletely characterized. Meanwhile an unanticipated abundance of tubulin isotypes has been discovered by other researchers. Together with the surprises of genome complexity, these tubulin isotypes require us to rethink how we might utilize the opportunities and challenges offered by the evolutionary diversity of eukaryotes.
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INTRODUCTION
The multi-tubulin hypothesis (Fulton and Simpson, 1976) was presented in a fully subscribed 5-day meeting on Cell Motility at Cold Spring Harbor Laboratory, which included 92 papers and was published in three volumes (Goldman et al., 1976). I presented our paper late one evening in the old Lecture Hall; the auditorium remained crowded despite the late hour. Talks were allowed 15 min. The audience was respectful, but our hypothesis was counter to the widely accepted, sensible hypothesis that tubulin was tubulin, and a pool of tubulin subunits were drawn upon to assemble microtubules for different uses, such as for mitosis and for assembling flagellar axonemes (references in Fulton and Simpson, 1976). After the talk I fielded some tough questions. One of my colleagues felt strongly enough to state that our hypothesis could not be true, we must be missing something. Her comment reflected the opinion of many. Such reactions certainly made me realize how strongly we were swimming against the current.
Here I summarize the results that led us to this hypothesis 45 years ago, based on our study of cell differentiation in the free-living, single-celled amoeboflagellate Naegleria, followed by what we have learned from our studies since then about multiple tubulin isotypes in this organism. This is followed by a discussion of what Naegleria and the multi-tubulins have taught us about the incredible diversity of eukaryotes, about how evolution has tinkered with basic building blocks of eukaryotes, and about what “far-out” organisms like Naegleria can contribute to biology.
HOW NAEGLERIA LED US TO THE MULTI-TUBULIN HYPOTHESIS
I started my career as a faculty member in 1960. As a graduate student I had led two lives. I was fortunate to have been mentored in microbial genetics as the first student of Norton Zinder, who had recently discovered genetic transduction and “infective heredity” (Zinder, 1992). This was a time when microbial genetics was becoming molecular biology. I was particularly impressed by Jacob and Monod’s awesome achievement of discovering the pathways by which gene expression in E. coli and in temperate bacteriophage λ were regulated, something about which virtually nothing was previously known, entirely by using classical genetics of mutants and crosses (Jacob and Monod, 1961).
Simultaneously, I had become fascinated by the mystery of eukaryotic cell differentiation. My undergraduate education was rich in classical biology, including invertebrate biology, where I learned about how all eukaryotes had similar cells but used them to build different body plans (e.g., Buchsbaum, 1948). While a graduate student, I took and then for three summers taught in the Embryology Course at the Marine Biological Laboratory, under the direction of Mac V. Edds. When I started independent research, I wanted to combine these two interests: to induce eukaryotic cells to rapidly differentiate from one major phenotype (A) to another (B), and then use genetics to dissect the mechanism. I explored organisms from vertebrate cells to single-celled algae, and ultimately chose the amoeboflagellate Naegleria. I was familiar with this little-studied protist because I had encountered it as a contaminant in 1958 when I attempted to grow hydra cells in culture, in hopes of regenerating hydra from a cloned cell. The hydra cells never grew, but I was initially misled by what proved to be a contaminant that looked “just like” hydra cells, amoebae representing ectoderm, and flagellates endodermal cells. From protozoology books I learned the contaminant was a free-living protozoan called Naegleria. It taught me how easily one could imagine hydra as a multicellular amoeboflagellate.
When I had my own lab and we began searching for a single-celled eukaryote that underwent a dramatic phenotypic change (A to B), the change of Naegleria from amoebae to flagellates (A–F) came to mind. We obtained some Naegleria, domesticated the organism, and trained it to undergo a rapid, synchronous, and temporally reproducible differentiation on command (Figure 1, red line) (Fulton and Dingle, 1967; Fulton, 1977a). The differentiation can be induced under the experimenter’s control simply by transfer of amoebae from a growth environment to a nutrient-free environment. It is completely optional, as the amoebae can grow for many hundreds of generations without ever differentiating. In the laboratory, the flagellates are transient, and eventually revert to amoebae. To this day this one-step differentiation remains one of the most controllable phenotypic changes available. Under the conditions used for the experiments in Figure 1, half the cells of N. gruberi NEG have visible flagella at 60 min (the T50). Anticipating genetics, we began to isolate an array of mutants (Fulton, 1970), but to this day there is no laboratory genetics for Naegleria [even though we know from more recent work that the cloned strain we mostly utilize, N. gruberi NEG, is a diploid that almost certainly arose from a mating before it was collected from nature 60 years ago (Fritz-Laylin et al., 2010)].
[image: Figure 1]FIGURE 1 | The tubulin repertoire of Naegleria gruberi NEG. Interphase amoebae lack any cytoplasmic (or nuclear) microtubules. Dividing amoebae assemble mitotic tubulins (shown in orange) during their intranuclear mitosis. During the optional differentiation from amoebae to flagellates, induced by transfer from growth environment to nutrient-free buffer, the cells undergo a dramatic phenotypic change to rapidly swimming flagellates. The cells lose their capacity for amoeboid movement and round up. Basal bodies form and move to the cell surface, where they nucleate the growth of flagella. As the flagella elongate so do the cells, forming a streamlined shape with a cytoplasmic cytoskeleton of microtubules (shown in green). The differentiation can be made synchronous and temporarily reproducible. The graph shows the one-step differentiation experiment, measured as a quantal change (the appearance of flagella on fixed cell samples), and quantitative changes in flagellar tubulin mRNA and protein. See text for references.
One dramatic feature of the quick-change act is the formation of flagella and of a streamlined flagellate body shape. Overall, Naegleria has a remarkable microtubule wardrobe. The amoebae have microtubules only in their mitotic spindle. Interphase amoebae have no microtubules in their cytoplasm or nucleus [many references, including (Walsh, 1984)]. The only commonly studied eukaryote I know that displays such an extreme absence of cytoplasmic microtubules is interphase amoebae of Entamoeba (Meza et al., 2006), which is a member of the Amoebozoa supergroup that diverged at the base of the animal cell lineage (Eichinger et al., 2005), and thus is much more closely related to animals than to the much earlier diverging Excavates, the diverse group to which Naegleria belongs (as described later).
Naegleria amoebae appear to utilize actin-based motility machines almost entirely, and shut down the synthesis of actin and other components promptly during differentiation. As far as I am aware, Naegleria (and a few very close relatives) are unique in this combination: a primarily actin-based motility machine switching to a primarily tubulin-based motility machine—a dramatic switch which justifies its being referred to as a “yin-yang organism” (Lai et al., 1984). During mitosis the cells assemble a “closed mitosis,” which means the nuclear envelope does not disassemble. Mitosis is also “acentriolar,” meaning the microtubules do not focus to cell centers. The mitosis is relatively barrel shape. This pattern of closed acentriolar mitosis seems unusual to those who focus on vertebrate cells, but is quite common among eukaryotes. Examples of organisms that use either closed or open mitoses are found in every major eukaryotic group except for the Excavates, in which only organisms with closed mitoses have been observed so far (Boettcher and Barral, 2013). An example of a closed mitosis is seen in a green alga in which the cell centers do not form the cell poles, as shown in Figure 2. Among the Myxomycetes in the Amoebozoa group, some individual species like Physarum polycephalum employ open mitosis with centrioles as cell centers in their single-celled amoeboid phase, but closed mitoses without centrioles in their syncytial “slime mold” phase (Fulton, 1970, p. 388; Solnica-Krezel et al., 1991). Thus even a single organism can alternate between these fundamental forms of mitosis.
[image: Figure 2]FIGURE 2 | The last eukaryotic common ancestor (LECA) of Naegleria and Chlamydomonas separated about 2,000 million years ago (Hedges et al., 2004), by which time LECA used microtubules for eukaryotic mitosis and for 9 + 2 flagellar axonemes with 9-triplet basal bodies. In Chlamydomonas, a single α-tubulin and single β-tubulin suffice for the mitotic spindle, the basal bodies, the flagella, and various accessory cytoplasmic microtubules in both dividing and swimming cells. In Naegleria, the flagellates synthesize very conserved α- and β-tubulin subunits to build the flagellar apparatus (shown in green), and some highly divergent protein(s) to assemble the mitotic spindle (shown in orange). The Chlamydomonas schematic diagrams are based on (Cross and Umen, 2015).
In mitotic Naegleria, the microtubules appear quite normal at electron microscope resolution (Fulton, 1970, Figure 11; Schuster, 1975). Walsh has published a magisterial study of mitosis (Walsh, 2012), to which (Velle et al., 2022) offer some helpful additions. Nothing known about mitosis suggests that its tubulin would be “abnormal.” Unusually in Naegleria the nucleolus does not disassemble during mitosis, but divides with the chromosomes (Walsh, 2012). The mitosis is also efficient; remarkably these 15 µm diameter eukaryotic cells are able to divide as frequently as every 1.7 h (Fulton and Dingle, 1967). Mitosis, from prophase to cytokinesis, has been estimated to take 15–20 min (Fulton, 1970, p. 386).
The individual chromosomes are difficult to resolve in electron micrographs (Fulton, 1970; Schuster, 1975). The chromosomes are tiny, and too small to count, but a normal mitotic chromosome cycle can be visualized using Feulgen stain (Rafalko, 1947; Fulton, 1970), orcein stain (Fulton and Guerrini, 1969), or DAPI fluorescence (Walsh, 2012).
When these amoebae are induced to differentiate to flagellates, the cells turn their attention to tubulins. As differentiation progresses, these tubulins are assembled, successively, into the centriole-like basal bodies, which occurs about 10 min before flagella are visible. This feature of Naegleria, the de novo formation of centriole structures, also came as an unexpected surprise to the paradigm of the essential continuity of centrioles when it was described (Fulton and Dingle, 1971). Subsequently, as the flagella are assembled and elongate from the cell surface, the flagellar axonemes are assembled (Dingle and Fulton, 1966), and then an array of cytoskeletal microtubules is assembled as the flagellates elongate and become streamlined (Fulton, 1977b; Walsh, 1984). The structures of the 9-triplet centrioles, the 9 + 2 axonemes, and the microtubule cytoskeleton are all canonical. Once the whole array is assembled, flagellates can swim about a hundred times faster than the amoebae can walk (Fulton, 1977b). The flagellates ultimately revert to amoebae.
Our first look at microtubules came with a series of surprises: no microtubules in non-mitotic amoebae, no centrioles, no detection of chromosomes in electron microscopy of dividing cells, de novo assembly of centrioles. It was becoming clear that Naegleria was not a single-celled representative of a “typical” eukaryotic cell. Yet in its microtubules, and their behavior, there was no indication of any structural or functional abnormalities. Naegleria was asserting, loudly and clearly: “I am not a single-celled animal. I have different lessons to teach.” Because of our proto-zoa (“first-animals”) bias, it took us a while to hear her message.
We assumed, based on prevailing knowledge, that the tubulin involved in assembling mitotic microtubules would provide a pool to be used in the assembly of the flagellar apparatus. For example, Inoué’s idea of the dynamic equilibrium between a tubulin pool and the reversible assembly of mitotic apparatus (Inoué and Sato, 1967) was widely accepted. The flagella offered a promising place to begin seeking to understand the molecular biology and regulatory events of differentiation, and microtubules were their dominant feature, so we began to look at tubulins. This led us inexorably toward the multi-tubulin hypothesis.
In our first study of tubulins, Joel Kowit and I purified flagellar outer doublets, and from batches of 4.5 × 1010 cells (containing 4.2 g of total cell protein) we obtained a yield of 1.5 mg of tubulin that was 93% pure (Kowit and Fulton, 1974b). This tubulin showed similarity to other tubulins in molecular weight, the electrophoretic mobility of α- and β-subunits, and amino acid composition. It was injected into a rabbit, which yielded an antiserum with antibodies specific to the tubulin of Naegleria flagellates. We measured the amount of antigen in amoebae and flagellates, and found to our surprise that at least 97–98% of the “flagellar tubulin antigen” arises during differentiation. The simplest explanation of the dramatic rise is that this specific tubulin is synthesized de novo during differentiation, although a model involving post-translational modification could account for the results.
In extensive subsequent use, our polyclonal antibodies to flagellar outer doublet tubulin have reacted, via immunostaining, with Naegleria basal bodies, flagella and cytoskeletal microtubules, but not with Naegleria mitotic spindles, and not with tubulins of other tested species, including sea urchin tubulins and ciliate cilia. Subsequently Charles Walsh developed monoclonal antibodies to Naegleria flagellar α- and β-tubulins that also recognize both Naegleria mitotic and flagellar microtubules as well as the tubulins of other species (Walsh, 1984). These monoclonal antibodies have been widely used.
To determine whether flagellar tubulin was truly synthesized de novo, we subsequently labeled amoebae with 35S-methionine, and then during differentiation “chased” this radioactivity with as much unlabeled methionine as did not affect differentiation. These pulse-chase experiments showed that at least 70% of the flagellar tubulin was assembled de novo during differentiation, which is a minimum estimate since during growth some of the radioactive methionine was converted to cysteine and this 35S could not be chased during differentiation. Using both the pulse-chase experiments and our anti-flagellar tubulin antibody we were able to reveal the timetable of synthesis of flagellar tubulin as shown in Figure 1, green dashed line (Kowit and Fulton, 1974a). We also showed that more flagellar tubulin was synthesized than was needed for assembly of flagella. For example, if we arrested all protein synthesis when 40% of the antigen had accumulated, the flagella still grew to full length (Fulton and Walsh, 1980).
The multi-tubulin hypothesis (Fulton and Simpson, 1976) confronted the puzzle presented by the de novo synthesis of flagellar tubulin during differentiation, which was also supported by additional data. An examination of the literature showed no examples where interconversion of a tubulin pool between more than one microtubule structure had been established, e.g., mitotic ↔ flagellar microtubules, although it seemed reasonable that this sometimes happened. The literature also provided examples, especially from studies of sea urchin tubulins by Ray Stephens and others (e.g., Fulton et al., 1971; Stephens, 1975), that could be more simply explained if more than one tubulin isotype were utilized.
The multi-tubulin hypothesis paper also discussed “tubulin pools” which were in vogue at the time, but subsequently we found that the estimated pool sizes were excessively large due to contamination of the samples with non-tubulin proteins (Fulton and Simpson, 1979). Fortunately, these estimates did not alter our argument.
At the time of this paper, the cloning and sequencing of genes had not been achieved, and we knew little about tubulin sequences in any organism, although with considerable effort some segments of sequence had been obtained (e.g., Luduena and Woodward, 1973). It was possible to explain away all the antibody results as due to changes like post-translational modifications, and even the de novo synthesis of Naegleria flagellar tubulin could be explained in extremis as the way this organism made sufficient tubulin during differentiation. A colleague could offer an interesting argument, as one did in a phone call to me, that our work “was not ready for prime time because we had not shown the precursor of flagellar tubulin,” something that would be impossible to do if the tubulin was, in fact, synthesized de novo. At the same time, we found no direct evidence in the literature that tubulin utilized to form one structure formed a pool that remained available to form another structure. Thus we were left with a conjecture that argued some microtubules used specific tubulin subunits made by specific genes. While tubulins within an organism did not appear to be entirely equal, it also seemed likely that common tubulin pools were repeatedly reutilized in a dynamic equilibrium with assembled microtubules, as in the successive mitoses during embryonic cleavages. The multi-tubulin hypothesis provided a stimulus for us and others to seek definite answers as soon as it became feasible.
WHAT WE HAVE LEARNED ABOUT NAEGLERIA’S TUBULINS SINCE 1976
It was only a few years before biologists were able to clone and sequence genes, and to measure messenger RNA. Then the complexities of tubulins quickly became clear, and the multi-tubulin concept rapidly “evolved” to specific cases, which led to the ongoing excitement about tubulin isotypes.
First I focus on what we and others learned about Naegleria.
We were eager to measure the flagellar tubulin mRNA, but cloning and sequencing were not quite ready. The first major breakthrough came when Elaine Lai developed a procedure to measure flagellar tubulin mRNA by cell-free translation (Lai et al., 1979). The protocol involved three crucial steps: purify polyA-mRNA from successive time-points in synchronous differentiation, translate that mRNA in a cell-free system from wheat germ that was limited only by the amount of mRNA, and then measure the amount of translated flagellar tubulin produced using our antibody. The measurements produced the results shown in Figure 1, blue dotted line. Beginning early in differentiation, flagellar tubulin mRNA can first be detected, rises to a peak at about 60 min, and then declines with a half-life of 8 min. When these results were utilized to determine the rate of flagellar tubulin synthesis, the cumulative rate produced the curve of Figure 1, green dashed line, matching the previously measured accumulation of flagellar tubulin antigen. This revealed that the amount of flagellar tubulin antigen gave a true reflection of the synthesis and that the rate of synthesis was directly proportional to the amount of flagellar tubulin mRNA. This experiment also showed that there was no post-translational modification of flagellar tubulin specific to differentiating Naegleria that led to the reactivity of the flagellar tubulin with the antibody. Since we were interested in studying what induced flagellar tubulin gene expression during differentiation, we were very excited by these results. In separate experiments, we showed that both transcription and translation were essential for the differentiation and the synthesis of flagellar components, including tubulins (Fulton and Walsh, 1980).
Very shortly thereafter the cloning and sequencing of tubulin genes became possible, beginning with chicken tubulin genes (Cleveland et al., 1980). Soon there were families of tubulin genes. As new information became available, it quickly became clear that α- and β-tubulin subunits had diverged from a common ancestor, and that they had evolved to many similar but distinct isotypes that formed various heterodimers. The first description of a tissue-specific isotype came from Raff’s laboratory, the testis-specific β-2 tubulin isotype in Drosophila that is required for spermatogenesis (Kemphues et al., 1982).
Naegleria genes proved unexpectedly divergent, and in most cases it was challenging to clone their genes using heterologous probes from other organisms (e.g., chicken tubulin genes)—the highly efficient “cloning by phone” approach. Cloning the Naegleria genes took us several years—both because of the extensive separate evolution of these DNAs (see below) and because Naegleria genes are AT-rich (averaging 65% AT). We eventually cloned and sequenced flagellar α-tubulin genes (Lai et al., 1988) and β-tubulin genes (Lai et al., 1994). By focusing on differentiation-specific mRNAs, others cloned these genes in the related N. pringsheimi NB-1 (Mar et al., 1986; Shea and Walsh, 1987; Lee and Walsh, 1988). Our colleagues’ results and ours are fully concordant. The encoded tubulin sequences proved to be conserved, and the Naegleria flagellar tubulin monomers showed ≥90% similarity to those of many other organisms, from vertebrates to Chlamydomonas. Even though the encoded amino acid sequences were conserved, the DNA sequences had evolved so much as to make these invisible to heterologous probes (see discussion in Lai et al., 1988).
We cloned three α-tubulin and three β-tubulin genes, each representing three distinct genes but with only silent substitutions so they encoded identical subunits. We estimated the abundance of the genes by Southern blot analysis at about eight α-tubulins and eight to ten β-tubulins. In a separate study, an electrophoretic karyotype led us to estimate ∼23 chromosomes in Naegleria, and found most of the α-tubulin genes on one chromosome and the β-tubulin genes scattered on three or four chromosomes (Clark et al., 1990). In the genome project, a similar karyotype using the same strain led to an estimate of about 12 chromosomes (Fritz-Laylin et al., 2010). It is hoped someday that this information can be refined with genetic studies.
The cloning and sequencing of these genes revealed another unexpected result: in most organisms the α-tubulin encodes a C-terminal tyrosine, whereas in Naegleria and a few other species the C-terminal tyrosine is encoded on the β-tubulin subunit (Lai et al., 1994). These C-terminal tyrosines participate in a cycle of tyrosination and detyrosination, and it is of interest that this function can be served by a tyrosine at the terminus of either subunit. Other cases of exceptional tubulins have been described, such as a testis-specific chicken α-tubulin that lacks a terminal tyrosine (Pratt et al., 1987), and the tyrosination cycle has been extensively studied (Nieuwenhuis and Brummelkamp, 2019).
Using these Naegleria flagellar tubulin DNA clones, we could directly estimate the mRNA levels in amoebae and during differentiation. The results were striking: the abundance of both tubulin subunits rose and fell on exactly the timetable previously measured using translatable mRNA (Figure 1, blue-dotted line). The tubulin mRNAs become detectable quickly, within 10 min of differentiation (Lai et al., 1988). The abundance of translatable mRNA matched the abundance of physical, transcribed mRNA. In addition, no homologous mRNA could be detected prior to the onset of differentiation. This is shown by the absence of homologous α-tubulin mRNA even in heavily overloaded Northern blots, using RNA taken from exponentially growing amoebae (Figure 9 in Lai et al., 1988), as well as by seeking measurable α-tubulin mRNA in mitotically synchronized amoebae (synchronized as in Fulton and Guerrini, 1969). No trace of flagellar tubulin mRNA has been found except in differentiating cells. These experiments established that some other, divergent tubulin genes had to be responsible for the mitotic spindle, but the identity of these mitotic tubulin genes eluded us.
An exciting advance was made by Lee’s laboratory when they found an α-tubulin clone in a Naegleria closely related to strain N. gruberi NEG, now called N. pringsheimi strain NB-1 (Chung et al., 2002). This gene, which they called α6, encodes an α-tubulin of 452 amino acids that shows only 62% identity with Naegleria flagellar α-tubulin. They also found a partial clone of a similar but not identical gene, which was not further characterized. The encoded products of both genes were among the most exceptionally divergent of tubulin genes known. For example, the yeast Saccharomyces cerevisiae α-tubulin shows ≥70% identity to Naegleria or Chlamydomonas flagellar tubulin. The authors found that the Naegleria α6 gene was expressed in growing amoebae, but the expression was promptly shut down when differentiation was initiated. Finally, they prepared antibody to a peptide of the α6 sequence, and obtained faint staining of the nucleus of mitotic amoebae. Thus, to use their own words: “this report definitely proves the multi-tubulin hypothesis in N. gruberi.” Their excellent report left open one important question. The staining of the mitotic nucleus is light and not clearly localized to the microtubules. Again, to quote the authors: “it is not clear whether α6-tubulin is the only (or major) α-tubulin for mitotic spindle fiber microtubules or is a specialized α-tubulin that accounts for a minor percentage of the microtubules.” Determining whether such divergent tubulin as α6 is able, on its own, to build Naegleria’s mitotic spindle, remains an important question that needs to be answered using protein- and immuno-chemistry.
In 2010 the draft genome of Naegleria gruberi NEG-M (the axenic derivative of strain NEG) was completed (Fritz-Laylin et al., 2010). Among many surprises of Naegleria’s genome, which will be discussed shortly, this analysis permitted a survey of all the curated tubulins of this strain (presented as Supplementary Figure S4B in Fritz-Laylin et al., 2010). Redundant protein sequences were not counted, so the multiple α- and β-tubulin genes characterized previously—and estimated at eight to ten copies—are listed singly. They also reported a single α-tubulin gene with a sequence slightly divergent from the cloned sequence (“Naegrub 53,284”). They found strain NEG’s putative mitotic tubulin genes, a non-identical pair of α-tubulin genes similar to the α6 of strain NB-1, and in addition a pair of β-tubulin genes of similarly divergent nature which they deduced might be the mitotic β-tubulin genes. In addition, they reported a set of tubulins that I consider a “bonus,” highly divergent members of both families, with seven different α-tubulins and five β-tubulins. These are divergent not only in sequence, sharing at best about 60% encoded sequence with the flagellar tubulin genes, but also with gaps and additions which suggest they are unlikely to encode tubulins that would themselves assemble into microtubules. Finally, the genome was found to contain conserved, single, encoded gamma, epsilon and delta tubulins.
A preliminary paper extends the result of the Lee laboratory on strain NB-1 α6 tubulin (Velle et al., 2022). Both putative mitotic α-tubulin genes of strain N. gruberi NEG-M are shown to be expressed in growing amoebae, and this finding is extended to both putative mitotic β-tubulin genes of NEG-M, with none of the four genes expressed during differentiation. This finding supports the hypothesis that these divergent tubulin subunits, both α and β, play some role in growing amoebae, but still leaves open the question of whether they are either necessary or sufficient to build the mitotic microtubules. We need more direct evidence. These putative mitotic tubulin subunits are among the most divergent sequences found. I estimated a 61–64% identity of the two mitotic α to Naegleria flagellar α-tubulin subunits and 62–66% identity of the two mitotic β to Naegleria flagellar β-tubulin subunits, while most tubulins are conserved in the vicinity of ≥90% identity. None of these four putative mitotic α- or β-subunits encode a C-terminal tyrosine. It would almost be surprising if they can assemble into microtubules on their own. So while it remains clear that the mitotic spindles are built of something other than flagellar tubulin, we cannot conclude that these divergent tubulins are sufficient to build the mitotic microtubules until this question is answered by experiment. I suspect this investigation is likely to yield results of interest. Walsh has even raised the intriguing suggestion that perhaps a protein of the nucleolus, which co-divides with the chromosomes in Naegleria, may be involved in the spindle fibers (Walsh, 2012). Until biochemistry defines the structural components, we remain forced to the conclusion that the mitotic spindle is made of some tubulin(s) or proteins different from flagellar tubulin.
While this research with Naegleria was ongoing, many were obtaining fascinating results with tubulin isotypes in diverse organisms, from ciliates to Drosophila, yeast to mammals, including some protists [including a recent review focused on post-translational modifications in protists (Joachimiak and Wloga, 2021)]. Some results in other eukaryotic microorganisms make it clear that Naegleria’s use of very different tubulins for mitosis versus flagella is by no means the only evolutionary solution. Budding yeast, Saccharomyces cerevisiae, encode a single β-tubulin gene and they can be engineered to produce only one of two α-tubulin isotypes (Schatz et al., 1988; Luchniak et al., 2013). These yeast, with single α- and β-tubulin genes, appear to perform their microtubule functions, i.e., division, “normally.” But yeast do not make flagella.
Lest we allow the ability of some organisms, such as the exampled yeast, to manage with single tubulin genes, to dull our sensitivity to tubulin isotypes, an elegant new paper shows a surprise: that while budding yeast can be engineered to grow with single α- and β-tubulin genes, both α-tubulin genes in a wildtype yeast are functional in spindle positioning (Nsamba et al., 2021). As those studying tubulin isotypes have demonstrated repeatedly, there are subtleties in multiple tubulins. More await discovery.
The closely choreographed life cycle of the green alga Chlamydomonas reinhardtii uses microtubules for multiple functions (Johnson and Porter, 1968; Cross and Umen, 2015). Vegetative cells are flagellates that swim using two flagella, have classic 9-triplet basal bodies, and a complex array of microtubules forming a microtubular cytoskeleton. In anticipation of cell division, the basal bodies detach from the flagella, the latter then degenerate. The basal bodies each form a duplicate. Mitosis is closed, with an intact nuclear envelope, although some microtubules go through fenestrae in the envelope into the cytoplasm. Although the duplicated basal bodies are present through mitosis, the mitotic cells do not form apical poles focused on the centrioles, as in mammalian cells, but instead the two pairs of basal bodies associate with the cleavage furrow. Microtubules form the spindle and a complex of nuclear and cytoplasmic structures during division. As division into two cells is completed, the centrioles move to the cell membrane, and there new flagella are formed on each daughter cell. Chlamydomonas is haploid, with few excess genes (Merchant et al., 2007). It achieves its complex series of microtubule functions using duplicate α-tubulin and two β-tubulin genes (Youngblom et al., 1984; Silflow et al., 1985), which have been shown each to encode one identical heterodimer (Youngblom et al., 1984; James et al., 1993). Thus, as far as is known, this alga can accomplish its full repertoire of microtubular arrays using a single tubulin heterodimer, with whatever posttranslational modification and accessory proteins are involved in building the diverse structures. These four genes are turned on in tandem when regeneration of flagella is induced by excision (Silflow and Rosenbaum, 1981). Recently the Chlamydomonas tubulin genes have been disrupted using insertions that create null alleles (Kato-Minoura et al., 2020). This allowed the authors to engineer a Chlamydomonas mutant that had only one α-tubulin and one β-tubulin gene. This mutant grew at almost a normal rate and regenerated flagella normally after excision, revealing that “a single gene for each type is enough to supply the tubulin necessary for its cellular functions.” Thus it appears clear that Chlamydomonas can make a diversity of microtubules—singlets, doublets, and triplets—comparable to those found in Naegleria mitosis and flagellates, using a single α-β-tubulin heterodimer.
This presents us with a conundrum, illustrated in Figure 2. Chlamydomonas uses the same tubulin heterodimer for mitosis and flagella, whereas Naegleria goes to the trouble of having a separate set of flagellar tubulin genes and some sort of mitotic tubulin genes, whether or not these are the postulated putative mitotic tubulin genes. Aside from the conundrum of how this situation arose, the distinct mitotic and flagellar tubulins in Naegleria could provide modules for meeting the cells’ needs. In particular, when “time to differentiate” is signaled perhaps an army of about eight α- and eight β-tubulin genes need to be expressed simultaneously to produce sufficient flagellar tubulin on schedule (Figure 1). Naegleria amoebae respond to the command to differentiate promptly whether they are in early stationary phase—healthy but no longer preparing for another mitosis—or in log culture, or even if they are in the midst of preparing for synchronous cell division (Fulton and Guerrini, 1969). It seems clear that whatever amoebae are doing, if they have biosynthetic capacity when they receive the “differentiate” signal they drop everything and respond immediately (Fulton, 1977a, p. 614). This rapid response must have an important selective advantage, but despite more than a half-century of laboratory study we still do not know the role of the temporary flagellates in Naegleria’s worldwide success, so the advantage remains a mystery today. Yet, possessing a separate complementary set of tubulin genes might allow quick responses to “grow” vs. “differentiate” signals. What Moore and Wethekam have called “expression-control modules” may be a significant part of the advantages of multiple tubulins (Moore and Wethekam, 2021).
WHAT WE CURRENTLY KNOW, AND DON’T KNOW, ABOUT NAEGLERIA TUBULINS
Although we have learned a lot, important unanswered questions about Naegleria tubulins remain that merit investigation:
• While it is a reasonable inference that the highly divergent tubulin genes found in the Naegleria genome may be responsible in part or in full for the mitotic microtubules, this needs to be established by showing that the products of these genes are in fact assembled into the mitotic microtubules. Until then we may still have “surprises” ahead.
• If Chlamydomonas, for example, can use one set of tubulin genes for both tasks, and Naegleria and its relatives are virtually unique in possessing a divergent set of mitotic tubulin genes, how did this arise in evolution? As will be discussed further below, understanding the origin of Naegleria’s mitotic tubulins could be crucial to understanding early tubulin evolution.
• As to issues of multiple isotypes of tubulin, the finding of two sets of tubulin genes—flagellar and putative mitotic—in Naegleria does not give full understanding of the pattern of tubulin isotypes in Naegleria. There are multiple α- and β-tubulin genes in the flagellar sets, including some “bonus” subunits so divergent that while they are clearly tubulin subunits, they are not likely to assemble typical microtubules. Are these isotypes specific to basal bodies and their triplet fibers, or to specific components of the flagellar axoneme, or to the flagellate’s cytoskeleton?
Some of these experiments would require a gene editing method for knocking out individual genes, such as by using CRISPR-Cas. Up to this point Naegleria has successfully resisted any efforts to alter its genes by external manipulation. The efforts continue!
WHAT WE HAVE LEARNED ABOUT THE UNANTICIPATED DIVERSITY OF EUKARYOTES, AND HOW THIS DIVERSITY CAN CONTRIBUTE TO BIOLOGY
Evolution!
No discovery in biology has produced so extended an argument as Darwin’s recognition of biological evolution. Everything about tubulins and their isotypes needs to be considered in the context of this ongoing excitement.
All eukaryotes depend on spindle microtubules for mitosis—loss of this function would apparently be a lethal mutation—and so great a diversity of eukaryotes possess canonical flagella and centrioles such that we can confidently assert that LECA, the Last Eucaryotic Common Ancestor, had both capabilities. It is clear that tubulin arose from prokaryotic proteins and developed as heterodimers of α- and β-subunits. All this was accomplished by LECA.
The growing ease of cloning and sequencing genes in the 1980’s, culminating with the first draft of the human genome by 2001, produced new data that led to a cataclysmic change in our understanding of eukaryotic diversity. This change rapidly altered the thinking of everyone concerned with eukaryotes and their genes (e.g., Lynch, 2007). These issues bring into focus several major aspects of our understanding of eukaryotes, and these in turn affect all of us interested in tubulin isotypes. One could explore each of these topics at length, but here I hope to raise a few of the most important considerations.
As Sydney Brenner so aptly put it: “We are all conscious today that we are drowning in a sea of data and starving for knowledge” (Brenner, 2002). As these data have accumulated, they have brought several realizations that undermined the precepts on which many based their approach to research in the 1960’s and 1970’s. The idea that eukaryotes were similar cells built on a basic plan that formed a diversity of cell types—from two or three types in a “first animal” like Naegleria to 200 or more in a mammal. This idea is expressed in a quotation attributed to Jacques Monod that “what’s true for E. coli is true for the elephant” (Monod and Jacob, 1961). [The origin of this famous statement is thought-provoking (Friedmann, 2004)]. In the 1960’s, the successes of genetics and biochemistry had lulled us into a sense that the unity of biology was such that we could define principles—like the lac operon or the Krebs cycle—and these would govern all eukaryotes. Ideas like these guided my early research career. Then came the tsunami of data. We were suddenly immersed in a total unanticipated diversity, of genes and of eukaryotes. We learned decisively that Naegleria is not a unicellular elephant!
Some might call “arrogant” the 1960’s attitude that using our brains we should be able to make sense of everything. Certainly evolution has nothing in its guiding forces that necessarily encourage it to build as an engineer would, or even to build in a manner that would make it easy for the human mind to grasp. Great messy complexities involving hundreds or thousands of interacting components can be selected for if they are functional, even if the contraption does not conform to a simple engineering diagram for us to understand. There is not any known mechanism guiding the forces driving evolution that specifies “if it ain’t broke don’t fix it” (an idea attributed to the 1970’s but one that presumably also guided stone age “engineers”). Even if something works, evolution has no hesitation to break it, and it is then left to selection to determine what happens next. If evolution destroys a mitotic apparatus, for example, that clearly is the end for that cell’s ability to reproduce.
When vertebrates and their cells, even human cells, became accessible to cloning and sequencing, the emphasis shifted from an interest in “all” eukaryotes as models to a narrow focus on our closer relations, and especially on mammals. This has been encouraged by the support mechanisms for science. Simultaneously, we are learning that the complexity of eukaryotes is far greater than anyone imagined in the 1960’s, or even a decade ago. And lest we become inclined to think that all we need to know will come from mammals and their ills, we should remind ourselves that about half the Nobel Prizes in Physiology and Medicine which have involved research that utilized organisms have gotten their insights based on research using non-vertebrate organisms, from bacteria (e.g., CRISPR) to yeasts (autophagy), from ciliates (telomeres) to flies (e.g., circadian rhythms).
It was early, and correctly, recognized that all known eukaryotes arose from a single ancestral cell, a last eukaryotic common ancestor (LECA), beginning perhaps as long ago as 2,200 mya (million years ago) or more (Parfrey et al., 2011), when oxygen was rising in the atmosphere.
There have been many attempts to reconstruct the phylogeny of eukaryotes from the LECA. At first ribosomal DNA sequences were used to build trees, and for a moment these trees looked like normal trees with a single main trunk (the common ancestor) branching off. Naegleria appeared to be an early-branching eukaryote (Hinkle and Sogin, 1993), but such trees between distant organisms were plagued by “long-branch attraction.” This method using ribosomal DNA sequences did lead correctly to the recognition that two groups previously considered very far apart, the animals and fungi, were in fact close relatives (Wainright et al., 1993).
By the time the Naegleria draft genome was completed (Fritz-Laylin et al., 2010), it had become clear that Naegleria was an early diverging eukaryote. By that time the immense diversity of eukaryotes had been loosely organized into five to eight “supergroups.”
An example of such a tree using supergroups is shown in the genome paper. The draft genome of the Heterolobosean amoeboflagellate N. gruberi NEG-M, the first of a free-living “excavate,” surprised us in many ways, including a large and complex gene repertoire, with over 15,727 curated genes that included abilities for anaerobic and aerobic respiration, and a surprising number of eukaryotic regulatory inventions for signaling, sexual, cytoskeletal, and metabolic modules (Fritz-Laylin et al., 2010).
After 2010, widespread sequencing of protist genomes has led to an explosion of new insights, results which make “the supergroup level even more arbitrary than before” and has reorganized dozens of early branches forming the eukaryotic tree (Burki et al., 2020). Such efforts are resolving the tree of life, and carry much new information, but the trees also are volatile and changing rapidly.
We focus here on a single group, the Heterolobosea, a part of the “excavate” subgroup (currently usually known as Discoba). As of 2014, and still today, the excavates—a world of little-known beasts with many fascinating properties—were the least studied of all supergroups in terms of genome sequences and of publications (Lynch et al., 2014). The Heterolobosea subgroup are a diverse group of mostly single-celled protists, of which Naegleria is the only “well known” member. The pioneering Heterolobosea separated from LECA very early, perhaps about 2000–2,100 mya (Hedges et al., 2004). At around the same time, their distant living relatives including Euglena and the trypanosomes (Trypanosoma and Leishmania) had begun their separate evolutionary journeys. When such generalizations are applied to all the groups of eukaryotic protists, the diversity is immense, as is our ignorance about them. Later separations from LECA include some of the best-known branches, including the one that led to plants and the one that led to the fungi-metazoa lineage.
Even within the genus Naegleria, there are roughly 40 species, and these include organisms that appear to be themselves quite diverse (De Jonckheere, 2004). For example, N. gruberi and the opportunistic human pathogen N. fowleri were long ago argued to be evolutionarily as distant from one another as are frogs and people (Baverstock et al., 1989), a striking conclusion about two members of a single genus. Remarkably this great evolutionary distance within the genus is supported by comparing large sets of their chromosomal genes using as an outgroup the distant trypanosomes, which lie outside the Heterolobosea (Liechti et al., 2019; their Figure 3)—although the authors of this exceptional tree make no comment about the extreme difference. Such evolutionary distances within a genus makes the diversity of protists even more exceptional.
So far the divergent putative mitotic tubulins have only been found within the few sequenced Heterolobosea (Velle et al., 2022). Now that the N. fowleri genome has been expanded (Liechti et al., 2019), when one searches databases using the putative mitotic tubulins from N. gruberi, one finds similar, but somewhat divergent, homologous pairs in the N. fowleri genome, as well as homologs to both flagellar tubulin subunits.
LECA had to assemble tubulins for a mitotic spindle and for a flagellar apparatus. Some organisms, such as Chlamydomonas, appear to utilize a common set α- and β-tubulins to assemble microtubules for these two functions. In a world of logic, this would imply that the common ancestor might have used its tubulin genes in this manner. The key question for Naegleria is: were separate tubulin isotypes originally used for mitosis and flagellar apparatus, or was an integrated set of specialized isotypes the “original” arrangement? If the original was a single set, then what event occurred that led to Naegleria’s having a set of flagellar tubulins and a set of very divergent mitotic tubulins? Naegleria’s system now works very well, allowing an amoeba to grow and divide rapidly. Indeed, for Naegleria, with only one cell type that reproduces, the fastest growing amoebae will “win” the evolutionary race at every generation, and the genus is common globally wherever there is fresh water. But how, from an engineer’s viewpoint, could this situation arise? At some point evolution had to switch over either from a single tubulin set that did both or from two specific sets. Tinkering with events as complex as the separation of a cell’s genes and the assembly of its flagellar apparatus is dangerous. Somehow we must invoke gene duplication and divergence, but this does not explain what happened. I think that when we understand how this occurred in the midst of early evolution, we will have grasped something important both about tubulins and the evolution of organisms that use it. In a broader sense, this single example makes it clear that continuing study of diverse eukaryotes is going to enhance our understanding in ways that focusing simply on mammals never will.
One conjecture is that Heterolobosea evolved at a time when oxygen was very limiting, and having a specialized tubulin allowed them to manage division under anoxic conditions. We know from the Naegleria genome that the organism has a capacity for both aerobic respiration and anaerobic metabolism (Fritz-Laylin et al., 2010). Green algae, and others separating from LECA later, could utilize mitotic machinery that depended on a higher oxygen atmosphere. Another possibility, already mentioned, is that having separate tubulins for mitosis and flagella allowed Naegleria to switch modules quickly. Whatever the reason, changing one’s mitotic machinery seems like a very dangerous activity, even for an investigator as bold as evolution.
The vastness of this 2200-million-year global experiment takes one’s breath away. Genomics are just beginning to reveal the complexity and subtleties of eukaryotes, as more species and groups are analyzed. The day when what’s good for the elephant is good for Naegleria is gone. We can expect to learn much in the coming decades. But we have certainly learned not to think of eukaryotes as a uniform group, but instead as a group whose diversity has much to teach us that our own small group, the mammals, cannot. The “far-out organism” Naegleria showed us multi-tubulins, as it demonstrated the capacity of centrioles to assemble de novo; these surprises subsequently have been extended to mammals and changed our ways of thinking. Naegleria has more to contribute, as do numerous other neglected protists.
In the meantime, the more we know about tubulins, the more it seems true that, paraphrasing George Orwell about the pigs in Animal Farm: “all tubulins are equal, but some tubulins are more equal than others” (Fulton and Simpson, 1976). Tubulins are certainly not all equal, as was generally believed in 1976, nor does each function of tubulin require a separate isotype. As we understand tubulin isotypes better, we will have a richer understanding of evolution’s playground and the diversity of eukaryotes. This is an exciting time for converting our growing data on tubulin isotypes into understanding.
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Microtubules are cytoskeletal filaments underlying the morphology and functions of all eukaryotic cells. In higher eukaryotes, the basic building blocks of these non-covalent polymers, ɑ- and β-tubulins, are encoded by expanded tubulin family genes (i.e., isotypes) at distinct loci in the genome. While ɑ/β-tubulin heterodimers have been isolated and examined for more than 50 years, how tubulin isotypes contribute to the microtubule organization and functions that support diverse cellular architectures remains a fundamental question. To address this knowledge gap, in vitro reconstitution of microtubules with purified ɑ/β-tubulin proteins has been employed for biochemical and biophysical characterization. These in vitro assays have provided mechanistic insights into the regulation of microtubule dynamics, stability, and interactions with other associated proteins. Here we survey the evolving strategies of generating purified ɑ/β-tubulin heterodimers and highlight the advances in tubulin protein biochemistry that shed light on the roles of tubulin isotypes in determining microtubule structures and properties.
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INTRODUCTION
α/β-tubulin heterodimers polymerize into microtubules that are fundamental to various cellular processes, including cell division, migration, and organelle transport [reviewed in (Nogales, 2000)]. However, not all cells form microtubules with the same composition. Cells can express multiple tubulin isotypes that are different from each other in amino acid sequences (Ludueña and Banerjee, 2008). Humans have at least nine α- and ten β-tubulin isotypes (Findeisen et al., 2014), and most of them can acquire a variety of post-translational modifications, including acetylation, polyglutamylation, and de-tyrosination (Janke and Bulinski, 2011). This diversity in tubulin is important; specialized cells, such as neurons, often express specific tubulin isotypes (Ludueña and Banerjee, 2008), and accumulation of α-tubulin acetylation is a marker for long-lived, stable microtubules (Janke and Bulinski, 2011). Exactly how heterogeneous microtubule composition is established and used by cells to facilitate functional outputs is still an open question.
In vivo genetics and cell biology studies have revealed the critical roles of tubulin isotypes and tubulin post-translational modifications in forming functional cellular microtubule architectures (i.e., the tubulin code) (Sullivan, 1988; Wilson and Borisy, 1997; Verhey and Gaertig, 2007; Janke and Bulinski, 2011). In particular, among tubulin variants that cause phenotypes in a wide variety of eukaryotes, mutations in specific tubulin isotypes have been associated with human diseases such as neurological disorders, impaired oocyte maturation, and defective platelet formation (Gadadhar et al., 2017; Pham and Morrissette, 2019). However, the challenge of generating biochemically pure tubulin has limited our ability to reconstitute microtubules with a defined tubulin composition for quantitative in vitro biochemical and biophysical characterization. How tubulin isotypes determine microtubule properties (e.g., dynamics and post-translational modifications) remains unclear. This review focuses on the milestones in protein biochemistry that have advanced our understanding of microtubule biology (Figure 1). From the initial isolation of α/β-tubulin protein heterodimers as the building block of microtubules, the characterization of purified tubulin variants, to the recent breakthrough in generating recombinant tubulin, the decades-long effort is now ready to decipher the molecular mechanisms underlying the biological functions of tubulin isotypes.
[image: Figure 1]FIGURE 1 | A timeline of major breakthroughs that have advanced our understanding of tubulin isotypes.
The Isolation of “Tubulin” as the Building Blocks of Microtubules
In the early 1960s, negative stain electron microscopy images observed the ubiquitous tubular filaments (i.e., microtubules) in diverse cell types across species (Ledbetter and Porter, 1963; Slautterback, 1963). Further examinations, with improved fixing reagents and negative staining strategies, described microtubules as thirteen beaded profibrils surrounding the long axis of the filaments (Pease, 1963; Ledbetter and Porter, 1964; Gall, 1966; Phillips, 1966) (Figure 2). While these fine features are coherent to the modern structural model of microtubules, identifying the building blocks was challenging, mainly due to the lack of effective assays for tracing a microtubule-associated property during biochemical fractionation of the cell lysate.
[image: Figure 2]FIGURE 2 | Schematic of α/β-tubulin heterodimers and a microtubule. The structured cores of α- (light grey) and β- (dark grey) tubulin are shown in circles. The unstructured C-terminal tails are exposed on the surface of the microtubule.
Colchicine disrupts diverse cellular functions without inhibiting DNA, RNA, and protein synthesis (Taylor, 1965). To reveal the mechanism of action, Borisy and Taylor tracked the radioactivity of tritium-labeled colchicine in fractionated cell homogenates. They found that colchicine targeted a 6S protein enriched in cells or tissues with abundant microtubules, suggesting the colchicine-binding protein to be a subunit of the filaments (Borisy and Taylor, 1967). The following early characterization of the microtubule subunit proteins depended on studies using cilia and flagella, which have the unique 9 + 2 arrangement of microtubules that can be solubilized and fractionated in mild conditions (Gibbons and Grimstone, 1960; Gibbons, 1963). Guided by colchicine-binding activity as well as the electron micrographs of cilia and flagella, the microtubule building blocks were isolated as a dimeric protein of two 55 kDa components, and each protein dimer bound two molecules of guanine nucleotide and one molecule of colchicine (Shelanski and Taylor, 1967, 1968; Stephens et al., 1967; Renaud et al., 1968). Further analyses identified the microtubule subunits as heterodimers of two different kinds of proteins, α- and β-tubulin (Bryan and Wilson, 1971; Feit et al., 1971; Olmsted et al., 1971). With the name ‘tubulin’ (Mohri, 1968), the purified microtubule subunit proteins have led to in vitro biochemical and biophysical studies providing mechanistic insights into diverse cellular processes, such as cell division, cell migration, and intracellular cargo transport.
The Formulation of the “Multi-Tubulin Hypothesis”
Compared to the colchicine-binding protein isolated from the mammalian brain, the purified cilia and flagella tubulin showed the similarity of microtubule subunits in molecular weight, amino acid composition, and guanine nucleotide-binding activity (Weisenberg et al., 1968). This study not only revealed the conservation of microtubule building blocks but also established the critical knowledge (e.g., time sensitivity, the necessity of Mg-GTP, and limited exposure to high salt) for employing brain tissues as the source to purify a large quantity of active tubulin. In particular, the rapid exchange of one tubulin-bound guanine nucleotide with free nucleotides confers the necessity of including GTP during the purification process to maintain the native conformation of tubulin (Weisenberg et al., 1968).
The initial characterization indicated the biochemical similarity in tubulin isolated from different sources. However, the variations in the stability of cellular architectures when subjected to chemical (e.g., colchicine) and physical (e.g., exposure to non-physiological temperature) treatment suggested microtubules with different tubulin compositions. The evidence supporting this hypothesis originated from ciliary and flagellar cold-resistant doublet microtubules, where A-tubules had higher thermostability than B-tubules and remained intact when treated with the elevated temperature (Behnke and Forer, 1967). Temperature-dependent fractionation (i.e., thermal fractionation) of flagellar doublet microtubules revealed the distinct amino acid compositions between tubulins isolated from A- and B-tubules (Stephens, 1970). Further study demonstrated the presence of different types of tubulin in cilia and neuronal cells (Olmsted et al., 1971). These early biochemical studies formulated the ‘multi-tubulin hypothesis’ that the diversity of tubulin proteins underlies the formation of microtubule networks for various biological functions in cells (Fulton and Simpson, 1976).
The Discovery of Tubulin Variants With Distinct Amino Acid Sequences
For several years after the success in tubulin isolation, it had been challenging to reconstitute and characterize the mechanisms of microtubule assembly and disassembly, which play a fundamental role in the cellular functions of the cytoskeletal filaments. To address this limitation, a critical study with detailed biochemical characterization recognized the key factors [magnesium ions (Mg2+), EGTA, and warm temperature (35°C)] stimulating in vitro microtubule assembly from purified tubulin proteins (Weisenberg, 1972). In contrast, elements like calcium ions (Ca2+), EDTA, and cold temperature (0°C) inhibited the formation of the filaments (Weisenberg, 1972). Further characterization identified a high concentration of glycerol [4 M, or about 37% (w/v)] as a reagent that conferred rapid nucleation and superior stability of the tubulin polymers, allowing the development of a strategy to purify tubulin proteins by reversible microtubule polymerization (Shelanski et al., 1973). With phosphocellulose chromatography removing the tubulin-associated proteins, the temperature-dependent microtubule polymerization and depolymerization provided a robust methodology for isolating a large quantity of brain tubulin (Borisy et al., 1975; Weingarten et al., 1975). Since then, purified mammalian brain tubulin (usually from porcine or bovine) has served as a popular material for in vitro assays to dissect the molecular basis of microtubule structure, polymerization dynamics, and interaction with microtubule-associated proteins. By improving the efficiency of in vitro microtubule polymerization, a recent protocol can generate tubulin with controlled post-translational modifications from cell lines or brain tissues of genetically engineered mice (Souphron et al., 2019).
Cycles of microtubule assembly and disassembly have been the core of protocols for obtaining tubulin from non-neuronal cell lines (Doenges et al., 1977; Nagle et al., 1977; Weber et al., 1977; Weatherbee et al., 1978; Doenges et al., 1979; Newton et al., 2002) as well as from different tissues of a variety of species, such as sea urchin (Binder and Rosenbaum, 1978; Farrell and Wilson, 1978; Keller et al., 1982; Detrich and Wilson, 1983), fungi (Kilmartin, 1981; Yoon and Oakley, 1995; Braun et al., 2009; Drummond et al., 2011), nematodes (Dawson et al., 1983), surf clam (Suprenant and Rebhun, 1984), and cold-water fish (Langford, 1978; Williams et al., 1985; Detrich and Overton, 1986; Detrich et al., 1989; Detrich et al., 2000). These pioneering studies revealed the source-dependent variation in the intrinsic properties of the filaments (e.g., stability, critical concentration, and protofilament numbers), the optimal temperature for polymer assembly, and the responses to microtubule-destabilizing small molecules. In vitro polymerization of microtubules started showing the various properties of tubulin purified from different biological contexts.
Advances in the purification strategy provided high quality and enough material for analyzing tubulin polymorphism. Electrofocusing analysis of brain tubulin showed a heterogeneous mixture of a dozen polypeptides with distinct isoelectric points, suggesting the presence of subspecies of tubulin (Feit et al., 1971; George et al., 1981). Tryptic peptide mapping revealed the significant diversity of the primary sequences among tubulin subspecies (George et al., 1981). Peptide sequencing by Edman degradation further supported the heterogeneity in the primary sequences of brain tubulin, which contained at least four types of α- and two types of β-tubulin polypeptides with aspartic and glutamic residues enriched at the carboxy-terminus (i.e., the C-terminal tail) (Krauhs et al., 1981; Ponstingl et al., 1981). These studies proposed that the acidic C-terminal tails could interact with positively charged domains of microtubule-associated proteins (Krauhs et al., 1981; Ponstingl et al., 1981). Meanwhile, the cloning of mRNAs and genomic DNA analysis disclosed multiple α- and β-tubulin genes (i.e., isotypes) at different loci in the genome (Cleveland et al., 1978; Cleveland et al., 1980; Sanchez et al., 1980; Cleveland et al., 1981a). Together, the polymorphism in the tubulin primary sequences likely regulates the properties of microtubule-based cellular architectures.
Immunofractionation of Tubulin Heterodimers With Specific β-Tubulin Isotypes
According to the molecular genetic analyses of the tubulin genes, the most divergent region between tubulin isotypes is the ∼15-residue polypeptide chain at the C-terminal tail (Sullivan and Cleveland, 1986; Villasante et al., 1986; Wang et al., 1986; Pratt et al., 1987). In particular, the amino acid sequence of the C-terminal tail is not only evolutionarily conserved across different vertebrate species but also characteristic to each β-tubulin isotype (Sullivan and Cleveland, 1986; Wang et al., 1986). While genetics and cell biology studies suggested the distinct biological functions of tubulin isotypes, the regulatory roles of tubulin isotype compositions on intrinsic microtubule properties (e.g., polymerization dynamics) was unknown due to the significant challenge of generating isotypically pure tubulin for in vitro biochemical and biophysical assays (Cleveland, 1987).
As the C-terminal tail has the characteristic amino acid sequence of each tubulin isotype, synthetic peptides corresponding to the tail domain can be the antigen for acquiring isotype-specific antibodies (Lopata and Cleveland, 1987). By using peptide-derived polyclonal antibodies against each of the six vertebrate β-tubulin isotypes, immunofluorescence mapped the spatial distribution of β-tubulin isotypes in cultured cells (Lopata and Cleveland, 1987). The success of this antibody-mediated approach further motivated the isolation of monoclonal antibodies for in vitro protein biochemistry studies of tubulin isotypes, establishing that bovine brain β-tubulin is a mixture of four subspecies: type I (βI, 3%), type II (βII, 58%), type III (βIII, 25%) and type IV (βIV, 13%) (Banerjee et al., 1988). The immunodepletion of βIII-tubulin conferred the fractionated brain tubulin an increased rate and a greater extent of microtubule assembly, suggesting the regulatory roles of tubulin isotype compositions in the microtubule polymerization properties (Banerjee et al., 1990). By employing monoclonal antibodies against βII-, βIII- and βIV-tubulin, carefully designed immunoaffinity chromatography of bovine brain tubulin allowed the purification of tubulin heterodimers with isotypically pure β-tubulin, αβII-, αβIII- and αβIV-tubulin (Banerjee et al., 1992).
The immunofractionation of bovine brain tubulin led the way for tubulin isotypes’ functional studies. Thermodynamic characterization revealed the effects of β-tubulin isotypes on the binding affinity of antimitotic alkaloid colchicine for tubulin heterodimers (Banerjee and Luduena, 1992). Compared to the affinity for αβIII-tubulin, colchicine bound to αβII- and αβIV-tubulin about 2-fold and 30-fold tighter, respectively, (Banerjee and Luduena, 1992). In addition, the characterization of microtubule assembly showed that β-tubulin isotype compositions determined the critical concentration for polymer nucleation and the elongation behavior of the filaments (Banerjee et al., 1992; Lu and Luduena, 1994). By using differential interference contrast (DIC) video microscopy to observe single dynamic microtubules, the detailed quantification established that, in comparison to αβII- and αβIV-tubulin, αβIII-tubulin assembled into filaments with higher dynamicity (Panda et al., 1994). The compositions of β-tubulin isotypes can modulate the dynamic instability parameters (e.g., growth rate, shortening rate, and catastrophe frequency) of microtubules (Panda et al., 1994).
In vitro reconstitution using immunofractionated brain tubulin allowed the generation of microtubules with a defined tubulin isotype composition and opened a new avenue toward dissecting the multi-tubulin hypothesis. However, three limitations prevented the general adoption of this immunoaffinity approach for studying tubulin isotypes. First, the low variance in the C-terminal tails limits the availability of antibodies targeting specific α-tubulin isotypes. This restriction makes it challenging to understand how the crosstalk between isotypes of α- and β-tubulin determines the microtubule properties. Second, the purification of brain tubulin usually requires microtubule polymerization cycles, which are selective for tubulin isotypes that favor this process. Third, tubulin is not abundant in most non-neuronal cells. It has been challenging to achieve the critical concentration for microtubule polymerization in tubulin purification procedures. The low tubulin recovery efficiency of polymerization cycles further hinders the generation of enough tubulin from other cell or tissue types for immunofractionation. Tubulin purification strategies with higher efficiency and flexibility would be essential for dissecting the underlying molecular mechanisms by which tubulin isotypes regulate microtubule functions and structures.
Tubulin-Affinity Chromatography For Efficient Isolation of α/β-Tubulin Heterodimers
One approach exploits tubulin-binding ligands that can be immobilized on the stationary phase as an affinity chromatography column to isolate α/β-tubulin heterodimers from complex cell extracts. In cells, conserved XMAP215/Dis1 family proteins are processive microtubule polymerases that employ the tumor overexpressed gene (TOG) domains to specifically recruit α/β-tubulin from the cytoplasm onto the growing filament ends (Al-Bassam et al., 2006; Al-Bassam et al., 2007; Brouhard et al., 2008; Widlund et al., 2011). Due to the selective and reversible binding to tubulin, the immobilized TOG domains serve as an optimal purification matrix (i.e., TOG-column) to sequester native tubulin from cell lines or tissues of various species (Widlund et al., 2012). This one-step affinity chromatography strategy allows the rapid and efficient isolation of α/β-tubulin heterodimers from extracts of cells with low tubulin expression levels, for example, S. cerevisiae (about 0.05% of the total protein) (Kilmartin, 1981; Widlund et al., 2012).
The success of tubulin purification using a TOG-column overcomes the following two significant drawbacks of in vitro biochemical reconstitution assays using mammalian brain tubulin. First, while tubulin is conserved in eukaryotes (S. cerevisiae and human α-tubulin protein primary sequences are about 75% identical), microtubule-associated proteins behave differently in assays with mammalian brain tubulin or with tubulin purified from homologous species (Alonso et al., 2007; Kollman et al., 2015). The TOG-column-mediated affinity chromatography strategy is revolutionary as the purified native tubulin from corresponding biological contexts is handy for homologous in vitro reconstitution assays. In particular, current studies have reconstituted flagellar sliding using axonemal tubulin and dynein (Alper J. et al., 2013; Alper J. D. et al., 2013; Alper et al., 2014), dissected the length regulation mechanisms of S. cerevisiae, D. melanogaster, or A. thaliana microtubules (Fujita et al., 2013; Podolski et al., 2014; Hibbel et al., 2015; Hotta et al., 2016; Moriwaki and Goshima, 2016; Otani et al., 2018; Edzuka and Goshima, 2019), elucidated the structural insight into the binding of motors and microtubule-associated proteins to S. pombe or human filaments (Atherton et al., 2019; von Loeffelholz et al., 2019; von Loeffelholz et al., 2017), revealed the molecular basis of the unique polymerization dynamics of C. elegans microtubules (Chaaban et al., 2018), identified parasite-specific small molecules targeting microtubule polymerization (Hirst et al., 2022), as well as established the roles of microtubule dynamics in the control of spindle morphology of Xenopus species (Hirst et al., 2020; Biswas et al., 2021).
Second, tubulin purified from mammalian brain tissues has various post-translational modifications (Janke and Bulinski, 2011). It has been difficult to use brain tubulin for studying the molecular mechanisms by which individual tubulin modifications regulate microtubule properties and functions. TOG-affinity chromatography allows the purification of tubulin from sources that have a clean profile of tubulin post-translational modifications, such as a human embryonic kidney cell line (tsA201) (Vemu et al., 2014; Vemu et al., 2017). The mass spectrometric analysis showed that the purified tsA201 tubulin contained α1B-, βI-, βII- and βIVB-tubulin with no detectable post-translational modification (i.e., naïve tubulin) (Vemu et al., 2014). This ‘naïve’ tsA201 tubulin can then be selectively modified by recombinant tubulin-modifying enzymes (Vemu et al., 2014). This enzymatic approach to generating filaments with a defined composition of post-translational modifications has led to mechanistic insights into the roles of tubulin’s chemical adducts in the regulation of microtubule structures and functions (Garnham et al., 2015; Valenstein and Roll-Mecak, 2016; Garnham et al., 2017; Mahalingan et al., 2020; Zheng et al., 2022).
While the TOG affinity-based approach can effectively isolate soluble tubulin from any cell lysate with no preference to specific tubulin isotypes (Widlund et al., 2012), limitations remained on characterizing how the variance in tubulin primary sequences (i.e., isotypes or mutations) could impact microtubule properties (e.g., structure, polymerization dynamics, as well as interactions with motors and microtubule-associated proteins). A recombinant protein strategy of expressing and purifying tubulin variants is essential. However, the generation of recombinant tubulin has been somewhat challenging.
Significant Barriers to Achieving Recombinant Tubulin Stem From Its Complex Biosynthesis
In vitro transcription and translation system using a rabbit reticulocyte lysate system allows the purification of a small quantity of recombinant tubulin (Cleveland et al., 1978). However, achieving a yield at the milligram scale of recombinant tubulin is not trivial, likely due to the following two cellular mechanisms regulating tubulin biosynthesis and homeostasis.
First, the formation of native α/β-tubulin heterodimers requires the newly synthesized tubulin polypeptides to go through the tubulin-folding pathway that employs a complex chaperone system including prefoldin, cytosolic chaperonin, and tubulin-specific folding cofactors (Gao et al., 1992; Yaffe et al., 1992; Tian et al., 1996; Lewis et al., 1997; Tian et al., 1997; Vainberg et al., 1998; Bhamidipati et al., 2000). As common prokaryotic organisms for producing recombinant proteins (e.g., E. coli) lack these chaperone components, the overexpressed tubulin polypeptides of interest form non-functional aggregates in these organisms. Second, the tubulin biosynthesis is under a tight regulation that employs a negative feedback loop to self-regulate the stability of tubulin mRNAs in response to the concentration of soluble α/β-tubulin heterodimers (Ben-Ze’ev et al., 1979; Cleveland, 1989; Cleveland et al., 1981b; Gasic et al., 2019). This negative correlation, also known as tubulin autoregulation, involves a ribosome-associating factor, TTC5, that binds to the N-terminus of nascent tubulin polypeptides and stimulates co-translational degradation of tubulin mRNA following increased soluble tubulin concentration (Yen et al., 1988; Theodorakis and Cleveland, 1992; Lin et al., 2020).
Together, due to the complex eukaryotic machinery that controls the folding and the concentration of soluble tubulin in the cytoplasm, the yield of recombinant tubulin is irrelevant to the ectopic overexpression level of the tubulin genes of interest. It has been challenging to generate recombinant tubulin in the native state for dissecting how variation in the primary protein sequences affects the structures and functions of microtubules.
Exploiting Yeast Cells to Express and Purify Recombinant Tubulin
The genomes of budding yeast S. cerevisiae and fission yeast S. pombe encode two α- and one β-tubulin isotypes, which the yeast genetic tools can engineer to construct strains harboring modified tubulin genes. With the established methodology to purify milligram quantities of wild-type yeast tubulin proteins (Barnes et al., 1992; Davis et al., 1993), the relatively simple tubulin isotype composition has made these unicellular fungi a powerful platform to access mutant tubulin proteins. In particular, the stable haploid and diploid states of yeast cells provide an opportunity to characterize tubulin harboring lethal mutations (Davis et al., 1994). Furthermore, the genetically modified strains with only one α-tubulin isotype have been the source for generating isotypically pure yeast α/β-tubulin heterodimers, which allows the assembly of microtubules with a defined tubulin isotype composition (Bode et al., 2003; Braun et al., 2009; des Georges et al., 2008; Uchimura et al., 2010; Uchimura et al., 2006).
To isolate the mutant tubulin from yeast cells for in vitro assays, researchers engineered the yeast β-tubulin C-terminus to include a hexahistidine tag for affinity purification or to alter the quantities of negatively charged glutamic acid residues for ion-exchange chromatography (Davis et al., 1994; Gupta et al., 2002). These yeast strains expressed α- and β-tubulin proteins from the endogenous gene loci or extra copies of the α- and β-tubulin genes controlled by a galactose-induced overexpression promoter. The chromatography-based strategy and affinity purification allowed the isolation of mutant tubulin without cycles of polymerization and depolymerization (Davis et al., 1994; Gupta et al., 2002). The mutagenesis analyses of yeast tubulin have provided mechanistic insights into the roles of GTP hydrolysis activity in microtubule dynamics (Davis et al., 1994; Dougherty et al., 2001), investigated the structure-activity relationship of tubulin-targeting small molecules (Gupta et al., 2002; Gupta et al., 2003), and examined the microtubule-binding site regulating the kinesin motor activity (Uchimura et al., 2006; Uchimura et al., 2010). However, the excess amounts of β-tubulin (alone or together with α-tubulin) causes cell cycle arrest, chromosome losses, and depolymerization of cellular microtubules (Burke et al., 1989). The lethality limited the yield of recombinant yeast tubulin and restricted access to dominant loss-of-function mutant tubulin for in vitro biochemical and biophysical characterization. The full capacity of the yeast protein expression system remained unexplored.
A robust strategy has unleashed the power of using S. cerevisiae to express and purify recombinant mutant tubulin (Johnson et al., 2011). The success of this chromatography-based approach depends on a transient (three to five hours) but strong protein overexpression from galactose-inducible promoters in high-copy-number plasmids. By significantly improving the final yield while bypassing the lethality due to excess α- and β-tubulin, this strategy opens a new avenue to characterizing tubulin constructs harboring dominant polymerization-blocking mutations, which have explicated the principles of protein machinery that regulates microtubule growth and stability (Ayaz et al., 2012; Ayaz et al., 2014; Geyer et al., 2018; Majumdar et al., 2018). Further mutagenesis analyses of recombinant yeast tubulin revealed the long-overdue molecular bases of microtubule dynamics, such as the allosteric effects of nucleotide states and the regulatory roles of nucleotide exchange on growing filament ends (Geyer et al., 2015; Piedra et al., 2016), demonstrated the effects of disease-related tubulin mutations on microtubule properties (Denarier et al., 2021; Park et al., 2021), and elucidated the mechanism of kinesin-8 family depolymerase activity (Arellano-Santoyo et al., 2017).
This established recombinant yeast tubulin system also has stimulated the development of new methodologies to label tubulin for revealing molecular features of microtubules. For example, site- and topology-specifically labeled yeast tubulin with probes or tags can facilitate studies of how proteins, small molecules, and post-translation modifications interact and regulate microtubules (Kleiner et al., 2013). Furthermore, strategies tagging the C-terminus of yeast β-tubulin with a microbead or a gold nanoparticle have significantly improved the resolution of light microscopy for characterizing in vitro reconstituted microtubules (Driver et al., 2017; Mickolajczyk et al., 2019). Direct measurements by laser tweezers determined the strain energy stored in microtubule protofilaments (Driver et al., 2017), while direct observation of tubulin subunits association and dissociation at growing filament ends provided quantitative insights into microtubule dynamics (Mickolajczyk et al., 2019).
Using this yeast-based strategy to generate recombinant human tubulin was unsuccessful (Sirajuddin et al., 2014). Instead, an alternative approach employed chimeric proteins consisting of the folded yeast tubulin core and the human tubulin unstructured C-terminal tail that contains sites for several post-translational modifications and interacts with most microtubule-associated proteins (Sirajuddin et al., 2014; Janke and Magiera, 2020). These chimeric tubulin proteins were purified by affinity chromatography using a hexahistidine-tag in the acetylation loop of the α-tubulin subunit. These tubulin chimeras have been a powerful tool to characterize the regulatory roles of tubulin isotypes and post-translational modifications in protein activities such as the processivity and velocity of microtubule motors (Sirajuddin et al., 2014) and the permeability of voltage-dependent anion channels (Rostovtseva et al., 2018).
The Recent Breakthrough in Making Recombinant Higher Eukaryotic Tubulin
The genome of higher eukaryotes encodes a substantially expanded number of α- and β-tubulin isotypes. For example, the human genome encodes at least nine α- and ten β-tubulin isotypes that show cell-type-specific expression profiles (Ludueña and Banerjee, 2008; Findeisen et al., 2014). While genetics and cell biology studies suggested that each tubulin gene could have unique cellular functions (Janke and Magiera, 2020), it remains unclear how tubulin isotypes modulate microtubule structures and functions. Due to the complex cellular machinery that regulates tubulin biosynthesis and homeostasis, it has been challenging to purify active human tubulin in the recombinant form.
In 2013, a pioneering strategy used the baculovirus-insect cell protein expression system to generate polymerization competent recombinant human tubulin (Minoura et al., 2013). By employing a hexahistidine-tag fused to the C-terminus of α-tubulin and a FLAG-tag at the C-terminus of β-tubulin, this affinity chromatography-based workflow allowed co-expressing both tubulin and generating high purity of active human α1/β3-tubulin, mouse α1/β2-tubulin and Drosophila α1/β1-tubulin (Minoura et al., 2013; Ayukawa et al., 2021; Diao et al., 2021). Later, another approach used an internal hexahistidine-tag at α-tubulin (Sirajuddin et al., 2014) together with a protease-cleavable FLAG-tag at the C-terminus of β-tubulin also successfully produced isotypically pure human α1/β3-tubulin (Vemu et al., 2016). The success in generating active α/β-tubulin isotypes of higher eukaryotes has offered the opportunities to dissect the molecular mechanisms by which high eukaryotic tubulins regulate microtubule properties. In particular, recombinant human α1/β3-tubulin has become a popular material for characterizing the impacts of disease-related tubulin mutations on the behaviors of kinesin motors (Minoura et al., 2016), the modulation of microtubule dynamics by tubulin isotype composition (Vemu et al., 2017), the incorporation of soluble GTP-tubulin into damaged sites along the microtubule shaft (Vemu et al., 2018), and the effects of GTP hydrolysis on microtubule structures and dynamics (Roostalu et al., 2020; LaFrance et al., 2022). However, these recombinant proteins contain uncleavable charged affinity tags fused to the tubulin domains that interact with microtubule-associated proteins (e.g., the C-terminal tail) or inter-tubulin contacts within the microtubule lattice (e.g., the acetylation loop). It will be favorable to access recombinant tubulin with cleavable affinity tags.
Tubulin with a cleavable affinity tag can be a powerful tool for identifying tubulin-associated proteins (Yu et al., 2016; Yu and Galjart, 2018). A SUMO protease cleavable biotinylation tag at the N-terminus of human α1-or β3-tubulin mediated the isolation of tubulin and the associated tubulin-binding proteins from the cell lysate (Yu et al., 2016; Yu and Galjart, 2018). The expression of the tubulin constructs together with bacterial biotin ligase (BirA) in HEK293T cells led to the generation of biotinylated human tubulin. After streptavidin-coupled matrix-based enrichment, SUMO protease treatment facilitated the release of biotin-tagged tubulin and the tubulin-associated proteins for further mass spectrometry analyses. While this approach provides an opportunity to reveal the interaction proteome of human tubulin isotypes or disease-related mutant tubulins (Yu and Galjart, 2018), the relatively low yield has limited the application of this strategy to generate recombinant human tubulin for in vitro reconstitution of microtubules.
To obtain affinity tag-free recombinant tubulin, we reasoned that the cleavable affinity tag must be at the N- or C-terminus of tubulin for enzymatic removal of the peptide tag after affinity chromatography. While it is promising to fuse the affinity peptide ligand to the C-terminus of β-tubulin, the initial attempts to tag either end of α-tubulin significantly reduced the amount of recombinant human tubulin obtained. By employing the baculovirus-insect cell system, we expressed untagged human α1B-tubulin together with human β2-or β3-tubulin fused at the C-terminus with a tobacco etch virus (TEV) protease cleavable hexahistidine-tag (Ti et al., 2016). Our three-step tubulin purification strategy involved nickel-affinity chromatography followed by tag removal and the final TOG-column affinity chromatography. This approach yielded isotypically pure human β-tubulin dimerized with either recombinant human α1B-tubulin or endogenous insect α-tubulin, indicating that the C-terminal hexahistidine tag is sufficient to isolate specifically human β-tubulin from the complex cell lysate. The characterization of the isotypically pure recombinant human β-tubulin revealed how disease-related β-tubulin mutations, human β-tubulin isotypes, and tubulin allosteric conformational changes affect microtubule dynamics (Pamula et al., 2016; Ti et al., 2016; Ye et al., 2020).
Our systematic evaluation indicated that both the composition and position (N- or C-terminus) of the fused polypeptide are critical for the yield of functional human tubulin. To achieve optimal cleavage efficiency of the affinity tags, we incorporated a TEV-cleavable decahistidine tag with an Ala-Pro dipeptide linker to the N-terminus of human α1B-tubulin and a TEV-cleavable strep tag with a Gly-Gly-Ser-Gly-Gly pentapeptide linker to the C-terminus of human β2-and β3-tubulin (Ti et al., 2018; Ti et al., 2020). We note that the enzymatic digestion gets rid of the affinity tags but leaves residual ‘scars’ at the N-terminus of the α-tubulin (Gly-Ala-Pro) and the C-terminus of the β-tubulin (Glu-Asn-Leu-Tyr-Phe-Gln). We speculate that combining our approach with other protein engineering tools (e.g., protein ligation) will generate recombinant human tubulin with native sequence.
With these constructs, we recently developed an affinity chromatography-based purification strategy that allows the routine preparation of affinity tag-free recombinant human tubulin. As the sequential isolation of human α- and β-tubulin depends solely on the affinity tags, this approach applies to studies of tubulin variants (e.g., isotypes and mutants) that could impact the binding to TOG domains or the microtubule polymerization properties. By employing this strategy, current studies have revealed the effects of human β-tubulin isotypes on the microtubule stability and protofilament numbers (Ti et al., 2018) as well as dissected the molecular mechanisms by which methyltransferases modify human α-tubulin (Kearns et al., 2021). Together, the ability to obtain biochemically pure higher eukaryotic tubulin has paved the way to deciphering the functions of tubulin diversity and a clearer understanding of microtubule biology.
CONCLUSION AND PERSPECTIVES
Tubulin protein biochemistry has been evolving since more than 50 years ago, when the colchicine-binding activity led to the isolation of the building blocks of endogenous microtubules (Borisy and Taylor, 1967; Shelanski and Taylor, 1967). With recently established affinity tag-based strategies of generating recombinant α/β-tubulin with defined primary sequences (Figure 3), it becomes feasible to correlate in vivo tubulin mutagenesis analyses with in vitro biochemical and biophysical characterization of mutant tubulin. This integrative approach is potentially applicable to the mutagenesis analysis of any tubulin isotype of interest for a mechanistic understanding of how tubulin diversity regulates cellular microtubule structures and functions.
[image: Figure 3]FIGURE 3 | The location of affinity tags for the purification of recombinant tubulin. The ribbon diagrams show the structure of an α/β-tubulin heterodimer (PDB ID: 6e7b). The first three residues at the N-termini of each tubulin are in red, while the rest of α- and β-tubulin are in green and blue, respectively. The stick model represents the tubulin-bound nucleotides.
The advances in tubulin protein biochemistry also provide opportunities to address some fundamental questions in microtubule biology by developing the needed tools such as 1) isotype-specific antibodies/nanobodies to characterize the spatial distribution of tubulin isotypes in cellular microtubules, 2) recombinant tubulin incorporated with a probe at a specific site for the identification of small molecules or protein binders targeting explicit tubulin isotypes, 3) engineered tubulin harboring defined modifications to investigate the crosstalk between tubulin isotypes and post-translation modifications (i.e., the tubulin code), and 4) small molecules targeting tubulin isotypes of interest not only for dissecting the biological functions but also for novel chemotherapeutic agents. By combining recombinant tubulin with a chemical biology toolbox for protein engineering (e.g., amber suppression and protein ligation), these technology breakthroughs will expand our ability to tackle the challenges in the field. We speculate that decades of research have set the stage to unveil the molecular basis of how cells establish and use the heterogeneous microtubule composition to facilitate the functional outputs.
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Microtubule proteins form a dynamic component of the cytoskeleton, and play key roles in cellular processes, such as vesicular transport, cell motility and mitosis. Expression of microtubule proteins are often dysregulated in cancer. In particular, the microtubule protein βIII-tubulin, encoded by the TUBB3 gene, is aberrantly expressed in a range of epithelial tumours and is associated with drug resistance and aggressive disease. In normal cells, TUBB3 expression is tightly restricted, and is found almost exclusively in neuronal and testicular tissues. Understanding the mechanisms that control TUBB3 expression, both in cancer, mature and developing tissues will help to unravel the basic biology of the protein, its role in cancer, and may ultimately lead to the development of new therapeutic approaches to target this protein. This review is devoted to the transcriptional and posttranscriptional regulation of TUBB3 in normal and cancerous tissue.
Keywords: TUBB3, βIII-tubulin, microtubule, gene regulation, cancer, neuronal tubulin, tubulin, human
1 INTRODUCTION
Microtubules are one of the major constituents of the cell cytoskeleton and are made up of α- and β-tubulin heterodimers. Microtubules are highly dynamic filament structures that play critical roles in cellular processes, including vesicular transport, cell motility and mitosis. The α/β-tubulin heterodimers are made up of combinations of the different α- and β-tubulin isotypes (reviewed in Nogales 2000), of which in humans there are currently eight and seven different α- and β-tubulin isotypes, respectively (reviewed in Ludueña 2013). Each of the isotypes are encoded by a different gene and display different tissue and developmental stage expression (reviewed in Ludueña 1993; Verdier-Pinard et al., 2009). While each isotype shares high degrees of structural homology with each other, they have some differences at the peptide sequence level, specifically at their carboxy-terminal tails (Sullivan and Cleveland 1986). Sequence variations within the carboxy-terminal tails of various tubulin isotypes, have been demonstrated to regulate the dynamic assembly and disassembly of microtubule structures (Parker et al., 2018).
A strong interest exists for studying microtubules due to their importance as a target for anticancer therapies. Drugs targeting microtubules and microtubule dynamics are widely used in many cancer therapeutic regimens (reviewed in Jordan and Wilson 2004; La Regina et al., 2019). Clinically relevant Tubulin-Binding Agents (TBAs) such as the taxanes, vinca alkaloids, epothilones, and Eribulin, all bind to the β-tubulin subunits of the αβ-heterodimers (reviewed in Jordan and Wilson 2004; La Regina et al., 2019). These agents disrupt normal mitotic spindle function, block the metaphase to anaphase transition of the cell cycle, and induce mitotic arrest and cell death (reviewed in Jordan and Wilson 2004; La Regina et al., 2019). Despite the clinical success of TBAs and advances in chemotherapies, the persistent emergence of drug resistance largely hinders their clinical utility and is the primary cause of treatment failure for many cancers. Mechanisms mediating TBA resistance can occur at multiple levels (reviewed in Kavallaris, 2010; Katsetos and Draber, 2012; Parker et al., 2017). Previous studies have reported that altered expression of specific β-tubulin isotypes is strongly associated with resistance to TBAs (Kavallaris et al., 1997; Ranganathan et al., 1998a; Kavallaris et al., 1999). Of note, one particular isotype, βIII-tubulin, encoded by the TUBB3 gene, has demonstrated aberrant expression in the clinical setting, and has been identified as a marker of drug resistance and tumour aggressiveness in a sub-set of epithelial cancers (reviewed in Kavallaris, 2010; Karki et al., 2013; Mariani et al., 2015). In addition, there is clinical evidence in lung, ovarian, glioblastoma, and breast cancer, that patients with aberrant βIII-tubulin expression exhibit poorly differentiated tumour tissue, high grade malignancy, shorter disease progression, unfavourable prognosis and worse overall survival (reviewed in Seve and Dumontet 2008; Kavallaris 2010; Katsetos et al., 2011; Katsetos et al., 2015; Mariani et al., 2015; Kanakkanthara and Miller 2021). Post-translational modifications to tubulin proteins, including βIII-tubulin, are found in normal tissue and cancer cells, and have been well described elsewhere (Ludueña 1998; Wattanathamsan and Pongrakhananon 2021; Bär et al., 2022).
Interest in βIII-tubulin is not limited to its expression in cancer. Expression of βIII-tubulin is also observed in the early stages of neurogenesis of fetal development (Caccamo et al., 1989; Lee et al., 1990b; Jiang and Oblinger 1992; Linhartová et al., 1992; Easter et al., 1993; Hausrat et al., 2021). βIII-tubulin itself is primarily thought of as a neuronal protein, observed in neurons and involved with neurogenesis and axonal growth (Caccamo et al., 1989; Jiang and Oblinger 1992; Easter et al., 1993; Tischfield et al., 2010; Latremoliere et al., 2018; Hausrat et al., 2021). This notion has been strengthened by the identification of mutations in TUBB3, the gene that encodes for βIII-tubulin, resulting in nervous system disorders such as Congenital Fibrosis of the Extraocular Muscles type 3 (CFEOM3), which combines the weakening of the extraocular muscles with intellectual disability, as well as axonal abnormalities and disorganisation of cortical neurons (Poirier et al., 2010; Tischfield et al., 2010). Evidence also suggests βIII-tubulin has roles outside of neurogenesis, such as the formation of neural crest cell formation (Haendel et al., 1996; Chacon and Rogers 2019) and recently, in the mineralisation stages of tooth development (Oshima and Yawaka 2020). As such, despite the original neuronal findings, βIII-tubulin expression is increasingly observed outside of neuronal tissue, with reports of adult stem cells expressing βIII-tubulin, such as melanocytes (Locher et al., 2013) and spermatogenic cells (Person et al., 2017). Additionally, the expression of βIII-tubulin in induced pluripotent stem cells has also been observed (Daily et al., 2017; Kuang et al., 2019). However, the role of βIII-tubulin in these cells remains unclear.
Despite the relevance of βIII-tubulin protein in development and cancer, there is limited information on the precise elements that regulate the gene expression of TUBB3 in normal and cancerous human cells. This review will focus on the normal regulation of TUBB3 transcription, the role of this gene in neurogenesis and development, and on factors contributing to the dysregulation of TUBB3 expression in cancer and drivers of its aberrant expression. The review will present what is known and critically discuss gene regulatory elements including the drivers, or repressors, of TUBB3 gene expression.
2 The Human TUBB3 Gene Loci
Originally referred to as class III isotype β4, human βIII-tubulin was first identified in 1986 after being previously discovered in chickens a few years beforehand (Lopata et al., 1983; Sullivan and Cleveland 1986). At the time, the protein sequence of βIII-tubulin was found to be conserved across mammals, however, it was observed to be highly divergent from other β-tubulin isotypes in its carboxyl terminal region (Sullivan and Cleveland 1986). The sequence of the human βIII-tubulin gene TUBB3 was not identified until much later, with the sequence of the more common mRNA variant being determined in 1998 (Ranganathan et al., 1998b), and its genomic location confirmed in 2010 (Tischfield et al., 2010). The TUBB3 loci is present within the telomeric region of the long arm of chromosome 16 (Katsetos et al., 2002). Furthermore, up until 2010, TUBB3 was also referred to as CFEOM3 when Doherty et al. (1999) first described the gene in Extraocular Congenital Fibrosis Syndrome and identified the chromosomal location of the gene through linkage analysis of DNA microsatellite markers. It was Tischfield et al. (2010) who then identified that CFEOM3 and TUBB3 were one and the same after mapping eight different CFEOM3 causing mutations to TUBB3. TUBB3 mutations are also seen and have been reported in tumours, however the impact of these mutations are unknown (reviewed in Kanakkanthara and Miller 2021).
The human TUBB3 gene (NG_027810.1) is 21,089 bp in length and in a genomic context, the cytogenetic location of the gene is 16q24.3 on the plus strand (Figure 1). Within this locus, the Ensembl database reports that there are 15 unique TUBB3 transcripts (Table 1), however only 2, referred to as variants 1 and 2, have been studied. This could be due to these two having a higher abundance of mRNA than the other transcripts, with several transcripts being predicted to undergo nonsense mediated decay (Cunningham et al., 2018), or the other transcripts exist as mere sequencing artifacts. Given that TUBB3 is primarily expressed in neuronal tissue, it is possible that these alternative transcripts of TUBB3 represent further specialised neuronal forms of the transcript, as neuronal tissue is known to have an expanded repertoire of gene expression and alternative splicing (The GTEx Consortium, 2015; Melé et al., 2015). TUBB3 also has two pseudogenes, TUBB3P1 and TUBB3P2. TUBB3P1 the larger of the two is located on chromosome 6, while TUBB3P2 is located on chromosome 7. It is unknown if these pseudogenes possess any functional capacity.
[image: Figure 1]FIGURE 1 | Location of the human TUBB3 loci. Cytogenetic map of chromosome 16 showing all regions. TUBB3 is located within 16q24.3, located at the bottom of chromosome 16 (bolded).
TABLE 1 | All identified human TUBB3 transcripts.
[image: Table 1]From the transcripts identified for TUBB3, there are two main points of commonality between all of them. Firstly, the majority of the identified TUBB3 transcripts consist of four exons, and secondly, there are two exons that are present in the majority of transcripts (Table 1; Figure 2). In transcript variants 1 and 2, these two common exons are exons 2 and 3. These two particular exons also appear in the unusual read-through product of the upstream gene encoding for the G-coupled protein receptor melanocortin 1 receptor (MC1R), which results in the formation of an unusual chimeric MC1R protein featuring the βIII-tubulin carboxyl terminus that appears to attenuate MC1R signaling (Table 1; Figure 2) (Dalziel et al., 2011; Herraiz et al., 2015) (reviewed in Herraiz et al., 2017). Further investigation into the TUBB3 locus using alternative sequencing techniques may need to be performed to further validate these TUBB3 transcripts, and to better understand the prevalence of this MC1R-TUBB3 chimera. Because of this, only the two validated transcripts of TUBB3 will be referred to herein.
[image: Figure 2]FIGURE 2 | Structure of the human TUBB3 loci. A map of the human TUBB3 loci showing the main two transcripts of TUBB3 as well as several other genomic structures and DNA binding sites in the region. Gene loci’s (TUBB3, MC1R, retro-CYP2F1 and retro-TUBA3D) are represented by boxes with internal arrows showing sequence direction. Individual RNA transcripts are represented by a combination of thin and thick boxes for exons, and arrows for introns; thin boxes represent untranslated regions (5′ and 3′ UTRs), while thick boxes represent translated regions. TUBB3 transcript variants 1 and 2 are show in red and blue respectively, with addition observed TUBB3 exons presented in white boxes; additional information of TUBB3 transcripts is shown in Table 1. MC1R transcript is shown in green, the MC1R-TUBB3 chimera transcript is shown in purple, and the lncRNA AC092143.2 is shown in white. Known genomic binding sites are represented with black lines, with thickness corresponding to size; additional information on known genomic binding sites is shown in Table 2. CpG islands presented within the TUBB3 loci are represented by orange rectangles. Promoters/Enhancers are shown as white boxes with their name. Locations of TUBB3, MC1R and MC1R-TUBB3 transcripts, and CpG islands was extracted from the Ensembl database (Cunningham et al., 2018). Promoters/Enhancers sourced from Genehancer (Fishilevich et al., 2017). Location of retro-transposed genes and lncRNAs sourced from the UCSC genome browser (Haeussler et al., 2019). Positions based on human genome GCRh38/hg38 assembly.
Within the TUBB3 loci, there are several elements. The main TUBB3 promoter is the largest promoter found within the loci (consisting of the promoter GH16J089920 and the promoter/enhancer GH16J08995) (Fishilevich et al., 2017). Several CpG islands or regions of DNA methylation, are also observed within the loci. However, only one, which is located within the first intron of TUBB3, has been linked to modulating the expression of TUBB3 (Izutsu et al., 2008; Akasaka et al., 2009; Gao et al., 2012). Binding sites for several DNA binding proteins have also been identified in the human TUBB3 loci, the majority of which are observed on the plus strand. These include Retinoic Acid Response Elements, binding sites for AP1, a Ybox9 element and two Ybox4 elements, an RE1 site and overlapping Hypoxia Response Element (HRE) located in the 3′ region of the loci present on both the plus and minus strands (Figure 2; Table 2) (Saussede-Aim et al., 2009b; Shibazaki et al., 2012; Bordji et al., 2014; Raspaglio et al., 2014; Namekawa et al., 2020). The HRE element on the plus strand is also a canonical E-box motif, though it remains to be determined if other E-box binding proteins can bind to it. Studies performed in other animals also suggest that within the TUBB3 loci there is an Androgen Receptor Element (ARE), an additional E-box motif, and other elements listed in Table 3 (Dennis et al., 2002; De Gendt et al., 2011). The gene MC1R, whose loci is observed to be wholly within the TUBB3 loci, has a transcription region 2.5 kb upstream of the TUBB3 transcription start site (Figure 2). The MC1R promotor, GH16J089917, is also found within the 5’ region of the TUBB3 loci (Fishilevich et al., 2017).
TABLE 2 | Validated genomic binding sites within the human TUBB3 loci.
[image: Table 2]TABLE 3 | Transcription factors and Genomic elements associated with Tubb3 expression in Mice and Rats.
[image: Table 3]Outside of the above elements associated with the expression of TUBB3, two retro-transposed genes are located within the loci on the plus strand (Figure 2). The first retro-transposed gene is that of CYP2F1, located within the first intron of TUBB3, and the second are elements of several exons of TUBA3D (Baertsch et al., 2008). Finally, on the minus strand, a single lncRNA, known as AC092143.2 or lnc-CENPBD1-3:7 exists within the TUBB3 loci. Functionally, the potential role of these retro-transposed genes and lncRNA has yet to be investigated. In summary, the TUBB3 loci is complex, and contains many unexplored elements that may be involved with influencing its expression, and several elements associated with TUBB3 expression need to be mapped.
3 Regulation and Expression of the TUBB3 Gene
Traditionally, βIII-tubulin has been considered a neuronal specific protein, and has been primarily used as a marker for neurons (Caccamo et al., 1989). With the advancement of sequencing approaches, it has become evident that the gene encoding for βIII-tubulin, TUBB3, is expressed in a wide range of tissues across the body. TUBB3 expression is enriched in both the central and peripheral nervous systems, however, expression is also high in the testis (The GTEx Consortium, 2015). Recently, a large scale immuno-histological study was performed by Person et al. (2017) to gain a better understanding of βIII-tubulin expression across the human body in normal and cancerous tissues. Much like what was observed from sequencing studies, their work identified βIII-tubulin expression at varying amounts in the majority of human tissues, however, no comparison between expression in cancerous and normal tissues was performed (Person et al., 2017). Within the individual normal tissues, βIII-tubulin expression appeared predominantly in neurons, endothelial cells, fibroblasts and localized stem-like cells (Person et al., 2017).
As βIII-tubulin/TUBB3 displays differential expression across different cell types across the human body (The GTEx Consortium, 2015; Person et al., 2017), it suggests that there may be unique or tissue-specific transcriptional regulatory mechanisms for TUBB3 in different tissues. And indeed, several different mechanisms have been identified suggesting a complex nature to the regulation of TUBB3 in normal tissue. The presence of multiple different regulatory mechanisms does suggest however, that there are multiple routes that can lead to perturbed TUBB3 expression such as that observed in cancerous tissue. This section will focus on these mechanisms, by discussing what has been learnt about the normal regulation of TUBB3 in healthy tissues, after which the focus will shift to what has been uncovered from studies into dysregulated TUBB3 expression in cancer. Transcription factors with a mechanical link to the regulation of TUBB3 have been summarised in Table 4.
TABLE 4 | Transcription factors with known impact on TUBB3 expression.
[image: Table 4]3.1 Drivers of TUBB3 Expression in Normal Tissue
As mentioned, TUBB3 displays differential expression across the body, and factors driving its expression in different cell types in normal tissue have been proposed. To date, the primary focus into what drives TUBB3 expression in normal tissue has focused on its expression in both the central and peripheral nervous systems (CNS and PNS, respectively), and recently has been expanded to the roles TUBB3 may be playing in neural crest cell formation during development. Additionally, the field has made some headway in understanding why TUBB3 expression is predominantly repressed outside of neuronal tissues, and what mechanisms appear to be driving the observed TUBB3 enrichment in the testis.
3.1.1 Neurogenesis and Neural Crest Cell Formation
βIII-tubulin has been considered as one of the earliest markers of neuronal differentiation of both the CNS and PNS where it is expressed either during, or prior to, terminal mitosis of the progenitor cells. This being either neuroepithelial cells for the CNS (Caccamo et al., 1989; Lee et al., 1990b; Linhartová et al., 1992; Easter et al., 1993), or neural crest cells for the PNS (Moody et al., 1989; Haendel et al., 1996). Indeed, cloning and in silico characterization of the 5’ flanking region of rat Tubb3 gene has revealed its minimal promoter region and several potential neuronal regulatory motifs (Dennis et al., 2002). This included putative binding sites for transcription factors Sp1, Ap2, Pea3, Pit1, and the C/EBP family, several E-box motifs, and a CNS enhancer motif (Table 3) (Dennis et al., 2002). There are differences in the expression of Tubb3 between the CNS and PNS. As shown in rats and mice, Tubb3 expression peaks during periods of axonal guidance and neuronal maturation, and then declines in the CNS with maturity while in the PNS continues to maintain high expression (Jiang and Oblinger 1992; Hausrat et al., 2021). This suggests that there may be specific regulatory mechanisms even within neuronal tissues. Indeed, several transcription factors have been identified in mouse and rat models that are involved with the expression of Tubb3 in neurogenesis in either the CNS or the PNS (Table 3).
A regulatory candidate in the CNS is Scratch1 (Scrt1), a Snail family zinc finger transcription factor that is specifically expressed in post-mitotic and newly differentiating neurons (Nakakura et al., 2001a). After initially identifying the co-expression of Scratch with βIII-tubulin by treating mouse P19 embryonal carcinoma cells with retinoic acid, Nakakura et al. (2001b) discovered that overexpressing Scratch1 by itself was sufficient to induce βIII-tubulin (Nakakura et al., 2001b). Two Retinoic Acid Response Elements have been recently identified within the human TUBB3 gene, and retinoic acid alone can induce TUBB3 expression (Namekawa et al., 2020). Another CNS transcription factor shown to stimulate βIII-tubulin expression during neuronal differentiation is the basic helix-loop-helix differentiation transcription factor Math2 (Uittenbogaard and Chiaramello 2002; Uittenbogaard and Chiaramello 2004). Although the binding sites of Scratch1 and Math2 in the Tubb3 loci have not been elucidated, both are known to bind to E-box motifs (Nakakura et al., 2001a; Uittenbogaard et al., 2003) and are potentially binding previously predicted sites (Dennis et al., 2002).
In addition to promoting gene expression, inhibitors of βIII-tubulin expression have also been identified in neuronal tissues. One of these inhibitors is ID2, which was originally speculated to be able to represses TUBB3 transcription (Katsetos et al., 2003). This was because elevated Id2 was shown to interfere with retinoblastoma tumour suppressor protein’s (pRb) capacity to bind to basic helix-loop-helix transcription factors, like the Tubb3 regulator Math2 (Uittenbogaard and Chiaramello 2002), and prevented the expression of neuronal specific genes in primary murine cortical progenitor cells (Toma et al., 2000). While alterations to Tubb3/βIII-tubulin expression were not examined by Toma et al. (2000), Id2 has since been demonstrated to indirectly impair Tubb3 transcription (Le Dréau et al., 2018). More recently, ID2 levels have been shown to influence neuronal differentiation of human glioblastoma stem cells, with elevated ID2 reducing the number of βIII-tubulin positive cells (Azzarelli et al., 2022). Another inhibitor of Tubb3 transcription is Pax3, which in rat neuronal stem cells was able to bind to the Tubb3 promoter regions and inhibit both transcription and translation (Cao et al., 2017). Subsequent work in mouse neuronal stem cells identified that during neurogenesis, Pax3 expression was reduced through elevated levels of miR-124, which resulted in increased Tubb3 expression and the development of neuronal phenotypes (Wei et al., 2018). In the same study, low levels of βIII-tubulin were present in these neuronal stem cells, suggesting that Pax3 partially suppresses Tubb3 expression (Wei et al., 2018).
Specific protein 1 (Sp1) is a transcription factor predicted to have many putative binding sites in the rat Tubb3 promoter region, suggesting it may have a potential role in the regulation of Tubb3 expression (Dennis et al., 2002). Sp1 is also predicted to have binding sites within the human TUBB3 promoter GH16J089920 (Fishilevich et al., 2017) (Figure 2). Sp1, a protein that is considered to be ubiquitously expressed in mammalian tissue, is known to function by binding GC-rich sequences and recruiting essential machineries to TATA boxes (one of which was also identified by Dennis et al., 2002) to initiate transcription of its target genes (Naar et al., 1998). The targeted inhibition of Sp1 activity in primary rat cortical neurons has been demonstrated to reduce the expression of Tubb3, alongside several other genes (Sleiman et al., 2011), suggesting that Sp1 is involved in Tubb3 transcription activation. Although Sp1 expression decreases after neuronal differentiation and is not detected in differentiated neurons (Mao et al., 2007; Mao et al., 2009). Tubb3 expression also declines in the CNS with neuronal maturity (Jiang and Oblinger 1992; Hausrat et al., 2021). Like Pax3, Sp1, is also a target of miR-124 (Mondanizadeh et al., 2015), although a link between Sp1, miR-124 and Tubb3 expression has not been reported.
While the factors involving Tubb3 expression described in the preceding section are associated with neuronal differentiation of the CNS, it is uncertain whether these shared by differentiating neurons of the PNS. During fetal development, however, βIII-tubulin has been shown to be expressed by neural crest cell progenitors (Pax7 positive cells), and by pre-migratory neural crest cells (Sox9 and Slug positive cells) prior to neurogenesis in the CNS (Chacon and Rogers 2019). Neural crest cells are considered to be multipotent progenitor cells able to give rise to various cells including neurons and melanocytes, and form the majority of the PNS (Acloque et al., 2008). This identification of βIII-tubulin expression in pre-migratory neural crest cells suggests that along with being involved with neurogenesis that βIII-tubulin has a separate role involved with neural crest cell development (Acloque et al., 2008). In this context, several factors linked with βIII-tubulin have been identified. For example, Ap2 has been linked to neural crest cell development (Mitchell et al., 1991) and identified to have several binding sites in the rat Tubb3 promoter (Dennis et al., 2002), however whether Ap2 can promote Tubb3 expression is yet to be determined.
The SRY-related HMG-box transcription factors of the SoxC gene family, Sox4, Sox11 and Sox12, are associated with the formation of neural crest cells (Uy et al., 2015). These transcription factors, which have been primarily linked with neuronal differentiation (Bergsland et al., 2006), are known to induce Tubb3 expression. Bergsland et al. (2006) first identified that the 5’ Untranslated Region (UTR) of the mouse Tubb3 gene contains three binding sites for either Sox4 or Sox11. Through increasing the expression of either Sox4 or Sox11 in developing murine embryos, Bergsland et al. (2006) observed an increase of Tubb3 and βIII-tubulin expression, and a reduction of both Tubb3 and βIII-tubulin when Sox4 or Sox11 was silenced through the use of siRNA. Subsequently Sox12 was also demonstrated to bind to the mouse Tubb3 promoter, and modulate βIII-tubulin as well (Hoser et al., 2008). Sox11 had the greatest impact on βIII-tubulin expression in neurogenesis (Bergsland et al., 2006; Hoser et al., 2008), and is required for binding to NeuroG1 in order to promote Tubb3 in early-born neurons, a process that can be inhibited through Bm2 (Chen et al., 2015). Since these three genes have been linked to neural crest formation (Uy et al., 2015), it is therefore plausible to think that the expression of Tubb3 observed by the neural crest progenitors (Chacon and Rogers 2019) could be driven by members of the SoxC family.
The animal studies discussed in the preceding section have been invaluable in deciphering the regulatory factors during neuronal development of βIII-tubulin. Equivalent studies examining TUBB3 expression in neuronal tissues and neural crest cells have yet to be validated in human cells, although genomic mapping has identified transcription factors that interact with the human and rat/mouse promotors. The validated human transcription factors involved with promoting TUBB3 expression in a neuronal setting are SOX11 and ZIC1 (Fu et al., 2019). While either SOX11 or ZIC1 promotes the expression of TUBB3/βIII-tubulin and induces a neuronal phenotype in U87 glioblastoma cells, the expression of ZIC1 greatly enhances the impact SOX11 has on TUBB3 expression and neuronal differentiation (Fu et al., 2019). SOX4 has also been shown to regulate TUBB3 expression cancer (Castillo et al., 2012), and this will be discussed in a subsequent section.
3.1.2 Non-Neuronal Expression Repression or Cell Cycle Dependent Expression?
One potential reason the expression of TUBB3 is limited outside of neuronal tissue is due to the REST binding site (RE1) present within the first intronic region of TUBB3, which is located after the first exon of the first TUBB3 transcript variant (Figure 2; Table 2) (Shibazaki et al., 2012). An RE1 site is also present in the 5’ UTR of rat Tubb3 (Dennis et al., 2002). REST is a global transcriptional silencer that represses neuron-specific gene expression in non-neuronal cells (reviewed in Ooi and Wood 2007). Typically, REST forms complexes with chromatin-modifying enzymes, such as HDACs, coREST, mSin3a, MeCP2, and suppresses neuronal gene expression by epigenetic mechanisms (reviewed in Ooi and Wood 2007). Given the binding partners of REST, it is unsurprising that the human REST site located within the CpG island is found within the GH16J08995 “enhancer” (Figure 2). It is possible that in normal healthy tissue, as a result of REST binding, that this CpG island displays increased methylation, limiting the transcription of TUBB3 and potentially accounting for the reduced expression of TUBB3 observed in non-neuronal tissue. This needs to be further investigated as both TUBB3 and βIII-tubulin expression is observed in several non-neuronal tissues and cells including human fetal astrocytes, melanocytes, and spermatogenic cells (Dráberová et al., 2008; Leandro-García et al., 2010; Lehmann et al., 2017; Person et al., 2017).
Prior to identifying the REST binding site in TUBB3, Shibazaki et al. (2012) identified that TUBB3 expression in HEK293 and HeLa cells fluctuated with the cell cycle. TUBB3 expression increased throughout the S phase and βIII-tubulin expression peaked in the G2/M phase, where it appeared enriched around mitotic spindles (Shibazaki et al., 2012). Immunoprecipitation studies showed that REST was no longer bound to its RE1 site in TUBB3 during the G2/M phase, but rather rebound during the G1 phase, where TUBB3 expression was observed to decrease (Shibazaki et al., 2012). Knockdown studies also indicated that cell-cycle dependent TUBB3 expression is required for mitosis and normal cell growth in their cells (Shibazaki et al., 2012). This was further supported by studies that found that silencing TUBB3 expression sensitized cancer cell lines to epothilones, a TBA that causes cells to accumulate in G2M phase of the cell cycle (Gan et al., 2011; Narvi et al., 2013). This finding suggests that TUBB3 is not as neuronally specific as traditionally thought. Future studies are needed to better understand the role of REST in TUBB3 regulation.
3.1.3 Testis and Other Non-Neuronal Tissues
An unexpected finding from a Lewis and Cowan 1988 study was the identification of βIII-tubulin expression in mouse testis (Lewis and Cowan 1988). This finding was initially dismissed, as the βIII-tubulin antibody that was used was also known to bind to βIVb-tubulin, which at the time was considered the only β-tubulin isotype to be expressed in the testis (Lewis and Cowan 1988). Lee et al., 1990a went on to validate βIII-tubulin expression in testis using a newly developed βIII-tubulin monoclonal antibody (TUJ1). Denolet et al. (2006) later identified the altered expression of Tubb3 in mouse Sertoli cells, “nurse” cells in the testes involved with spermatogenesis, in response to the loss of the androgen receptor. This work was then followed up by De Gendt et al. (2011) who identified several Androgen Response Elements (ARE) present in both mouse and rat Tubb3, and suggested that Tubb3 plays a critical role in spermatogenesis. The location of AREs in the human TUBB3 gene have not been reported and we cannot exclude the possibility that the association with the AR is indirect. Nevertheless, βIII-tubulin is expressed in human Sertoli cells (Person et al., 2017). Furthermore, testosterone has been shown to induce TUBB3/βIII-tubulin expression in human cell lines (Butler et al., 2001), suggesting that these elements potentially exist in the human TUBB3 gene. Person et al., 2017 also observed the strongest βIII-tubulin staining in testicular tissue in the spermatogenic cells, stem cells that give rise to sperm cells (Person et al., 2017), supporting the notion of TUBB3 being involved with spermatogenesis (De Gendt et al., 2011). In contrast, treating rat primary cortical neurons with supra-physiological doses of testosterone failed to elevate Tubb3 expression, despite the strong expression of the androgen receptor in the same cells (Zelleroth et al., 2021).
TUBB3 and βIII-tubulin expression has also been demonstrated to be controlled by the estrogen receptor (Saussede-Aim et al., 2009a), which could account for the observed expression in ovary tissue (Person et al., 2017). Though it is currently unclear if TUBB3 is expressed in oogonial stem cells in vivo, the female equivalent of spermatogenic cells, cultured murine oogonial stem cells have been shown to express βIII-tubulin (Cao et al., 2017). The location of the estrogen response element in the human TUBB3 loci is unknown, as it is not present in either the 5’ or 3’ UTR of TUBB3 (Saussede-Aim et al., 2009a).
3.1.4 Translational Regulation of TUBB3 in Normal Tissues
In additional to studying the transcriptional regulation of TUBB3, there has also been investigations into the regulatory factors involved with the translation of, and the stability of the TUBB3 mRNA transcript. Work performed by Theodorakis and Cleveland (1992) demonstrated that increased cytosolic levels of β-tubulins results in a reduction to β-tubulin mRNA transcripts without impacting the level of α-tubulin transcripts. Their work suggested that there is an RNA binding agent that recognizes the first 13 coding nucleotides of the various β-tubulin transcripts that is involved with RNA stabilization, however as levels of β-tubulin protein increased, this unknown binding agent loses its affinity for the RNA resulting in destabilization of the mRNA (Theodorakis and Cleveland 1992). This was demonstrated by blocking the suspected binding site, which resulted in a loss in β-tubulin RNA (Theodorakis and Cleveland 1992). As this seminal work did not address the individual β-tubulin transcripts, how this relates to individual tubulin isotypes such as TUBB3/βIII-tubulin remains to be investigated.
In neurogenesis, translation of TUBB3 is also regulated in a neuronal specific manner. In mouse P19 and Neuro2a cells, RNA binding protein Tristetraprolin was shown to bind to Tubb3 and impair its translation (Dai et al., 2015). The authors identified many neuronal mRNAs to contain binding sites for Tristetraprolin (Dai et al., 2015). By initiating neuronal differentiation in these cells, they observed a reduction in Tristetraprolin levels followed by an increase in Tubb3 translation, a result they were able to mimic through Tristetraprolin knockdown studies as well (Dai et al., 2015). Human TUBB3 itself does contain a potential Tristetraprolin binding site, which appears to overlap with the binding site for the members of the miR-200 family, suggesting this mechanism of regulating TUBB3 transcription is likely to be active in the human developing nervous system as well.
3.2 Expression of TUBB3 in Cancer—A Loss in Regulation
Despite the well-established link between βIII-tubulin overexpression, drug resistance and poor clinical outcomes in patients, the regulation of TUBB3 expression in cancer cells remains poorly understood. It is becoming apparent that mechanisms driving aberrant TUBB3 expression in tumours are complex and may vary depending on cell type and gender. Indeed, the impact of aberrant TUBB3 expression impacts drug resistance in different types of cancer, as in ovarian and non-small cell lung cancer where elevated TUBB3 expression is associated with drug resistance (Kavallaris et al., 1997; Kavallaris et al., 1999), while increased TUBB3 expression in breast cancer and melanoma cells has been identified as a sign of increased drug sensitivity (Akasaka et al., 2009; Wang et al., 2013). Due to this perturbation of TUBB3 expression in cancer, several studies have investigated whether the altered expression of TUBB3 is a response to chemotherapeutic agents or as a result of gene dysregulation.
In cancers where TUBB3 is overexpressed, change in gene expression is often compared to the expression of total β-tubulin. For example, in neuronal tissues βIII-tubulin expression makes up approximately 25% of the β-tubulin pool, TUBB3 however only accounts for 4% of the total TUBB expression, with TUBB4 and TUBB2A making up at least 90% of the total TUBB expression (Cleveland et al., 1990; Leandro-García et al., 2010). This trend is seen in patient tumours, where TUBB3 only makes up a low to moderate proportion of the TUBB mRNA pool in ovarian, breast and lung cancer (with proportions ranging up to 7.5, 18, and 16% respectively) (Leandro-García et al., 2010). What makes this change aberrant though is that between normal and cancerous tissue, this change in TUBB3 expression accounts for a 71- and 43-fold increase in expression in lung and breast cancer respectively (Leandro-García et al., 2010).
3.2.1 Impact of Chemotherapy on TUBB3 Expression
Induction of TUBB3 expression has been widely reported in numerous cancer cell lines by both short term (Ranganathan et al., 1998b) and long term (Ranganathan et al., 1996; Kavallaris et al., 1997; Ranganathan et al., 1998a; Ranganathan et al., 1998b; Shalli et al., 2005) exposure to TBAs, a class of chemotherapeutics that target tubulin and microtubule dynamics (reviewed in Jordan and Wilson, 2004; La Regina et al., 2019). The factors responsible for this response may not be unique to βIII-tubulin as the levels of several other β-tubulin isotypes were also significantly increased (Ranganathan et al., 1996; Ranganathan et al., 1998a; Shalli et al., 2005). These results should be interpreted with caution though as very high doses of TBAs were used in some of the short-term studies. For example, in MCF7 cells, TUBB3 gene expression has been shown to be inducible following acute exposure to extremely high concentrations of vinorelbine, vinblastine or colchicine (1 μm), or paclitaxel (400 nm) (Saussede-Aim et al., 2009b; Lobert et al., 2011). Concentrations of vinblastine at 1 μm are known to completely depolymerise microtubules and increase microtubule polymer mass in vitro (Jordan et al., 1991; Toso et al., 1993). The concentration used is not clinically relevant and the Vinca alkaloid-induced TUBB3 expression is likely to be a compensatory response to microtubule depolymerisation, or an “off- target” effect on the transcriptional machinery or signalling pathways. Using this extreme dose of vinorelbine or vinblastine (1 μm) in mutagenesis studies, Saussede-Aim et al. (2009b) reported that Vinca alkaloid treatments were enhancing TUBB3 promoter activity via two AP1 binding sites located within the GH16J089920 promoter of the TUBB3 loci (Figure 2; Table 2) (Saussede-Aim et al., 2009b). However, using chromatin immunoprecipitation (ChIP) for canonical AP1 binding transcription factors failed to identify what was binding to the AP1 site in response to vinorelbine exposure, suggesting that there was a non-canonical AP1 binding protein inducing TUBB3 expression in response to vinorelbine (Saussede-Aim et al., 2009b). Future investigation using ChIP is required to identify transcription factors responsible for Vinca alkaloid-induced TUBB3 expression at clinically relevant doses.
Like Vinca alkaloids, Taxol has been reported to alter the level of TUBB3 expression in tumours. For example, Kavallaris et al. (1997) reported that, while the level of individual β-tubulin isotypes remained the same in normal ovary and primary untreated ovarian tumours, analysis of ovarian carcinoma specimens from the same patient before and after chemotherapy revealed that TUBB3 and TUBB2C gene expression increased significantly in Taxol-resistant tumours post-treatment (Kavallaris et al., 1997). As patients develop Taxol resistance after several cycles of Taxol/platinum combination therapy, it is difficult to differentiate whether the increased TUBB3 expression observed was a direct consequence of chemotherapy-induced changes, or as a result of selection of resistant cell populations where altered tubulin expression provided a survival advantage. Kavallaris et al. (1999) went on to show that Taxol resistant non-small cell lung cancer cells were overexpressing TUBB3 and βIII-tubulin, and that partial suppression of TUBB3 using antisense oligonucleotides sensitized cells to Taxol (Kavallaris et al., 1999), linking TUBB3/βIII-tubulin expression with Taxol sensitivity. Later, potent knockdown of TUBB3 using siRNA and shRNA confirmed a direct functional role for βIII-tubulin in mediating in vitro and in vivo sensitivity to broad classes of chemotherapy in non-small cell lung cancer, identifying βIII-tubulin as a survival factor in cancer cells (Gan et al., 2007; Gan et al., 2010b; McCarroll et al., 2010; Gan et al., 2011).
3.2.2 The 5’ Region of TUBB3 in Cancer
Several regulatory elements in addition to AP1 binding sites mentioned earlier, have been identified within the 5’ UTR of the TUBB3 loci, which includes two CpG islands. The shorter of the two (consisting of 38 CpGs) is located just upstream of the GH16J089920 promoter, while the second CpG island, and also the largest in the TUBB3 loci (132 CpGs), is located within the promoter and covering the first exon of the first TUBB3 transcript variant (Figure 2; Table 2). The larger CpG island has been identified as hypomethylated in several ovarian cancer cell lines, but not in non-cancerous ovarian tissues (Izutsu et al., 2008). Given the identification of multiple SP1 and AP2 binding sites within the rat genome around the first exon of Tubb3 (Dennis et al., 2002), Izutsu et al. (2008) suggested that these sites may be present at similar locations of the human TUBB3 loci too. Since SP1 and its DNA-binding activities are inducible under oxidative stress and DNA-damage (Ryu et al., 2003), and assuming there are SP1/AP2 binding sites within this region as suggested by Izutsu et al. (2008), it is possible that under chemotherapeutic insults, hypomethylated TUBB3 promoter regions with enhanced SP1 signalling may contribute to aberrant TUBB3 expression in ovarian cancer. Further studies are required to clarify whether SP1 and AP2 can directly bind to those hypomethylated regions and drive aberrant TUBB3 expression. Moreover, it will be important to determine if hypomethylation of TUBB3 occurs in patient samples with upregulated βIII-tubulin expression.
There are two Retinoic Acid Response Elements (RARE) upstream of the smaller CpG island, towards the extreme 5′ end of the TUBB3 loci and within the MC1R promoter region (Figure 2; Table 2). RAREs are bound to by the transcription factor Retinoic Acid Receptor α (RARα) in response to elevated levels of retinoic acid, resulting in gene expression. The two RAREs within the TUBB3 loci were recently discovered by Namekawa et al. while trying to improve the generation of long-term cultures of Patient Derived Cancer cells (PDCs) that were enriched for Cancer Stem-like Cells (CSCs) from surgically removed bladder tumours (Namekawa et al., 2020). CSCs are renewable cells that constitute a small population within a cancerous cell population, and are implicated in tumour drug resistance, as well as tumour recurrence and metastasis (reviewed in Clevers 2011; Diaz and Leon 2011). These PDCs were grown in a 3D spheroid culture to aid in CSC enrichment, and were observed to have elevated expression of ALDH1A1, a marker for CSCs and whose protein product RALDH1 oxidises retinaldehyde into retinoic acid (Namekawa et al., 2020). Knockdown studies of ALDH1A1 showed that its expression was required for the in vitro maintenance of the PDCs, and prevented spheroid formation, leading the authors to speculate that spheroid formation was occurring due to elevated levels of retinoic acid caused by elevated ALDH1A1 (Namekawa et al., 2020). After demonstrating that spheroid formation was reliant on retinoic acid levels independently of ALDH1A1 expression, Namekawa et al. (2020) proceeded to search for genes that were being upregulated by the retinoic acid response pathway. By performing ChIP for RARα, they identified two RAREs in the 5’ UTR of the TUBB3 loci, which were then confirmed to be able to promote the expression of TUBB3, and that TUBB3 expression was elevated by the PDCs too (Namekawa et al., 2020). Subsequent knockdown studies of TUBB3 in PDCs confirmed it as downstream to the elevation of ALDH1A1 expression, as TUBB3 expression was required for in vitro spheroid formation (Namekawa et al., 2020). This prompted the suggestion that TUBB3 expression may contribute to the maintenance of CSCs in bladder cancer (Namekawa et al., 2020), which could account for why elevated TUBB3 is observed with more aggressive subtypes of bladder cancer (Hinsch et al., 2017).
Recent work has identified that MZF1 is able to bind to the TUBB3 loci, with three potential sites predicted up to 600 base pairs upstream of the first exon of TUBB3 transcript variant 2 (Kanojia et al., 2020). The ability of MZF1 to bind to the TUBB3 loci was identified while looking for means to upregulate βIII-tubulin expression in HER2 positive breast cancer in an effort to induce sensitivity to the TBA, vinorelbine (Kanojia et al., 2020). Building on previous work that identified TUBB3 expression to be modulated by the members of the Bromdodmain and Extraterminal (BET) protein family (Piunti et al., 2017), Kanojia et al. (2020) identified increased TUBB3/βIII-tubulin expression in response to BET inhibition which led to increased sensitivity to Vinorelbine both in vitro and in vivo (Kanojia et al., 2020). Seeking a mechanism to account for why BET inhibition was promoting TUBB3 expression, the TUBB3 promoter (GH6J089920) was scanned and led to the identification of several potential binding sites for transcription factors (Kanojia et al., 2020). As MZF1 was associated with better survival in breast cancer patients, and because MZF1 expression decreased upon treatment with BET inhibitors, Kanojia et al. (2020) performed knockdown/overexpression studies and ChIP-qPCR, confirming that MZF1 could bind to the TUBB3 loci and repress TUBB3/βIII-tubulin expression.
Near the AP1 sites, exist two more transcription factor binding sites within the 5′ UTR of the first TUBB3 transcript variant, both of which are Ybox elements (Figure 2; Table 2). Ybox elements are canonically bound to by SRY-related HMG-box transcription factors, and as mentioned earlier several of these transcription factors have been linked to modulating TUBB3 expression in a neuronal setting. Two of these transcription factors have been linked to modulating TUBB3 expression in cancer, SOX4 and SOX9 (Castillo et al., 2012; Raspaglio et al., 2014). While both are linked to neurogenesis and neuronal crest cell formation (Bergsland et al., 2006; Martini et al., 2013; Uy et al., 2015), increased SOX4 expression is also commonly linked with several forms of cancer, in particular lung cancer, and has been suggested as a driver oncogene (Liu et al., 2006; Castillo et al., 2012). Despite its increase in expression, the impact of increased SOX4 expression on the genes it was upregulating was unknown. To address this issue, Castillo et al. (2012) investigated genes that were positively regulated by SOX4 expression in small cell lung cancer through knockdown studies. After identifying several potential genes downregulated upon knockdown of SOX4 expression, Castillo et al. (2012) screened these genes for potential SOX4 binding sites (Scharer et al., 2009), and subsequently confirmed SOX4 binding through ChIP and qPCR of the SOX4 bound sequences (Castillo et al., 2012). As Sox4 had been previously linked to regulating Tubb3/βIII-tubulin expression in neurogenesis (Bergsland et al., 2006), the authors used TUBB3 as a positive control for their assays as it was downregulated in the initial SOX4 knockdown microarray, and they went on to validate two SOX4 binding sites in the TUBB3 loci (Figure 2; Table 2) (Castillo et al., 2012). Of note, the Ybox4 element identified in the 5’ region was determined to be the more dominant (Figure 2) (Castillo et al., 2012). Thus Castillo et al. (2012) reported that the dysregulation of a direct factor associated with neurogenesis in cancer may be involved with promoting the aberrant expression of TUBB3 in some cancers. Due to its association with hypoxic stress response, the Ybox9 element and SOX9 will be discussed in a subsequent section.
3.2.3 The First Intron of TUBB3—Epigenetic Dysregulation or Loss of REST1 Expression?
Epigenetic dysregulation is a common feature of cancers (Hanahan 2022). Like many genes, TUBB3 can be epigenetically regulated. REST-mediated mechanisms and chromatin remodelling have been demonstrated to play an important role in TUBB3 regulation in several epithelial cancer cells (Izutsu et al., 2008; Akasaka et al., 2009; Gao et al., 2012; Shibazaki et al., 2012). For example, in ovarian cancer cells, DNA demethylation CpG island (containing 86 CpGs) within TUBB3 intron 1 has been shown to result in βIII-tubulin overexpression, with chromatin acetylation accelerating the process and increasing TUBB3 expression as well (Izutsu et al., 2008; Akasaka et al., 2009). Subsequently, Izutsu et al. (2008) performed in silico analysis’ within this region and identified the RE1 site, later validated by others (Shibazaki et al., 2012), suggesting REST may also be involved with the observed increase in TUBB3 expression. Follow-up investigations of this predicted RE1 site by Akasaka et al. (2009) identified that histone deacetylation of this RE1 motif partially contributes to TUBB3/βIII-tubulin overexpression in melanoma.
The loss of REST in a range of cancers has also been linked to the aberrant expression of neuronal genes in the clinic, including TUBB3. A negative correlation between REST and TUBB3 expression has been reported in skin, ovarian, and small cell lung cancer biopsy samples (Akasaka et al., 2009; Kreisler et al., 2010; Hatano et al., 2011; Gao et al., 2012), while in normal non-neoplastic tissues TUBB3 is barely detectable. Additionally, REST gene deletion and frame-shift mutations are frequently observed in colon and small cell lung cancers (Coulson et al., 2000; Westbrook et al., 2005). In mouse colonic crypts, targeted Rest genetic ablation has resulted in upregulation of Tubb3 expression (Hatano et al., 2011; Gao et al., 2012). Furthermore, TUBB3/βIII-tubulin expression can be independently induced upon REST siRNA treatment in cancer cells (Akasaka et al., 2009; Gao et al., 2012). Together, these findings suggest REST as a transcriptional silencer of TUBB3 and that dysfunctional REST, in conjunction with epigenetic modifications in TUBB3 intron 1, may be important mechanisms underlying aberrant TUBB3 expression in tumours of non-neuronal origin. Since other neuronal differentiation factors mentioned previously are also linked to this altered TUBB3 expression (Castillo et al., 2012; Raspaglio et al., 2014; Namekawa et al., 2020), it poses the question—are dysregulated processes associated with neuronal gene regulation the primary causes of aberrant TUBB3 expression in tumours of non-neuronal origin? Further research is required in order to better understand the role that these neuronal factors are playing in TUBB3 expression in cancer.
3.2.4 The 3’ UTR of TUBB3—Stress Response
From the observed increases in TUBB3 expression in response to exposure to TBAs, (Ranganathan et al., 1996; Kavallaris et al., 1997; Ranganathan et al., 1998a; Ranganathan et al., 1998b; Shalli et al., 2005), one can speculate that the induction of βIII-tubulin could enable tumour cells to adapt and survive in a stressful microenvironment. Gan et al. (2007) provided the first evidence that expression of TUBB3/βIII-tubulin was a survival factor that when suppressed using gene silencing not only sensitized tumour cells to TBAs but also to broad classes of drugs including DNA-damaging agents and antimetabolites. A notion that is strengthened by the observation that the levels of TUBB3 were able to modulate the PTEN/AKT signaling axis (McCarroll et al., 2015a), a prosurvival pathway commonly perturbed in a range of tumours (reviewed in Song et al., 2012; Taddei et al., 2012). Indeed, growing evidence suggests that βIII-tubulin expression is a key adaptive response that is activated on cellular exposure to a stressful microenvironment, such as hypoxic conditions (Raspaglio et al., 2008; Forde et al., 2010; Danza et al., 2012; Bordji et al., 2014; Raspaglio et al., 2014) or glucose deprivation in cancers cells (Parker et al., 2016). In solid tumours, cells often grow within a hypoxic microenvironment, and cells with a highly efficient hypoxia-inducing factor orchestrated survival program possess an advantage to offset its selective pressure.
In tumours, the hypoxia-inducing factor HIF1α has been implicated in the transcriptional regulation of βIII-tubulin via the 3′UTR of the TUBB3 gene and is thought to protect tumours against hypoxic injury (Raspaglio et al., 2008; Forde et al., 2010; Danza et al., 2012; Bordji et al., 2014; Raspaglio et al., 2014). In A2780 ovarian cancer cells, hypoxia has been shown to strongly induce TUBB3 gene and βIII-tubulin protein expression and this phenotype was directly linked to cisplatin and paclitaxel resistance (Raspaglio et al., 2008; Raspaglio et al., 2014). This process was shown to be transcriptionally regulated through the binding of HIF1α to a hypoxia response element (HRE) within the 3′ UTR of TUBB3 (Raspaglio et al., 2008) (Figure 2; Table 2). An alternative transcriptional mechanism regulating TUBB3, involving HIF2α and the SoxC gene SOX9, has also been described (Raspaglio et al., 2014). In ovarian cancer specimens, high levels of TUBB3 mRNA and βIII-tubulin protein were significantly associated with increasing levels of SOX9 and HIF2α (Raspaglio et al., 2014). Silencing both SOX9 and HIF2α abrogated this hypoxia-activated TUBB3 expression, suggesting roles for SOX9 and HIF2α as positive TUBB3 regulators under hypoxic conditions. Subsequent in silico analysis and ChIP studies demonstrated the binding of SOX9 to a specific binding site (the Ybox9 element mentioned earlier) within the 5′ region of TUBB3 (Figure 2; Table 2), with gene-reporter and site-directed mutagenesis studies all supporting the involvement of SOX9 in TUBB3 regulation in hypoxia (Raspaglio et al., 2014).
HIF1α and HIF2α may potentially regulate TUBB3 expression in hypoxic conditions by mechanisms that differ in diverse cancer types. While both appear to have a positive impact on expression in ovarian cancer (Raspaglio et al., 2008; Raspaglio et al., 2014), HIF1α appears to play an inhibitory role on TUBB3/βIII-tubulin expression in glioblastoma cells (Bordji et al., 2014). In glioblastoma hypoxia reduced HIF1α expression, leading to HIF2α binding to the two overlapping HREs located in the 3′UTR of the gene (Bordji et al., 2014). Additionally, epigenetic regulation could account for this regulation in specific cancer cell lines, as hypomethylation of the HRE is required for TUBB3 expression in ovarian cancer cells, prostate cancer cells and prostate tumours (Raspaglio et al., 2008; Forde et al., 2010). This suggests that both HIF1α and HIF2α/SOX9 mediated TUBB3 regulation could be a cell-specific response, as it is not inducible upon hypoxia in some cell lines expressing high basal levels of βIII-tubulin (Raspaglio et al., 2008; Shen and Yu 2008; Danza et al., 2012; Levallet et al., 2012; Bordji et al., 2014; Raspaglio et al., 2014).
3.2.5 miR-200c and HuR—Partners in Crime
Another common mechanism used by cells as a means of translational regulation are microRNAs (miRNAs), small non-coding RNAs that can modulate the post-transcriptional regulation of gene expression through modulation of mRNA stability and translational efficiency through complementary base pair binding (Goodall et al., 2013; Maciotta et al., 2013). One particular family of miRNAs, the miR-200 family, has been linked to modulating the translation of TUBB3 in the context of cancer. The miR-200 family, consisting of miR-141, −200a, −200b, −200c, and −429, have an established role in cancer, with their downregulation being linked to angiogenesis, drug resistance and the epithelial-mesenchymal transition of cancer cells (Mongroo and Rustgi 2010; Pecot et al., 2013; Brozovic et al., 2015; Sulaiman et al., 2016). The expression of all five members of this miRNA family have been shown to inversely correlate with the levels of TUBB3 in ovarian cancer patients (Susanna et al., 2011), however only two of them, miR-200b and −200c, have been demonstrated to directly bind to TUBB3, while miR-429 is predicted to do so (Cochrane et al., 2009; Susanna et al., 2011; Wu et al., 2020). Given these miRNAs are from the same family, they all share a similar seed sequence and are able to bind to TUBB3 at the same location (Figure 3).
[image: Figure 3]FIGURE 3 | Structure of the common TUBB3 mRNA transcripts. Structure of the two common TUBB3 transcripts showing the validated binding sites of the HuR protein and the miR-200 family. Transcripts are represented by a combination of thin and thick boxes for exons, and arrows for introns; thin boxes represent untranslated regions (5′ and 3’ UTRs), while thick boxes represent translated regions. TUBB3 transcript variants 1 and 2 are show in red and blue respectively and have been aligned to show common regions. RNA binding sites represented by boxes under their approximate location, with thickness corresponding to size. HuR binding site validated by (Prislei et al., 2013); miR-200c binding confirmed by (Cochrane et al., 2009); miR-200b binding confirmed by (Wu et al., 2020); miR-429 binding predicted by (Susanna et al., 2011); miR-200c binding confirmed by (Cochrane et al., 2009); miR-200b binding confirmed by (Wu et al., 2020); miR-429 binding predicted by (Susanna et al., 2011).
The most well studied member of the miR-200 family in regards to TUBB3, is miR-200c, which has also been shown to have an interesting relationship with the RNA binding protein HuR in its modulation of TUBB3 translation (Cochrane et al., 2009; Cochrane et al., 2010; Raspaglio et al., 2010). Cochrane et al. (2009) and Cochrane et al. (2010) found that miR-200c binds to the TUBB3 3’ UTR (Figure 3) which results in a reduction of βIII-tubulin without impacting the expression of TUBB3 (Cochrane et al., 2009; Cochrane et al., 2010). In the context of cancer, identification of miR-200c regulating TUBB3 expression came from in vitro work examining reduced miR-200c in model breast, ovarian and endometrial cancer cell lines (Cochrane et al., 2009; Cochrane et al., 2010). Changes in miR-200c have also been reported in a number of cancer cell lines and clinical specimens. Specifically, several separate studies reported that low miR-200c expression is significantly associated with high βIII-tubulin protein levels, resistance to TBAs, high incidence of recurrence and poor survival in ovarian cancer patients (Susanna et al., 2011; Brozovic et al., 2015; Sulaiman et al., 2016). These findings suggest miR-200c negatively regulates TUBB3 expression and loss of miR-200c may result in βIII-tubulin overexpression in ovarian, breast and endometrial cancer. Additionally, recent work has demonstrated that intratumour delivery of miR-200c overexpressing exosomes can target TUBB3 in in vivo models of tongue squamous cell carcinoma and restore tumour chemosensitivity (Cui et al., 2020), suggesting miR-200c has potential as a therapeutic strategy to treat individuals with βIII-tubulin overexpressing tumours.
In contrast, another study examined miR-200c expression in patients with ovarian cancer and found no relation between elevated miR-200c, βIII-tubulin levels, or chemotherapy sensitivity, leading them to examine additional elements involved with βIII-tubulin translation (Prislei et al., 2013). One element Prislei et al. (2013) chose to focus on was the expression of the RNA binding protein HuR, that had been associated with promoting the translation of TUBB3 (Raspaglio et al., 2010). In ovarian cancer, Raspaglio et al. (2010) identified that while hypoglycaemic conditions caused an increase in TUBB3 expression, the expression of βIII-tubulin in these conditions was reliant on the stabilization of the TUBB3 transcript by cytosolic HuR binding to its 3’ UTR (Figure 3) (Raspaglio et al., 2010). The authors additionally identified that high cytosolic levels of HuR in tumours was associated with high βIII-tubulin expression and poor survival in ovarian cancer patients (Raspaglio et al., 2010). Building on this work, Prislei et al. (2013) divided up their patient cohort into those with high cytosolic or high nuclear HuR expression. They found that those with high cytosolic HuR expression with elevated miR-200c levels unexpectedly had elevated βIII-tubulin levels, exhibited chemotherapy resistance and poor patient outcomes (Prislei et al., 2013). In vitro work then identified that miR-200c was capable of recruiting cytosolic HuR to its binding site on the TUBB3 transcript (Figure 3), resulting in further stabilization of the TUBB3 transcript which potentially accounts for the higher expression of βIII-tubulin observed in patients (Prislei et al., 2013). How miR-200c impacts the recruitment of HuR to the TUBB3 transcript is unclear and understanding this relationship would be beneficial to unravelling how TUBB3 expression is modulated by miRNAs.
3.2.6 Un-mapped Regulatory Elements of TUBB3
While the previous section highlighted elements that have been mapped to the TUBB3 loci, there are several elements that have been demonstrated to regulate TUBB3 expression but have no clear binding to the TUBB3 loci. Mentioned earlier, the gonadal steroids estrogen and testosterone have both been shown to induce TUBB3 expression and have emerged as potential drivers of TUBB3/βIII-tubulin expression in cancer (Butler et al., 2001; Saussede-Aim et al., 2009a; Mariani et al., 2012), however estrogen and androgen receptor elements (ERE and ARE respectively) in the TUBB3 loci not been identified. In breast cancer cells, Saussede-Aim et al. (2009a) described an estrogen-dependent TUBB3 regulatory pathway, where TUBB3/βIII-tubulin expression was inducible upon oestradiol exposure. While in silico analysis of the 5′ and 3’ UTRs of the TUBB3 loci failed to identify where the location of any EREs were, several binding sites for transcription factors known to be implicated in indirect estrogen-regulation such as AP1, NF-κB, and SP1 were identified in the first intron of TUBB3 (Saussede-Aim et al., 2009a). In the same study, oestradiol-induced TUBB3 expression could not be reproduced in estrogen receptor (ER) negative breast cancer cell lines, and was abrogated after exposure to the ER antagonists tamoxifen and fulvestrant in several ER-expressing breast cancer cell lines. These findings suggest that oestradiol-induced TUBB3 expression is ER-dependent. The authors proposed that ERs may regulate TUBB3 in an indirect manner, facilitating transcription factor binding to nearby corresponding sites in intron 1 and subsequent TUBB3 transcription activation. Conflicting results were reported in invasive breast cancer specimens, where high TUBB3 expression was identified in both ER positive and ER negative breast tumour specimens (Wang et al., 2013), raising the question as to whether ER is relevant to TUBB3 regulation in the clinic. This disparity could be explained by the different biology in cell models and clinical specimens. In the study by Wang et al. (2013), specimens were collected from patients with different pathological stages, with or without neoadjuvant chemotherapy, all of which could potentially contribute to high TUBB3 expression. In addition, patients in this study were not treated with estrogen and therefore further studies are required to assess the clinical value of ER in TUBB3 regulation in breast cancer.
In colorectal cancer, elevated TUBB3 expression is associated with invasive phenotypes in both genders (Portyanko et al., 2009; Zhao et al., 2016). In vitro analysis of 23 colorectal cancer cell lines suggested that TUBB3/βIII-tubulin is activated after exposure to androgens in males (Mariani et al., 2012), as seen with estrogens in breast cancer cells (Saussede-Aim et al., 2009a). In both male and female colorectal cancer cell lines, stable silencing of androgen receptors (AR) yielded significant downregulation of TUBB3/βIII-tubulin, raising the possibility that ARs play a significant role in driving TUBB3 expression. Importantly, in male colorectal cancer cells, the AR-dependent TUBB3 regulatory pathway is constitutively activated via testicular androgen, while in colorectal cancer cell lines derived from women TUBB3 is only inducible upon serum starvation (Mariani et al., 2012). This finding suggests that for males and females, there are differences in how the AR regulatory regions are impacted and are able to induce TUBB3 expression in response to external stimuli. While mapped in mice and rats (De Gendt et al., 2011), future mutagenesis and ChIP studies are required to identify AR binding regions within the human TUBB3 gene to understand this sex based expression pattern of TUBB3.
Other factors have also been proposed to play a role in TUBB3 regulation. For example, overexpression of Semaphorin-6A (SEMA6A) is correlated with TUBB3/βIII-tubulin upregulation in ovarian cancer cells, while the reverse is observed in SEMA6A knockdown cells (Prislei et al., 2008). Likewise, levels of the transcription factor ZEB1 have also been shown to influence TUBB3 expression in ovarian cancer in the same manner as Semaphorin-6A (Lobert et al., 2013). Additionally, Kanojia et al. (2020) identified a potential ZEB1 binding site within the TUBB3 5’ UTR, and their data supports that ZEB1 promotes TUBB3 expression, as increasing ZEB1 expression led to an elevation of TUBB3 expression. In contrast to Semaphorin-6A and ZEB1, the overexpression of the Snail family zinc finger transcription factor SLUG in non-small cell lung cancer cells suppressed expression of TUBB3/βIII-tubulin, as well as the β-tubulin isotype, TUBB4A/βIVa-tubulin (Tamura et al., 2013). This study then focused on the relationship between Slug and TUBB4A, and did not investigate the SLUG induced suppression of TUBB3 further (Tamura et al., 2013).
Slug is co-expressed with βIII-tubulin and Sox9 in pre-migratory avian neural crest cells (Chacon and Rogers 2019). Additionally, SLUG has been shown to directly interact with SOX9 to promote the formation of cancer stem-like cells in lung cancer (Luanpitpong et al., 2016), and there is the recent speculation that TUBB3 may be playing a role in the maintenance of cancer stem like cells (Namekawa et al., 2020). Though it does present as an oddity, these studies suggest that Slug may only be a TUBB3 repressor under certain conditions. Two other family members, Snail and Scratch1, are also involved in TUBB3 regulation. As previously mentioned, Scratch1 expression results in increased βIII-tubulin in a neuronal setting (Nakakura et al., 2001b). In contrast, Scratch1 may not be involved with TUBB3 regulation in a cancer setting due to its lack of expression in a wide range of patient samples obtained from different tumours (Bastid et al., 2010). The expression of the third family member, Snail/SNAI1 itself, has also been shown to correlate with the expression of TUBB3/βIII-tubulin in colon cancer cells (Sobierajska et al., 2016), however other than expression, no mechanistic study has been reported. Snail and Slug both present as interesting regulators of TUBB3, as they are both expressed in a large range of cancers (Bastid et al., 2010), and also because of their roles in the epithelial–mesenchymal transition in tumour cells, the process linked with metastasis (Thiery and Sleeman 2006). Additional studies are required to assess whether Snail or Slug can directly bind to the TUBB3 loci and regulate its expression, especially given βIII-tubulin’s roles in drug resistance and tumor aggressiveness.
Finally, K-Ras signalling has been associated with the regulation of βIII-tubulin translation in cancer (Levallet et al., 2012). While investigating K-Ras signalling in non-small cell lung cancer, Levallet et al. (2012) identified K-Ras mutations in clinical samples were strongly and frequently associated with positive βIII-tubulin expression. In immortalised human bronchial cells, expression of a K-Ras mutant protein was shown to significantly increase βIII-tubulin protein levels, while TUBB3 mRNA remained unchanged (Levallet et al., 2012). This observation raises the possibility that βIII-tubulin translation or turnover may be controlled by K-Ras-induced signalling cascades. In further support of this notion, siRNA knockdown of K-Ras and pharmacologic inhibition of K-Ras downstream effectors resulted in βIII-tubulin protein downregulation (Levallet et al., 2012). Additionally, overexpression of EGFR enhanced βIII-tubulin translation in both K-Ras wild type and mutant expressing cell lines, however non-small cell lung cancer associated EGFR mutations appeared to have no impact on βIII-tubulin translation (Levallet et al., 2012). Understanding, what is driving the increased translation of TUBB3 in this circumstance would greatly enhance our knowledge on βIII-tubulin translation and stability.
3.2.7 Targeting the TUBB3 Transcript
Due to the high degree of homology of βIII-tubulin with other β-tubulin isotypes, small molecule inhibitors against this protein are difficult to develop. Given the high expression of TUBB3/βIII-tubulin in epithelial cancers, strategies to silence TUBB3 have been explored. Cui et al. (2020) demonstrated that targeting the TUBB3 transcript directly was sufficient to restore tumour chemosensitivity. There is strong preclinical evidence that targeting the TUBB3 transcript through the use of transient or stable gene silencing can increase drug sensitivity, reduce tumour growth, and suppress metastasis in non-small cell lung cancer and pancreatic cancer (Kavallaris et al., 1999; Gan et al., 2007; Gan et al., 2010a; McCarroll et al., 2010; McCarroll et al., 2015b). Along with our colleagues, we have been exploring the development of therapeutic strategies to silence TUBB3, and hence βIII-tubulin, in tumors that overexpress this isotype. In pancreatic cancer, we developed polymeric star nanoparticles capable of delivering and potently silencing TUBB3 siRNA in a clinically relevant orthotopic model of pancreatic cancer and showed that this increased drug sensitivity and reduced metastasis (Teo et al., 2016; McCarroll et al., 2019; Conte et al., 2021). Recently we described the developed of nanoparticles loaded with docetaxel (DTX) and an siRNA against TUBB3, in order to have a synergistic effect in the treatment of lung cancer (Conte et al., 2021). In this study we showed that combining DTX/TUBB3-siRNA into nanoparticles led to a significant decrease in TUBB3 and cell viability of tumour cell spheroids compared to nanoparticles loaded with DTX alone—demonstrating the combined anticancer effects of βIII-tubulin reduction and increased drug sensitivity (Conte et al., 2021). Collectively, these studies highlight the potential of developing therapeutic strategies to target TUBB3 in cancer cells.
4 CONCLUSION
In both normal and cancerous tissue, it is clear the regulation of both TUBB3 expression and translation is controlled by a complex and multifaced system. This review highlights that a combination of transcriptional controls and altered epigenetic modifications, in conjunction with disrupted signalling pathways may all contribute to disrupted TUBB3 expression in cancers and subsequent response to therapy. Genomic advances such as single cell analysis and spatial transcriptomics may lead to improved identification of differences between cell-types, and the regulation of TUBB3 within the tumour microenvironment. Progressing our understanding of βIII-tubulin regulation is not only important in identifying how the nervous system develops but also in cancer, where it will aid in the identification of potential therapeutic targets and treatment strategies.
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Genomes of higher eukaryotes encode a large tubulin gene superfamily consisting of at least six α and six β-tubulin isotypes. While some α and β-tubulin isotypes are ubiquitously expressed, others are cell-type specific. The subset of α and β-tubulins that is expressed in a given cell type is defined transcriptionally. But the precise mechanisms of how cells choose which α and β isotypes to express and at what level remain poorly understood. Differential expression of tubulin isotypes is particularly prominent during development and in specialized cells, suggesting that some isotypes are better suited for certain cell type-specific functions. Recent studies begin to rationalize this phenomenon, uncovering important differences in tubulin isotype behavior and their impact on the biomechanical properties of the microtubule cytoskeleton. I summarize our understanding of the regulation of tubulin isotype expression, focusing on the role of these complex regulatory pathways in building a customized microtubule network best suited for cellular needs.
Keywords: tubulin, isotype, microtubule, transcription, autoregulation
INTRODUCTION
A vast diversity of subcellular architectures exists in nature. One prominent example is the cytoskeleton found in various arrays not only across the different cell types but also within the same cell type and over the course of the cell cycle. The morphological diversity tangoes with functional specialization. This is acutely evident for one group of cytoskeletal elements—the microtubules. Microtubules are dynamic polymers of α and β-tubulin isotypes, which carry out a number of diverse functions in cells, including flagellar motility, intracellular transport, chromosome segregation, and the establishment and maintenance of cellular morphology (Muroyama and Lechler, 2017). How do eukaryotic cells create such a spectacular diversity in form and function with a set of presumably uniform building blocks? It is well established that a plethora of tubulin and microtubule associated proteins (MAPs) are able to shape the biomechanical properties of microtubules, thus introducing a sophisticated layer of regulation and functional specialization (Goodson and Jonasson, 2018; Cuveillier et al., 2020). But in principle, alterations in the properties of tubulins themselves could both directly and indirectly (through MAPs) affect the assembly and biomechanical properties of microtubules. This idea, first articulated as the multitubulin hypothesis, is based on biochemical differences observed among tubulins isolated from single species and the discovery that most eukaryotic cells express multiple isotypes of α and β-tubulin proteins (Fulton and Simpson, 1976; Stephens, 1978; Cleveland et al., 1980). While the influence of MAPs on microtubule network morphology and function has been reviewed elsewhere (Goodson and Jonasson, 2018), I focus on the role of the regulation of α and β-tubulin gene expression in eukaryotic cells. I refer to isotypes as tubulin species arising from multiple genes and refrain from addressing their posttranslational modifications, which others have thoroughly discussed (Magiera and Janke, 2014; Yu et al., 2015; Gadadhar et al., 2017; Roll-Mecak, 2020; Guichard et al., 2021). Finally, I review some examples of the functional specializations of isotypes and raise the question of why cells evolved such a high complexity of tubulin gene networks.
TUBULIN ISOTYPE EXPRESSION AND FUNCTIONAL SPECIALIZATION
Tubulin Superfamily and Transcriptional Regulation of Gene Expression
Genomes of higher land plants and metazoans encode the core microtubule proteins, α and β-tubulins, in large multi-gene families (Figure 1A) (Gasic and Mitchison, 2019). Unicellular eukaryotes, such as yeast and green algae, encode one to two different α and β-tubulin subunits. The complexity of tubulin gene networks increases with multicellularity: higher eukaryotes encode six to nine tubulin isotypes of each subunit (MacRae and Langdon, 1989). The isotypes share up to 99% identity, with most differences residing in the carboxy-terminal tails (Sullivan, 1988). Most isotypes are constitutively expressed, such as α1a and β5 (Ludueña, 1997). Others are restricted to specific tissues and cell types (Figure 1B). Prominent examples include platelet-specific β1 or neuron-specific β3-tubulin (Ludueña, 1997; Breuss et al., 2017). It is generally assumed that transcriptional regulation defines the expressed tubulins for both the constitutive and specialized forms.
[image: Figure 1]FIGURE 1 | Tubulin gene networks and protein distribution. (A) Phylogenetic neighbour-joining tree without distance corrections (with cladogram branch length, created with Clustal Omega). Color coded are tubulins from the species referenced in this review article. (B) The distribution of tubulin isotypes and diversity of microtubule architectures across specialized cells in higher eukaryotes.
In most cell types, tubulin gene transcription is considered a part of a general “housekeeping” program. But the mechanisms behind it remain poorly understood. For instance, transcriptional factors that may drive such constitutive expression remain largely elusive. Numerous regulatory regions in tubulin genes have been found (Figure 2A), but the precise mechanisms of how they orchestrate tubulin gene transcription have been investigated only in some specific contexts. Four main complications challenge studies of tubulin gene transcription. First, most cells express multiple tubulin genes, subsets of which differ from one cell type to another. Hence, lessons learned from one cell type or one subset of tubulin isotypes do not apply to another one. Second, this intricacy is further exacerbated by the complexity of interacting partners and functions that tubulins perform (Muroyama and Lechler, 2017). Third, the encoded gene products are highly similar making them difficult to distinguish in downstream applications. And fourth, most of the field has historically been focused on using immortalized, fibroblast-like two-dimensional cell cultures to study tubulin biology. Such cells are not only taken out of their natural context, but also largely simplified systems that have hence lost their “identity” when it comes to tubulin gene expression regulation and microtubule function. The availability of complex model systems that better represent nature, such as organoid cultures, as well as sophisticated genetic engineering, immunolabeling, and genome-wide transcriptomic analyses should facilitate progress in identification and characterization of the transcriptional networks that govern constitutive tubulin gene expression.
[image: Figure 2]FIGURE 2 | Transcriptional and posttranscriptional regulation of tubulin gene expression. (A) Transcriptional regulatory elements mapped in various isotubulin genes and across species. (B) Amino-terminal protein sequence alignment of isotubulins and the current model for tubulin autoregulation.
Transcriptional regulation of tubulin genes is much better understood in conditions where tubulin is required to build specialized assemblies. One prominent example is a burst in tubulin gene transcription during flagellar regrowth following deflagellation in unicellular green algae Chlamydomonas reinhardtii. C. reinhardtii possesses four tubulins called α1, α2, β1, and β2-tubulin, encoded by four distinct genes. Rapid flagellar excision induced by mechanical stress or an acid shock triggers a coordinated transcription of a set of flagellar genes including tubulins. This robust response has been used to study the principles governing transcriptional control of the activated tubulin genes, leading to the discovery of the first tubulin gene promoter—the β2 (Davies et al., 1992; Davies and Grossman, 1994). The identified promoter contains seven repeats of a 10-base pair (bp) motif, named tub box, between the TATA box and the transcription initiation site (Figure 2A). The tub box motifs are required for β2-tubulin gene transcription following deflagellation. Similar investigations aimed at identifying the regulatory elements in the α1-tubulin gene revealed yet higher complexity with two promoter regions that act as regulatory elements (Figure 2A). The upmost region (-176 to -122 bp) emerged as a regulator of baseline transcription, keeping the expression levels low. The second region (-85 to -16 bp) encodes an activator for deflagellation-induced gene expression (Periz and Keller, 1997). Recent genetic studies identified two paralogous Foxj1a and Foxj1b transcription factors as core drivers of the motile ciliogenic program in the zebrafish embryo (Yu et al., 2008). Foxj1a turns on a set of genes required for the formation and function of motile cilia. The paralogous foxj1b appears to regulate motile cilia formation in the otic vesicle. Curiously, foxj1a is not required for the formation of primary cilia, which are immotile and involved in signaling (Yu et al., 2008). This finding further supports the idea that transcriptional programs that control the expression of tubulins and related genes are highly function-and context-dependent.
In the fruit fly Drosophila melanogaster, β2-tubulin isotype is expressed exclusively during spermatogenesis. The β2-tubulin promoter element responsible for the tissue specific gene expression is spread over a region of 80 bp and is sufficient to drive germline-specific expression in the testis (Michiels et al., 1989). An additional 14 bp activator element called β2UE1 confers promoter specificity to spermatogenesis (Santel et al., 2000). Equally complex regulatory elements are likely to be present and govern the expression of other tissue-specific tubulins. For instance, the neuron-specific α1-tubulin gene promoter contains a conserved repetitive homeodomain consensus sequence core (TAAT) with a flanking basic helix—loop–helix binding enahancer box (E-box) (Hieber et al., 1998; Goldman and Ding, 2000). While these elements are not essential for α1-tubulin gene transcription in the zebrafish retinal ganglion cells during development or in regenerating retina after neuronal damage, they are necessary for induced gene transcription in response to optic nerve crush (Senut et al., 2004). The neuron-specific β countertype is β3-tubulin, whose start site and the TATA box at position -28 bp are similar to other tubulin genes. The promoter region of β3-tubulin gene encodes numerous putative binding sites for specificity protein 1 (Sp1), Activating Enhancer Binding Protein 2 (AP2), pituitary-specific transcription factor 1 (Pit1), or Ebox (Figure 2A) (Dennis et al., 2002). But how these binding sites are engaged to drive neuron-specific expression of β3-tubulin remains to be elucidated.
In addition to the elements upstream of transcription initiation site, some regulatory sequences are also found in introns of tubulin genes (Figure 2A). For instance, the first intron of mouse β2-tubulin gene contains a p53 binding site, which acts as a silencer for β2-tubulin transcription. Antagonizing the binding of p53 induces gene expression (Arai et al., 2006). The discovery of this mechanism rationalized resistance of a mouse melanoma cell line B16F10 to vinca alkaloids: vinca alkaloids prevent p53 binding to the intronic regulatory element thus driving overproduction of β2-tubulin (Arai et al., 2006). In the case of the Drosophila β3-tubulin gene, constitutive expression is achieved through at least two cis-acting elements, upstream and downstream of the transcription initiation site (Gasch et al., 1989), but regulatory elements in the intron mediate transcription in a tissue-specific manner (Gasch et al., 1989). Two opposing factors recognize the intronic regulatory elements to balance gene transcription: the ultrabithorax (Ubx) driving transcription of β3-tubulin gene, and the engrailed (En) repressing it (Serrano et al., 1997).
Finally, additional transcriptional regulatory sequences have been found in the 3′ untranslated regions of tubulin genes (UTR, Figure 2A). One such example is the hypoxia inducible factor 1 (HIF-1) binding site present in the 3′-flanking region of human β3-tubulin gene, which is thought to drive ectopic β3-tubulin expression in tumors (Raspaglio et al., 2008). In healthy tissues, β3-tubulin is restricted to neuronal and Sertoli cells (Easter et al., 1993), and during defined periods of development (Katsetos et al., 2003), indicating the existence of spatio-temporal clues governing its expression. But tumor cells are frequently found to abnormally express β3-tubulin and in significantly larger quantities (reviewed in (Drukman and Kavallaris, 2002)). In tumors, the expression levels of β3-tubulin correlate with poor prognosis, indicating that not only the isotype composition but also protein levels are relevant. How tumor cells lose the breaks and enter β3-tubulin overproduction remains unknown. In general, transcriptional networks and regulated proteolysis together set protein abundances. But for tubulins in higher eukaryotes, a posttranslational mechanism called tubulin autoregulation is thought to act as an additional tailor of protein levels.
Tubulin Autoregulation
Tubulin autoregulation is a general mechanism that operates on all α and β-tubulin isotypes (Figure 2B) and in all higher eukaryotic cells tested so far (Gasic and Mitchison, 2019; Fellous et al., 1982; Pittenger and Cleveland, 1985; Caron et al., 1985; Lau et al., 1986; Cleveland, 1989). When in excess of cellular needs, tubulin proteins negatively regulate the stability of their encoding mRNAs (Ben-Ze’ev et al., 1979; Cleveland et al., 1981). This negative feedback mechanism requires an ongoing translation (Gay et al., 1989), as cells use tubulin nascent proteins to recognize tubulin mRNAs and target them for degradation. The recognition motif resides in the first four amino-acids of nascent α and β-tubulins (Theodorakis and Cleveland, 1992; Yen et al., 1988; Bachurski et al., 1994), and is recognized by tetratricopeptide protein 5 (TTC5), which acts as the specificity factor in tubulin autoregulation (Figure 2B) (Lin et al., 2020).
Pioneering studies of tubulin autoregulation failed to resolve the regulation of individual tubulin subunits due to technical limitations, such as lack of tubulin isotype specificity probes. Recent efforts deployed reverse transcription-based quantitative polymerase chain reaction and transcriptomics, offering a much higher resolution of individual isotype regulation. These studies reveal that all the expressed α and β-tubulins are subject to autoregulation in higher eukaryotes (Gasic et al., 2019). This is perhaps not surprising, given the mechanistic dependence of tubulin autoregulation on the nascent tubulin tetrapeptide sequences and their high conservation (Figure 2B).
While all the tubulin isotypes are subject to posttranscriptional regulation in higher eukaryotes, the extent to which they are autoregulated varies within the same cell type and across the different tissues (Gasic et al., 2019). The most likely explanation is that these differences stem from varying rates of isotubulin translation—the more a certain mRNA species is translated, the higher the rate of mRNA decay in tubulin autoregulation. For instance, β3-tubulin mRNA appears to be less regulated even though reasonably abundant in human cultured cells. It is possible that β3-tubulin mRNA is little or not translated in cultured cells, especially given that β3-tubulin isotype is neuron specific. Further studies are required to evaluate the level of β3-tubulin mRNA autoregulation in neurons and cancer tissues where its expression is elevated. Likewise, whether cells translate tubulin isotypes at different rates remains unknown. The availability of ribosome footprint profiling technologies should facilitate progress in this direction. An alternative explanation is that the observed differences in autoregulation between tubulin isotypes are not real, but rather a technical artifact, where transcripts present in very small amounts may falsely show large fold changes in abundances across samples. For instance, β2b-tubulin mRNA is present at very low levels and may not be regulated at all in cultured cells (Gasic et al., 2019). Remarkably, in neurons, β2b-tubulin mRNA appears to be chaperoned by the microtubule plus-end-tracking protein adenomatous polyposis coli (APC). APC associates with the 3’ UTR of β2b-tubulin bringing it into the growth cone, where it is translated and the protein incorporated into microtubules (Preitner et al., 2014). Whether APC or other mRNA binding proteins may act to protect specific tubulin mRNAs from autoregulation or modulate their rate of decay remains to be elucidated. More generally, it remains to be seen whether tubulin autoregulation can further exacerbate the differences in tubulin isotype levels in cells and to what extent.
Collectively, transcriptional regulation and autoregulation paint a picture in which the different tubulin isotypes are specifically expressed at different levels. Why do cells recruit such complex cellular machineries to provide differential expression of tubulin isotypes? A growing body of evidence points toward functional diversification and specialization of tubulin isotypes, some examples of which I discuss further.
Functional Specialization of Tubulin Isotypes
Initial analyses of tubulin mutations, gene disruption, introduction of chimeric genes, and immunolabeling of endogenous tubulins to visualize the distribution in cells revealed that tubulin isotypes are largely interchangeable (Bond et al., 1986; Joshi et al., 1987; Lewis et al., 1987; Lopata and Cleveland, 1987). These studies, however, used exclusively the divergent carboxy-termini but no other regions to differentiate between the tubulin isotypes. Results of a deeper look at tubulin isotype properties and functions have not borne up to the original findings. A growing body of evidence suggests that tubulin isotypes carry inherent differences, conferring distinct architectures and biomechanical properties to microtubules (Lu and Luduena, 1994; Panda et al., 1994; Vemu et al., 2017). Such functional specialization is present already in yeast, where two α-tubulin isotypes show opposing effects on microtubule dynamics in vitro, and a biased affinity towards the spindle positioning machinery during yeast mitosis (Bode et al., 2003; Nsamba et al., 2021).
Perhaps the most peculiar tubulin assemblies are axonemes. Localized at the center of cilia and flagella, axonemes provide these subcellular compartments structural integrity, mobility, and mediate transport and signaling. Axonemes emanate from centrioles—a pair of cylindrical structures composed of nine triplet microtubules organized in a radially symmetrical array (Guichard et al., 2021). This 9-fold radial symmetry carries over into the axoneme, albeit not as triplet but as doublet microtubules. An additional central pair of parallel microtubules is seen in motile cilia. The central pair and transition from triple to doublet organization are not sole differences between centrioles and axonemes: while the fruit fly β1-tubulin isotype dominates centriolar microtubules, the β2 isotype dominates the axonemal ones (Nielsen et al., 2001). This specificity in tubulin isotype composition has been studied mainly in Drosophila melanogaster and appears to be critical for centriole and axoneme formation and function. In fruit fly male germ line, the β1-tubulin alone cannot function in axonemes (Raff et al., 2000). These males form significantly shorter axonemes without the central pair of microtubules. Similarly, when β1-tubulin exceeds β2, the axonemes contain 10 instead of nine doublets in addition to promiscuous axoneme formation in the cytoplasm. An abnormal expression of β3-tubulin disrupts the assembly of microtubule doublets (Hoyle and Raff, 1990). In addition to β2, mammalian cilia also contain substantial proportion of the β4-tubulin isotypes a and b, both of which contain axoneme-specific carboxy-terminal motifs (Jensen - Smith et al., 2003). It remains to be elucidated how the tubulin isotype composition impacts the axoneme architecture and function. One tempting explanation lies in the interaction with the other structural and functional components of the axonemes. For instance, the motor proteins responsible for cargo transport inside the axoneme may have a preference for walking on certain tubulin isotypes (Jordan et al., 2018).
Another example of highly specialized microtubule network is seen in platelets, where microtubules are organized as a circumferential ring known as the marginal band (Figure 1). Marginal bands provide structural integrity and the typical discoidal shape to platelets. Several studies estimate β1-tubulin to comprise the majority of total β-tubulin in these cells (Lewis et al., 1987; Burkhart et al., 2012). This highly divergent tubulin isotype confers curvature to the microtubules of the marginal band. It remains unknown whether this is a direct effect of tubulin conformation or an indirect effect through microtubule binding proteins. Ectopically expressed β1-tubulin drives the formation of curved cytoplasmic microtubules in other cell types, and confers resistance to microtubule destabilizing poisons (Yang et al., 2011). Curiously, marginal bands in avian red blood cells contain also β3-tubulin thought to facilitate microtubule assembly and resistance to cold-induced depolymerization (Murphy and Wallis, 1985; Murphy and Wallis, 1986; Joshi et al., 1987). The β3 isotype is, however, not required for the formation of the marginal band in these cells (Swan and Solomon, 1984). The molecular-level details of how these different isotubulins contribute to the organization of the marginal band remain to be uncovered. The availability of sophisticated tools for structural analyses should facilitate progress in understanding the microtubule cytoskeleton in these highly specialized structures, and promises to reveal interesting mechanisms that cells utilize to create pattern architectures.
Molecular studies in the worm Caenorhabditis elegans, also indicate that particular tubulin isotypes can infiuence the supramolecular organization of microtubule lattices. For instance, the β-tubulin isotype MEC-7 from C. elegans is expressed primarily in microtubules within the axons of touch receptor neurons (Hamelin et al., 1992). Although worm microtubules normally consist of 11 protofilaments, the touch receptor axonal microtubules are structurally distinct and consist of 15 protofilaments. The MEC-7-null mutants, however, form axonal microtubules based on 11 protofilaments, indicating that the MEC-7 isotype specifically infiuences the architecture of axonal microtubules (Savage et al., 1994). The α-tubulin MEC-12 is also required for 15-protofilamtent microtubule assembly (Fukushige et al., 1999). Loss of either MEC-7 or 12 leads to touch insensitivity (Savage et al., 1994).
In addition to structural changes in the microtubule network, tubulin isotype composition has been found to influence microtubule biomechanical properties. One such example are microtubules in neurites. During neurite extension, cells quadruple the expression of β2 and β3 isotubulins and double the expression of β1-tubulin isotype. The expressed tubulins are incorporated into neurite microtubules in different proportions: while β2-tubulin dominates the neurite microtubules, β1, β3, and β4-tubulin isotypes are present in smaller quantities, and β5-tubulin is partially excluded (Joshi and Cleveland, 1989). Neurite microtubules are known to be substantially more stable than those found in cell bodies. The specific neurite isotubulin composition may provide structural stabilization within the microtubule lattice. In vitro studies with purified tubulins and in the absence of MAPs show that microtubules assembled from β2 or β4 isotypes are considerably less dynamic than those assembled of the neuron-specific β3-tubulin (Lu and Luduena, 1994; Panda et al., 1994; Pamula et al., 2016; Vemu et al., 2017). This finding is somewhat counterintuitive and suggests that potential other factors are deployed to stabilize neurite microtubules. During neurite outgrowth and concomitantly with the change in tubulin expression, cells begin to express the neuron-specific microtubule associated protein 2 (MAP2) and increase the expression of microtubule associated protein tau (MAPT) (Joshi and Cleveland, 1989). It is possible that MAP2 and MAPT bind the neurite microtubules with higher affinity, thus stabilizing them.
Protein regions that confer differences in the biochemical properties of tubulin isotypes remain elusive. Even though the most divergent and thus top candidates, the role of carboxy-terminal tails of tubulins in their dynamic behavior in vitro remains controversial (Pamula et al., 2016; Fees and Moore, 2018). Systematic studies in vitro and in cells are necessary to unambiguously elucidate the role of carboxy-terminal tails in regulating tubulin biochemical properties. In addition to carboxy-terminal tails, lateral contact interfaces also harbor large sequence variability between tubulin isotypes and are thus potential regulation sites for tubulins’ intrinsic biomechanical properties. High-resolution structures of isotypically pure microtubules may bring answers to how tubulin composition fine-tunes microtubule dynamics in cells. Recent structural analyses of C. elegans microtubules provide a proof of concept and reveal distinct features at lateral contact sites of tubulins likely responsible for the exceptionally high dynamic behavior of these microtubules (Chaaban et al., 2018).
DISCUSSION
Multi-gene families encode numerous important proteins, such as the histones, actins, various metabolic enzymes, or components of the immune system. Why does nature maintain multiple copies of genes that encode closely related proteins? For tubulins, the answer seems to reside in three independent but related aspects of gene function. First, the existence of multiple genes provides the opportunity for their differential expression throughout development and in specialized tissues. Various insults as well as physiological inputs trigger changes in tubulin gene expression. While some act purely via modulation of tubulin autoregulation, such as nutrient withdrawal, others such as amino-acid deficiency trigger transcriptional responses. In some instances, both regulatory mechanisms are engaged simultaneously (Gasic et al., 2019). We know very little about how all these pathways converge to provide cells with sufficient but not surplus tubulin. Is tubulin gene expression ever constitutive and as such at steady state? Or is it rather a dynamic result of a complex matrix of inputs that cells receive? If at any time a large number of inputs can modify tubulin gene expression, how do cells orchestrate their responses? It is tempting to speculate that the complexity in the number and nature of signals that shape tubulin gene expression may have been the primary drive for tubulin multiplication. Further investigations into how cells engage the elements in tubulin promoter regions to respond to various stimuli may provide some answers to these long-standing questions.
Second, the existence of multi-gene families allows diversification in the structures and functions of the encoded gene products. While we begin to unravel the differences amongst tubulin isotypes, a lot more work is warranted to provide a comprehensive view of their biochemical properties. Our understanding of how the different isotubulins are paired in heterodimers or how they are distributed in microtubule networks is rudimentary. Are some combinations of α and β isotypes favorable? How do their different combinations contribute to the biomechanical properties of microtubules? These questions are rather complex to study as there is a large number of possible combinations between the α and β isotypes further complicated by their spatial distribution in cells. Are some isotypes segregated in specific areas of the microtubule network? What would be the role of such an isotype code? In dynamic, short lived microtubules any information stored in this type of code would be quickly scrambled. But in long-lived microtubules, like those in neurons, spatial distribution of tubulin isotypes could encode information. To solve this puzzle, we need experimental systems that better represent nature and the diversity of microtubule architectures, as well as advanced tools to visualize individual tubulin isotypes.
Third, and much less discussed possible explanation is backup compensation, given that all tubulins can build microtubule networks capable of carrying out their most fundamental functions, such as cell division. In this concept, tubulin isotypes need not be discretely specialized. Rather, the focus is on conserved parts of the proteins. Differential expression of tubulin isotypes is then purely a consequence of the engagement of upstream transcriptional regulatory mechanisms that work to supply cells with tubulins of generalized function.
Most of the documented differences in isotype distribution across the different cell types and microtubule structures, as well as their functional specializations are related to β subunits. Are α-tubulins inherently more redundant? Do they harbor fewer differences and hence contribute less to the specialization of the microtubule cytoskeleton? Given fewer studies of α-tubulins it is difficult to answer these questions. Further studies may reveal new biology of α-tubulins or may reveal that they remain conserved. What would be further physiological implications of such different evolution of two proteins that form obligate heterodimers? And what can we learn about protein evolution from tubulins? These promise to be interesting areas of further exploration.
Careful analyses of tubulin gene expression at both transcriptional and posttranscriptional level are required and necessary to understand how cells define which tubulins to produce and in what quantities. Similarly, detailed studies of tubulin biomechanical properties are warranted to understand how the isotype composition fine-tunes microtubule dynamics. But more integrated approaches may be required to gain a comprehensive view of how this complex gene network is organized and deployed in various cell types.
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Microtubules are organelles that usually occur only in the cytosol. Walss et al. (1999) discovered the βII isotype of tubulin, complexed with α, in the nuclei of certain cultured cells, in non-microtubule form. When fluorescently labeled tubulins were microinjected into the cells, only αβII appeared in the nucleus, and only after one cycle of nuclear disassembly and reassembly. It appeared as if αβII does not cross the nuclear envelope but is trapped in the nucleus by the re-forming nuclear envelope in whose reassembly βII may be involved. βII is present in the cytoplasm and nuclei of many tumor cells. With some exceptions, normal tissues that expressed βII rarely had βII in their nuclei. It is possible that βII is involved in nuclear reassembly and then disappears from the nucleus. Ruksha et al. (2019) observed that patients whose colon cancer cells in the invasive front showed no βII had a median survival of about 5.5 years, which was more than halved if they had cytosolic βII and further lessened if they had nuclear βII, suggesting that the presence and location of βII in biopsies could be a useful prognostic indicator and also that βII may be involved in cancer progression. Yeh and Ludueña. (2004) observed that many tumors were surrounded by non-cancerous cells exhibiting cytosolic and nuclear βII, suggesting a signaling pathway that causes βII to be synthesized in nearby cells and localized to their nuclei. βII could be useful in cancer diagnosis, since the presence of βII in non-cancerous cells could indicate a nearby tumor. Investigation of this pathway might reveal novel targets for chemotherapy. Another possibility would be to combine αβII with CRISPR-Cas9. This complex would likely enter the nucleus of a cancer cell and, if guided to the appropriate gene, might destroy the cancer cell or make it less aggressive; possible targets will be discussed here. The possibilities raised here about the utility of βII in cancer diagnosis, prognosis, biology and therapy may repay further investigation.
Keywords: Beta-II-Tubulin, nucleus, cancer diagnosis, Cancer prognosis, cancer treatment, CRISPR-Cas9
INTRODUCTION
Microtubules are composed of the protein tubulin, which is a heterodimer of two subunits, designated a and ß (Ludueña et al., 1977). Both a and ß consist of multiple isotypes, each of which is encoded by different genes; the amino acid sequence differences among the vertebrate isotypes have been highly conserved in evolution, suggesting that they may be functionally significant (Ludueña, 2013). In this study we have focused on the ß isotypes. These isotypes exhibit major differences in their tissue distributions. Under normal circumstances, the βI and βIV isotypes are widely distributed among cells and tissues (Roach et al., 1998). In contrast, βII is highly expressed in nerves, both in neurons and supporting cells such as glia, and also in muscle cells, while βIII is particularly common in neurons (not in glia) and also in the testes (Burgoyne et al., 1988; Lewis and Cowan, 1988). The βV isotype is widespread but not predominant, being slightly higher in a few cell types (Nakamura et al., 2004; Chao et al., 2012). The βVI isotype is restricted to hematopoietic tissues, such as bone marrow, platelets and non-mammalian erythrocytes (Murphy and Wallis, 1983; Wang et al., 1986). Although every ß isotype can participate in some of the main microtubule functions, such as forming the mitotic spindle and mediating intracellular transport (Lopata and Cleveland, 1987), our results and those of others have indicated that there is some specialization. βII appears to be associated with membrane rearrangements, such as neurite outgrowth (Guo et al., 2010; Guo et al., 2011), while βIII, when mixed with small amounts of other ß isotypes, forms very dynamic microtubules (Panda et al., 1994; Vemu et al., 2016) and also protects cells from various stresses (Gan et al., 2007; Guo et al., 2010; Guo et al., 2018). In addition, studies on purified αβII, αβIII and αβIV dimers have shown that the anti-tumor drugs vinblastine and taxol interact most strongly with αβII and most weakly with αβIII (Derry et al., 1997; Khan and Ludueña, 2003).
In cancer cells, the expression of the ß isotypes changes dramatically. Many cancer cells express βII and the most aggressive cancers express βIII, regardless of the extent to which either of these is expressed in the non-transformed cells from which these cancers originated (Katsetos et al., 2003; Yeh and Ludueña, 2004).
NUCLEAR ΒII
The nuclear βII isotype was first observed in rat kidney mesangial cells (Walss et al., 1999). Nuclear βII was bound to a and was normal in that it bound to drugs such as taxol, vinblastine and colchicine (Walss et al., 1999; Xu and Ludueña, 2002; Walss-Bass et al., 2003). Nuclear βII was not in the form of microtubules but rather appeared to be in small bodies, whose internal organization was unclear (Walss et al., 1999). During mitosis, βII participated in forming the mitotic spindle and then was back in the nucleus by interphase (Walss et al., 1999) (Figure 1). Figure 1 also shows that, although βI and βIV are also present in these cells, only βII ends up in the nucleus. Microinjection of fluorescently labeled αβII, αβIII, and αβIV indicated that only αβII entered the nucleus and only after one cycle of nuclear assembly and disassembly (Walss-Bass et al., 2001), suggesting that, rather than penetrating the nuclear envelope, αβII was in the nucleus while the envelope re-formed around it, consistent with the finding that βII-tubulin appears to have a specific connection to heterochromatin protein 1 and to the nuclear envelope (Kourmouli et al., 2001). In general, microtubules are restricted to the cytosol, so it is unusual to see apparently viable tubulin in the nucleoplasm.
[image: Figure 1]FIGURE 1 | Detection of ß-tubulin isotypes during the cell cycle of cultured rat kidney mesangial cells by indirect immunofluorescence. (A) Interphase cells treated with anti- ßII (0.03 mg/ml). Note that only the nuclei are stained. (B) Interphase cells treated with anti- ßI (0.1 mg/ml). Note very little staining in the nuclei. (C) Interphase cells treated with anti-βIV (0.17 mg/ml). Note very little staining in the nuclei. (D) Cells treated with 30 μg/ml nocodazole, stained with anti-βI (0.1 mg/ml). Note widespread staining except in the nuclei. (E) Cells treated with 30 μg/ml nocodazole, stained with anti-ßII (0.1 mg/ml). Note staining in the nuclei. (F) Cell during prophase, treated with anti-ßII (0.05 mg/ml). Note that asters are beginning to form and that they contain ßII. (G) Cells during metaphase, treated with anti-ßI (0.1 mg/ml). ßI is in the spindle. (H) Cell during metaphase, treated with anti-ßIV (0.17 mg/ml). ßIV is in the spindle. (I) Cell during metaphase, treated with anti-ßII (0.05 mg/ml). ßII is in the spindle. (J) Cell during late telophase, treated with anti-ßI (0.05 mg/ml). ßI is not in the re-forming nuclei. (K) Cell during late telophase, treated with anti-ßIV (0.08 mg/ml). ßIV is not in the re-forming nuclei. (L) Cell during late telophase, treated with anti-ßII (0.05 mg/ml). Note that the nuclei, staining brightly for ßII, have now re-formed. Bar = 28 μm (From. Walss et al., 1999).
NUCLEAR ΒII IN CANCER PROGNOSIS
A study of a large number of cancers from multiple patients showed that many of them expressed βII in the cytosol and most also had βII in the nuclei (Yeh and Ludueña, 2004; Ruksha et al., 2019) (Figure 2). This may partially explain why drugs such as vinblastine and taxol, which interact more strongly with βII (Derry et al., 1997; Khan and Ludueña, 2003), are useful agents in cancer chemotherapy, and also why they cause substantial neuropathy (Markman, 2003; Mukhtar et al., 2014). A study of colon cancer patients (Ruksha et al., 2019) indicated that patients whose cancer cells in the invasive front showed no βII had a median survival rate of about 5.5 years, while those whose cells had only cytosolic βII had a median survival of just under 2 years. Those with nuclear βII had a 5-year survival rate of zero and a medial survival of 13 months (Figure 3). It would appear that the presence of βII and its localization in the nuclei, as seen in a tumor biopsy or in an excised tumor, would be useful prognostic indicators of the survival of the patient. These results also raise the possibility that βII expression in the nuclei may be necessary for cancer progression. On the other hand, Yeh and Ludueña (2004) also found that some normal tissues also contained cells with nuclear βII, although the frequency of occurrence was generally fairly low. This raises the possibility that nuclear βII may play a role in re-formation of the nuclear envelope after mitosis, even in normal cells, after which it disappears; this would be consistent with the observations of,Kourmouli et al. (2001) about βII being associated with proteins that bind to the nuclear envelope, although their results do not rule out the possibility of the βI and βIV isotypes having equally tight binding to the nuclear envelope.
[image: Figure 2]FIGURE 2 | Carcinoma of the Ovary stained for ßII. A monoclonal antibody to ßII was the primary antibody followed by a rabbit anti-mouse antibody and then Streptavidin horseradish peroxidase, followed by diaminobenzidine and OsO2. Brown color indicates the location of βII. Note that most of the cell nuclei stain for βII. Methyl green, which binds to DNA, was used as the counter-stain. Note that a few nuclei do not have βII (From Yeh and Ludueña, 2004).
[image: Figure 3]FIGURE 3 | Progression-free survival in patients as a function of the presence of βII-positive staining in the invasive front of colorectal cancer tumors. (A) The progression-free survival is decreased in patients with the presence of cytoplasmic βII-tubulin in the invasive front (plr = 0.0168). (B) Patients with the presence of nuclear βII tubulin staining in the invasive front demonstrate worse prognosis in comparison with patients without positive staining in the nuclei (plr< 0.001) (From Ruksha et al., 2019).
NUCLEAR ΒII IN CANCER DIAGNOSIS
We observed that many tumors were surrounded by zones of non-transformed cells that contained substantial amounts of cytosolic βII and also of nuclear βII (Yeh and Ludueña, 2004; Ruksha et al., 2019) (Figure 4). These often included lymphocytes as well (Yeh and Ludueña, 2004). These results raise the possibility that, by some as yet unknown mechanism, tumor cells cause nearby cells to express βII-tubulin and localize it to their nuclei. This also suggests a potential role in cancer diagnosis. If a biopsy probe misses the tumor itself, resulting in an apparent false negative, then it might pull out cells close to the tumor that contain cytosolic and perhaps nuclear βII. This would not only enhance the power of the biopsy, but perhaps even give an indication of the grade of the tumor. The outcome would be the possibility of earlier diagnosis of the tumor and an increased chance of treating the patient successfully.
[image: Figure 4]FIGURE 4 | Lymph node with metastatic breast carcinoma. Sample was processed as in Figure 2. Note both cytoplasmic and nuclear staining for βII in the metastatic tumor cells (M) and some weak nuclear staining for βII in the adjacent lymphocytes (L). (From Yeh and Ludueña, 2004).
NUCLEAR ΒII IN CANCER THERAPY
The results described above strongly suggest that expression of βII in cancer cells and its localization in their nuclei serve a function required by the cancer cell. This function would probably involve some kind of signaling pathway. A microarray experiment may be able to identify the components of this pathway. Drugs could then be developed to inhibit a key pathway component and thus slow or block the progression of the cancer.
COULD NUCLEAR ΒII BE COMBINED WITH CRISPR-CAS9 TO CREATE A NOVEL ANTI-TUMOR THERAPY?
CRISPR-Cas9 is an agent that, when combined with a guideRNA (gRNA), can inactivate targeted genes, as determined by the gRNA; the strategy is to “correct” mutations that cause hereditary diseases (Naso et al., 2017). Some recent attempts to treat cancer involve using CRISPR-Cas9 to “correct” mutations in oncogenes (Li et al., 2020).
The approach we are suggesting here does not involve “correcting” any mutations, but rather targeting specific genes only in the cancer cell. One might imagine that combining CRISPR-Cas9 with βII-tubulin could create an agent that could enter the nuclei of cancer cells. For any agent involving CRISPR-Cas9, there would be three questions that need to be answered:
First, how could a βII-CRISPR-Cas9 complex enter the target cell? If there is a receptor on the tumor cell membrane then it may be possible to add to the complex a factor that would bind to the receptor, for example, a lipid nanoparticle directed at the liver; this has been used with CRISPR-Cas9 to treat transthyretin amyloidosis (Finn et al., 2018; Gillmore et al., 2021). Otherwise, it may be necessary to encapsulate the complex in something that would bind to many types of cells, such as an adeno-associated virus (Naso et al., 2017). In addition to potential immunological issues, this could pose potential dangers that will be discussed below.
Second, how could a βII-CRISPR-Cas9 complex enter the nucleus? It is likely that this would require that the βII in the complex be bound to a-tubulin, so that the βII is in its normal functional conformation. If this is feasible, entry of the complex into the nuclei could be the easiest of the steps. Just as is the case with αβII, the nucleus would re-assemble around it (Walss et al., 1999). No nuclear recognition signal would be required. This is likely to happen in many cancer cells, but not in many normal cells. However, the fact that we found some normal cells with nuclear βII (Yeh and Ludueña, 2004) suggests that the αβII-CRISPR-Cas9 complex could end up in the nuclei of some normal cells as well. We do not as yet know the precise function that nuclear βII serves in the normal cells where it occurs but it may play a role in reassembly of the nuclear envelope as suggested by Kourmouli et al. (2001) after which it could be degraded. If this is so, this process could occur in some normal tissues, at least in the ones where we have observed nuclear βII, such as bone marrow (Yeh and Ludueña, 2004). Cells such as neurons would virtually never reproduce and that may explain why we have not seen nuclear βII in these cells. In short, it is possible that some normal cells may contain nuclear βII for a very brief time and that the αβII-tubulin-CRISPR-Cas9 complex could enter the nuclei of these cells, and possibly cause some damage.
The issue of targeting the αβII-tubulin-CRISPR-Cas9 complex to enter the nucleus is complicated by the fact that we do not know the precise role of nuclear βII and that the results at this point are not consistent with an absolute requirement for nuclear βII in cell division. One the one hand, Yeh and Ludueña (2004), looking at excisions of tumors from human patients, found that nuclear βII was present in every sample (although not every tumor cell) of tumors of the stomach, colon, bone, and prostate and in at least half of the tumors of the pancreas, lung, lymphocytes, ovary and breast. On the other hand, nuclear βII was rarer in melanomas, squamous cell carcinomas, and brain tumors. This is consistent with the observation that mitosis-specific drugs are less effective in cancer chemotherapy than are those that target microtubules, which have numerous functions in cells (Komlodi-Pasztor et al., 2011; Mitchison, 2012). Similarly, normal bone marrow cells, which reproduce more rapidly than some cancer cells (Mitchison, 2012) showed some nuclear βII (Yeh and Ludueña, 2004); however, other normal tissues, such as small bowel and colon, which one would expect to have high rates of reproduction, showed none (Yeh and Ludueña, 2004; Ruksha et al., 2019). In short, if nuclear βII plays an important role in reproduction in some cells, one cannot conclude that this role is universal, and if a tubulin is required for this role, it is possible that in certain cells, including some tumor cells, some other tubulin isotype may serve. In other words, it is possible that there are tumors into whose nuclei an αβII-CRISPR-Cas9 complex might not enter. It is possible, however, that a biopsy or other assay might determine if a given tumor contains nuclear βII, in which case the likelihood of the complex entering the nucleus would probably be higher.
Third, what would the gRNA target? There are several possibilities:
A)The gRNA could target the genes for housekeeping proteins, such as aldolase or any component in the glycolytic pathway or Krebs cycle. This would virtually ensure the death of the cell, which would be unable to metabolise. For normal cells, this could be catastrophic, so toxicity could be a serious problem.
B)The gRNA could target genes encoding proteins involved in cell reproduction, such as DNA polymerase. This would prevent the cancer from growing. However, many normal cells need to reproduce and hence this could cause long-term problems such as loss of bone marrow or intestinal epithelia.
C)The gRNA could target the βIII-tubulin isotype. This could be the most beneficial outcome. First, it would be the least likely to have disadvantageous side effects, since only two normal tissues express substantial amounts of βIII. Neurons do not have nuclear βII and hence the synthesis of βIII would not be affected. The other tissue is the testis, which could be a problem, but not for women. One of the great advantages of a gRNA targeting βIII is that it could prevent cancer progression. As described above, many cancers express both βII and βIII. The expression of βII makes them susceptible to treatment with anti-tumor drugs such as taxol and vinblastine (Derry et al., 1997; Khan and Ludueña, 2003), but cancers can often escape that by making more βIII (Mozzetti et al., 2005). If βIII synthesis is blocked then it is possible that lower doses of taxol and vinblastine, causing less neuropathy, may be sufficient to treat the tumor successfully.
POTENTIAL PROBLEMS AND THEIR POTENTIAL SOLUTIONS
The first potential problem to be faced would be technical: the construction of the αβII-CRISPR-Cas9 complex in such a way that the αβII is linked to the rest of the complex without being denatured. One might begin by making recombinant human αβII tubulin. This has already been accomplished for human αβIII tubulin (Vemu et al., 2016), so making recombinant human αβII should not be too difficult. The linking of the dimer to the CRISPR-Cas9 complex could perhaps be accomplished using one of many available chemical cross-linkers. Many of these target sulfhydryl groups, but this could be a problem since the sulfhydryl group of C239 in ß-tubulin is very reactive and its reaction inhibits microtubule assembly and probably makes the tubulin molecule non-functional (Palanivelu and Ludueña, 1982; Little and Ludueña, 1985; Bai et al., 1989). Reaction of the sulfhydryl group is inhibited by any drug binding to the colchicine site (Ludueña and Roach, 1991). It would probably be better to use a cross-linker targeting amino groups. One such reagent, dimethyl-3,3’-(tetramethylenedioxy) dipropionimidate dihydrochloride (DTDI), was used to covalently link α to ß and the reaction was actually enhanced by either colchicine or vinblastine, suggesting that the DTDI reaction was not blocking access to important sites on the tubulin molecule as well as raising the possibility that it could stabilize the conformation of the tubulin (Ludueña et al., 1977). Perhaps that reagent could also be used to link αβII to the CRISPR-Cas9 complex. Obviously, a good deal of experimentation to optimize the reaction would be required.
The tubulin molecule has long been known to have an unstable conformation (Wilson, 1970); it spontaneously denatures when it is in solution (Schwarz et al., 1998) and this needs to be considered in the methodology proposed here. However, the different isotypes have different stabilities. Using a variety of approaches, it appears safe to say that the conformation of the αβII dimer, although not as stable as that of the αβIII dimer, is more stable than that of the αβIV dimer (Banerjee et al., 1994; Sharma and Ludueña, 1994; Banerjee et al., 1997; Schwarz et al., 1998). Also, the observations of Walss et al. (1999) indicate that the αβII dimer can go from its nuclear state, forming a small body, possibly a filament, to forming the microtubules of the mitotic spindle and then returning to whatever state it was in when it reappears in the nucleus; presumably, the conformation of the αβII dimer survives intact through all of these changes, thereby speaking to some degree of stability. That the nuclear αβII dimer is in a normal conformation is supported by the observation that it can bind to colchicine, vinblastine and taxol (Walss et al., 1999; Xu and Luduena, 2002.; Walss-Bass et al., 2003). Second, the αβII dimer has to be able to survive being linked to the CRISPR-Cas9 complex. At the moment, we can safely say that the αβII dimer retains its conformation after being linked to the fluorescent marker 5-(4,6-dichlorotriazin-2-yl)aminofluorescein (DTAF) (Walss et al., 1999). At any stage during this process, the intactness of the tubulin conformation can be assayed by test of its ability to bind to colchicine (Borisy, 1972).
It may be difficult to find a way to ensure that the αβII-CRISPR-Cas9 complex enters the target cell. It would depend on how the complex is packaged. If it is something that would allow the complex to enter any cell type, then there may be too many side effects, even if the cancer is neutralized, although these could perhaps be controllable, as will be described below. Also, it is not possible a priori to estimate how many of the cancer target cells would be penetrated by the complex. A narrower approach would be to target the tumor to a cell-type-specific receptor. An example would be the CD20 protein on the surface of B-cell lymphocytes (Pavlasova and Mraz, 2019). If the αβII-CRISPR-Cas9 complex could be targeted to CD20 and then somehow internalized into the B-cell, the mechanism of action of the complex would be more lethal to cancerous B-cells than to normal B-cells and thus, the immune system of the patient is more likely to remain functional. This is analogous to the mechanism of action of CD20-binding monoclonal antibodies, such as rituximab, useful in treating many hematologic tumors (Saini et al., 2011), although its action against the target cell is external rather than internal. Other tumors may be in tissues that express analogous surface antigens and the same logic could apply.
Another problem is that the αβII-CRISPR-Cas9 complex may enter the nuclei of normal cells, some of which clearly have nuclear βII (Yeh and Ludueña, 2004), and may thus be toxic. This could perhaps be prevented by having the αβII-CRISPR-Cas9 complex self-destruct. Since the αβII only appears to enter the nucleus during mitosis, and if in a given cell type, the interval between divisions is longer, then it may be advantageous to have the complex disappear. If the αβII-CRISPR-Cas9 complex were modified in some way so that the ubiquitin system could degrade it after an interval of time, the probability of the complex lasting long enough to do serious damage to a slow-dividing cell will be greatly diminished. The modification could be as simple as engineering an arginine onto the N-terminus, since this residue allows for rapid degradation (Varshavsky, 1996). Perhaps even better, since most tubulins begin with a Met-Arg sequence, once could simply remove the N-terminal methionine, leaving the arginine as the new N-terminus. Slower degradation could be mediated by putting in a glutamate instead (Varshavsky, 1996). Similarly, the C-terminal end could be modified in any of a number of ways to favor degradation (Chatr-Aryamontri et al., 2018)). In short, it may be possible to “fine-tune” the rate at which degradation occurs so as to have the αβII-CRISPR-Cas9 complex remain in the cytosol long enough to enter the nucleus of a rapidly dividing tumor cell, but not so long that it might do the same in a normal cell. Since some tumor cells could divide slowly and some normal cells divide quickly, this would have to be carefully addressed. It may be advisable to do the modifications on the a-tubulin subunit, since the βII subunit should arguably remain intact to be able to remain in the nucleus. This fine-tuning approach could also address another possible drawback, namely that the Cas9 endonuclease component of the αβII-CRISPR-Cas9 complex, even with the appropriate gRNA, may cause nonspecific damage to more than just the target genes, a process called chromothripsis (Leibowitz et al., 2021) and thus could be too toxic.
Of the various potential targets for the gRNA described above, the most intriguing one, as mentioned above, is βIII, because very few normal cells, except for neurons and the testis, appear to express it, and because it is produced by so many aggressive cancers. However, there are reports of βIII being expressed in non-neuronal cells at low levels and participating in forming the mitotic spindle (Jouhilahti et al., 2008). Again, just as described above, designing the αβII-CRISPR-Cas9 complex to have a limited lifetime could cope with this issue as well. Finally, if the complex only lowers βIII expression levels rather than eliminating βIII altogether, treatment could consist of the complex combined with a drug favoring binding to βIII. Several such drugs have been designed to bind to the colchicine site on βIII (Pallante et al., 2020); one of these is more effective than paclitaxel on a βIII-overexpressing human breast cancer cell line in a transgenic mouse model (Yeh et al., 2016). Similarly, the taxane cabazitaxel is more effective than docetaxel at inhibiting dynamics in vitro of microtubules that contain βIII-tubulin than of microtubules that lack βIII (Smiyun et al., 2017) and appears to be a useful treatment in advanced prostate cancer (Wallis et al., 2021). These or similar drugs might be therapeutically useful in combination with the αβII-CRISPR-Cas9 complex proposed here.
A potentially more serious problem, however, arises from the βV isotype, which is fairly closely related to βIII. Although the αβV dimer has never been purified and its specific properties determined, the fact that βV shares two unusual features with βIII: a cysteine cluster (C124, C127, C129), and the lack of the easily oxidized C239 (Bai et al., 1989), together with its ability to make microtubules disassemble rapidly in vivo (Bhattacharya and Cabral, 2004, 2009) raise the possibility that βV may be able to protect cells from oxidative stress and also form dynamic microtubules. In short, βV may easily substitute for βIII in a cancer cell and keep the cell viable despite treatment with an αβII-CRISPR-Cas9 complex with a gRNA directed against βIII. In other words, it is possible that silencing of βIII by the complex could result in over-expression of βV by the cancer cell and the cancer would continue to grow and spread; in fact, some observations suggest that cancers can over-express either βIII or βV (Hiser et al., 2006; Cucchiarelli et al., 2008; Leandro-García et al., 2010; Chao et al., 2012). One mitigating circumstance is that over-expression of βV does not seem to be so strongly associated with aggressiveness as is the case with βIII (Christoph et al., 2012). On the other hand, over-expression of βV may be associated with increased resistance to taxanes (Işeri et al., 2010). A possible solution to this would be to have a second αβII-CRISPR-Cas9 complex with a gRNA directed against βV. Alternatively, if more were understood about the drug-binding properties of βV, perhaps a βV-specific drug could be designed as a backup chemotherapeutic agent.
SUMMARY AND PROSPECTUS
The data presented here suggests very strongly that nuclear βII expression in and near cancer cells could be useful in the diagnosis and prognosis of cancer. It is also potentially possible that elucidating the pathway leading to over-expression of βII in cancer cells and its localization to the nuclei could lead to development of novel cancer treatments. It cannot be emphasized enough, however, that the concept of using an αβII-CRISPR-Cas9 complex to treat cancer is entirely hypothetical. In addition to the potential problems outlined above, it is possible that an αβII-CRISPR-Cas9 complex may be too large and unwieldy to enter a cancer cell, let alone do the job we hope for in the nucleus of that cell. However, it could not hurt to try and, if the arguments made above are borne out, such a complex could become a novel and useful treatment for cancer.
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Tubulin, the main component of microtubules, is an α-β heterodimer that contains one of multiple isotypes of each monomer. Although the isotypes of each monomer are very similar, the beta tubulin isotype found in blood cells is significantly divergent in amino acid sequence compared to other beta tubulins. This isotype, beta class VI, coded by human gene TUBB1, is found in hematologic cells and is recognized as playing a role in platelet biogenesis and function. Tubulin from the erythrocytes of the chicken Gallus gallus contains almost exclusively βVI tubulin. This form of tubulin has been reported to differ from brain tubulin in binding of colchicine-site ligands, previously thought to be a ubiquitous characteristic of tubulin from higher eukaryotes. In this study, we sought to gain a better understanding of the structure-activity relationship of the colchicine site of this divergent isotype, using chicken erythrocyte tubulin (CeTb) as the model. We developed a fluorescence-based assay to detect binding of drugs to the colchicine site and used it to study the interaction of 53 colchicine-site ligands with CeTb. Among the ligands known to bind at this site, most colchicine derivatives had lower affinity for CeTb compared to brain tubulin. Remarkably, many of the benzimidazole class of ligands shows increased affinity for CeTb compared to brain tubulin. Because the colchicine site of human βVI tubulin is very similar to that of chicken βVI tubulin, these results may have relevance to the effect of anti-cancer agents on hematologic tissues in humans.
Keywords: tubulin isotypes, beta tubulin, erythrocytes, colchicine, benzimidazoles, repurposing drugs
1 INTRODUCTION
Microtubules (MT) are subcellular structures whose arrays provide cells with structural rigidity, polarity, and mechanisms of intracellular transport. As such, they are central players in cell division, shape maintenance and changes, differentiation, and motility. Because of these multiple roles, MT have been targets of a large variety of therapeutic agents, binding to a number of known binding sites on the MT subunit protein, tubulin (Steinmetz and Prota, 2018).
Tubulin is a heterodimer composed of a non-covalent association of one alpha- and one beta-monomer. Multiple forms of each monomer exist in many species (such as humans), coded by multiple genes that produce very similar but non-identical proteins (isotypes) that are expressed in different levels in different tissues, and at different stages in development. Most MT-targeting ligands bind to sites on beta-tubulin, which have been considered to be largely the same in different isotypes. Therefore, measurements of protein drug binding (of colchicine, for example) has long been taken to be equivalent to measurements of active tubulin. However, some differences in the drug-binding properties of the β isotypes have been noted (Banerjee and Luduena, 1992).
The most divergent β tubulin isotype is known as β1, class VI (human protein is Q9H4B7), coded by the gene TUBB1, and has been studied less than other isotypes. We will refer to this as βVI tubulin, and is found in erythrocytes (Leandro-García et al., 2012), platelets (Feierbach et al., 1999), megakaryocytes (Lecine et al., 2000), as well as other sites such as brain and nasal epithelium (Palasca et al., 2018; Hausrat et al., 2021). Mice deficient in βVI have reduced levels of platelets, and the platelets they do have lack the characteristic discoid shape (Schwer et al., 2001; Italiano et al., 2003). Humans with mutations or deficits in TUBB1 reveal clotting disturbances and other disorders (Stoupa et al., 2018).
Nonmammalian red blood cells (RBCs), as well as immature mammalian RBCs such as human erythroblasts (Dmitrieff et al., 2017) contain a peripheral ring of MT that acts to maintain the ellipsoidal shape of the cells. Chicken (Gallus gallus) RBCs represent a readily available source of these MT, assembled from tubulin heterodimers that contain almost exclusively chicken βVI tubulin (P09207), coded by gene TUBB1 (NM_205445.2). We will refer to this (Chicken erythrocyte Tubulin) as CeTb. Previous studies with this tubulin have reported some differences from brain tubulin in binding of ligands, for example to the colchicine site (Sharma et al., 2010).
In this work, we compared binding affinities of mammalian brain tubulins (BTb) and CeTb for 53 different ligands reported to bind at the colchicine site of tubulin, using a fluorescence-based competition assay. We use the term “BTb” for mammalian brain tubulins, typically from bovine or rat brain. When we specifically compare different brain tubulins we will specify the organism: rat brain tubulin—RBTb, or bovine brain tubulin—BBTb, or chicken brain tubulin—CBTb. The compounds selected for this survey (Figure 1 and Supplementary Figures S1–S4) include close colchicine analogs, as well as compounds whose structures bear no obvious relation to that of colchicine, but have been reported to bind to the colchicine site. Notable in this group are the benzimidazoles, whose extensive history as antihelmintic drugs in veterinary and human contexts have led to recent studies of repurposing for treatment of human cancers (Son et al., 2020).
[image: Figure 1]FIGURE 1 | Structures of representative colchicine site drugs used in this work. (A) colchicine site 3-ring drugs: colchicine, podophyllotoxin and steganacin. (B) colchicine site 2-ring drugs: MDL, combretastatin A4 cis, resveratrol. (C) drugs with other non-colchicine structures: tubulazole C, indanocine, tivantinib. (D) benzimidazole drugs: nocodazole, carbendazim, oxibendazole. Full list of drugs structures is found in Supplementary Figures S1–S4.
2 MATERIALS AND METHODS
2.1 Protein Purification
Rat brain tubulin was purified from microtubule protein previously extracted from frozen rat brains, as described previously (Sackett et al., 1991; Montecinos-Franjola et al., 2019). Tubulin from chicken brain and from chicken red blood cells was purified from frozen whole brains and from washed red blood cells (#33131-1, Pel-Freez Biologicals, Rogers, AZ) (https://www.pelfreez-bio.com/products/animal-serum-plasma-complement-and-ancillary-products/whole-blood-and-red-blood-cells/), respectively, as described previously (Sackett, 1995; Montecinos-Franjola et al., 2019). Bovine brain tubulin protein was from Cytoskeleton, Inc., Boulder, CO (#HTS02-A) or from Sigma-Aldrich, St. Louis, MO (#T4925). Purified proteins were stored in PM buffer (0.1M Pipes-KOH, pH 7.0, 1 mM MgCl2) at −80°C. The estimation of protein concentration was made using the Bradford assay (Bio-Rad) with BSA as the calibration standard (#23209, ThermoFisher Scientific, Waltham, MA).
2.2 Chemicals
MDL-(E)-1-(2,5-dimethoxyphenyl)-3-[4-(dimethylamino)phenyl]-2-methylprop-2-en-1-one (MDL) was not commercially available and therefore was synthesized according to the literature (Ducki et al., 1998) with the following minor modifications. In the second step, the oxidation of 1-(2,5-dimethoxyphenyl)-1-propanol using pyridinium dichromate, one equivalent of acetic anhydride was used per equivalent of starting material. The product from this reaction was stirred in diethyl ether with 2 g of Florisil per mmol of starting material and then filtered to remove excess pyridinium dichromate. The structure of the product was confirmed by 1H NMR. An extinction coefficient was measured in DMSO (ε385 nm = 2.69 × 104 M−1cm−1).
Drugs and test compounds were obtained from multiple sources listed in Supplementary Table S1. Concentrated stock solutions were prepared in water, in PM buffer or in DMSO as indicated in the same table, and stored at −20°C. The concentration was determined spectrophotometrically for those compounds with known extinction coefficients.
2.3 Polymerization Kinetics
Tubulin was polymerized at a concentration of 2 µM in PM buffer (0.1 M Pipes pH 7, 1 mM MgCl2) + 0.1 mM GTP in a volume of 60 µL. The reaction mixture was transferred to a 10-mm pathlength microcuvette (Hellma United States Inc., Plainview, NY) and placed in the cuvette holder of a SpectraMax M2 Multimode Microplate Reader (Molecular Devices, San Jose, CA) equipped with temperature control set at 37°C for these experiments. Drugs at 20 µM were added directly to the polymerization mixture and incubated for 15 min previous to starting the recordings. Tubulin polymerization kinetics was followed by recording the absorbance at 350 nm. After recording the baseline, tubulin polymerization was induced by the addition of 2 µM paclitaxel (taxol). The final concentration of DMSO in the mixtures was 4%–5% v/v.
2.4 Fluorescence Measurements
The fluorescence emission of MDL was recorded at 550 nm in the SpectraMax M2 Multimode Microplate Reader with excitation at 400 nm. Tubulin samples at 1 µM were prepared in PM buffer in 60 µL volume, incubated for 30 min, and then transferred to a 10-mm pathlength microcuvette which later was placed in the cuvette holder of the SpectraMax M2 set at 25°C. The kinetics of MDL binding and its displacement by competitor drugs was detected by recording the fluorescence emission at 550 nm every 5 s. MDL was used at 10 µM and podophyllotoxin at 100 µM. For fluorescence spectra recordings, the drugs were added at 50 µM final prior to addition of MDL and the DMSO was adjusted to 5% v/v.
2.5 Determination of Dissociation Constants and Competition Experiments
The equilibrium dissociation constants for the binding of MDL to tubulin were determined from the concentration-dependent changes in the fluorescence emission at 550 nm upon serial dilution of the MDL. The starting mix contained 1 µM tubulin and 10 µM MDL all in PM buffer (starting mix). The dilution mix contained 1 µM tubulin in PM buffer and was prepared in a larger volume (dilution mix). The concentration of DMSO was adjusted to 5% v/v in both cases. The dilution series was prepared by mixing the “starting mix” and the “dilution mix” at a 1:3 ratio resulting in a decrease of the MDL concentration to 1/3 of the original, or 3.3 µM, while keeping the tubulin concentration constant at 1 µM. This new sample was then mixed at 1:3 ratio with the “dilution mix” for obtaining the next sample in the dilution series at 1.1 µM MDL. Subsequent samples in the dilution series were prepared in the same fashion until reaching a low concentration <1 nM MDL. Next, 60 µL of the dilution series were transferred to a 96-well black half-area flat bottom fluorescence microplates (#3642 Corning, NY) including the blanks. The loaded plates were incubated for at least 30 min and then placed in the SpectraMax M2 Multimode Microplate Reader for recording the fluorescence signals with temperature control set at 25°C.
For competition experiments with colchicine-site drugs, the samples were prepared in a similar fashion with some changes. For full dilution series experiments (e.g., podophyllotoxin and benzimidazoles), the starting mix contained 1 µM tubulin and 5 µM MDL all in PM buffer (starting mix). The dilution mix contained 1 µM tubulin, 5 µM MDL and 100 µM drugs, all in PM buffer, and was prepared in a larger volume (dilution mix). The concentration of DMSO was adjusted to 8% v/v in both cases to promote the solubility of the ligands. The dilution series was prepared by mixing equal amounts (1:1) of each mix resulting in a 50% decrease of the initial drug concentration at each step of the dilutions series, while keeping constant the concentrations of tubulin at 1 µM and of MDL at 5 µM. For the single concentration drug screening experiments, the samples contained 1 µM tubulin (unless otherwise specified), 5 µM MDL and the drugs were added at a final concentration of 50 µM directly to the mixtures. Next, 60 µL of the samples were transferred to 96-well microplates. For competition experiments, the loaded plates were incubated for at least 1 h due to the slower kinetics observed for MDL release from the colchicine binding site after addition of the competing drugs. The MDL fluorescence was recorded in the SpectraMax M2 Mulitmode Microplate Reader with temperature control set at 25°C.
2.6 Data Analysis
The dissociation constant for the MDL-tubulin interaction was determined by fluorescence intensity measurements as previously described for MDL and other colchicine binding-site drugs (Peyrot et al., 1992; Sharma et al., 2010). The raw fluorescence signal was blank-subtracted and plotted as a function of the drug concentration. The data was analyzed by non-linear regression using the following one-component binding model that relates the fluorescence intensity observed (Iobs) with the apparent equilibrium dissociation constant Kd,MDL as:
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Where (Tub) and (MDL) are the concentrations of free tubulin and MDL at equilibrium, Ifree and Ibound are fluorescence signals of the free MDL in solution and of MDL bound to tubulin under saturating concentrations, respectively. Weights were assigned to each data point based on the reciprocal of the standard deviation of each data point (averages of three to four measurements). For comparing plots of the various tubulins, or the different drugs, the data was converted to fraction bound with the following relationship:
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In the competition experiments, for instance with podophyllotoxin, the value of IC50 was determined graphically from plots of fb vs. (podophyllotoxin) and the value of the apparent dissociation constant, Kd,podo was calculated with the following equation (Yung-Chi and Prusoff, 1973; Craig, 1993):
[image: image]
For single point competition experiments, the F/Fmax ratios were calculated from the fluorescence intensity values recorded in the presence of the competitor drug, F, and the fluorescence intensity of MDL in the absence of competitor, Fmax. The percentage inhibition was calculated from the F/Fmax ratios:
[image: image]
All of the competition titrations yielded curves consistent with simple single-site binding, and therefore we make the assumption that all of the tested compounds do as well. With this assumption, single point data (50 µM test compound) was fit with a single-site binding isotherm by non-linear regression. Then the mid-point of that curve (IC50%) was used to calculate the Kd(app) using Eq. 4, as above. The curve-fitting procedure did not converge for % inhibition below 1%, therefore the apparent dissociation constant could not be determined in those cases (nd). For further details and examples, see Supplementary Material.
3 RESULTS
3.1 Interaction of a Fluorescent Probe With CeTb
Competition binding assays are often used as a method to quantify binding to a target protein. Such assays can be performed using a tritiated ligand that is known to bind to the target, but spectroscopic methods are more convenient. Colchicine is often used for competition binding studies on tubulin, but it does not bind well to CeTb so it cannot be used for the purposes of this study. Another molecule that is a candidate for a competition binding assay is known in the literature as MDL-27048 (Figure 1). The fluorescence of MDL-27048 (hereafter referred to as MDL) is very weak when free in solution and greatly enhanced upon binding to the colchicine site of mammalian brain tubulin (BTb) (Peyrot et al., 1992). However, it was unknown whether MDL would interact with CeTb. Colchicine-site drugs inhibit the polymerization of purified tubulin into microtubules. In assays using tubulin from mammalian brain, MDL has been found to inhibit polymerization (Peyrot et al., 1989). Therefore, we polymerized CeTb in the presence of MDL to look for inhibition. We found that MDL does inhibit the polymerization of CeTb (Figure 2; quantitation is in Table 1), indicating that it does interact with CeTb.
[image: Figure 2]FIGURE 2 | Inhibition of tubulin polymerization by colchicine-site drugs. Tubulin from brain (A) or from erythrocytes (B) was incubated at 2 µM in polymerization buffer at 37°C, and the absorbance at 350 nm was registered for 10 min prior to starting the polymerization by the addition of taxol 2 µM (arrow). Drugs were included in polymerization buffer and used at a concentration of 20 µM.
TABLE 1 | Inhibition of tubulin taxol-induced polymerization by colchicine-site drugs.
[image: Table 1]It is reasonable to suppose that MDL binds to the colchicine site on CeTb, as it does to BTb, resulting in inhibition of polymerization of both tubulins. To be useful in a competition binding assay, it must also exhibit a spectroscopic change upon binding. We therefore looked for a change in the fluorescence of MDL in the presence of tubulin, including CeTb. The emission spectrum showed a large enhancement of fluorescence upon binding to CeTb, as well as to BTb (Figure 3). Fluorescence intensity increases rapidly upon addition of MDL to BTb or CeTb, and is then displaced by addition of 10-fold excess of the colchicine site ligand podophyllotoxin (structure in Figure 1). Displacement kinetics differ between BTb and CeTb, indicating a slower off-rate for MDL from CeTb compared to BTb. Addition of the benzimidazole nocodazole also displaces MDL, confirming the usefulness of this assay for binding of diverse compounds.
[image: Figure 3]FIGURE 3 | MDL binding to tubulin and competition by colchicine-site drugs. (A) the fluorescence enhancement of MDL upon binding to tubulin was used to follow the kinetics of the interaction. Fluorescence was recorded at 550 nm every 5 s with excitation at 400 nm. Tubulin 1 µM was incubated in PM buffer at room temperature for at least 30 min prior to addition of the drugs at the indicated times (arrows). MDL was used at 10 µM and podophyllotoxin at 100 µM. (B,C) fluorescence emission spectra of free MDL in solution or bound to brain (B) tubulin or to erythrocyte (C) tubulin in PM buffer at 25°C. Colchicine-site drugs were added at 50 µM final concentration in PM buffer prior to addition of 10 µM MDL. The decrease in MDL fluorescence is evidence the competitive binding by the selected drugs that displaces the fluorescent molecule from the colchicine site in tubulin.
This emission enhancement allowed us to determine the binding affinity of MDL for CeTb, compared to brain tubulin from chicken brain (CBTb), rat brain (RBTb), and bovine brain (BBTb) (Figures 4A,B). Tubulins were titrated with MDL, and the concentration dependence of the emission signal was used to determine the affinity. The resulting binding isotherms are shown in Figure 4C and the fitted Kd values for binding are presented in Figure 4C and Table 2. It is notable that all the brain tubulins, including CBTb, yield very similar Kd for MDL binding to the protein, while MDL binding to CeTb shows affinity ∼5–fold weaker than to brain tubulins.
[image: Figure 4]FIGURE 4 | Determination of the dissociation constant for tubulin—MDL interaction. The fluorescence enhancement of MDL upon binding to tubulin from brain (A) or from erythrocytes (B), both at 1 μM, was monitored by recording the fluorescence emission spectra with excitation at 400 nm. (C) the MDL concentration-dependent change in the fluorescence intensity at 550 nm was used to determine the dissociation constant by non-linear regression using Eq. 1. The binding isotherms of tubulin extracted from chicken erythrocytes (CeTb) is compared with tubulin extracted from rat brain (RBTb), from chicken brain (CBTb and from cow brain (bovine, BBTb). The data points are the averages of three to four samples and the error bars are standard deviations. The best-fit Kd are shown with the standard errors of the fits.
TABLE 2 | Apparent dissociation constants for the Tubulin—MDL interaction measured by dilution experiments.
[image: Table 2]As a test of utility of MDL in a competition assay for ligand binding to the colchicine site, the binding of the reversible colchicine site ligand podophyllotoxin was chosen. It was shown in Figure 2 that excess podophyllotoxin could displace MDL from both BTb and CeTb, so we used titration of tubulin- MDL with increasing concentrations of podophyllotoxin to measure displacement by loss of fluorescence intensity. The resulting data for BTb and for CeTb are shown in Figures 5A,B, respectively. Displacement as a function of podophyllotoxin concentration is shown in Figure 5C, and the derived Kd for binding of podophyllotoxin to BTb and to CeTb (calculated as described in Materials and Methods) are given in the inset to Figure 5C and in Table 3. The Kd for podophyllotoxin binding to BTb was found to be ∼0.5 μM, essentially the same as the literature value of 0.55 µM found in rat brain tubulin using tritiated podophyllotoxin (Cortese et al., 1977). The Kd for CeTb, ∼6 µM indicates about a 12-fold weaker binding of podophyllotoxin for CeTb compared to BTb.
[image: Figure 5]FIGURE 5 | Determination of the dissociation constant for tubulin—podophyllotoxin interaction by competition experiments. The fluorescence of tubulin-bound MDL gradually decreases upon displacement by the competitor podophyllotoxin as monitored by the fluorescence emission spectra with excitation at 400 nm, for tubulin from brain (A) or from erythrocytes (B). (C) the podophyllotoxin concentration-dependent change in the fluorescence intensity at 550 nm was used to determine the apparent dissociation constant by non-linear regression using Eq. 4. 1 µM tubulin with 5 µM MDL was incubated in PM buffer at room temperature at the indicated podophyllotoxin concentrations. The data points are the average of three to four measurements and the error bars are standard deviations. The uncertainties of Kd values are the standard error of the fits.
TABLE 3 | Dissociation constants of tubulin—benzimidazoles-, podophyllotoxin-, and combretastatin A4 - interaction measured by competition titration with MDL.
[image: Table 3]A similar analysis was performed using the compound cis-Combretastatin A4 (structure in Figure 1), This two-ring analog of colchicine binds with considerable affinity as well as specificity (the trans-form is notably less potent) and has been the subject of much preclinical development (Cushman et al., 1991) [reviewed in (Sackett, 1993)]. Titration of CeTb- and BTb-bound MDL with combretastatin A4 yielded a Kd of 5.7 ± 0.32 µM for CeTb, while the Kd for BBTb was found to be 0.13 ± 0.011 µM (Supplementary Figure S5) The Kd for BBTb is similar to the literature value of 0.12 µM (Lin et al., 1989). Results are included in Table 3, and indicate a ∼44-fold weaker binding to CeTb compared to BTb.
Since fluorescence titration and competition assays with MDL and two standard compounds yielded binding values consistent with literature values with BTb, we accept the values obtained for CeTb as well and turned our attention to other compounds using this assay. The first group of compounds we examined were the benzimidazoles. These compounds have a history as antihelmintics that target parasite tubulin over mammalian host tubulin, but are causing renewed interest as potential repurposed agents in human oncology (Son et al., 2020). Five compounds were chosen for a full competition titration against CeTb- and BTb-bound MDL. The titration curves and best fits to the data are shown in Figure 6, and the obtained Kd values are presented in Table 3. The data show that nocodazole yields a Kd of about 1 µM to BTb, similar to the published value of 2.5 µM (Head et al., 1985). Mebendazole binding to BTb is similar, and both compounds have similar Kd (within a factor of two) with either tubulin. Other compounds (albendazole, oxibendazole, carbendazim) show moderate binding affinity with CeTb, but no detectable binding to BTb.
[image: Figure 6]FIGURE 6 | Determination of the dissociation constant for tubulin—benzimidazoles interaction by competition experiments. The fluorescence of tubulin-bound MDL gradually decreases upon displacement by the benzimidazoles competitors. Fluorescence was monitored at 550 nm with excitation at 400 nm, for tubulin from brain (A) or from erythrocytes (B). The reaction mixtures contained 1 µM tubulin with 5 µM MDL incubated in PM buffer at room temperature at the indicated drug concentrations. The data points are the average of three to four measurements and the error bars are standard deviations. The best-fit Kd with the standard errors of the fits are shown in Table 3.
The dissociation constants obtained for selected compounds are combined in Table 4 for both CeTb and BTb. The last column shows the ratio of the drug’s Kd for binding to CeTb compared to that for BTb. A ratio >1 (i.e., Kd for CeTb > Kd for BTb) indicates weaker binding to CeTb than to BTb. It is clear that the relative affinity for the two tubulins shows considerable variation, with the greatest differential in the first three “standard” colchicine site compounds found with Combretastatin A4, the strongest binding ligand for BTb, showing 44-fold lower affinity for CeTb. In the benzimidazoles, however, the range of Kd ratios is even broader, since two of the compounds do not show binding to BTb at all under these assay conditions.
TABLE 4 | Dissociation constants of selected drugs with CeTb and BTb.
[image: Table 4]3.2 Screen of Known Colchicine-Site Ligands
Next, we used this method to screen a single concentration of a series of molecules. Many colchicine-site ligands are known, so these were an excellent starting point to look for drugs that have activity in CeTb. A series of known colchicine site drugs was obtained and screened for binding to CeTb. Some compounds are structurally close to colchicine, others not so similar, including benzimidazoles. The molecules studied above, podophyllotoxin and combretastatin, were included in the screen. The results for these two drugs were consistent with the full binding curves obtained above, so we felt that valuable information about the interaction of the various drugs with CeTb (and BTb) could be obtained from a single concentration reading. For this purpose, we used a relatively high concentration of test compounds in order to probe weaker as well as stronger binding.
The results of the single-point screen are shown in Tables 5–8. The test compounds are divided into the following groupings: three-ring colchicine analogs, two-ring colchicine analogs, a group of diverse colchicine-site compounds which are structurally unrelated to the colchicine groups, and the benzimidazoles. Information about the compounds is given in Supplementary Table S1 and structures in Supplementary Figures S1–S4.
TABLE 5 | MDL competitive binding inhibition by colchicine site 3-ring drugs.
[image: Table 5]A comment about this assay is in order. The assay measures the inhibition of MDL binding to CeTb and BTb by a single concentration of test compound. Since the two tubulins have 5-fold difference in Kd for MDL, a reduction in MDL binding by an identical fraction will imply different binding strengths in the two tubulins. Since MDL binding to CeTb is weaker than to BTb, it will be more easily competed away. Thus, with fixed tubulin and MDL concentrations of 1 and 5 μM, respectively, a competitor/compound that caused a 50% reduction in MDL binding to BTb at 50 μM, would imply a Ki of ∼4.5 µM, while a 50% reduction in MDL binding to CeTb by 50 µM competitor would imply a Ki of ∼17 µM. Since all of the drugs analyzed here by titration (Figures 4–6) yielded curves that indicate simple single-site binding, we analyzed the single concentration data using a single-site binding isotherm by non-linear regression. As with the titrations, this curve was used to obtain the IC50% which served to calculate an apparent Kd (Kd(app)) using Eq. 4 (for more details see Section 2 and Supplementary Figure S6).
The drugs in the colchicine series (Table 5) displayed weak binding to CeTb, and in general notably lower binding to CeTb than to BTb. Isocolchicine does not bind to either tubulin, demonstrating that the stereospecific requirements for binding to CeTb mimic those of BTb. Interestingly, steganacin inhibits MDL binding to CeTb to the same extent (%) as to BTb (though note that this still indicates a lower affinity/higher Kd(app) to CeTb than to BTb). The compounds that show the strongest binding to CeTb are the same ones that bind strongest to BTb: allocolchicine methyl ketone and allocolchicine ethyl ketone. Both compounds bind to both tubulins more strongly than does the parent compound, allocolchicine, or colchicine itself. While both compounds significantly inhibited MDL binding to both tubulins, the binding to CeTb is weaker than to BTb. By comparison to podophyllotoxin, the Kd(app) for binding of both compounds to both tubulins can be estimated to be lower by a factor of about two than that obtained by titration with podophyllotoxin. This shows that small modifications to the structure of a colchicine-site ligand can improve binding to both tubulins. Of interest here is a rational drug design study by Paré et al. (2020) who showed that some small changes to colchicine yielded a lead compound with increased affinity for βVI tubulin and increased bioactivity towards neutrophils.
Data from the two-ring colchicine analogs (Table 6) demonstrate the greater relative importance of the cis configuration of the two rings in CeTb compared to BTb. This can be seen by comparing combretastatin-A2 and -A4 (cis), both of which have an unsaturated bridge holding the two rings in cis, with combretastatin-A4 (trans) and dihydrocombretastatin-A4, in which the rings are locked in trans, or are freely rotating, respectively. The potency of the two cis compounds as competitors approaches that of podophyllotoxin, and is only slightly less than the two allocolchicine analogs in Table 5. The lack of activity of trimethoxy resveratrol (trans) is consistent with this observation.
TABLE 6 | MDL competitive binding inhibition by colchicine site 2-ring drugs.
[image: Table 6]The compounds of diverse structure in Table 7 yielded only two compounds with significant binding to CeTb. Indanocine shows similar inhibition of MDL binding to BTb and to CeTb, comparable to steganacin in Table 5, consistent with a ca. 4.5-fold difference in Kd(app). D-64131 shows the highest inhibitory potency to both tubulins of all the compounds in this table, while still showing an approximately 10-fold ratio in Kd(app). Binding potency is similar to podophyllotoxin (for BTb) and slightly less so for CeTb. The largest differential between the tubulins appears to be with lexibulin, which is somewhat less potent than podophyllotoxin with BTb but nearly inactive with CeTb.
TABLE 7 | MDL competitive binding inhibition by other non-colchicine structure drugs.
[image: Table 7]Benzimidazole compounds (Table 8) yield several patterns of comparative inhibition. Nocodazole and mebendazole are fairly potent inhibitors of MDL binding to both tubulins, comparable to podophyllotoxin. Both compounds yielded Kd (app) values within a factor of two of the Kd values obtained from titrations, with both tubulins. Three compounds show moderate inhibition of MDL binding to both tubulins, but slightly higher % inhibition to MDL-CeTb than to MDL-BTb: fenbendazole, flubendazole, and benomyl [Kd (app) values are within a factor of two for the two tubulins]. A final group of five shows no or very low inhibition of MDL binding to BTb (<10%), but moderate to significant inhibition of MDL-CeTb: thiabendazole, carbendazim, albendazole, ricobendazole, and oxibendazole. We were somewhat surprised at the lack of inhibition of MDL binding by these compounds, especially albendazole, which has shown activity in mammalian cells that has prompted discussion of repurposing this compound for cancer therapy (Nath et al., 2020; Will Castro et al., 2021). We were unable to find a published study of direct binding of albendazole or these other benzimidazoles to BTb, and therefore we checked albendazole for direct inhibitory activity against polymerization of BTb. We observed little or no inhibition of polymerization of BTb in the albendazole concentration range that we have been studying (Supplementary Figure S7), consistent with the lack of inhibition of MDL binding that we observed in the titration and single-point assays.
TABLE 8 | MDL competitive binding inhibition by benzimidazole drugs.
[image: Table 8]4 DISCUSSION
These findings expand our knowledge of the structure-activity relationship of the colchicine site on CeTb, and demonstrate the utility of the MDL competition assay for testing colchicine site ligands. This assay could readily be used for other compounds. It could also be used for high throughput screening of other types of tubulins for colchicine-site drugs. In the current application, this assay readily provided binding information via competition assay, due to the significant difference in fluorescence between the tubulin-bound and free forms of MDL.
For most compounds in this study, binding to CeTb is weaker than to BTb, to an extent that varies considerably. Perhaps this is due to these compounds having been selected for interest initially due to bioactivity against cells that express the beta tubulin isotypes in brain tubulin rather than those in erythrocyte tubulin. In any case most of the compounds from all groups that we studied did show reasonable binding to CeTB, and some bind more tightly to CeTb than to BTb. Notable in this regard are the benzimidazoles, about half of which showed significant binding to CeTb but no measurable binding to BTb under the conditions of our assay.
Previous studies showed thiabendazole to be a good inhibitor of nematode tubulin while it had virtually no effect on mammalian tubulin assembly, an observation which is consistent with our data demonstrating no MDL-BTb inhibition by thiabendazole (Dawson et al., 1984). Other studies (e.g., Lubega and Prichard, 1991) showed significant differences between benzimidazoles in binding to parasite tubulin, and also noted that some compounds showed significantly lower tubulin binding than expected from their known antihelmintic potency, possibly indicating the importance of other targets in bioactivity as well as tubulin (Shrivastava et al., 2017). Given the interest in repurposing several members of this family of compounds for human cancer therapy, a systematic direct study of benzimidazole binding to mammalian tubulin combined with a parallel measure of bioactivity such as inhibition of growth of human cell lines in culture would be a valuable addition to this field.
These findings may have relevance to human cancer. Chicken βVI and human βVI have a high degree of similarity in colchicine-binding region (Sharma et al., 2010). As we show in Supplementary Figure S8, of the 38 amino acid residues that fall within 6 Å of the bound colchicine, only one residue is substituted in chicken βVI compared to human βVI (I236V). Sequence alignments comparing βVI from chicken and human (and rat) are presented in Supplementary Figure S8. This also compares these sequences with the sequence of TUBB2B, the major β-tubulin in mammalian brain tubulin. Additionally, Supplementary Figure S8 shows the colchicine binding site of TUBB2B and indicates the residues that differ in TUBB2B and TUBB1.
βVI tubulin has long been recognized to be present in megakaryocytes and platelets (Lewis et al., 1987), as well as in other blood cells (Leandro-García et al., 2012). Thus, study of βVI tubulin may aid in the development of drugs for cancers of a variety of hematologic tissues. In particular, the activity of some of the benzimidazoles against this isotype may be informative in the effort to repurpose these widely used antiparasite drugs to use in human disease, and to enhance effectiveness of ligands at this site in treatment of inflammatory diseases.
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The cellular functions of the microtubule (MT) cytoskeleton range from relatively simple to amazingly complex. Assembled from tubulin, a heterodimeric protein with α- and β-tubulin subunits, microtubules are long, hollow cylindrical filaments with inherent polarity. They are intrinsically dynamic polymers that utilize GTP binding by tubulin, and subsequent hydrolysis, to drive spontaneous assembly and disassembly. Early studies indicated that cellular MTs are composed of multiple variants, or isotypes, of α- and β-tubulins, and that these multi-isotype polymers are further diversified by a range of posttranslational modifications (PTMs) to tubulin. These findings support the multi-tubulin hypothesis whereby individual, or combinations of tubulin isotypes possess unique properties needed to support diverse MT structures and/or cellular processes. Beginning 40 years ago researchers have sought to address this hypothesis, and the role of tubulin isotypes, by exploiting experimentally accessible, genetically tractable and functionally conserved model systems. Among these systems, important insights have been gained from eukaryotic microbial models. In this review, we illustrate how using microorganisms yielded among the earliest evidence that tubulin isotypes harbor distinct properties, as well as recent insights as to how they facilitate specific cellular processes. Ongoing and future research in microorganisms will likely continue to reveal basic mechanisms for how tubulin isotypes facilitate MT functions, along with valuable perspectives on how they mediate the range of conserved and diverse processes observed across eukaryotic microbes.
Keywords: tubulin isotype, tubulin, microtubule, microorganism, cytoskeleton
INTRODUCTION
Microtubules (MTs) are essential, intrinsically dynamic cytoskeletal filaments, polymerized from the heterodimeric protein tubulin. Each heterodimer contains two closely related, GTP-binding subunits: α-tubulin and β-tubulin (Figure 1). Populations of MTs in eukaryotes mediate critical functions like cell division, cell migration, and intracellular cargo transport. These processes require a high degree of fidelity to ensure cell viability, genome stability and organismal health. Thus, MTs must support a diverse range of interactions and their nucleation, dynamics and stability must be tightly regulated in both space and time.
[image: Figure 1]FIGURE 1 | Isotypes of α- and β-tubulin construct functionally diverse microtubules. Microtubules (MTs) polymerize from “head-to-tail” binding of tubulin, a heterodimer of α- and β-tubulin subunits (left). Both α- and β-tubulin subunits bind GTP but only the β-tubulin bound GTP is hydrolysable and exchangeable [top-right; cryo-EM structure of S. cerevisiae tubulin, polymerized with GTP in vitro; PDB ID: 5W3F (Howes et al., 2017)]. The carboxy terminal tails (CTTs) are normally unstructured and are only drawn representatively and not to scale. The α- and β-tubulin subunits can be encoded by multiple genes to produce variants, or isotypes (bottom-right; color gradient represents different isotypes). Tubulin isotypes can each possess common and/or unique molecular properties which expands the ability of MTs to optimally perform diverse and specialized functions (represented by arms/hands differentially extending from isotypes).
In addition to α- and β-tubulin, the protein family also includes the ubiquitous mediator of MT nucleation, γ-tubulin (Oakley et al., 2015) and the specialized δ-, ε- and ζ-tubulins that are present in a subset of eukaryotes in which they facilitate the structure and/or function of centrioles and basal bodies (Chang and Stearns, 2000; Vaughan et al., 2000; Turk et al., 2015). Some organisms harbor two or three variants, or isotypes, of γ-tubulin (Findeisen et al., 2014). Notably, almost all organisms utilize multiple isotypes of α- and β-tubulin to build tubulin heterodimers (Cleveland et al., 1980; Roll-Mecak, 2019). The functional role of these tubulin isotypes, however, remains largely obscure.
The β- and α-subunits of two consecutive tubulin heterodimers interact to polymerize into inherently polarized protofilaments. Lateral interactions between typically 13 protofilaments yield the hollow cylindrical structure of MTs (Figure 1). While both α- and β-tubulin bind GTP, nucleotide binding to α-tubulin appears mainly structural while MT assembly and disassembly is driven by the binding and subsequent hydrolysis, respectively, of GTP bound to the β-subunit (Figure 1) [reviewed in (Nogales, 2001)]. The transition between MT assembly and disassembly is stochastic and the phenomenon termed “dynamic instability” (Mitchison and Kirschner, 1984). The inherent polarity and dynamic instability of MTs facilitates kinesin/dynein mediated directed cargo transport (Barlan and Gelfand, 2017), MT organization (Mani et al., 2021), MT Associated Protein (MAP) interaction (Brouhard and Rice, 2018), as well as MT-dependent force generation (Forth and Kapoor, 2017).
MT behavior is controlled at multiple levels. They are regulated at the level of MT nucleation by γ-tubulin, at the level of fundamental polymer dynamics by α/β heterodimers, and at the level of macromolecular organization by a range of MT Associated Proteins (MAPs) [reviewed in (Goodson and Jonasson, 2018)]. Another layer of regulation comes from a relatively large number of posttranslational modifications (PTMs) that occur on tubulin [reviewed in (Janke and Magiera, 2020)]. A third aspect of MT regulation stems from the multiple tubulin variants, or isotypes, expressed in most cells (Figure 1) (Nsamba and Gupta, 2022). Relative to our understanding of how PTMs and MAPs influence MT function, which can be significant, our knowledge of how tubulin isotypes themselves contribute to the complexity of MT behaviors remains limited. Despite the contribution of PTMs and MAPs, in this review we mainly focus on the evidence that tubulin isotypes play a fundamental role in the diversity of MT functions.
Why organisms express multiple α- and β-tubulin isotypes has been a central, long-standing question. The multi-tubulin hypothesis, formulated decades ago, postulates that specific tubulin isotypes contribute unique functional properties to MTs (Figure 1) (Cleveland, 1987; Ludueña, 1993). The discovery that mutations in certain mammalian tubulin isotypes cause specific disorders, collectively known as tubulinopathies, lends support to this idea and emphasizes the need to elucidate the cellular roles of various isotypes (Bahi-Buisson and Maillard, 2016; Romaniello et al., 2018; Binarová and Tuszynski, 2019). Directly testing the multi-tubulin hypothesis, however, has been hampered by significant challenges. Depletion of one may lower overall tubulin levels and/or alter the relative ratios of the remaining isotypes. Excess β-tubulin relative to α-subunits can be toxic (Weinstein and Solomon, 1990), and overexpression can lead to aggregated, non-functional protein (Bhattacharya and Cabral, 2004). Thus, interpretation of cell-based experiments has often been confounded by these indirect effects. Additionally, the purification of mutant and/or single isotype tubulin was essentially restricted to yeast (Kilmartin, 1981; Davis et al., 1994; Bode et al., 2003; Drummond et al., 2011), and only recently obtained from higher eukaryotes (Minoura et al., 2013; Pamula et al., 2016; Ti et al., 2016; Vemu et al., 2017; Ayukawa et al., 2021). Thus, directly testing the role of tubulin isotypes in the multi-tubulin hypothesis has been challenging. Eukaryotic microorganisms served as pioneering model systems to investigate the function of tubulin isotypes. These organisms offer the tractability and accessibility needed to address the question. While advances in genome editing and recombinant tubulin purification have alleviated some of the constraints and challenges in more complex, higher eukaryotes, microorganisms continue to offer advantages for elucidating the fundamental mechanisms of tubulin isotypes. Microorganisms harbor conserved MT structures, governed by homologous regulators (PTMs and MAPs), that perform functions analogous to their higher eukaryotic counterparts. They are highly tractable, allowing ease of genetic manipulation, quantification of MT-dependent processes, and in some, continuous monitoring of individual MTs during these processes. Some use relatively fewer tubulin isotypes and offer a simplified landscape (Table 1) (Toda et al., 1984; Schatz et al., 1986a) while many, like their higher eukaryotic counterparts, employ many isotypes despite their unicellular status (Suprenant et al., 1985; Eisen et al., 2006). Moreover, some microorganisms such as budding yeast do not utilize any or very few PTMs, further simplifying the interpretation of tubulin isotype manipulation. Indeed, the study of single isotypes, expressed at levels comparable to total tubulin isotypes in normal cells, has only been achieved using microorganisms (Nsamba et al., 2021).
TABLE 1 | Multiple tubulin isotypes are expressed in model microorganisms*
[image: Table 1]Microorganisms played a critical role in the discovery of tubulin family genes and the initial characterizations of α and β tubulin isotypes. Genes encoding the tubulin family members γ (Oakley and Oakley, 1989), δ (Dutcher and Trabuco, 1998; Fromherz et al., 2004) and ε-tubulin (Goodenough and StClair, 1975; Dutcher et al., 2002) were first identified by exploiting model microorganisms. The latter two were also shown to be critical for cleavage furrow placement in Chlamydomonas. Moreover, beginning about 40 years ago it was recognized that most microorganisms harbor multiple isotypes of α and/or β tubulin. The tractability of model microorganisms facilitated pioneering research on tubulin isotypes. Although these early studies indicated that isotypes make distinct contributions to MT function, they also revealed relatively large redundancies among isotypes for basic MT processes. This redundancy, together with the technical limitations at that time, worked to dampened deeper exploration into tubulin isotype function in many models. In the last decade, however, a flurry of research in certain models like budding yeast, fission yeast and Tetrahymena, has yielded significant insights into the function of tubulin isotypes. The role of PTMs in regulating MT function is also becoming increasingly clear and has been reviewed recently (Wloga et al., 2017; Janke and Magiera, 2020). In this review we focus on what has been learned about the function of α- and β-tubulin isotypes using model microorganisms (Tables 1, 2). We emphasize the trajectory of progress in budding yeast, as arguably the most studied system, along with what has been found in fission yeast and Tetrahymena. We summarize what is known in a range of other models to highlight the common aspects of significant redundancy coupled with unique contributions of tubulin isotypes, and the continuing opportunity to exploit these systems to learn how they facilitate the wide diversity of MT-dependent processes observed across biology. Together microorganisms hold significant potential to elucidate conserved, fundamental mechanisms by which tubulin isotypes underlie MT properties and function.
TABLE 2 | Microbial tubulin isotypes optimize and mediate differential organismal and cellular functions*.
[image: Table 2]Saccharomyces cerevisiae
The initial purification of budding yeast tubulin in 1981 provided evidence, via 2-D gel electrophoresis, that the yeast cytoskeleton utilizes multiple tubulin isotypes (Kilmartin, 1981). Within 5 years, the full complement of one β-tubulin, TUB2 (Neff et al., 1983), and two α-tubulin isotypes, TUB1 and TUB3 (Schatz et al., 1986a), was identified (Table 1). While the single β-tubulin is essential, the α-isotype genes are not equivalent in their ability to support viability. Cells survive disruption of TUB3 but not TUB1 (Schatz et al., 1986b). Northern blots with either gene as probe suggested that TUB1 transcript was more prevalent than TUB3, although probe cross-hybridization prevented accurate quantification (Schatz et al., 1986a). The idea that cells harbor more Tub1 than Tub3 subunits is consistent with the finding that although lethal, tub1∆ can be rescued by increased expression of TUB3 (Schatz et al., 1986b). Yet, while tub3∆ cells can undergo mitosis, conjugation and meiosis, they display decreased spore viability and hypersensitivity to the microtubule destabilizer benomyl (Schatz et al., 1986b). Increased TUB1 expression in tub3∆ cells rescues benomyl sensitivity, however, the sensitivity of tub3∆ cells made viable by additional TUB3 was not determined (Schatz et al., 1986b). Combining the results of these studies, and the fact that TUB1 and TUB3 share 90% amino acid identity, but only ∼73% with α-tubulins from porcine and fission yeast, it was proposed that they are functionally redundant, with the observed phenotypic effects due to relative expression levels (Schatz et al., 1986a). Subsequent studies supported the observation of more Tub1 relative to Tub3 in soluble protein extracts and purified tubulin (Bode et al., 2003; Hanson et al., 2016; Aiken et al., 2018), but it would be 35 years before a more detailed analysis of Tub1 and Tub3 function in vivo was reported (Nsamba et al., 2021).
The yeast model has been exploited to investigate the regulation of cellular tubulin levels. It was initially shown that Tub1 (α-tubulin) and Tub2 (β-tubulin) polypeptide levels do not increase proportionally with gene copy number. In cells harboring extra copies of either TUB1 or TUB1 plus TUB2, expression was found to be downregulated at both the transcript and polypeptide levels, such that cells contained near normal levels of Tub1, Tub2 and Tub3 protein (Katz et al., 1990). In contrast to downregulation, budding yeast appear incapable of upregulating tubulin expression when needed. In diploid TUB2/tub2∆ hemizygous cells, Tub2 protein levels are approximately half that seen in normal TUB2/TUB2 cells. Moreover, both Tub1 and Tub3 α-tubulin protein levels were concomitantly reduced by 50% (Katz et al., 1990). Similarly, total α-tubulin levels are reduced in tub3∆ cells (Hanson et al., 2016; Aiken et al., 2018; Denarier et al., 2021; Nsamba et al., 2021), and although tub1∆ cells are inviable, they are rescued by increased TUB3 expression (Schatz et al., 1986b).
Methods to purify native (Barnes et al., 1992) and recombinant (Davis et al., 1994) yeast tubulin, including use of affinity tags (Gupta et al., 2002) and overexpression (Johnson et al., 2011) have yielded critical insights into areas of tubulin structure-function (Gupta et al., 2002; Ayaz et al., 2012), modulation of microtubule dynamics by GTP hydrolysis (Davis et al., 1994), and the dynamic properties of each isotype in reconstitution assays (Bode et al., 2003). Relative to Tub3, microtubules polymerized entirely with Tub1 display increased catastrophe frequency and depolymerization rate, leading to overall higher dynamicity. Microtubules containing a mixture of Tub1 and Tub3 α-subunits have properties intermediate to those made exclusively from Tub1 or Tub3. Thus, the benomyl sensitivity seen in tub3∆ cells could arise, at least in part, from the decreased stability of exclusively Tub1 microtubules. SDS-PAGE also showed that mixtures purified from wildtype cells contain ∼80% Tub1 and 20% Tub3 (Bode et al., 2003). Consistent with this observation, western blots of soluble cell lysates from tub3∆ cells have ∼70% of wildtype α-tubulin levels (Hanson et al., 2016), while those from wildtype cells show ∼70% Tub1 and 30% Tub3 (Aiken et al., 2018).
With the advent of Green Fluorescent Protein, independent groups concurrently showed that GFP-Tub1 (Straight et al., 1997) and GFP-Tub3 (Carminati and Stearns, 1997) both incorporate into all microtubule structures during vegetative growth. As in other organisms, this technical advance greatly facilitated the elucidation of mechanisms controlling microtubule regulation and organization. At the tubulin molecular level, significant attention has focused on the highly variable carboxy-terminal tail (CTT). The CTT of α-tubulin is important for + TIP protein binding to microtubules and dynein-mediated nuclear movements (Badin-Larçon et al., 2004). It is also involved in membrane-bound cargo trafficking (Boscheron et al., 2016). On β-tubulin, the CTT is a critical mediator of kinesin-5 interaction (Aiken et al., 2014) and needed for accurate chromosome segregation (Fees et al., 2016). Considering these findings and the unique synthetic genetic interactions identified for either α-isotype (Nsamba et al., 2021) it is possible the CTTs of Tub1 and Tub3 possess isotype-specific properties.
Two recent studies address the function of Tub3 in vivo. Both examined Tub1 level in tub3∆ cells and found it to be between 37%–64% (Denarier et al., 2021) and ∼50% (Nsamba et al., 2021) of the total α-tubulin level in wildtype cells. Consistent with these results, the TUB1 and TUB3 transcript levels are equivalent in wildtype cells, and TUB1 mRNA level unchanged in tub3∆ cells (Nsamba et al., 2021). Quantitative imaging of mRUBY-Tub1 and mRUBY2-Tub3 also indicates that they constitute equal proportions of the α-tubulin pool (Denarier et al., 2021). At present, the discrepancy in Tub1 to Tub3 ratios between these results and previous studies remains unclear. One explanation for more Tub1 in purified mixtures and prior immunoblot analyses could be that Tub1-containing tubulin heterodimers are more successfully extracted in non-denaturing buffers and/or more tolerant of purification procedures compared to those containing Tub3. Another, more interesting possibility is that the isotypes may be independently regulated under the conditions used for the various experiments.
Cells respond differently to high overexpression of Tub1 or Tub3. Whereas expressing TUB1 from the strong GAL1 promoter is well tolerated (Burke et al., 1989), expressing TUB3 from the strong TEF1 promoter results in tiny colonies with sickly cells (Denarier et al., 2021). Notably, cells overexpressing TUB3 as their sole source of α-tubulin display nearly double the typical number of microtubules in pre-anaphase spindles, emanating from significantly enlarged spindle pole bodies (Denarier et al., 2021). The increased SPB diameter is larger than would be predicated for the somewhat slower spindle assembly in these cells (Denarier et al., 2021), and thus may be a direct consequence of the increased Tub3. Additionally, localization of the negative dynein regulator, She1, to spindles containing exclusively Tub3 is increased 62% compared to spindles in wildtype cells (Denarier et al., 2021). She1 also shows increased localization, albeit slightly, to Tub3 compared to Tub1 microtubules in vitro (Denarier et al., 2021). Thus, the highly increased localization seen in vivo could be indicative of Tub3-specific mechanisms, but may also result from more microtubules present in the Tub3 spindles (Denarier et al., 2021).
During budding yeast mitosis, the spindle must be positioned across the bud neck (Figure 2), which is accomplished by two major and functionally redundant mechanisms (McNally, 2013). Prior to anaphase, the Kar9 mechanism links MT plus ends to myosin-dependent transport along polarized actin cables to position the spindle at the bud neck. During anaphase, the Dyn1 mechanism utilizes bud membrane-localized dynein movement along astral MTs to pull one spindle pole into the bud. Cells can tolerate the loss of either mechanism, but complete loss of both is lethal (Miller et al., 1998). While strong overexpression of TUB3 as the sole α-tubulin makes cells significantly sick, and additional removal of Kar9 further decreases fitness, dyn1Δ reduces fitness comparably more than kar9Δ, suggesting the Kar9 spindle positioning mechanism may be preferentially compromised in these cells (Denarier et al., 2021). It will be interesting to learn the comparable phenotypes of cells overexpressing Tub1 as their sole source of α-tubulin.
[image: Figure 2]FIGURE 2 | Microorganisms express one or more α- and β-tubulin isotypes to construct various MT-organelles and to perform diverse functions with a range of complexity. Example microorganisms are represented in either different cell cycle (blue text) or life cycle (orange text) stages, along with MTs (dark and light green lines), mitotic spindle (thick green line), nuclei (blue) and corresponding MTOCs (red). Top row (from left to right, clockwise): schematics of mitotic S. cerevisiae in anaphase; mitotic S. pombe in anaphase; tetranucleate, interphase Aspergillus nidulans germling (germinated from conidia, an asexual, uninucleate spore produced during vegetative life cycle. Septa are not formed until third karyokinesis) and infectious F. graminearum multicellular macroconidia, the translucent, canoe-shaped asexual spores possessing 4–5 septa and derived from phialides, the conidium producing cells. Middle row (left): T. thermophilus undergoing cell division and demonstrating distinct localization of β-tubulin isotypes. Btu2 is enriched in somatic cilia (green lines on cell surface) and basal bodies (black dots beneath each cilium on cell surface; not all cilia are shown). Blt1 and Blt4 construct the spindle (red lines) in the mitotic division of the micronucleus (smaller blue circle) and also assemble MTs (red lines) during amitotic division of the macronucleus (large blue circle). Middle row (right): C. reinhardtii in interphase, showcasing diverse MT organelles including the two apical flagella (thick green lines projecting outward) and 4 MT rootlets (thinner green and light green lines emerging from basal bodies within the cell), which contains stable, acetylated α-tubulin. The mother (red) and daughter (dark red) basal bodies, several nucleus-basal body connectors (black lines), eyespot (brown) and chloroplast (grey object at cell posterior) are also shown. Bottom row (left): P. polycephalum depicted in respective amoeba and flagellate stages. The uninucleate amoeba (left) have unorganized MTs (green lines), randomly positioned nucleus (blue circle) with filopods (blue lines extending from the cytoplasm) that contributes to multidirectional movements. It reversibly transitions to the uninucleate, comma-shaped, flagellated, sexual spore myxamoeba (right). This phase demonstrates an anterior and posterior flagellum (thick green lines; anterior longer than posterior) that emanates from the basal body (red) as well as a flagellar cone of MTs (thinner green lines in conical arrangement, emanating from the apical basal body) that can extend to the dorsal side of the organism. The beak-shaped nucleus (blue) is positioned underneath the cone. Bottom row (right): T. gondii tachyzoite demonstrates a diverse array of complex MT-organelles. The spindle MTs (green lines) and the corset of 22 subpellicular MTs respectively nucleate from the centrioles (orange cylinders above the blue nucleus) and the Apical Polar Ring (APR) MTOC (orange circle at apical part of the cell). Also shown are the tubulin-based hollow cylindrical conoid (green cylinder above the APR), two preconoidal rings (grey circles) above it and two intraconoid MTs (green lines) within its circumference.
Although tub3∆ cells survive with their α-tubulin coming only from the TUB1 locus, they do not survive if the TUB3 ORF is moved into the TUB1 locus, under regulation of the endogenous TUB1 regulatory elements (Nsamba et al., 2021). Conversely, while TUB3 cannot support viability in tub1∆ cells, viability is restored when the TUB1 ORF is placed in the TUB3 locus, under regulation of the TUB3 regulatory elements. These ORF swapping results suggest that Tub1 likely can support one or more essential processes at lower concentrations than Tub3 is able. Placing the ORF of either α-tubulin isotype into both loci created cells expressing near wildtype levels of exclusively Tub1 or Tub3. Unlike cells strongly overexpressing Tub3 (Denarier et al., 2021), both Tub1-only and Tub3-only strains expressing normal overall α-tubulin levels grow at wildtype rates (Nsamba et al., 2021). While tub3∆ cells are benomyl supersensitive, restoring proper α-tubulin levels with extra Tub1 produces more resistance than in wildtype cells (Schatz et al., 1986b). In contrast, Tub3-only cells expressing proper overall α-tubulin levels are highly sensitive (Nsamba et al., 2021). These opposite sensitivities suggest that, like in vitro (Bode et al., 2003), microtubules polymerized from either α-tubulin isotype have different functional properties in cells. Indeed, the Dyn1-mediated mechanism is more efficient on Tub1-only microtubules, while the Kar9 mechanism works better using Tub3 (Nsamba et al., 2021). Because each mechanism is optimized by a particular isotype, the microtubules containing both Tub1 and Tub3 in wildtype cells can sufficiently perform both processes. These results demonstrate that the differences in isotype properties can be leveraged to optimize the molecular mechanisms required to achieve diverse microtubule-dependent processes. Consistent with this idea, half of the ∼60 synthetic genetic interactions each displayed by Tub1 or Tub3 are in common, while the other half are unique to either isotype, suggesting they differentially mediate additional functions beyond spindle positioning (Nsamba et al., 2021).
Altogether, pioneering work in budding yeast revealed a high level of redundancy between tubulin isotypes, although with some detectable influence on cellular phenotypes. Continued efforts and technical advances have more recently demonstrated that these isotype-specific properties play a significant role in differentially mediating various MT-dependent cellular processes. The budding yeast model is well positioned for further elucidation of the molecular mechanisms of tubulin isotypes.
Schizosaccharomyces pombe
Following the groundbreaking studies in budding and fission yeast that uncovered the cell-division cycle (CDC) genes as temperature sensitive mutants (Hartwell et al., 1973; Nurse, 1975), the fission yeast β-tubulin [NDA3; (Hiraoka et al., 1984)] and one of two α-tubulins [NDA2; (Toda et al., 1984)] were identified as cold sensitive nuclear division arrested mutants (Table 1) (Toda et al., 1983). Hybridization assays using the newly discovered Chlamydomonas α-tubulin cDNA (Silflow and Rosenbaum, 1981) as a probe soon revealed the second, and full complement of α-tubulins in fission yeast [ATB2; (Adachi et al., 1986)].
Similar to the situation in budding yeast, the α-tubulin genes in fission yeast are not equivalent in their ability to support viability. Disruption of NDA2 renders cells inviable, while cells lacking ATB2 continue to grow at normal rates in rich media but are hypersensitive to the microtubule destabilizer thiobendazole (Adachi et al., 1986). Like Tub3 in budding yeast, increased expression of ATB2 can rescue cell viability in the absence of NDA2 (Toda et al., 1984). Although NDA2 mRNA level was observed to be significantly higher than ATB2 transcript, at the protein level the two isotypes were observed to be equivalent (Adachi et al., 1986). Consistent with this, equivalent amounts Nda2-and Atb2-containing heterodimers are present in purified tubulin (Drummond et al., 2011). It should be noted however, that studies have also reported higher Nda2 relative to Atb2 by western blot (Radcliffe et al., 1998). Moreover, increased expression of ATB2 mRNA induces a decrease in NDA2 transcript level yet the inverse, increased NDA2 expression does not cause decreased ATB2 transcript (Adachi et al., 1986). Again, like what may occur in budding yeast, these latter two findings raise the possibility that the isotype ratio may be regulated under various culture conditions or cell cycle stages.
Despite their ability to support viability, there are indications that NDA2 and ATB2 are functionally distinct. Both isotypes are present at equivalent levels, at least under some conditions (Adachi et al., 1986), yet only one supports viability without increased expression (Toda et al., 1984; Adachi et al., 1986). While ATB2 is non-essential, temperature sensitive alleles can disrupt processes including the spindle assembly checkpoint and nuclear movement (Radcliffe et al., 1998). They are also lethal in combination with cold sensitive NDA2 alleles at permissive temperature, demonstrating ATB2 is capable of influencing microtubule functions (Radcliffe et al., 1998). Moreover, as seen with budding yeast α-tubulin isoforms (Bode et al., 2003), Nda2 and Atb2 display distinct effects on microtubule dynamics in vitro. Microtubules assembled from only Nda2-containing heterodimers have slower apparent rate constants for MT assembly, slower growth rate and lower critical concentration of polymerization compared to polymers containing both Nda2 and Atb2 (Hussmann et al., 2016). Similar comparisons in vivo remain to be done.
The parallels observed thus far between α-tubulin isotypes in S. cerevisiae and S. pombe are striking. With the recent discoveries of how Tub1 and Tub3 differ functionally (Denarier et al., 2021; Nsamba et al., 2021), the stage is now set to investigate whether Nda2 and Atb2 differentially mediate microtubule functions as well. Like budding yeast, fission yeast is a preeminent model for the study of MAPs and regulatory factors controlling microtubule dynamics, organization, and function. Notably, how microtubules are used to support cell polarity and center the mitotic spindle in S. pombe, in contrast to positioning the spindle across the bud neck in S. cerevisiae (Figure 2), will likely reveal additional mechanisms by which tubulin isotypes contribute to diverse biological processes.
Tetrahymena thermophila
T. thermophila is a unicellular, ciliated, protozoan that offers multiple advantages for studying tubulin isotypes. It uses four α- and eight β-tubulin isotypes to assemble a diverse set of spatiotemporally distinct microtubule-containing structures (Figure 2) (Suprenant et al., 1985; Gaertig et al., 1993; Gaertig, 2000) involved in processes including ciliary motility, cell division, conjugation, cell shape maintenance and oral apparatus organization (Table 1) (Williams, 1975). Notably, some of these functions are absent in other common microbial systems like yeast.
The first Tetrahymena α-tubulin gene, ATU1, was found by probing digested macronuclear DNA with heterologous α-tubulin probes from chicken, Drosophila, and Chlamydomonas (Callahan et al., 1984). Within a year, seven distinct isoelectric variants of tubulin polypeptides were identified: five α and two β although it was unclear whether each represented a gene or PTM (Suprenant et al., 1985). Of the five α-tubulin variants, three are present exclusively in ciliary, and the other two exclusively in cytoplasmic microtubules. While ciliary microtubules contain both β variants, cytoplasmic microtubules possess only a single variety. Two β-tubulin genes, BTU1 and BTU2, were subsequently identified but found to encode identical polypeptides (Gaertig et al., 1993). Deletion of the α-subunit, ATU1 (Hai et al., 1999), or simultaneous loss of both β-tubulin genes (Xia et al., 2000) is lethal. The idea that a single α- and β-tubulin polypeptide generated multiple isoelectric variants and supported the diverse array of structures in Tetrahymena focused attention on posttranslational modifications. These efforts revealed that α-tubulin in ciliary MTs is acetylated on the highly conserved K40 (Piperno and Fuller, 1985). This PTM is non-essential in Tetrahymena (Gaertig et al., 1995) and initially purported to improve Kinesin-1 binding and motility (Reed et al., 2006), but later reported that this effect may be indirect (Walter et al., 2012). Similarly, glutamylation was discovered (Bré et al., 1994) and later found to be non-essential but important for assembly and function of certain organelles such as the basal body (Wloga et al., 2008) as well as force generation by ciliary dynein (Suryavanshi et al., 2010). While both α- and β-tubulins are polyglycylated, only the α-tubulin modification was found to be dispensable (Xia et al., 2000; Thazhath et al., 2002). The majority of α-tubulin isotypes also undergo detyrosination (Redeker et al., 2005). Altogether these studies demonstrate the role of PTMs in mediating distinct MT functions and support their role in the multi-tubulin hypothesis.
The importance of the C-terminal tails of α- and β-tubulins was also investigated and both were found to be essential. Interestingly, while the absence of a tail on either α- or β-tubulin is not tolerated, the tails are interchangeable in that cells grow normally with either an α-or β-tail on both subunits (Duan and Gorovsky, 2002). Moreover, a modified α-tail supports viability when paired with a β-tail lacking posttranslational modification sites but not with a deletion of the β-tail, suggesting the tails themselves have essential roles independent of PTMs (Duan and Gorovsky, 2002). During this period, it was also recognized that when cells are deciliated, transcription of the α-tubulin, ATU1, and both β-isotypes, BTU1 and BTU2, is induced, but when cytoplasmic microtubules are perturbed only ATU1 and BTU1 are induced (Gu et al., 1995). These data were amongst the earliest demonstrations of tubulin gene/isotype-specific response in cells and perhaps, unsuspectingly, foretold the isotype-localization results from Tetrahymena that would strongly support the multi-tubulin hypothesis (Pucciarelli et al., 2012).
Our understanding of tubulin isotype function in Tetrahymena changed dramatically when shotgun sequencing of the 104 Mb macronuclear genome revealed three additional α-tubulin and six more β-tubulin genes, named α-like tubulin (ALT) and β-like tubulin (BLT), respectively (Eisen et al., 2006). The ALT’s and BLT’s lack the characteristic polyglutamylation and polyglycylation PTM motifs on their CTTs that otherwise serve essential roles for their canonical counterparts. The discovery of multiple α- and β-tubulin isotypes further illuminated how this single celled organism assembles and controls diverse microtubule structures. Finally, a groundbreaking study demonstrated unique utilization of specific β-isotypes (Pucciarelli et al., 2012). Using live cell imaging of GFP-tagged tubulins and biochemical fractionation assays, Btu2 was shown to be highly enriched in somatic cilia and basal bodies, while Blt1 and Blt4 appear to be absent. Moreover, the latter two, but not Btu2 are used to assemble microtubules in the macronucleus as well as mitotic spindle of the micronucleus during cell division. During conjugation, Blt1 is the only of the three isotypes to build the micronuclear meiotic spindle. Tetrahymena is positioned as a strong model to further elucidate the molecular mechanisms of tubulin isotypes and PTMs in governing MT functions.
Aspergillus nidulans
The filamentous ascomycote A. nidulans (Figure 2) served as an impressive pioneering model for the initial study of tubulins. Indeed, screens for sensitivity to benzimidazole, a MT destabilizer, initially uncovered BENA as the first known β-tubulin gene in any organism (Sheir-Neiss et al., 1978). Revertants of ts-benA mutants were leveraged to reveal TUBA (Morris et al., 1979), and two-dimensional electrophoresis using mutants of BENA or TUBA revealed the presence of at least one additional α- and β-tubulin gene (Morris et al., 1984). Its two α-tubulins, TUBA and TUBB, and two β-tubulins, BENA and TUBC, (Morris et al., 1984), were subsequently confirmed by cloning (Table 1) (Sheir-Neiss et al., 1978; Morris et al., 1979, Morris et al., 1984; Gambino et al., 1984; May et al., 1987; Doshi et al., 1991).
Notably, the α- and β-tubulin isotypes display more variations than is typical within a species, with ∼28 (Doshi et al., 1991) and ∼18% (May et al., 1985; May et al., 1987) sequence divergence, respectively. Disruption of either the α-tubulin isotype TUBA or TUBB disrupts karyokinesis or results in abnormal cell/nucleus morphology, respectively (Doshi et al., 1991). They also operate distinctly in specific stages of the life cycle. While TUBA is essential during vegetative growth (Oakley et al., 1987; Doshi et al., 1991), TUBB is essential for development before the first meiotic division (Kirk and Morris, 1991). However, overexpression of either α-tubulin isotype largely rescues the deleterious effects from loss of the other (Kirk and Morris, 1993). Thus, although the two α-tubulins possess significant redundancy, the data suggest they harbor at least some function difference.
Disruption of either β-tubulin also produces differing phenotypes. BENA is essential for viability and required during vegetative growth for nuclear migration and nuclear division (Oakley and Morris, 1980, Oakley and Morris, 1981; Oakley and Rinehart, 1985). On the other hand, although TUBC expression specifically increases during conidiation, the process of forming and reproducing via spores without conjugation (May and Morris, 1988), and affects MT function during this process (May et al., 1985), it is not essential during any part of the life cycle (May et al., 1985; Weatherbee et al., 1985). Moreover, placing TUBC behind the BENA promoter rescues the lethality of BENA loss, demonstrating the two isotypes have high redundancy (May, 1989). The resulting hypersensitivity to the MT destabilizer benomyl, however, reveals that like their α-tubulin counterparts, TUBC and BENA have at least some functional difference (May, 1989). Consistent with observations in other organisms, the results reveal that tubulin isotypes in A. nidulans share a high level of redundancy yet suggest they also impart unique aspects to MT function.
Fusarium graminearum
F. graminearum, the anamorph of the notorious filamentous ascomycete, Gibberella zeae, is known for causing the economically devastating fusarium head blight (Figure 2) [reviewed in (Sutton, 2009; Leplat et al., 2013)]. Like A. nidulans, this fungus has two β-tubulin isotypes FgTUB1 and FgTUB2 (Lu et al., 2000) along with two α-tubulin isotypes FgTUB4 and FgTUB5 (Table 1) (Zhao et al., 2014). Following the observation that mutations in single genes result in resistance to the benzimidazole fungicides (Yuan and Zhou, 2005), both β-tubulin genes were screened for related mutations. Interestingly, despite high sequence identity with benzimidazole-resistant tubulins from other filamentous fungi, FgTUB1 failed to display any causative mutations for resistance (Chen et al., 2007). Conversely, FgTUB2 readily generated benzimidazole-resistant mutations (Chen et al., 2009; Liu et al., 2013). Altogether these findings indicate that the two β-tubulins in F. graminearum likely have distinct functional roles in the cell, or possibly different benzimidazole-binding properties, and suggest that individual tubulin isotypes can have cell context-specific interactions and/or functions that cannot be bridged by alternative isotypes.
Consistent with distinct functions, phylogenetic analysis indicates the β-tubulin isotypes in F. graminearum are under divergent selection pressure (Zhao et al., 2014). As a result, there are major amino acid divergences between them in the regions of GTP binding, intradimer interface, and the MT surface which could manifest as differences in properties including MT dynamicity and MAP interactions (Tassan and LeGoff, 2004; Luo et al., 2014). Loss of FgTUB2 causes more severe growth defects than FgTUB1, but since only the loss of FgTUB1 results in sterile perithecia (spore-producing fruiting body), it alone is essential for ascosporogenesis, or spores resulting from sexual reproduction (Zhao et al., 2014). It was recently found that although both β-tubulins have similar localization in all life cycle stages and overlapping functions during vegetative growth, they differ in their ability to support mycotoxin production (Wang et al., 2019). Additionally, while the transcription and translation of FgTub1 increases in response to FgTUB2 deletion, the opposite is not true. These data indicate that the tubulin isotypes in F. graminearum make distinct contributions to MT-dependent processes.
Chlamydomonas reinhardtii
C. reinhardtii, a unicellular, biflagellated, photosynthetic algae, is a proven model to study cell motility, cytoskeleton biology, and intraflagellar transport. Interestingly, despite harboring a subset of relatively complex MT structures (Figure 2), its pair of α-tubulin (TUA1 and TUA2) and pair of β-tubulin (TUB1 and TUB2) isotypes (Minami et al., 1981; Silflow and Rosenbaum, 1981; Brunke et al., 1982b) each encode identical protein products (Table 1) (Youngblom et al., 1984; James et al., 1993). The diversity of MT structures formed in Chlamydomonas from a single α- and β-tubulin polypeptide directed efforts toward PTMs. Very early in tubulin investigation the α-tubulin composition in Chlamydomonas was found to differ isoelectrically between axonemes and the cell body (Witman et al., 1972; Brunke et al., 1982a). The fact that TUA1 and TUA2 encode identical proteins, together with the finding that they are equally expressed (Witman et al., 1972; Brunke et al., 1982b; McKeithan et al., 1983), reinforced the finding that α-tubulin is differentially acetylated in the two compartments (L’Hernault and Rosenbaum, 1983, L’Hernault and Rosenbaum, 1985; McKeithan et al., 1983; Piperno and Fuller, 1985). This acetylation, which can be reversed during flagella resorption (L’Hernault and Rosenbaum, 1985), may also be important for proper photoreceptor localization (Mittelmeier et al., 2011). Within properly formed axonemes, polyglutamylation of α- and/or β-tubulin subunits regulates the function of inner-arm dyneins to control flagellar motility by modulating MT-dynein interactions (Kubo et al., 2010, Kubo et al., 2012). Together these data illustrate the importance of tubulin PTMs and MT regulators, and demonstrate that a single α- and β-tubulin isotype are capable of building a range of diverse MT structures.
Moreover, the ability to readily fractionate subcellular structures such as axonemes makes this an ideal model to study the effects of various PTMs and MAPs on the MTs within (Orbach and Howard, 2019). Because the genes for each pair of isotypes encode identical polypeptides, screening for mutants with specific effects has been challenging. To overcome this, strains harboring single deletions of each tubulin isotype alone, as well as tua1-tub1 and tua2-tub1 in combination, were recently created (Kato-Minoura et al., 2020). Notably, the growth rate among the mutants is comparable, as is flagellar length and rate of growth following deflagellation. These deletion strains exhibit differing sensitivities to MT disrupting compounds and serve as more tractable platforms for uncovering tubulin mutations further altering drug sensitivity (Kato-Minoura et al., 2020). Such single isotype strains could also facilitate the investigation of PTMs and other regulatory mechanisms in the function of MT structures found in Chlamydomonas.
Physarum polycephalum
P. polycephalum, a myxomycete or acellular slime mold, is a protist that harbors a relatively large complement of tubulin isotypes: five α-tubulins [ALTA, ALTB(N), ALTB(E), ALTC, ALTD] (Burland et al., 1983; Schedl et al., 1984b; Krämmer et al., 1985; Singhofer-Wowra et al., 1986; Green et al., 1987; Monteiro and Cox, 1987a, Monteiro and Cox, 1987b) and three β-tubulins (BETA, BETB, BETC) (Table 1) (Burland et al., 1984; Singhofer-Wowra et al., 1986; Burland et al., 1988; Solnica-Krezel et al., 1988; Werenskiold et al., 1988). This pool of tubulin isotypes is used to support a range of MT-structures and functions in this simple protist. The isotypes are differentially expressed and incorporated into MT structures at different life cycle/ploidy phases (Figure 2) of this organism, namely- 1) the multinucleated, unicellular plasmodium (diploid), 2) the uninucleate, unicellular myxamoeba (haploid), 3) the motile flagellate stage (also haploid), and 4) sclerotium (a compact formation of haploid spores) (Dove and Rusch, 1980; Schedl et al., 1984b). This tubulin complement builds astral, spindle, centriole, and flagellar MTs in myxamoeba; but constructs only intranuclear, anastral mitotic spindles in the multinucleated cell stage known as coenocytic plasmodia, which lacks cytoplasmic MTs (Havercroft and Gull, 1983; Solnica-Krezel et al., 1991).
Expression of the α-tubulin isotypes is differentially regulated in various life stages of Physarum. Despite having only 1 MT organelle, the anastral mitotic spindle, in the coenocytic plasmodia stage, more tubulin isotypes were found to be definitively expressed in this stage [ALTA, ALTB(N), ALTB(E), BETB, BETC] than the amoeba-like myxamoeba stage (ALTA, BETA, BETB) (Burland et al., 1983; Roobol et al., 1984; Gerber et al., 2022). Although the α-tubulin population contains two isoelectric variants, one was found to originate via acetylation of AltA (Green and Dove, 1984; Blindt et al., 1986; Diggins and Dove, 1987; Sasse et al., 1987), leaving only one major α-isotype expressed in the myxamoeba phase (Singhofer-Wowra and Little, 1987). While ALTB(E) encodes one of the two major α-tubulin isoelectric variants in plasmodia, the remaining four α-tubulin genes, and particularly ALTC and ALTD, potentially encode the other isoelectric variants (Cunningham et al., 1993).The single α-tubulin expressed in myxamoeba was also found to be less prone to mutation (Singhofer-Wowra et al., 1986) than its more divergent and multiple plasmodial counterparts (Krämmer et al., 1985). This suggests that the tubulin mutational rate may be limited by the structural constraints of highly conserved MT structures like the axoneme, which is present in myxamoeba and not the plasmodial phase, but also supports the idea that utilizing multiple tubulin isotypes allows individual isotypes to more readily coevolve with specific MT-dependent processes. In plasmodia, ALTA, ALTB(N), ALTB(E), BETB, and BETC are synthesized coordinately with mitosis, but after spindle disassembly the synthesis of BETC is reduced significantly more than BETB (Schedl et al., 1984a). While all these isotypes are incorporated into the intranuclear mitotic spindle (Paul et al., 1987), it remains unknown whether the α-tubulin isotypes are functionally interchangeable or not (Green et al., 1987).
Of the three β-tubulin isotypes, BETA and BETC are exclusively expressed and incorporated into MT structures of the myxamoeba and plasmodia stages, respectively (Burland et al., 1988; Diggins-Gilicinski et al., 1989; Gerber et al., 2022). On the other hand, BETB is constitutively expressed during both the myxamoeba and plasmodia phases (Werenskiold et al., 1988) and incorporated into all MT structures (Paul et al., 1989). Consistent with its expression profile, mutation in BETB alone can adequately confer benzimidazole resistance to both plasmodia and myxamoeba (Burland et al., 1984). Interestingly, akin to tubulins in budding yeast that do not construct complex MT organelles, Physarum plasmodial BETC, which also constructs only one MT-structure, i.e., the anastral mitotic spindle, potentially has fewer functional constraints. (Solnica-Krezel et al., 1988; Solnica-Krezel et al., 1991).Indeed, BETC has the most divergent sequence relative to the other two β-tubulin isotypes owing to neutral drift and/or positive selection for operating in plasmodial spindles (Diggins-Gilicinski et al., 1989). This suggests the requirement to participate in multiple MT-mediated processes may select for a high level of redundancy among an organism’s isotypes. Although it is absent in myxamoeba, BETC is still found in the astral spindles produced in developing cells during the amoeboid-to-plasmodial transition (Solnica-Krezel et al., 1988). Therefore, whether BETC has a specific role(s) in anastral spindles remains obscure.
Overall, the Physarum model offers the opportunity to explore redundancies and functional differences of tubulin isotypes in morphologically, phenotypically and genetically compartmentalized life cycle stages. Its tubulin isotypes display unique expression profiles and function in distinct, isolatable life stages. While research into Physarum tubulin isotypes has not progressed recently, much more remains to be explored.
Toxoplasma gondii
T. gondii is an obligate intracellular parasite capable of infecting nucleated cells and causing serious complications, including birth defects and blindness in human and animal hosts (Halonen and Weiss, 2013). Despite displaying a diverse array of MT structures (Figure 2) in various life cycle stages (Morrissette and Sibley, 2002; Hu et al., 2006), it was initially thought to contain just one α-tubulin and one β-tubulin gene (Nagel and Boothroyd, 1988). Relatively recently, genomic data (www.toxodb.org) revealed two additional α- and β-tubulin isotypes, bringing the total to three each (Table 1) (Hu et al., 2006). Additionally, both α- and β-subunits harbor extensive PTMs (Xiao et al., 2010). Proteomic and transcriptomic data indicate that all six isoforms are expressed in tachyzoites and oocyst stages, yet α3 alone appears to have low expression in both stages (Hu et al., 2006; Xiao et al., 2010). The only isoforms detected in the cortical MT array by mass spectrometry analysis were α1, β1 and β2 (Wang et al., 2021), indicating that they potentially are the major isoforms expressed and/or enriched in this subpopulation. While the three β-tubulin isotypes have very high conservation (∼97% amino acid identity), the α-tubulins are quite diverse (40%–68% identity) (Xiao et al., 2010; Wang et al., 2021), strongly implying they may fill specialized roles. Consistent with this idea, α2 specifically has four extra amino acids inserted into the H1-S2(N) loop, responsible for lateral dimer interactions. This modification may potentially impart increased flexibility to MTs containing α2 subunits (Morrissette, 2015). The CTT of α3 is extraordinarily long and less acidic than commonly seen for α-tubulins, implying it may mediate atypical interactions. Thus, α2 and α3 may potentially function in specialized structures such as conoid and flagellar axonemal MTs (Morrissette, 2015). Moreover, only mutations in α1 have demonstrated resistance to the protozoan-specific MT inhibitors dinitroanilines (Morrissette et al., 2004; Ma et al., 2007, Ma et al., 2010). These recent breakthroughs into the structural and functional differences of α-tubulin isoforms in T. gondii position this medically relevant parasite as a model for elucidating further mechanisms for how tubulin isotypes mediate diverse MT-based organelles.
CONCLUSION
The MT cytoskeleton is an indispensable component of eukaryotic cells. The overall structure of MTs is highly conserved, as are their main building blocks, α/β-tubulin heterodimers. Despite this high conservation, MTs accomplish a wide array of processes in diverse cellular contexts. A central question is how MTs perform such a range of tasks, often concurrently in the same cell. One common aspect in most organisms is the evolution of multiple α- and β-tubulin isotypes. How do multiple isotypes contribute to the diversity of MT functions? How is transcriptional and/or translational regulation, as well as post-translational modification of specific isotypes used to control MT behavior? How do unicellular organisms with relatively simple MT cytoskeletons benefit from multiple tubulin isotypes? These and other questions remain largely unanswered.
Microorganisms were well-represented in the vanguard of the initial discovery and characterization of tubulin isotypes. Their tractability readily allowed gene knockouts and overexpression, and facilitated subsequent analysis of cell viability and phenotypes. Some microorganisms possess only a few isotypes and a simplified repertoire of MT-dependent events, which can facilitate a mechanistic understanding of isotype contribution to the underlying processes. Others harbor several isotypes and utilize a more diverse array of MT-based structures. This allows investigation of more complex and diverse organism-specific MT arrays, such as the perithecia, or fruiting body, formation and ascosporogenesis in Fusarium, or highly conserved structures such as axonemes in Tetrahymena and Chlamydomonas. Moreover, distinct MT structures and dynamic behaviors are integrated into cell cycle and developmental specific stages, such as the myxamoeba-specific flagella in Physarum.
The early work on tubulin isotypes in microorganisms revealed two major themes. The first is that there appears to be a significant amount of redundancy among the isotypes with regard to basic MT functions. This is evident in the work described above where organisms often remain viable following loss of single isotypes. Moreover, when loss of a particular isotype is lethal, viability is often restored by increased expression of the remaining isotype(s), suggesting that at sufficiently high concentrations either isotype can adequately perform all essential functions. The second theme that emerged from work across a range of organisms is that loss of individual isotypes, while often not lethal, nearly always results in some perturbation to cellular processes and/or phenotype. Together these results demonstrate that many individual isotypes are not essential, yet most may contribute one or more unique properties that facilitate overall MT function.
The generalized finding that individual isotypes are often not required for viability demonstrated that, at least in most cases, they do not exclusively mediate specific MT functions. Phenotypes resulting from the loss or overexpression of isotypes are also difficult to separate from potential indirect effects resulting from changes in overall tubulin level and/or stoichiometries of the remaining isotypes. These aspects, together with technical challenges with direct gene replacement and obtaining recombinant tubulins, likely contributed to a relative decrease in research efforts investigating the multi-tubulin hypothesis from the tubulin isotype perspective. Work in microorgansisms also demonstrated that some species assemble a diverse array of MT structures using only a single form of α- and β-tubulin subunits. This is most evident in Chlamydomonas cells, which construct structures including mitotic and meiotic spindles, apical MT rootlets, basal bodies and flagella. Although Chlamydomonas harbors two α- and two β-tubulin genes, they each encode identical polypeptide sequences. This demonstrates that utilizing multiple tubulin isotypes is not a fundamental requirement for a wide range of MT structures and functions, and that the effects of PTMs on MTs and their regulatory proteins are also a critical part of the multi-tubulin hypothesis, or “tubulin code.” Indeed, the finding that Chlamydomonas utilizes just one form of α- and β-tubulin heterodimer stoked research into the functions of PTMs in this and other microorganisms including Tetrahymena.
Continued work has shown that some isotypes do serve essential and exclusive roles in specialized structures such as axonemes in Drosophila sperm cells (Hoyle and Raff, 1990; Hutchens et al., 1997), or the highly curved ring-like MTs of the marginal band in mammalian blood platelets (Schwer et al., 2001). Moreover, recent studies using gene replacement to control for overall tubulin levels clearly show that the absence of individual isotype can impair specific aspects of MT function (Honda et al., 2017; Nishida et al., 2021; Nsamba et al., 2021). For instance, both α-tubulin isotypes in budding yeast can support viability, yet each is required to optimize the two distinct spindle positioning mechanisms (Nsamba et al., 2021). Similarly, several neuronal specific β-tubulin isotypes in mouse are not needed for viability (Latremoliere et al., 2018; Bittermann et al., 2019) but, for instance, Tubb3 is specifically required for the timely regeneration of peripheral nervous system axons following injury (Latremoliere et al., 2018).
Overall, a central role of tubulin isotypes, which is consistent with the multi-tubulin hypothesis, is to allow MTs to more effectively perform diverse functions. In most organisms the MT cytoskeleton must concurrently support multiple processes and interactions. Thus, a high level of redundancy among isotypes is, at least in part, constrained by the need for αβ-tubulin heterodimers to maintain the ability to copolymerize and undergo dynamic instability. Their structure and function are further constrained by the requirement to at least minimally support the activities of ubiquitous and central regulators and motor proteins. Beyond these constraints, tubulin isotypes are able to coeveolve with distinct sets of regulatory proteins within organisms, and among various branches of evolution. Another key aspect that has become clear from work in microorganisms, as well as in other model systems (Nsamba and Gupta, 2022), is that α- and β-tubulin tubulin isotypes are able to significantly influence the properties and function of cellular MTs when present at substochiometric levels within the polymer. This quality is critical for understanding how mutations in a single copy of various isotypes can underlie the range of observed tubulinopathies.
Since the early investigation of tubulin and microtubule function, microbial models have provided leading insights into the role of tubulin isotypes and allowed testing of the multi-tubulin hypothesis. In a diverse range of microorganisms the groundwork has been laid that demonstrates their tubulin isotypes differentially facilitate various MT functions. Although at a slower pace, studies in microorganisms continue to yield additional details of the multifaceted role of tubulin isotypes. As advances in genomics, proteomics, and genetic manipulation expand the tractability of microbial models, they will undoubtably continue to make valuable contributions toward elucidating the role of isotypes in fundamental MT functions. Studying tubulin isotypes in a range of organisms will also reveal how they contribute to the diversity of cytoskeletal function seen across biology.
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Microtubules composed of αβ-tubulin dimers are dynamic cytoskeletal polymers that play key roles in essential cellular processes such as cell division, organelle positioning, intracellular transport, and cell migration. γ-Tubulin is a highly conserved member of the tubulin family that is required for microtubule nucleation. γ-Tubulin, together with its associated proteins, forms the γ-tubulin ring complex (γ-TuRC), that templates microtubules. Here we review recent advances in the structure of γ-TuRC, its activation, and centrosomal recruitment. This provides new mechanistic insights into the molecular mechanism of microtubule nucleation. Accumulating data suggest that γ-tubulin also has other, less well understood functions. We discuss emerging evidence that γ-tubulin can form oligomers and filaments, has specific nuclear functions, and might be involved in centrosomal cross-talk between microtubules and microfilaments.
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INTRODUCTION
The microtubule cytoskeleton is essential for vital cellular functions such as cell division, maintenance of cell shape, organelle positioning, intracellular transport, and cell migration. Microtubules are dynamic in nature and oscillate stochastically between phases of assembly and disassembly in a process known as “dynamic instability of microtubules” (Mitchison and Kirschner, 1984). The major building components of microtubules are αβ-tubulin heterodimers that form cylinders with a diameter of ∼25 nm. αβ-Tubulins are linked head-to-tail and form a polar protofilament. The lateral connection of thirteen protofilaments forms a left-handed helical microtubule wall. Polar microtubules have structurally distinct ends: a fast-growing plus end (+) that exposes β-tubulin and a slow-growing minus end (-) that exposes α-tubulin. Both subunits bind GTP, but hydrolysis occurs only at the β-subunit (Nogales and Wang, 2006). In cells, the (-)-ends of microtubules are anchored in microtubule organization centers (MTOCs), whereas the unanchored (+)-ends are very dynamic. Due to the dynamic properties, the microtubule network remodels in response to various signaling stimuli.
The low concentration of αβ-tubulin dimer in the cytosol prevents spontaneous nucleation of microtubules. Therefore, nucleation occurs from MTOCs. The centrosome, which consists of two centrioles surrounded by pericentriolar material (PCM), is the major MTOC in mammalian cells. In addition, the centrosome locally concentrates various signaling molecules, including kinases and phosphatases, integrates various signaling pathways (Arquint et al., 2014) and is involved in actin filament organization (Farina et al., 2016; Inoue et al., 2019). Microtubules are also nucleated from other MTOCs such as the Golgi apparatus, pre-existing microtubules, nuclear envelope, chromatin, cell cortex endosomes and mitochondria as reviewed recently (Paz and Lüders, 2018; Akhmanova and Kapitein, 2022). These noncentrosomal MTOCs play important roles in the construction and regulation of the dynamic microtubule system.
γ-Tubulin (Oakley and Oakley, 1989) is a highly conserved member of the tubulin family (Ludueña, 2013), present at less than 1% the level of αβ-tubulin (Stearns et al., 1991). It combines with other proteins to form γ-tubulin complexes, which are the basic elements for nucleation of microtubules from MTOCs at various cellular sites as reviewed previously (Oakley et al., 2015; Petry and Vale, 2015; Tovey et al., 2018; Thawani and Petry, 2021).
This review focuses on recent research and emerging issues related to the γ-tubulin functions. Particular attention is paid to the structure of the γ-tubulin ring complex (γ-TuRC), the regulation of centrosomal microtubule nucleation, the ability of γ-tubulin to form oligomers, and the nuclear functions of γ-tubulin. We also discuss the role of γ-TuRC in centrosomal microfilament/microtubule cross-talk.
γ-Tubulin isotypes and posttranslational modifications
Isotypes of α- and β-tubulins, encoded by multiple genes, differ mainly in their C-terminal tails (CTTs). The differences between isotypes are often evolutionarily highly conserved, indicating their functional importance (Ludueña, 1993). Nine isotypes for each tubulin subunit have been identified in humans. Some isotypes are ubiquitous, while others are found only in specialized microtubule assemblies (Ludueña, 2013; Roll-Mecak, 2020). In contrast, in humans, there are only two γ-tubulin genes (TUBG1 and TUBG2) with 94% sequence similarity, which are located in tandem at the 17th chromosome (Wise et al., 2000). The difference between human γ-tubulin-1 and γ-tubulin-2 is only ten amino acids, nine of which are located in the C-terminal domains of the molecules (aa 389–451). Nevertheless, they can be distinguished based on their electrophoretic and immunochemical properties (Ohashi et al., 2016; Dráberová et al., 2017). Both γ-tubulins are capable of nucleating microtubules (Vinopal et al., 2012). While γ-tubulin-1 is ubiquitously found, γ-tubulin-2 is mainly expressed in the brain (Wise et al., 2000; Yuba-Kubo et al., 2005). The function of γ-tubulin-2 is unclear, but based on its accumulation in neuroblastoma cells under oxidative stress and in mature neurons, it may have a prosurvive function. In mature neurons, dominant γ-tubulin-1 may ensure noncentrosomal microtubule nucleation (Dráberová et al., 2017).
The atomic structure of γ-tubulin shows a conformation similar to α- and β-tubulins (Aldaz et al., 2005; Rice et al., 2008). When the defined microtubule polarity is extended to the ends of the αβ-tubulin dimer and each tubulin monomer, the (+)-end of γ-tubulin contacts the (-)-end of α-tubulin. γ-Tubulin shares high homology with β-tubulin in the (+)-end face involved in longitudinal contacts between αβ-tubulin dimers (Inclán and Nogales, 2001). Similar to αβ-tubulin dimers, γ-tubulin binds GTP, which enhances its interaction with αβ-tubulin dimers in both budding yeast Saccharomyces cerevisiae (Gombos et al., 2013) and reconstituted human γ-TuRC (Wieczorek et al., 2021).
Extensive posttranslational modifications (PTMs) of α- and β-tubulin isotypes (Janke and Magiera, 2020) generate multiple charge variants of both subunits, termed tubulin isoforms, which can be separated by isoelectric focusing (Wolff et al., 1982; Linhartová et al., 1992). PTMs of γ-tubulins also generate multiple charge variants that have been distinguished using 2D-PAGE in various systems, including budding yeast (Vogel et al., 2001), nucleated erythrocytes (Linhartová et al., 2002), brains (Détraves et al., 1997; Sulimenko et al., 2002), and various cell lines (Kukharskyy et al., 2004; Dráberová et al., 2017). Of the PTMs of γ-tubulin, most data have been collected on its phosphorylation. Large-scale phosphoproteomic analysis of spindle pole bodies (SPBs) in budding yeast revealed multiple phosphorylation sites on γ-tubulin (Tub4) (Keck et al., 2011; Lin et al., 2011; Fong et al., 2018). Phosphomimetic mutations of highly conserved Tub4 sites resulted in spindle assembly defects (S360) (Keck et al., 2011; Lin et al., 2011), increased number of SPB microtubules (Y445) (Vogel et al., 2001), defects in spindle alignment (Y362) (Shulist et al., 2017), induced metaphase arrest (S74 and S100) (Lin et al., 2011), and cell cycle delay (S71) (Fong et al., 2018). Overall, these data strongly suggest that phosphorylation of γ-tubulin is important for the control of microtubule organization in the course of cell cycle in yeast. Multiple phosphorylation sites on γ-tubulin are also important for basal body assembly and stability, as shown in the ciliate Tetrahymena thermophila (Joachimiak et al., 2018). Phosphorylation analysis of human mitotic protein complexes revealed multiple phosphorylation sites on γ-tubulin (Hegemann et al., 2011), but the corresponding kinases are largely unknown. In mammals, the kinase BRSK1 (SADB), which controls cell cycle progression, phosphorylates γ-tubulin at S131 and S385. Phosphorylation at the S131 residue controled centrosome duplication (Alvarado-Kristensson et al., 2009), while phosphorylation at the S385 residue regulated cellular localization of γ-tubulin. Phosphomimetic S385D γ-tubulin translocated to the nucleus and influenced the execution of S phase (Eklund et al., 2014). Recently, the nonreceptor tyrosine kinase c-Abl was reported to phosphorylate γ-tubulin at Y443, the equivalent residue of Y445 in yeast γ-tubulin. Phosphorylation at the Y443 residue promoted assembly of γ-TuRC and nucleation of centrosomal microtubules (Wang et al., 2022). γ-Tubulin may also be a substrate for Cdk2 (cyclin-dependent kinase 2) at S80 (Chi et al., 2008). Additional serine and threonine phosphorylation sites (S32, S129, S284, S364, T423, and S424) have been identified by mass spectrometry on human γ-tubulin (PhosphoSitePlus database), but their functional significance is unknown. The distribution of known phosphorylation sites on the human γ-tubulin molecule is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Distribution of phosphorylation sites on human γ-tubulin. Exterior and interior views of the γ-TuSC portion containing γ-tubulins (yellow) interacting with the C-terminal GRIP2 domains of GCP2 (green) and GCP3 (light blue). The position of γ-tubulin phosphorylation sites for which kinases are known are marked with red spheres, phosphorylation sites without corresponding kinases are marked with dark blue spheres. The molecular structure representation is based on native human γ-TuRC (PDB: 6v6s) and was generated using ChimeraX 1.3 software.
Ubiquitination is another PTM relevant to γ-tubulin. Monoubiquitination of γ-tubulin by the BRCA1 (breast cancer type 1 susceptibility protein)/BARD1 (BRCA1-associated RING domain protein 1) E3 ligase complex results in detachment of γ-tubulin from the centrosome and inhibition of microtubule nucleation (Hsu et al., 2001; Starita et al., 2004; Sankaran et al., 2005). On the other hand, removal of ubiquitin from γ-tubulin by the deubiquitylase BAP1 (BRCA1-associated protein-1) leads to accumulation of unmodified γ-tubulin at the centrosome (Zarrizi et al., 2014). Polyubiquitination of γ-tubulin by the E3 ligases cullin 1, cullin 4A, and cullin 4B, followed by its proteosomal degradation, plays an important role in the dismantling of γ-tubulin complexes (Thirunavukarasou et al., 2015; Yin et al., 2021). Finally, acetylation of human γ-tubulin (K397, K400) was also identified by mass spectrometry (PhosphoSitePlus database), but the function is unknown.
γ-Tubulin nucleation complexes
γ-Tubulin together with its associated proteins forms complexes that are essential for microtubule nucleation. A large fraction of cytosolic γ-tubulin exists in a tetrameric complex with γ-tubulin complex protein (GCP)2 and GCP3 in stoichiometry 2:1:1, termed the γ-tubulin small complex (γ-TuSC), with a molecular weight of ∼300 kDa (Oegema et al., 1999; Kollman et al., 2008). In budding yeast, where Spc97 and Spc98 are homologs of GCP2 and GCP3, respectively, the γ-TuSC represents a major structural unit of the γ-TuRC (Kollman et al., 2015). In higher eukaryotes, γ-TuSCs with additional γ-tubulins and GCP4-6 form the helical ring of γ-TuRC with a molecular weight of ∼2.2-MDa. γ-TuRC provides a template that mimics the geometry of microtubules and stimulates microtubule nucleation (Moritz et al., 1995; Zheng et al., 1995; Kollman et al., 2010).
GCP2-6 each bind directly to γ-tubulin to form GCP-γ-tubulin heterodimers (called spokes). Spokes assemble into a left-handed, cone-shaped structure that controls microtubule assembly and facilitates lateral interactions between αβ-tubulin dimers (Kollman et al., 2011). Two short homologous regions are unique to GCPs: the N-terminal GRIP (γ-tubulin ring protein) 1 domain and the C-terminal GRIP2 domain. The flexible connection between these domains allows rearrangement of the γ-tubulin positions in the complex. The GRIP2 domains interact with γ-tubulins, while the GRIP1 domains form the primary interface between GCP proteins (Gunawardane et al., 2000; Kollman et al., 2011). Detailed γ-TuRC structures have recently been uncovered by four independent studies that provide mechanistic insights into how microtubules are templated from γ-TuRC (Wieczorek et al., 2020b; Consolati et al., 2020; Liu et al., 2020; Zimmermann et al., 2020). Cryo-EM reconstructions showed that γ-TuRC has a width of ∼30 nm and a height of ∼25 nm. The 14 spokes are aligned laterally to form a short helix, and the γ-tubulins are located on the open side of the cone, in the C-terminal region of each GCP. Spoke positions 1 and 14 partially overlap. Spoke positions 1-8 are occupied by four γ-TuSCs, whereas spoke positions 9–14 contain GCP4, GCP5, GCP4, and GCP6, and a terminal γ-TuSC. All studies identified a scaffold in the complex interior, called the lumenal bridge, which surprisingly also contains actin. In addition to actin, the luminal bridge includes two small molecules of MZT1 (mitotic spindle organizing protein 1), the N-terminus of GCP6 and the N-terminus of GCP3 (Wieczorek et al., 2020a).
The assembly of γ-TuRC is modular, starting with the formation of a stable subcomplex of six spokes, consisting of GCP2-3-4-5-4-6, which then expands with the addition of four preformed GCP2-3 units (γ-TuSC), MZT1, and actin (Würtz et al., 2022). DNAseI binds directly to actin with high affinity. The in vitro nucleation activity of isolated endogenous γ-TuRC was markedly inhibited after treatment with DNAseI, and saturation of DNAseI with actin abolished this inhibition, suggesting a functional importance of actin in the complex (Liu et al., 2020). Actin has been shown not to be required for assembly of γ-TuRC, but to determine the geometry of the complex and ensure effective nucleation of microtubules (Würtz et al., 2022). On the outer surface of reconstituted γ-TuRC, MZT1, and MZT2 were identified to bind to the N-terminal domains of GCPs. These MZT1/2 proteins may aid in the recruitment of γ-TuRC to the centrosome (Wieczorek et al., 2020a; Consolati et al., 2020; Würtz et al., 2022). The location of γ-tubulin molecules at the interface between γ-TuRC and αβ-tubulin dimers does not correspond exactly to the geometry of microtubules. While spokes 1–8 with four GCP2-3 units (γ-TuSC) follow microtubule symmetry and adopt a “closed conformation,” spokes 9–14 are less tightly aligned and do not serve as a perfect template for microtubule nucleation. They are asymmetric in both diameter and spacing and have an “open conformation” (Wieczorek et al., 2020b; Consolati et al., 2020; Liu et al., 2020; Zimmermann et al., 2020). This could explain why the cytosolic γ-TuRC exhibits low nucleation activity (Consolati et al., 2020). The molecular architecture and structure of γ-TuRC is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Structure and molecular architecture of human γ-TuRC. (A) General architecture of the left-handed γ-TuRC spiral as determined by cryo-EM single-particle analysis, resolution 3.8 Å. γ-Tubulins (yellow, orange), GCP2 (aquamarine), GCP3 (blue), GCP4 (brown), GCP5 (green), GCP6 (purple), actin (red) and the luminal bridge (pink) are shown. The spokes (GCP-γ-tubulin heterodimers) are numbered (1–14 in brackets). In the tilted view, the approximate location of the MTOC is indicated. The orientation of subcomplexes shown in panel (B) and (C) is indicated. (B) General architecture of a GCP-γ-tubulin spoke. The GCP N-terminal GRIP1 and C-terminal GRIP2 domains are annotated. Unresolved GCP segments are indicated by dashed lines. GCP is shown in rainbow colors from N-terminus (blue) to the C-terminus (red). (C) Location of the unassigned density segment (red) present on each GCP(2–3) subcomplex of the human γ-TuRC. This figure was prepared using PDB 6V6S and EMD-21074. Reprinted by permission from Current Opinion in Structural Biology (Zupa et al., 2021).
The deciphered structure of γ-TuRC supports a model of microtubule nucleation in which γ-tubulins recruit αβ-tubulin dimers and promote their lateral interactions during the early stages of microtubule assembly (Zheng et al., 1995; Keating and Borisy, 2000; Moritz et al., 2000; Wiese and Zheng, 2000). It has been shown that the association of as few as four αβ-tubulin dimers (minimal nucleus) in the rate-limiting step is sufficient for γ-TuRC-mediated nucleation (Consolati et al., 2020; Thawani et al., 2020). This process is thus more efficient than spontaneous nucleation of microtubules in solution, which requires cooperative assembly of eight αβ-tubulin dimers in the rate-limiting step (Thawani et al., 2020). It is supposed that a conformational changes leading to fully closed γ-TuRC, consistent with 13-fold microtubule symmetry, are required to increase the efficiency of γ-TuRC nucleation.
γ-TuRC activation
Although the mechanisms of γ-TuRC activation are not well understood, there is evidence that activation of γ-TuRC may occur by multiple mechanisms. Activating protein factors, phosphorylation of γ-TuRC-building and activating proteins, or conformational changes after binding of αβ-tubulin could be involved in context-specific activation.
Several candidates might play a role as γ-TuRC activating factors. CDK5RAP2 (cyclin-dependent kinase 5 regulatory subunit-associated protein 2/centrosomal protein 215/Cep215) is the best characterized mammalian activator (Fong et al., 2008). It contains an activating ∼5.5-kDa domain (γ-TuNA/γ-TuRC-mediated nucleation activator 1/centrosomin motif 1/CM1) that is conserved in all eukaryotes among proteins that recruit γ-TuRCs to MTOCs (Lin et al., 2015). In vitro experiments with purified γ-TuRCs showed differential effects of CM1 on nucleation activity. When the CM1 domain was added to human γ-TuRC, nucleation activity increased 7.1-fold (Choi et al., 2010). However, when the CM1 domain was added to Xenopus γ-TuRC, the activity increased only 1.7-fold (Liu et al., 2020) or only insignificantly (Thawani et al., 2020). On the other hand, functional complexes resembling γ-TuRC were formed when the CDK5RAP2 homolog Mto 1/2 from the fission yeast Schizosaccharomyces pombe was added to γ-TuSC (Leong et al., 2019). It has also been shown that binding of the CM1 domain from the budding yeast Spc110 protein to γ-TuSC results in structural changes that facilitate assembly of γ-TuRC (Brilot et al., 2021). It has been suggested that the kinase NME7 (nucleoside diphosphate kinase 7), which copurifies with γ-TuRC (Wieczorek et al., 2020b; Liu et al., 2020), may also serve as an activating factor (Liu et al., 2014). However, when NME7 was added to γ-TuRC nucleation assays, the nucleation activity increased only 2.5-fold (Liu et al., 2014) or insignificantly (Thawani et al., 2020). Since the corresponding substrate of NME7 on γ-TuRC is unknown, the question remains whether NME7 can actually activate γ-TuRC. TPX2 (targeting protein for Xklp2), the multifunctional Ran-GTP-regulated factor for spindle assembly (Roostalu and Surrey, 2017; Tovey and Conduit, 2018), could also serve as an activating protein. High concentrations of human TPX2 stimulated γ-TuRC-dependend microtubule nucleation (Consolati et al., 2020). In contrast, such stimulation was not observed in Xenopus (Thawani et al., 2020). These differences may reflect the species-specific activity of TPX2. Recently, the well-characterized microtubule polymerase XMAP215 (Xenopus microtubule assembly protein 215 kDa; mammalian ch-TOG [colonic and hepatic tumor overexpressed gene protein]) was shown to interact with γ-tubulin complexes (Gunzelmann et al., 2018; Thawani et al., 2018). It also increases the nucleation activity of γ-TuRC up to 25-fold (Consolati et al., 2020; Thawani et al., 2020). It has been proposed that XMAP215 complements γ-TuRC dependent nucleation. XMAP215 first associates with the γ-TuRC and then delivers αβ-tubulin interacting with its TOG domains to the γ-TuRC and subsequently to the growing microtubule end (Thawani et al., 2020). The open question is whether the activity of XMAP-215 is synergistic or additive with γ-tubulin (King et al., 2020).
As described in the previous text, γ-tubulin has multiple phosphorylation sites, and its phosphorylation can modulate the conformational changes required for γTuRC activation. Phosphorylation of sites at the (+) end of γ-tubulin could directly regulate interactions with αβ-tubulin dimers, and the same is true for phosphorylation of sites at the lateral contacts between γ-tubulin and αβ-tubulin dimers (Kollman et al., 2015). Some of the known phosphorylation sites on the human γ-tubulin molecule are located at important interface between γ-TuSCs and may affect the formation of γ-TuRC (Figure 1).
GCPs are also phosphorylated (Hegemann et al., 2011; Santamaria et al., 2011; Fong et al., 2018; Brilot et al., 2021). Surprisingly, phosphorylation at most of the mapped sites on γ-TuSC appears to destabilize the assembled γ-TuRC. On the other hand, a stabilizing effect of phosphorylation was predicted at two sites (Brilot et al., 2021). This highlights that phosphorylation and dephosphorylation may play complex modulatory roles in the activation of γ-TuRC. In higher eukaryotes, only a few kinases are known to phosphorylate GCPs. GCP6 is phosphorylated by the kinases PLK4 (polo-like kinase 4) (Bahtz et al., 2012) and Cdk1 (cyclin-dependent kinase 1) (Oriolo et al., 2007). Phosphorylation of GCP5 by GSK3β (glycogen synthase kinase 3β) inhibits the accumulation of γ-TuRC at centrosomes (Horio and Oakley, 1994). In addition, activating factors can also be regulated by phosphorylation. It has been reported that binding of human CDK5RAP2 (Hanafusa et al., 2015) or SPD-5 (spindle-defective protein 5), a CM1 domain-containing protein from Caenorhabditis elegans (Ohta et al., 2021) to γ-TuRCs depends on phosphorylation. Furthermore, binding of CDK5RAP2 to γ-TuRC is regulated by autoinhibition, and phosphorylation helps to abrogate this activity (Tovey et al., 2021). The activating role of NME7 kinase can be affected by its autophosphorylation (Liu et al., 2014). TPX2 is the major cofactor for the mitotic kinase Aurora A, which is indirectly involved in the regulation of γ-TuRC-driven microtubule nucleation (Kufer et al., 2002; Meunier and Vernos, 2016; Joukov and De Nicolo, 2018). Overall, phosphorylation of building components of γ-TuRC may affect the complex stability. Further regulation of microtubule nucleation activity may occur through phosphorylation of activating proteins.
Finally, it was suggested that the driving force for achieving a fully closed γ-TuRC conformation might be the arrangement of αβ-tubulin dimers at the γ-TuRC itself. Using computational modelling, it was shown that four laterally associated tubulin dimers at the γ-TuRC create a transition state that closes the γ-TuRC (Thawani et al., 2020). Interestingly, Caenorhabditis mitotic centrosomes concentrate soluble αβ-tubulin more than 10-fold compared to the cytoplasm (Baumgart et al., 2019). Thus, the concentration of αβ-tubulin dimers could also modulate the γ-TuRC nucleation activity. An open question is whether, in cells expressing different isotypes of α- and β-tubulins, some tubulin isotypes might be better substrates for microtubule nucleation driven by γ-TuRC (Ti et al., 2018). The model for the modular assembly and activation of γ-TuRC is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Model for the modular assembly of γ-TuRC and its activation. The first step in the formation of γ-TuRC is the core assembly of the stable subcomplex from γ-TuSC (2 molecules of γ-tubulin and one copy each of GCP2 and GCP3), GCP-γ-tubulin heterodimers (spokes; one molecule of γ-tubulin and one copy each of GCP4, GCP5 or GCP6), and MZT1 (1). During the expansion phase, four additional γ-TuSC units, MZT1/2, and actin are added (2). The resulting γ-TuRCs with the open conformation are concentrated onto centrosomes via targeting proteins (e.g., CDK5RAP2, NEDD1) (3). The pitch and diameter of open γ-TuRC are incompatible with those of assembled microtubules. This suggests that the complex undergoes a conformational change through its activation to reduce its diameter before microtubule nucleation. Different modes of activation, including direct binding of activating proteins (e.g., CDK5RAP2, NME7), phosphorylation of γ-TuRC by kinases, or increased concentration of αβ-tubulins, can result in a conformational change leading to a closed γ-TuRC (4). Different types of activation may occur simultaneously. Nucleation-competent γ-TuRC with a closed conformation can then effectively nucleate microtubule (MT) (5). Created with BioRender.com.
γ-TuRC recruitment to centrosome
In addition to activating proteins, there are other proteins, referred to here as targeting/anchoring proteins, that are involved in the regulation of γ-TuRC-driven microtubule nucleation. They are not essential for the assembly of γ-TuRC, but they help in the recruitment and tethering of the complex to MTOCs. Below, we provide an overview of regulatory proteins important for centrosomal microtubule nucleation in mammalian cells. For a detailed discussion of noncentrosomal microtubule nucleation, we refer reader to recent reviews (Valenzuela et al., 2020; Wilkes and Moore, 2020; Akhmanova and Kapitein, 2022).
Targeting/anchoring of γ-TuRCs to interphase centrosomes is mediated by CDK5RAP2 via its CM2 domain (centrosomin motif 2) (Wang et al., 2010) and by NEDD1 (neural precursor cell expressed developmentally down-regulated protein 1/GCP-WD) (Haren et al., 2006; Lüders et al., 2006). Ninein anchors γ-TuRCs to subdistal appendages of the mother centriole (Bouckson-Castaing et al., 1996; Delgehyr et al., 2005). This process may involve dynein complex, which can be activated by ninein (Redwine et al., 2017). γ-TuRC may also be bound to the central region of the mother centriole via the centrosomal protein FSD1 (Tu et al., 2018) or to the proximal/PCM region via the protein complex MSD1-WDR8 (Hori et al., 2015). Augmin (HAUS) complex interacts with γ-TuRC and is required for branching microtubule nucleation (Goshima et al., 2008). Recently, augmin-γ-TuRC was identified in the lumen of the centriole, and it was shown that γ-TuRCs are recruited to the luminal region by the interaction of augmin with the centriole inner scaffold protein POC5 (Schweizer et al., 2021). Cep192 (centrosomal protein 192), which is implicated in the recruitment of γ-TuRC to centrosome (Gomez-Ferreria et al., 2007; O'Rourke et al., 2014), anchors γ-TuRC both to PCM and to the outer sides of centrioles (Schweizer et al., 2021). Additional proteins such as AKAP9 (A-kinase anchoring protein 9; AKAP450) (Takahashi et al., 2002; Ong et al., 2018), and pericentrin (Kendrin) (Zimmerman et al., 2004; Lawo et al., 2012) are also important for centrosomal localization of the complex, but since they are incorporated into PCM, they may also indirectly modulate γ-TuRC binding. Spatially and temporally distinct subpopulations of γ-TuRCs in centrosomes may be involved in different functions. In addition to canonical microtubule nucleation, γ-TuRC participates in centriole biogenesis and stabilization, and in microtubule anchoring (Schweizer and Lüders, 2021; Vineethakumari and Lüders, 2022). The structural elements of γ-TuRC and the major regulatory proteins of centrosomal microtubule nucleation in mammalian interphase cells are summarized in Table 1.
TABLE 1 | Building components of γ-TuRC and major regulatory proteins of centrosomal microtubule nucleation in mammalian interphase cells.
[image: Table 1]Phosphorylation of targeting/anchoring proteins affects recruitment of γ-TuRCs to centrosomes. NEDD1 is phosphorylated at multiple sites (Gomez-Ferreria et al., 2012), and sequential phosphorylation of NEDD1 by Cdk1 (cyclin-dependent kinase 1) and Plk1 (polo-like kinase 1) is essential for centrosomal targeting of γ-TuRC (Zhang et al., 2009). Phosphorylation of NEED1 by Cdk1 is required for its interaction with Plk1 and allows binding of γ-TuRC to pre-existing microtubules via the multiprotein augmin complex (Haren et al., 2009; Johmura et al., 2011). The kinase Aurora A phosphorylates NEDD1, which is a prerequisite for nucleation of microtubules from chromatin (Pinyol et al., 2013; Scrofani et al., 2015). Moreover, phosphorylation of NEDD1 by PLK4 promotes its interaction with SAS-6, the central component of the centriolar cartwheel (Chi et al., 2021), which associates with γ-TuRC during initiation of centriole duplication (Gupta et al., 2020). Phosphorylation of pericentrin by Plk1 (Santamaria et al., 2011) supports the accumulation of NEDD1 and CEP192 at the centrosome (Lee and Rhee, 2011). Phosphorylation of proteins participating in the recruitment of γ-TuRC to centrosomes therefore plays an important role in centriole biogenesis and microtubule nucleation.
Besides targeting/anchoring proteins, several modulatory proteins, not covered in this review, are also critical for regulating microtubule nucleation from centrosomes (Sulimenko et al., 2017). These proteins likely affect microtubule nucleation more indirectly. As an example, TACC3 (transforming acidic coiled-coil containing protein 3) stabilizes γ-TuRC during its assembly from γ-TuSC (Singh et al., 2014; Rajeev et al., 2019). On the other hand the putative tumor suppressor cyclin-dependent kinase five regulatory subunit-associated protein 3 (CDK5RAP3; C53) (Wang et al., 2007), which exerts multiple functions in cell cycle regulation, DNA damage response, cell invasion, and ER homeostasis (Sheng et al., 2021), interacts with γ-TuRC and acts as a negative regulator of microtubule nucleation. Displacement of C53 from the centrosome by exposure of cells to ER stress stimulates microtubule nucleation (Klebanovych et al., 2022). Intriquingly, some GTPase-activating proteins (GAPs) for ARF small GTPases (Sztul et al., 2019) may also be involved in regulating centrosomal microtubule nucleation. GAP ELMOD2, which acts with the GTPase ARL2, associates with centrosomes, and its deletion suppresses γ-TuRC recruitment and microtubule nucleation (Turn et al., 2020). Similarly, GAP GIT1, which acts with the GTPase Arf6 and functions as signalling adaptor protein, also associates with centrosomes (Zhao et al., 2005). Depletion of GIT1 suppresses centrosomal γ-tubulin accumulation and microtubule nucleation (Sulimenko et al., 2015; Černohorská et al., 2016). This suggests that signalling pathways other than those involving kinases and phosphatases may be involved in the regulation of γ-TuRC-dependent microtubule nucleation.
Interestingly, interactions between γ-tubulin and proteins essential for nonmuscle actin assembly, such as the Arp2/3 complex and its activator WASH, have been reported in different systems (Schaerer-Brodbeck and Riezman, 2003; Monfregola et al., 2010). Arp 2/3 requires profilin 1 for actin assembly, which sequesters actin, accelerates actin nucleotide exchange, and can dock to free actin filament (+)-ends as profilin-actin. Profilin 1 plays a key role in coordinating the different sub-arrangemeents in dynamic actin cytoarchitecture (Henty-Ridilla and Goode, 2015). Profilin 1 associates with γ-TuRC and its deletion enhances centrosomal microtubule nucleation in interphase cells (Nejedlá et al., 2021). As centrosomes have been proposed to nucleate actin polymerization (Farina et al., 2019; Inoue et al., 2019), it is possible that loss of profilin 1 results in less polymerization-ready actin (profilin-actin) and fewer actin filaments around centrosomes. The reduced steric hindrance could lead to increased de novo microtubule nucleation, as has been proposed for mitotic centrosomes (Plessner et al., 2019). Alternatively, deletion of profilin 1 would make more actin accessible for association with γ-TuRCs, which in turn would increase functional complexes formation and microtubule nucleation. The activity of γ-TuRC may therefore play an important role in centrosomal microfilament/microtubule cross-talk (Karlsson and Dráber, 2021).
γ-Tubulin oligomers and filaments
Several studies using purified cellular or recombinant γ-tubulins have shown that γ-tubulin is capable of forming filamentous structures in vitro. The results of high-resolution microscopy suggest that such structures may also be present in cells, as documented below.
Acentrosomal plant cells contain large amounts of γ-tubulin compared to animal cells, and plant γ-tubulin forms heterogeneous complexes of high molecular weight (Dryková et al., 2003). Immunopurification of γ-tubulin with an anti-peptide antibody to γ-tubulin was performed from Arabidopsis thaliana cells. Analysis of the purified γ-tubulin with negative staining and transmission electron microscopy (TEM) revealed helically entangled double filaments together with filament bundles. Atomic force microscopy (AFM) showed that the most common width of the double-stranded filaments is 8.5 nm, which corresponds to the width inferred from TEM analysis (∼6 × 9 nm in a cross-section). When overexpressed GFP-labeled γ-tubulin was purified from Arabidopsis cells with anti-GFP antibody and acid elution, immunofluorescence microscopy revealed fibrillar structures. When purification was performed at a low SDS concentration that interfered with the interactions between γ-tubulin and GCPs, short γ-tubulin filaments were also detected. This suggests that Arabidopsis γ-tubulin is capable of forming filaments in vitro in the absence of GCPs (Chumová et al., 2018). Such formation of γ-tubulin filaments was not restricted to plant cells. When overexpressed RFP-labeled γ-tubulin from human osteosarcoma cells U2OS was purified using anti-RFP antibody and acid elution, immunofluorescence microscopy revealed filaments. In the absence of GCPs, filaments were also formed, but they were shorter. TEM confirmed the double-stranded character of the filaments (Chumová et al., 2018). Oligomerization of γ-tubulin has been previously reported in microtubule proteins isolated from porcine brain by two temperature-dependent cycles of polymerization and depolymerization (MTP-2). MTP-2 preparations electrophoretically separated under nondenaturing conditions generated “ladders” of multiple oligomers containing α-tubulin and γ-tubulin (Sulimenko et al., 2002). After isolation of γ-tubulin from MTP-2 with an anti-peptide antibody to γ-tubulin and immunizing peptide elution, γ-tubulin oligomers were detected in samples lacking αβ-tubulin dimers. Moreover, purified γ-tubulin from brain lacking both GCPs and αβ-tubulin dimers was capable of forming oligomers (Chumová et al., 2018).
Formation of γ-tubulin oligomers in vitro was also observed in the case of isolated recombinant proteins. TEM analysis of purified His6-labeled human γ-tubulin expressed in E. coli revealed a meshwork of γ-tubulin filaments termed γ-strings (Rosselló et al., 2018). Purified recombinant human γ-tubulin expressed in E. coli formed conformationally distinct aggregates, including long thin fibers ∼6.7 nm wide, in the presence of ATP and chaperonin CCT of type II (Pouchucq et al., 2018). Interestingly, purified Tev-StrepII-His6-labeled human γ-tubulin produced in Sf9 insect cells by a baculovirus expression system self-assembled into filaments with variable width at high γ-tubulin concentration (1–2 μM) (Thawani et al., 2020). 3D reconstructions of negatively stained electron micrographs of thin width γ-tubulin filaments revealed four linear arrays of interacting γ-tubulins. When the crystal structure of human γ-tubulin (PDB: 1Z5W) (Aldaz et al., 2005) was docked to the reconstituted filaments, a lateral arrangement of γ-tubulin in a linear array was revealed with a repeat unit of approximately 54 Å (Thawani et al., 2020). This closely matched the lateral repeats but not the longitudinal repeats (40 Å) of αβ-tubulin in microtubule lattice (PDB: 6DPU) (Zhang et al., 2018). Arrays of γ-tubulin were also generated from purified myc-His6-tagged human γ-tubulin expressed in Sf9 cells at concentrations of 0.25 μM and above. Helical reconstruction of negative-stain electron micrographs of the γ-tubulin arrays revealed a fivefold symmetry with a hollow center and a diameter of ∼15 nm. Docking of the crystal structure of γ-tubulin to 3D reconstruction of electron micrographs disclosed a lateral arrangement of γ-tubulins along the long axis with their (+) ends facing outward enabling interaction with αβ-tubulin. The γ-tubulin arrays promoted formation of microtubules and nucleation capacity correlated with array formation (King et al., 2020). Short templating γ-tubulin oligomers might enhance the rate of spontaneous αβ-tubulin assembly by eliminating kinetic barrier to lateral αβ-tubulin growth (Rice et al., 2021). Overall, the results of the in vitro experiments demonstrate the intrinsic capability of γ-tubulin to form oligomers and filaments.
γ-Tubulin arrays were detected in vivo in interphase cells. Association of γ-tubulin along pre-existing microtubules has been observed in higher plants (Liu et al., 1993) or fission yeasts (Sawin et al., 2004). In S2 cells of Drosophila melanogaster, γ-tubulin localized along interphase microtubules in the form of γ-TuRC, and it was proposed that the γ-TuRC could regulate microtubule dynamics by limiting catastrophes (Bouissou et al., 2009). γ-Tubulin was found on microtubules forming a marginal band in erythroid cells of the chicken embryo (Linhartová et al., 2002), and in cultured mammalian cell lines in interphase, where it sporadically coated microtubules in limited regions (Hubert et al., 2011). In contrast, tubular γ-tubulin structures that were not associated with microtubules were found in the fraction of cells overexpressing tagged γ-tubulin, suggesting that γ-tubulin retains the potential to assemble into macromolecular assemblies in vivo (Shu and Joshi, 1995). Interestingly, superresolution microscopy in Arabidopsis cells revealed short γ-tubulin filaments outside the microtubules. They accumulated both at the mitotic spindle poles and at the outer membrane of the nuclear envelope. It has been suggested that γ-tubulin may form a dynamic 3D structure of more or less densely packed, laterally connected filaments (Chumová et al., 2018). Such fibrillar structures were distinct from the dynamic polar fibers termed γ-tubules that have been detected in mammalian tissue culture cell lines and reportedly to be formed in a GTP-dependent manner from γ-TuRCs and pericentrin (Lindström and Alvarado-Kristensson, 2018). However, pericentrin is not present in the Arabidopsis genome. The role of fibrillar γ-tubulin assemblies is currently unclear. It has been proposed that they have sequestration and scaffolding functions (Chumová et al., 2021). They may also participate in mechanotransduction processes, as they are associated with the multiprotein complex LINC (linker of nucleoskeleton and cytoskeleton) (Rosselló et al., 2018; Chumová et al., 2019; Corvaisier and Alvarado-Kristensson, 2020). Interestingly, γ-tubulin has been detected in inner membranes and matrix of isolated mitochondria (Dráberová et al., 2017), and it has been suggested that γ-tubulin filaments (γ-strings) may represent mitochondrial structural components (Lindström et al., 2018). As described in the following section, γ-tubulin can also be found in cell nuclei. It has been proposed that γ-tubulin filaments may also play a structural role in nuclei (Corvaisier et al., 2021). Further studies are however needed to verify the presence of fibrillar γ-tubulin assemblies in different model systems, determine their composition, structure and decipher their cellular function(s).
γ-Tubulin nuclear functions
Contrary to the persistent view that γ-tubulin is a typical cytosolic protein, γ-tubulin has been localized in the nuclei of both plant (Binarová et al., 2000) and animal cells (Lesca et al., 2005; Höög et al., 2011). In addition, specific nuclear localization signal (NLS) in the γ-tubulin molecule was deciphered (Höög et al., 2011). Proteomic analysis suggested that γ-tubulin might be also in nucleoli (Andersen et al., 2002). A significant increase in γ-tubulin protein level observed in glioblastoma cell lines (Katsetos et al., 2009) contributed to the unequivocal confirmation of nucleolar γ-tubulin (Hořejší et al., 2012). Surprisingly, GCP2 and GCP3 were also found in nucleoli, although no NLSs were identified in these molecules. This suggests that both proteins might enter the nucleus by hitchhiking on γ-tubulin (Dráberová et al., 2015).
There is evidence that γ-tubulin has nuclear-specific functions. It has been reported that BRSK1-mediated phosphorylation of γ-tubulin at S385 leads to transient nuclear accumulation of γ-tubulin in S phase of cell cycle (Eklund et al., 2014). Nuclear γ-tubulin attenuates the activity of E2F transcription factors, important regulators of cell cycle progression, in both animals (Höög et al., 2011) and plants (Kállai et al., 2020). It was found that γ-tubulin and DP1 (E2F heterodimerization protein) compete for the same binding site on E2F and that the tumor suppressor retinoblastoma protein 1 (RB1) and γ-tubulin regulate each other’s expression. Interestingly, a proapoptotic effect was observed in cancer cells with nonfunctional RB1 signaling after depletion of γ-tubulin protein levels (Ehlén et al., 2012). The E2Fs-γ-tubulin interactions may participate in coordinating genome duplication with spindle assembly in both animal cells containing centrosomes and in acentrosomal plant cells in which microtubules are nucleated from dispersed sites (Binarová et al., 2006; Pastuglia et al., 2006). In addition, E2Fa and RBR1 (Arabidopsis homolog of RB1) form foci in plant cells in response to double-strand breaks that seem to allow recruitment of the repair protein Rad51 (Biedermann et al., 2017; Horvath et al., 2017). In mammalian cells, Rad51 interacts with γ-tubulin in response to DNA damage (Lesca et al., 2005). These results suggest that E2Fs-γ-tubulin complexes may promote DNA repair or control the expression of genes related to DNA repair (Raynaud and Nisa, 2020).
γ-Tubulin colocalizes in nucleoli with a putative tumor suppressor C53, and it has been shown that C53 inhibits G2/M checkpoint activation by DNA damage. Overexpression of γ-tubulin counteracts this C53 action (Hořejší et al., 2012). Besides, γ-tubulin may be involved in DNA damage repair processes as it associates not only with Rad51 (Lesca et al., 2005) but also with BRCA1 (Hubert et al., 2011), and ATR (Zhang et al., 2007). Proliferating cell nuclear antigen (PCNA) is a coordinator of DNA replication and repair (Stoimenov and Helleday, 2009). It has been reported that γ-tubulin binds PCNA and aids in its recruitment to chromatin in mammalian cells. A positive correlation between γ-tubulin and PCNA expression was found in all examined tumor types (Corvaisier et al., 2021). Finally, γ-tubulin is capable to modulate the anaphase-promoting complex/cyclosome (APC/C), which is a large protein complex with multiple subunits that is important for cell cycle regulation. There is strong evidence that in Aspergillus nidulans γ-tubulin plays an important role in regulating APC/C during interphase (Nayak et al., 2010) by inactivation of the APC/C activator CdhA (A. nidulans homolog of Cdh1) at the G1-to-S transition (Edgerton-Morgan and Oakley, 2012). Deciphering the molecular mechanisms underlying the various nucleus-specific functions of γ-tubulin remains the major challenge for future studies.
CONCLUDING REMARKS
Recent structural studies of γ-TuRCs have been very informative, but molecular mechanisms how factors involved in promoting the transition from the open to the closed state of γ-TuRCs needs to be thoroughly characterized. Many proteins (targeting, activating, anchoring, modulating) that interact with γ-TuRCs are required to nucleate microtubule at right place and time. However, the upstream signaling pathways ensuring that these regulatory proteins act in concert and initiate microtubule nucleation according to the cell’s requirements are largely unknown. It is becoming increasingly clear that kinases and phosphatases are important for microtubule regulation. Therefore, functional characterization of phosphorylation sites in γ-TuRCs and interacting proteins is required. Another important issue to be resolved is the analysis of γ-TuRC subpopulations that differ in composition or PTMs. Future studies are also needed to determine whether different γ-TuRCs can independently nucleate cell type-specific noncentrosomal microtubules. A detailed understanding of the molecular mechanisms of microtubule nucleation should provide new insights into the importance of γ-TuRC dysregulation in cancer cell behaviour and in neurological diseases and could lead to the development of highly specific γ-tubulin drugs (Dráber and Dráberová, 2021).
In recent years, the functions of γ-tubulin independent of microtubule nucleation have received more attention. High-resolution cryo-electron microscopy will be essential for deciphering the structure of recently reported γ-tubulin fibers and their high-level assemblies in a cellular context. Understanding the role of γ-tubulin isotypes under different stress conditions, in cell cycle checkpoints and in DNA repair will be important to elucidate their roles in carcinogenesis.
Finally, it has become increasingly evident that microtubules and microfilaments frequently cooperate. Recent work suggests that both microtubules and actin filaments are nucleated from centrosomes and that actin and its associated proteins control microtubule nucleation. Sophisticated in vitro reconstitution experiments should shed light on the role of proteins regulating microtubule nucleation in the cross-talk between microtubules and microfilaments.
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Microtubules are filamentous structures that play a critical role in a diverse array of cellular functions including, mitosis, nuclear translocation, trafficking of organelles and cell shape. They are composed of α/β-tubulin heterodimers which are encoded by a large multigene family that has been implicated in an umbrella of disease states collectively known as the tubulinopathies. De novo mutations in different tubulin genes are known to cause lissencephaly, microcephaly, polymicrogyria, motor neuron disease, and female infertility. The diverse clinical features associated with these maladies have been attributed to the expression pattern of individual tubulin genes, as well as their distinct Functional repertoire. Recent studies, however, have highlighted the impact of tubulin mutations on microtubule-associated proteins (MAPs). MAPs can be classified according to their effect on microtubules and include polymer stabilizers (e.g., tau, MAP2, doublecortin), destabilizers (e.g., spastin, katanin), plus-end binding proteins (e.g., EB1-3, XMAP215, CLASPs) and motor proteins (e.g., dyneins, kinesins). In this review we analyse mutation-specific disease mechanisms that influence MAP binding and their phenotypic consequences, and discuss methods by which we can exploit genetic variation to identify novel MAPs.
Keywords: microtubules, tubulinopathies, dynein, kinesin, disease, microtubule-associated protein
INTRODUCTION
Microtubules
Microtubules are large polymers formed by repeats of α- and β-tubulin heterodimers. Tubulin heterodimers fold via a highly conserved and complex pathway involving chaperones, chaperonins and other co-factors (Lewis et al., 1997). Once folded, the α- and β-subunits bind a molecule of guanosine triphosphate (GTP) each, at two conserved structural motifs: the non-exchangeable site and the exchangeable site (Nogales et al., 1998; Lowe et al., 2001). Heterodimers assemble longitudinally into protofilaments, arranged uniformly with β-tubulin exposed at the growing tip, with 13 protofilaments associating laterally to form a hollow, cylindrical structure (Nogales, 2001). Microtubules cycle between periods of steady growth (polymerisation) and rapid collapse (de-polymerisation or “catastrophe”), by the addition or loss of tubulin heterodimers (Mitchison and Kirschner, 1984). This behaviour is utilised by every mammalian cell to perform a range of functions, including the control of cell morphology, cell motility, intracellular transport, and cell division. To accurately perform such a wide repertoire of tasks, microtubules are subject to regulation on multiple levels. Whilst they are often depicted as homogenous chains of α/β-tubulin heterodimers, microtubules can be constituted by a variety of similar yet subtly distinct α- and β-tubulin isotypes, each compatible with the structure of the microtubule polymer lattice. These tubulin isotypes are encoded for by different tubulin genes distributed across the human genome: eight α- and nine β-tubulins (Breuss and Keays, 2014).
Each of these tubulin isotypes has a unique expression pattern (Leandro-García et al., 2010). For instance, TUBB3 is predominantly found in post-mitotic neurons, TUBA8 in muscles and the testes (Braun et al., 2010), TUBB1 in haemopoietic cells (Leandro-García et al., 2010), and TUBB8 in oocytes (Feng et al., 2016). The consequence of this variation in expression is that microtubules in different cell types consist of a different blend of tubulin heterodimers. This is relevant because it confers different properties on those microtubules, enables different microtubule-associated proteins to bind, and it results in different disease states when they are mutated. While tubulin isotypes share a high degree of sequence homology, they exhibit notable divergence in the unstructured carboxy-terminal tail (CTT) which extends outwards and away from the microtubule wall and into the cell cytoplasm (Nogales et al., 1998). These CTTs are predicted to play an important role in many respects of microtubule biology. Importantly, they are site of multiple reversible post-translational modifications including de-tyrosination, glutamylation and glycylation (Janke and Bulinski, 2011). Despite emerging evidence that CTTs might play an unexpected role modulating microtubule polymerisation dynamics (Parker et al., 2018; Chen et al., 2021), it is their relative accessibility at the polymer exterior that are thought to be critical to the function of another key regulator of microtubule behaviour, the wide range of microtubule-associated proteins (MAPs).
microtubule-associated proteins
Microtubule-associated proteins were originally defined as those proteins that purified with microtubules from brain extracts (Sloboda et al., 1975). With the passage of time and the development of various methods, this criterion has been refined. In addition to co-sedimenting with microtubules, MAPs should co-localize with microtubules by immunofluorescence in cultured cells and their staining pattern should become dispersed upon addition of depolymerizing drugs (Huber et al., 1985; Bodakuntla et al., 2019). MAPs can be further categorized based on their function and/or localization on microtubules (Tortosa et al., 2016; Tortosa et al., 2017; Goodson and Jonasson, 2018; Bodakuntla et al., 2019). Motor proteins (e.g., dyneins, kinesins) are MAPs responsible for generating cellular forces and for intracellular transport. Some MAPs contribute to microtubule nucleation (e.g., doublecortin) while others promote catastrophe by depolymerization or severing (e.g., spastin, katanin). “+TIP” binding proteins (e.g., EB1-3, XMAP215, CLASPs) and minus-end binding proteins (e.g., CAMSAP1-3) bind to the plus- and minus-ends of microtubules respectively, whilst structural MAPs bind along the lateral-wall (lattice) of microtubules, acting as cross-linkers with intermediate filaments and the actin cytoskeleton (e.g., MACF1, MACF2) (Hendershott and Vale, 2014; Tortosa et al., 2016). Some authors also consider tubulin-modifying enzymes as MAPs, since they necessarily interact with microtubules to deposit specific PTMs (Kapitein and Hoogenraad, 2015; Tortosa et al., 2016), as well as several metabolic enzymes that have been shown to bind microtubules (Walsh et al., 1989; Lloyd and Hardin, 1999). In addition, there are MAPs that are recruited to the microtubules indirectly, via other proteins that bind to microtubules. Examples include the phosphatase, PP1, recruited to microtubule polymers by tau, and a group of kinases, MAST1-4, that preferentially colocalize with microtubules in the presence of other MAPs (Walden and Cowan, 1993; Liao et al., 1998; Tripathy et al., 2018). For a comprehensive overview of MAP subtypes and functions, we recommend the following review (Bodakuntla et al., 2019).
With this plethora of functions, it is not surprising that each family of MAPs adopts a unique structural conformation and interacts with microtubules differently (Amos and Schlieper, 2005; Bodakuntla et al., 2019). There is no consensus amino acid sequence or 3D structure for the microtubule-binding domain of different MAP families. In fact, some of the domains reported assume distinct forms; either helical coiled-coils or hairpins, or more globular domains like the CAP-Gly and calponin-homology domain found in end-binding MAPs (Amos and Schlieper, 2005). These observations highlight the potential for several MAPs to decorate microtubules simultaneously. For example, doublecortin (DCX) which is a neuronal MAP, is known to bind adjacent protofilaments, providing a contact point between protofilaments (Bechstedt and Brouhard, 2012). On the other hand, tau, one of the first MAPs to be identified, binds to the microtubule surface, longitudinally along protofilaments (Amos and Schlieper, 2005). Moreover, it has been demonstrated that specific tubulin PTMs affect the interaction with several MAPs, such as the regulation of Tau binding through polyglutamylation of tubulin CTTs (Boucher et al., 1994; Gadadhar et al., 2017; Bodakuntla et al., 2019; Hausrat et al., 2022).
The tubulinopathies
Mutations in multiple tubulin genes have been associated with human disease. Known collectively as the ‘tubulinopathies’, this disease spectrum encompasses numerous neurodevelopmental disorders including, microcephaly, lissencephaly, and polymicrogyria, reflecting the large number of tubulin genes expressed during embryonic brain formation (e.g., TUBA1A, TUBB2A, TUBB2B, TUBB3, TUBB5) (Keays et al., 2007; Jaglin et al., 2009; Poirier et al., 2010; Breuss et al., 2012; Cushion et al., 2014; Romaniello et al., 2018). In addition to cortical malformations, the tubulinopathies also include disorders of ocular motor function (associated with variants in TUBB3, TUBB2B & TUBA1A), whispering dysphonia (TUBB4A), amyotrophic lateral sclerosis (TUBA4A), female meiotic infertility (TUBB8), Leber congenital amaurosis with hearing loss (TUBB4B), and macrothrombocytopaenia (TUBB1) (Kunishima et al., 2009; Bahi-Buisson et al., 2014; Smith et al., 2014; Feng et al., 2016; Luscan et al., 2017; Strassel et al., 2019; Jurgens et al., 2021; Kimmerlin et al., 2022). Irrespective of the clinical attributes of the disease the tubulinopathies are predominantly due to de novo heterozygous, missense mutations and are predicted to act in a gain-of-function manner in most instances (Figure 1) (Romaniello et al., 2018; Leca et al., 2020). The different diseases that result from tubulin mutations is thought to reflect the expression pattern of a given isoform and the functional repertoire of that protein. Nevertheless, mutations in different tubulin genes can result in strikingly similar phenotypes. For instance, a E421K mutation in TUBB2B and a R262C mutation in TUBB3 both cause ocular motor dysfunction, whereas individuals with a T312M variant in TUBB2B and a R46G mutation in TUBB3 both present with multifocal polymicrogyria (Jaglin et al., 2009; Tischfield et al., 2010; Cederquist et al., 2012; Bahi-Buisson et al., 2014). This raises the prospect that a critical determinant that predicts a disease outcome is the actual amino acid mutated, and the molecular pathway disrupted.
[image: Figure 1]FIGURE 1 | Mapping of pathogenic tubulin mutations across tubulin isotypes. Tubulin proteins can be divided into three regions: the N-terminal (green), Intermediate (pink), and C-terminal (blue) domains. The latter constitutes the major MAP-binding region of tubulin. Variants shown to affect MAP interaction are highlighted in red.
Mechanistic studies have explored how tubulin mutations can influence microtubule biology. Some variants have been shown to perturb the chaperone-mediated folding of heterodimers (e.g., TUBA1A L397P) (Tian et al., 2010), while others have no detectable influence on folding whatsoever (e.g., R402H in TUBA1A), generating heterodimers that integrate into microtubules with ease. The latter are of particular interest because recent studies have highlighted that they can alter the interaction between microtubule polymers with MAPs (Figure 2). In this review, we focus on the tubulin gene variants that have been shown to modify binding of MAPs including kinesin, dynein, XMAP215, CLASP and EB1 (Table 1), how these might affect microtubule function, and the extent to which they determine the disease state.
[image: Figure 2]FIGURE 2 | In silico homology model of an α/β-tubulin heterodimer (A) facing the exterior surface of a microtubule polymer and (B) a rotated side view of an individual microtubule protofilament (PDB 2XRP) (Fourniol et al., 2010). α-tubulin is represented by a pink ribbon, β-tubulin in silver. Unstructured, tubulin carboxy-terminal tails are not shown. Mutated residues shown to effect MAP binding are mapped onto α- and β-tubulin subunits (red).
TABLE 1 | Tubulin gene variants shown to affect MAP interaction. H = alpha-helix; B = beta-strand; CFEOM3 = Congenital Fibrosis of the extraocular muscle; CFEOM3 = Congenital Fibrosis of the extraocular muscle type 3; MCD = Malformations of cortical development.
[image: Table 1]Motor proteins: Kinesins
Kinesins are one of two major microtubule-associated molecular motors. There are at least 45 mammalian “KIF” genes that can be broadly categorised into two main types: 1) motile kinesins which use ATP chemical energy to shuttle intracellular cargo along microtubule ‘tracks’ (usually towards polymer plus-ends); and 2) non-motile kinesins that de-polymerise microtubules (Dagenbach and Endow, 2004). Motile kinesins (e.g., KIF1A, KIF1Bβ, KIF5A and KIF21A) are particularly important for neuronal function and survival, as essential proteins within axons and synaptic termini must be transported considerable distances from the cell body (Hirokawa et al., 2009). They are also crucial for mitotic division, facilitating efficient chromosomal congression and segregation during cell division (Wordeman, 2010).
The key sites of interaction between tubulins and kinesins were initially discovered using alanine mutation scanning, identifying positively charged amino acids on the motor protein corresponding to three negatively charged residues on the β-tubulin subunit: E410, D417, and E421 (Woehlke et al., 1997; Uchimura et al., 2006) (Figure 3). These three amino acids are conserved throughout β-tubulins, and pathogenic mutants affecting these positions have since been identified in TUBB2A, TUBB2B, TUBB3, and TUBB8 (Tischfield et al., 2010; Cederquist et al., 2012; Feng et al., 2016; Sferra et al., 2018). The effects of TUBB3 mutants on kinesin function have been examined comprehensively. TUBB3 is a neuron-specific tubulin isotype (Cleveland, 1987; Joshi and Cleveland, 1989), and TUBB3 mutations typically cause structural brain malformations and/or congenital fibrosis of the extraocular muscle 3 (CFEOM3), an axon guidance disorder affecting the muscles that control the eye (Poirier et al., 2010; Tischfield et al., 2010). In order to model the disease mechanisms of TUBB3-related CFEOM3, Tischfield and others generated and characterised a TUBB3 R262C mouse mutant (Tischfield et al., 2010). Consistent with patients carrying this variant, the mouse mutant exhibited axon guidance defects (including in the oculomotor nerve), but otherwise normal brain architecture. The authors hypothesised that kinesin dysfunction may be implicated in the pathology of CFEOM3, as mutations in KIF21A had been shown to cause similar oculomotor defects (Yamada et al., 2003). Despite not binding directly with kinesin, the R262 residue is predicted to form a H-bond with D417 (Figure 3B) (Tischfield et al., 2010). Co-immunoprecipitation of brain lysates revealed a reduction of microtubule-bound KIF21 in R262C mutant mice compared to wild-type littermates, suggesting that loss of the R262-D417 H-bond alters the tertiary structure of β-tubulin at the kinesin-interacting interface. To test their hypothesis on a wider range of TUBB3 variants, the authors turned to a budding yeast system to assess kinesin processivity. Using this model, they assessed the accumulation of yeast kinesins, Kip3p & Kip2p, at the growing tip of microtubules (Carvalho et al., 2004; Gupta et al., 2006). Compared to wild-type controls, yeast expressing TUBB3 R262C, R262H, E410K, D417H & D417N showed a significant reduction of kinesin at microtubule plus ends, further implicating the motor protein in the disease state (Tischfield et al., 2010).
[image: Figure 3]FIGURE 3 | (A) In silico homology model of a microtubule protofilament with bound kinesin. α-tubulins are represented by a pink ribbon, β-tubulins in silver and kinesin in gold (PDB 6ZPI) (Atherton et al., 2020). (B) A detailed view of the predicted kinesin-interacting domain of β-tubulin. Mutated residues shown to effect kinesin binding and/or processivity shown in red.
Building upon these findings, Hirokawa and others investigated fourteen β-tubulin mutations associated with either CFEOM3 or brain malformations using overexpression in dissociated mouse neurons (Niwa et al., 2013). Tracking known kinesin cargos, VAMP2, RAB3, and mitochondria, they observed diminished axonal transport in the presence of the TUBB3 mutants E410K and D417H (Nangaku et al., 1994; Tanaka et al., 1998; Niwa et al., 2008; Song et al., 2009; Niwa et al., 2013). Microtubule co-sedimentation confirmed a reduction in kinesin binding with these two variants, with significantly increased levels of kinesin (but not dynein) detected in the cytoplasmic fraction (Niwa et al., 2013). Importantly, variants associated with only mild CFEOM3 or cortical malformations exhibited normal kinesin function in these assays, supporting a potential phenotype-specific disease pathway. Consistent with a gain-of-function mechanism, the authors showed that mutant subunits only perturb kinesin function when incorporated into microtubules (Niwa et al., 2013). Furthermore, such effects were not restricted to TUBB3, as axonal transport defects were also observed for equivalent substitutions in TUBB2B and TUBB5 (Niwa et al., 2013). This observation was corroborated by reduced kinesin binding and processivity due to two further gene variants, TUBB2A D417N and TUBB2B E421K, associated with progressive neuropathy and CFEOM, respectively (Cederquist et al., 2012; Sferra et al., 2018). These phenotypes are distinct from the cortical brain malformations which are commonly associated with genetic changes in TUBB2A and TUBB2B (Romaniello et al., 2018). Taken together, these data highlight the existence of mutation specific disease mechanisms that diminish kinesin interaction and intracellular trafficking necessary to generate, guide and maintain healthy and functional neuronal processes.
Motor proteins: Dynein
The second major family of microtubule-bound motor proteins are the dyneins. In a similar fashion to kinesins, dyneins shuttle along microtubule ‘tracks’ using energy generated through ATP hydrolysis. They are large complexes composed of two identical heavy chains which include the microtubule binding domain and a number of intermediate and light chains (Vallee et al., 2004). They are responsible for transport of intracellular cargo towards microtubule minus ends and are involved in both cell division and cell migration (Vale, 2003).
Key dynein-binding tubulin residues were first probed for using a mutant alanine screen (Uchimura et al., 2015). This highlighted two α-tubulin residues of particularly importance, R402 (Figure 4) and E415, located within the H11–H12 loop and alpha-helix 12 of the α-tubulin subunit respectively (Nogales et al., 1998; Uchimura et al., 2015). These amino acids are predicted to form salt bridges with one another stabilising the α-tubulin C-terminal hairpin structure important for MAP binding, as well as forming salt bridges directly with dynein (Lowe et al., 2001; Aiken et al., 2019). Despite this, binding between microtubules and the motor protein was still observed even after substituting these residues to alanine (Uchimura et al., 2015). Directional movement was completely ablated however, suggesting R402 and E415 function primarily as structural signals for ATPase activation (Uchimura et al., 2015).
[image: Figure 4]FIGURE 4 | (A) In silico homology model of a microtubule protofilament with bound dynein. α-tubulins are represented by a pink ribbon, β-tubulins in silver and dynein microtubule-binding domain in gold (PDB 3J1T) (Redwine et al., 2012). (B) A detailed view of the dynein-interacting domain. The R402 residue of α-tubulin (red) is a hot-spot for pathogenic variants in TUBA1A, which have been shown to affect dynein interaction and processivity (Aiken et al., 2019; Leca et al., 2020).
To our knowledge, pathogenic α-tubulin mutants affecting E415 have not been reported. R402, on the other hand, is a known hot-spot for human mutations in TUBA1A, with substitutions of this residue constituting almost a third of all reported variants in the gene (Bahi-Buisson et al., 2014). Individuals with R402 C/H/L substitutions commonly present with lissencephaly, a severe cerebral cortex malformation caused by defective neuronal migration during brain development (Moon and Wynshaw-Boris, 2013). Consistent with this observation mutations in dynein heavy chain (DYNC1H1) also cause cortical malformations (Vissers et al., 2010; Poirier et al., 2013), as do variants affecting dynein regulators LIS1 and NDEL1 (Yamada et al., 2008).
Using a yeast as a model system, Aiken and others investigated the consequences of two TUBA1A arginine 402 variants (R402C and R402H) on dynein function (Aiken et al., 2019). They generated analogous mutants in Saccharomyces cerevisiae, substituting the equivalent arginine (R403) in the major yeast α-tubulin, Tub1. They confirmed that both mutants form functional tubulin heterodimers which incorporate into endogenous microtubules, supporting a gain-of-function mechanism (Aiken et al., 2019). Unlike the multiple specialised roles of dynein in neurons, dynein’s solitary task in yeast is to translocate the nucleus and mitotic spindle across the plane of cytokinesis (Aiken et al., 2019). Aiken and others analysed hydroxyurea-induced S-phase arrest to isolate spindle sliding events, providing a clear and robust readout to assess mutant effects on dynein function. They reported a reduction in frequency and distance of sliding events for both R403C&H mutants compared to wild type. Importantly, they confirmed dynein recruitment to microtubule plus-ends (a prerequisite for retrograde locomotion) was normal and that kinesin function was undisturbed, suggesting these mutants directly affect dynein interaction and processivity (Aiken et al., 2019).
These conclusions have been further supported by an independent study in our lab which generated a conditional Tuba1a R402H mutant mouse (Leca et al., 2020). Expression of the R402H mutation in both the developing cortex and hippocampus resulted in a severe defect in neuronal migration, consistent with the patient phenotype. To gain insight into the underlying molecular mechanisms we performed microtubule co-sedimentation on brain lysates and undertook quantitative mass spectrometry. Comparison of the “microtubule proteome” identified 286 proteins that were significantly altered in R402H animals, seven of which were known MAPs (Leca et al., 2020). Western blot analysis of these seven proteins confirmed that five were present at lower levels in brain lysates R402H mutants (VAPA, VAPAB, REEP1, EZRIN, and PRNP). Only dynein intermediate chain (DYNC1I1) was expressed at endogenous levels but associated less with microtubules. To assess dynein processivity in the presence of this variant, cortical neurons were cultured from mutant and wild-type mice and live cell tracking of dynein-mediated lysosomal transport performed. This highlighted a significant reduction in lysosomal run length, suggesting that dynein processivity towards the cell soma was compromised in mutant animals (Leca et al., 2020). Consistent with dynein dysfunction, we showed a defect in nucleus-centrosome coupling in R402H animals indicative of impaired dynein-mediated nucleokinesis and migration (Leca et al., 2020). Intriguingly, we did not observe any difference in the levels of sedimented dynein heavy chain (DYNC1H1) which binds directly to microtubules, in contrast to the intermediate chain (DYNC1I1) which serves as a bridge between the heavy chain and cargo adaptor (Carter et al., 2008; Schroeder et al., 2014). Moreover, given the large number of proteins dysregulated in R402H animals, it is apparent that a single point mutation can have pleiotropic effects, potentially on multiple uncharacterised MAPs.
Microtubule plus-end MAPs (and TAPs)
Microtubule plus-end MAPs or “+TIPs” collectively describe a diverse subset of proteins which, as their name may suggest, localize at the growing tips of microtubule polymers (Perez et al., 1999; Mimori-Kiyosue et al., 2000; Jiang et al., 2012). Certain plus-end MAPs, such as the end-binding protein family (EB1, EB3) are known to recruit and form complex networks with other + TIPs at this region of the microtubule polymer, whereas others bind to the microtubule end directly (Honnappa et al., 2005; Slep et al., 2005; Honnappa et al., 2009; Al-Bassam et al., 2010; Kumar et al., 2017). Plus-end MAPs generally regulate one or more of the basic parameters underlying microtubule dynamics: rate of polymerisation, rate of de-polymerisation, the frequency of catastrophe and/or the frequency of rescue (Straube, 2011). Examples include microtubule polymerases (e.g., XMAP215s) that catalyse and accelerate microtubule growth, and Cytoplasmic Linker-Associated Proteins (CLASPs) that stem microtubule depolymerisation events and potentiate re-growth (Gard and Kirschner, 1987; Al-Bassam and Chang, 2011; Moriwaki and Goshima, 2016). Evidence suggests that tubulin mutations can affect the correct localisation and function of these specialised MAPs, further highlighting their critical role in microtubule biology.
Plus-end MAPs: XMAP215 family microtubule polymerases
This family is named after the XMAP215 microtubule polymerase identified in Xenopus laevis but also comprises human Colonic and Hepatic Tumour Overexpressed Gene (ch-TOG), Minispindles (D. melanogaster), and Stu2 (S. cerevisiae) (Gard and Kirschner, 1987; Wang and Huffaker, 1997; Charrasse et al., 1998; Cullen et al., 1999). As with many plus end-binding proteins, the XMAP215s are composed of arrayed tubulin-binding Tumour Overexpressed Gene (TOG) motifs, containing 250 amino acid residue repeats (Akhmanova et al., 2001; Cassimeris et al., 2001; Leano et al., 2013). Two of these, TOG1 and TOG2, are structurally conserved and present in all family members but, in higher eukaryotes, five TOG domains are separated by unstructured linkers of 60–100 residues (Figure 5A) (Currie et al., 2011; Widlund et al., 2011). The TOG1 and TOG2 domains of yeast Stu2 and their association with tubulin have been examined in detail (Ayaz et al., 2012). TOG1 and TOG2 are predicted to bind tubulins at a 1:1 ratio, but with a particular affinity for curved heterodimer conformations. This propensity for curved tubulin localises these polymerases to the growing tip as, here, recently incorporated tubulins initially assume an expanded and flayed configuration before integrating into the microtubule lattice (Ayaz et al., 2014).
[image: Figure 5]FIGURE 5 | (A) Schematic alignment and positional conservation of TOG domains in XMAP215 family microtubule polymerases and CLASPs [adapted from (Al-Bassam and Chang, 2011; Byrnes and Slep, 2017)]. (B) Schematic depiction of dynamic behaviour of (i) pure microtubules (grey lines), (ii) accelerated microtubule polymerisation in the presence of XMAP215 family polymerases (gold), and (iii) microtubule rescue mediated by fission yeast CLASP, Cls1p (blue), adapted from (Al-Bassam and Chang, 2011). (C) Homology model depiction of a unpolymerised tubulin heterodimer complexed with TOG1 domain of S. cerevisiae microtubule polymerase Stu2 (gold) (PDB 4FFB) and docked TOGL2 domain of Stu1 (S. cerevisiae CLASP; blue) (PDB 6COK) (Ayaz et al., 2012; Majumdar et al., 2018). α-tubulins are represented by a pink ribbon, β-tubulins in silver. Both TOGs bind preferentially to curved tubulin heterodimers, hence α- and β-tubulin subunits are tilted 13 to form this complex (Ayaz et al., 2012). (D) A detailed view of the predicted TOG1 binding interface of tubulin heterodimers. The α-tubulin residue valine 409 (410 in yeast) (red) is directly involved in TOG1 binding, with substitutions affecting its binding and localisation to microtubule plus-ends (Hoff et al., 2022). (E) Detailed view of the predicted TOGL2 binding interface of tubulin heterodimers. Mutating α-tubulin proline 263 and arginine 402 (P264 and R402 in yeast) have been shown to reduce binding affinity with human CLASPs 1 & 2 (Yu et al., 2016).
Microtubule polymerisation is highly dependent on local concentrations of un-polymerised “free” tubulin surrounding the growing tip (Desai and Mitchison, 1997; Howard and Hyman, 2009). Through their tubulin-binding TOG domains, XMAP215s enrich local concentrations of free tubulin near microtubule plus-end (Figure 5B). TOG domains are thought to work in a coordinated fashion to catalyse polymerisation, as they can discriminate between conformational states of tubulin dimers (Ayaz et al., 2012). Initially, TOG1 recognises and captures naturally curved free heterodimers, subsequently recruiting them into a growing microtubule. Upon integration into the microtubule, heterodimers assume a slightly straighter configuration, after which they can no longer bind TOG1 but are “handed-off” to TOG2. When fully embedded into the microtubule lattice formation, the conformation of tubulin becomes too straight for TOG2, which in turn releases the polymerised heterodimer (Ayaz et al., 2012). It has since been shown that TOGs 1-3 preferentially bind curved heterodimers, whilst TOG 4 and 5 are structurally distinct and bind microtubule-incorporated subunits (Byrnes and Slep, 2017).
A key residue at the heart of the TOG1/2-tubulin interface is valine 409 of α-tubulin, located within the H11-H12 loop (Figures 5C, D) (Nogales et al., 1998; Ayaz et al., 2012). Two pathogenic variants in TUBA1A have been reported at this residue, V409I and V409A, identified in individuals with pachygyria and agyria (mild and severe lissencephaly) respectively (Bahi-Buisson et al., 2014; Fallet-Bianco et al., 2014). Given the position of the residue, Hoff and others sought to investigate whether this mutation altered XMAP215 interaction (Hoff et al., 2022). Mutating the equivalent valine (V410) in yeast α-tubulin Tub1 to isoleucine or alanine they showed that both V409I and V409A mutants diminished the levels of Stu2/XMAP215 at the microtubule tip through a reduction in Stu2 TOG1 binding affinity (Hoff et al., 2022). Surprisingly they showed that this caused an increase in microtubule polymerisation rates, concurrent with a reduction in the frequency of catastrophes (Hoff et al., 2022). The effects on polymerisation speeds were echoed when overexpressing these mutants in mouse primary neurons and, in both models, the effects were more prominent with the valine to alanine mutant, concomitant with the more severe phenotype in the individual carrying the TUBA1A p.V409A mutation (Hoff et al., 2022). In order to reconcile the somewhat contradictory decrease in TOG binding of α-tubulin mutants with faster polymerisation rates, Hoff and others proposed a model by which the V410I&A mutants result in straighter heterodimers that weaken the binding potential of Stu2 TOG domains but, simultaneously, favour efficient microtubule incorporation and subsequent growth (Hoff et al., 2022). Whilst this hypothesis remains to be tested it provides an important reminder that multiple aspects of microtubule function can be perturbed simultaneously by individual tubulin amino acid substitutions.
Plus-end MAPs: CLASPs
The CLASPs are MAPs that counteract microtubule catastrophe by stabilising de-polymerisation and potentiating ‘rescue’ (Al-Bassam et al., 2010). This family includes human CLASP1 and CLASP2, Stu1 into yeast (S. cerevisiae) and Cls1p (or Peg1) in fission yeast (S. pombe) (Yin et al., 2002; Grallert et al., 2006; Sousa et al., 2007). Whilst CLASPs are known to associate with microtubule plus-end through EB1-mediated recruitment (Honnappa et al., 2009), they are also able to bind the microtubule polymer lattice directly through two serine/arginine-rich C-terminal domains (Wittmann and Waterman-Storer, 2005; Al-Bassam et al., 2010). Whilst the C-terminal domain attaches to the microtubule lattice, two parallel N-terminal TOG-like (TOGL) domains (related structurally to those found in XMAP215 polymerases) work in tandem to lasso free tubulin heterodimers in the surrounding cytoplasm (Al-Bassam et al., 2010). Through these TOG-like motifs, CLASPs function as a molecular safety net during microtubule catastrophe (Figure 5B), restoring local concentrations of free tubulin dimers to offset rapid rates of disassembly and initiate microtubule rescue.
Recently, tubulin gene mutations have been shown to affect CLASP recognition and/or binding (Yu et al., 2016). To identify novel Tubulin-Associated Proteins (TAPs), Yu and others developed a dual tubulin expression construct system to introduce equimolar levels of TUBB3 and biotinylated TUBA1A into HEK293T cells (Yu et al., 2016). Complementing this with quantitative mass spectrometry, they could identify TAPs pulled down with transgenic tubulin through streptavidin-mediated purification. Among the most abundant proteins in the “Tubulome” were CLASP1 & CLASP2 (Yu et al., 2016), confirming a strong affinity of CLASP TOG-like domains for free tubulin (Al-Bassam et al., 2010). The authors built upon their initial dataset by introducing two tubulin variants associated with human cortical malformations into this expression vector: TUBA1A P263T and R402H (Poirier et al., 2007; Yu et al., 2016). When expressing these mutant constructs in this system, the authors detected notable reductions in the pull-down efficiency of both CLASP1 & CLASP2, as well as the Golgi-associated protein GCC185, a known interactor of CLASP (Efimov et al., 2007; Yu et al., 2016). Interestingly, whilst arginine 402 is near the predicted interface between CLASP TOG-like regions and tubulin (Figures 5C, E), proline 263 looks unlikely to contribute directly to CLASP binding. The TUBA1A P263T variant might therefore affect CLASP binding indirectly through allosteric changes to the tubulin heterodimer.
Plus-end MAPs: EBs
The End-Binding proteins (EB1-3) are an evolutionarily conserved family of plus-end MAPs. They localise to the microtubule tip through an N-terminal Calponin Homology (CH) domain, which binds most efficiently to the newest, stable portion of the microtubule (Hayashi and Ikura, 2003; Maurer et al., 2011). The CH domains bind four tubulin subunits simultaneously, bridging two adjacent protofilaments and at an interdimer interface (between different heterodimers) (Maurer et al., 2012) (Figure 6A). Rather than providing direct structural support, EBs predominantly recruit other plus-end MAPs to this region and are therefore key players in co-ordinating MAP-mediated control of microtubule dynamics (Slep et al., 2005).
[image: Figure 6]FIGURE 6 | (A) In silico homology model of a microtubule protofilament with bound Calponin Homology domain of S. pombe EB1 homologue, Mal3 (labelled EB1). α-tubulins are represented by a pink ribbon, β-tubulins in silver and EB1 in gold (PDB 4ABO) (Maurer et al., 2012). (B) A detailed view of the EB1-tubulin interface. The F265 residue (red), associated with neurodevelopmental disease and shown to affect EB1 binding in yeast (Jaglin et al., 2009; Denarier et al., 2019), is not predicted to interact directly with this plus-end MAP, suggesting it may act via allosteric reconfiguration. (C). TUBB5 Q15 and Y222 (red) are located within the β-tubulin GTP (orange)-binding site and variants affecting these residues might to affect nucleotide interaction and/or hydrolysis which, in turn, could influence EB2 binding.
A TUBB2B F265L mutation that causes multifocal polymicrogyria (Jaglin et al., 2009), has been shown to disrupt binding of the yeast homologue of EB1 known as Bim1 (Denarier et al., 2019). Denarier and others introduced the F265L mutation into Tub2 in yeast, and demonstrated that it incorporates into microtubules (Denarier et al., 2019), despite previous evidence that it compromises protein folding and heterodimerisation efficiency (Jaglin et al., 2009). This resulted in a viable yeast strain with microtubules that were smaller but more stable, with a reduced frequency of microtubule catastrophe events, increased pause duration and increased resistance to the depolymerising drug Benomyl (Denarier et al., 2019). This was attributed to perturbation of microtubule association with Bim1, the yeast homologue of EB1 which showed a marked reduction in plus end binding in the case of the F265L mutant. Surprisingly, F265 which is located within a beta-sheet (B7) of the β-tubulin subunit (Nogales et al., 1998), does not lie at the key point-of-contact between EB1 and microtubules (Maurer et al., 2012; Howes et al., 2017). This residue sits within the β-tubulin ‘intermediate domain’, and its side chain is angled towards the core of the subunit (Figures 6A, B) where it is potentially involved in maintaining the structural integrity of the globular protein. EB binding, however, is thought to be sensitive to subtle structural changes within the microtubule lattice, closely linked to the nucleotide state of heterodimers at the polymer tip (Maurer et al., 2012). Accordingly, the authors hypothesised that the F265L variant affects EB1/Bim1 interaction indirectly, through conformational changes to the β-tubulin and/or adjacent subunits, which modify the CH binding pocket at the microtubule exterior (Denarier et al., 2019).
Whilst all EB family proteins (EB1-3) bind microtubule-tips through conserved CH domains, they are each thought to bind to spatially distinct sites with preference for different tubulin nucleotide states (Roth et al., 2018). EB2 is arguably the outlier in this protein family; it is the most diverse in terms of amino acid sequence divergence, it does not promote microtubule growth, it does not dimerise, and it associates along the microtubule lattice during mitosis (Juwana et al., 1999; Li et al., 2022). Four EB2-specific microtubule binding residues within the CH domain are thought to contribute to its unique polymer-binding behaviour (Roth et al., 2018). A mutation in one of these residues, R143C, plus two others within the microtubule-binding CH domain (N68S and Y87C) are known to cause Circumferential Skin Creases Kunze Type, a congenital disorder characterised by excessive skin folds, intellectual disability, and dysmorphic features (Isrie et al., 2015). All three variants increase EB2 co-sedimentation with microtubules in vitro (Isrie et al., 2015). Intriguingly, two TUBB5 variants, Q15K and Y222C, are also associated with this distinctive condition (Isrie et al., 2015). Given the strong phenotypic overlap between these TUBB5 and EB2 variants, they could act through a common molecular mechanism. Whilst the pathogenic TUBB5 residues are located outside the CH-binding motif, they are proximal to each other within the core of the β-tubulin subunit (Figure 6C). Significantly, they are located within the ‘exchangeable’ GTP binding site, with Q15 known to bind directly to the nucleotide (Lowe et al., 2001). TUBB5 Q15K and Y222C may therefore distort the highly conserved GTP binding motif and/or rate of GTP hydrolysis which could disrupt the nucleotide state-dependent binding of EB2 at microtubule plus-ends (Figure 6C).
CONCLUDING REMARKS
To support the diversification of life from simple microbes to complex multicellular organisms, the dynamic behaviour of microtubules has been harnessed to execute a growing assortment of specialised intracellular tasks. To unlock the full potential of these cytoskeletal polymers, complex families of MAPs have co-evolved alongside increasingly diverse tubulin isotypes to finely choreograph distinct populations of microtubule polymers to enable changes in cell morphology, cell migration, intracellular transport, and mitotic division. Mutations in the tubulin genes can have serious consequences for human health, with an ever-expanding array of disease states associated with de novo missense mutations. Our challenge is to understand how these mutations cause disease, and to exploit this understanding to develop personalised medicines in the future. This review has focused on a series of emerging studies that have asked how tubulin mutations influence MAP binding, specifically, KIF21A, the dynein complex, XMAP215, CLASP1/2, and EB1/2. This analysis has highlighted the importance of mutation specific mechanisms, which perturb a particular pathway and consequentially result in a disease with defined attributes. While some mutations influence MAP binding in a predictable way given their physical proximity, it is evident that tubulin variants can have allosteric effects on microtubule structure thereby influencing MAP binding in unexpected ways. This is perhaps one reason, why the phenotypic prediction of tubulin mutations has proved to be so difficult (Attard et al., 2022).
It is clear that much remains to be discovered. At least 180 tubulin variants have been described in the literature to date, but only twelve (four α- and eight β-tubulin) have been explicitly shown to affect MAP interaction and/or function. This reflects the laborious nature of mechanistic studies in microtubule biology, prompting many investigators to use yeast as a model system. While efficient and robust, yeast cannot replicate the cocktail of MAPs that are present in the mammalian brain, nor the diversity of tubulin isotypes and PTMs. On the other hand it is not feasible or practical to generate conditional mouse models for each tubulin variant. An alternative way forward is to exploit technological developments in stem cell biology and 3D tissue-specific organoid cultures. It is now possible to generate and characterise cerebral organoids from iPSC lines generated from patients with tubulin mutations, alongside CRISPR-repaired isogenic controls. Coupled with advanced quantitative proteomic methods, investigators can interrogate the effect of tubulin mutations on the microtubule proteome in a human system with greater ease (Leca et al., 2020; Rafiei and Schriemer, 2022). This would permit the identification of novel MAPs relevant to disease states, as it likely there are numerous uncharacterised MAPs that have yet to be identified that influence microtubule behaviour in unexpected ways (Jijumon et al., 2022). In the future these cellular systems may provide a powerful and patient-specific platform to screen for personalised therapeutic interventions.
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ben-1
thb-6

Expression Pattern

Al tissues
Al tissues

Al tissues

Al tissues

ASG, PHA, ASK, ADF, ASE, ASI, and other cilated
neurons; male CEM and ray neurons

1L2; male CEM and ray neurons

CEP, ADE, PDE, AWA, AWC, and other ciiated
neurons; male CEM and ray neurons

Most cillated neurons

TRNs and most neurons

TRNs and a few other neurons

Epidermis and muscle

Intestine

Seam cells

Many neurons

Pharynx

Function based on
knockout phenotypes

Redundant for spindle formation and dynamics in mitosis and
meiosis

Unknown

Ciary ultrastructure, intraflagelar transport, and extracellular
vesicle release in CEM; male sensory function
Male sensory function

Male sensory function

Mechanosensation

Formation of 15-protofilament microtubule; mechanosensation
Unknown

Unknown

Unknown

Benomyl-sensitive

Unknown
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Model microorganism Division/ Tubuin isotypes/subunit
Phylum alpha-tubulin beta-tubulin
genes genes
Saccharomyces corevisiae  Ascomycota 2 TUBT, TUBS TUB2
Schizosaccharomyces  Ascomycota 2 nda2 atb2 nda3
pombe
Tetrahymena thermophius ~ Cilophora 4 ATUL ALTI BTU1, BTUZ,
BLT1-6
Aspergilus niclans Ascomycota 2 tubA, tbB ben, tubC
Fusarium graminearum  Ascomycota 2 FgTUBA4, FgTUBS FgTUBY,
FgTUB2
Chiamydomonas Chlorophyta 2 tual, twa2 b1, b2
reinharati
Physarum polyosphalum  Amosbozoa 5 altA, altB(N), altB(E, 3 beth, betf,
aC, altD betC
Toxoplasma gondii Apicomplexa 3 ar, s, a B B2 Bs

" Table 1, gane names are presenied LSing OrganisIM-cpeciic symise.

References

Neff et al. (1983), Schatz et al. (1986a), Schatz et al. (1986b)
Hiraoka et al. (1984), Toda et al. (1984)

Callahan etal. (1984), Suprenant et al. (1985), Gaertig et al. (1993), Eisen
et al. (2006)

Sheir-Neiss et al. (1978), Moris et al. (1979), Morris et al. (1984), May
et al. (1987); Doshi et al. (1991)

Lu et al. (2000), Zhao et al. (2014)

Minami et al. (1981), Sifiow and Rosenbaum (1981), Brunke et al
(1982b), Youngblom et al. (1984); James et al. (1993)

Burland et al. (1983), Burland et al. (1984), Buriand et al. (1988); Sched
et al. (1984b), Krammer et al. (1985); Singhofer-Wowra et al. (1986),
Monteiro and Cox (1987a), Monteiro and Cox (1987b), Green et al.
(1987), Singhofer-Wowra and Little (1987), Solnica-Krezel et al. (1988),
Werenskiold et al. (1988)

Nagel and Boothroyd (1988), Hu et al. (2006), www.toxodb.org
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Model microorganism

Saccharomyces cerevisiae

Schizosaccharomyces

pombe

Tetrahymena thermophia

Aspergillus niclans

Fusarium graminearum

Chiamydomonas reinhardtii
Physarum polycephalum

Toxoplasma gondli

Tubulin isotypes possessing distinct

functions
alpha-tubulin beta-tubulin
genes genes
TUB1, TUB3
nda2, atb2
ATU1, BTU1, BTUZ, BLT1,
BLT4
tubA, tubB benA, tubC
FgTUBY, FgTUB2
tual, tua2 tubt, tub2
altA, altB(N), betA, betB, betC
altBE),
ap, @, ag B1. B2 Bs

" Table 2 gane names are presenied using organism-gpedilic symise.

Functional significance of
microbial tubulin isotypes

TUB: Mitosis, meiosis, conjugation, benomyl hyper-resistance Schatz et al. (1986a); Schatz
et al. (1986b), high MT dynamicity in vitro and in vivo Bode et al. (2003), Nsamba et al. (2021),
Dyn1 mediated spindie positioning, Dyn1 pathway MAP localization Nsamba et al. (2021);
TUBS: Benomyl hyper-sensitivty Nsamba et al. (2021), low MT dynamicity in vitro and in vivo
Bode et al. (2003), Nsamba et al. (2021), Kard mediated spindle positioning, Kar9 pathway
MAP localization Denarier et al. (2021); Nsamba et al. (2021).

nda2: Karyogamy, nuclear positioning, dupicated centrosome migration, thiabendazole
sensitivty Toda et al. (1981), Toda et al. (1983); Adachi et al. (1986), slower apparent rate
constants for MT assembly, slower growth rate and lower critical concentration of MT
polymerization in vitro Hussmann et al. (2016); atb2: spindle assembly checkpoint,
heterodimer assembly Radclife et al. (1998), interphase MT dynarmics, EB1/Mal3 localization
Asakawa et al. (2006),

ATU: Cellviability Hai et al. (1999), cilary and cytoplasmic MT generation Gu et al. (1995);
BTU1: Cell viability Xia et . (2000), ciliary and cytoplasmic MT generation Gu et al. (1995);
BTU2: Cell viability Xia et al. (2000), ciliary MT generation Gu et al. (1995), enriched in somatic
ciiia and basal bodies Pucciarei et al. (2012); BLT: Macronuclear MT and spindle assembly,
micronudiear meiotic spindle assembly during conjugation Pucciarell et al. (2012); BLT4:
Macronuclear MT and spinde assembly Pucciareli et dl. (2012).

tubA: MT stabiilty Gambino et al. (1984), karyokinesis, cellnuclear morphology Doshi et al.
(1991), asexual vegetative growth Oakley et al. (1987), Doshi et al. (1991), sexual development
before the first meiotic division Kirk and Morris (1991); tubB: karyokinesis, cel/nuciear
morphology Doshi et al. (1991); benA: MT instability Gambino et al. (1984), nuclear migration
and karyogamy during vegetative growth Oakley and Morrs (1980), Oakley and Morris (1981);
Oakley and Rinehart (1985), benomy! hyper-sensitivity May (1989); tubC: conidiation May and
Morrs (1988), MT function during coniciation May et al. (1985), benomy! hyper-sensitiity May
(1989)

FgTUB1: Benzimidazole sensitive Chen et al. (2007), perithecia formation and sexual
development Zhao et al. (2014), ascosporogenesis Zhao et al. (2014), Wang et al. (2019);
FgTUB2: Benzimidazole resistance Chen et al. (2009), vegetative development Zhao et al.
(2014), mycotoxin synthesis Wang et al. (2019).

each isoform: differential anti-tubulin drug resistance Kato-Minoura et al. (2020).

altA, altB(N), altB(E): MT assembly in plasmodia and myxamoeba Burland et al. (1983),
Roobol etal. (1984), Cunningham et al. (1993); Gerber et al. (2022), altA buids flagellar MTs via
PTM in amoeba and flagellates Green and Dove (1984), Blindt et al. (1986), Diggins and Dove
(1987), Sasse et al. (1987); betA: MT structure assembly during myxamoeba stage Buriand
etal. (1988), Diggins-Gilicinski et al. (1989), Gerber et al. (2022); betB: constitutively expressed
in plasmodia and myxamoeba Werenskiold et al. (1988), Paul et al. (1989), benzimidazole
resistance to both plasmodia and myxamoeba Burland et al. (1984); betC: anastral mitotic
spindle assembly in plasmodia Burland et al. (1983), Roobol et al. (1984), Gerber et al. (2022),
MT assembly in developing cells during amoeboid-plasmodial transition Solnica-Krezel et al.
(1988).

a4, B1, B2 compose cortical MTs Wang et al. (2021), a4 demonstrates dinitroaniline resistance
Morrissette et al. (2004), Ma et al. (2007), Ma et al. (2010); az, ag: potentially unique role(s) in
conoid and flagellar axonemal MTs Morrissette (2015).
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Transcription factor Species Role References

Androgen receptor Mouse, Human Promotes (Denolet et al., 2006; De Gendt et al., 2011) Butier et al. (2001)
Estrogen receptor Human Promotes Saussede-Aim et al. (20092)

HIF1a Human Promotes Inhibits Raspaglio et al. (2014), Bordii et al. (2014)

HIF2a Human Promotes Raspaglo et al. (2008)

D2 Human, Mouse Inhibits (Le Dréau et al,, 2018), Azzareli et al. (2022)

Math2 Mouse Promotes Uittenbogaard and Chiaramello (2002)

MZF1 Human Promotes Kanoja et al. (2020)

Pax3 Rat, Mouse Inhibits Cao et al. (2017), Wei et al. (2018)

RARa Human Promotes Namekawa et al. (2020)

RE1 Human Inhibits Shibazaki et al. (2012)

Sertt Mouse Promotes Nakakura et al. (2001b)

SOXC family (4, 11, 12) Mouse, Human® Promotes (Bergsland et al., 2006; Hoser et al., 2008) (Castilo et al., 2012; Fu et al, 2019)
SOX9 Human Promotes Raspaglo et al. (2014)

ZEB1 Human Promotes® (Lobert et al., 2013; Kanoja et al., 2020)

2C1 Human Promotes (Fu et al. 2019)

“Only SOX4 and SOX11 have been confirmed in humans.
bZER1 is only implied as binding sits, while identiiad, was not reported.
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Tubulin source Kamou, 1M

Chicken brain (CBTb) 051 £ 0079
Rat brain (RBTb) 0.45 = 0046
Bovine brain (BBTb) 054 + 0.082
Chicken Erythrocytes (CeTb) 26024

Uncertainties are the standard errors of the fits from Figure 4.
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Mebendazole
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Combretastatin Ad

K, was calculated with Equation 4.
Uncertainties are the standard emors of the fits. nb, no binding detected.

Brain tubulin (BTb)

Erythrocyte tubulin
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ICs0, UM Kg, UM 1Cs0, UM Ka, 1M
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26£022 013£0011 2012 5.7+032
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Drug Erythrocyte tubulin (CeTb) Brain Ratio®

Ka iM tubulin (BTb) Kg, iM
MDL 26 051 5
Podophyliotoxin 49 037 13
Combretastatin A4 57 0.13 44
Nocodazole 06 1.4 05
Mebendazole 26 1.4 1.9
Albendazole 35 nd® nd
Oxibendazole 12 nd nd

“The last column (*Ratio") shows the K. of the drug and CeTb divided by the Ko of the drug and BBTb.
bnd. not determined.





OPS/images/fcell-10-884287/fcell-10-884287-g004.gif





OPS/images/fcell-10-884287/fcell-10-884287-g005.gif
Vi






OPS/images/fcell-10-884287/fcell-10-884287-g006.gif
L






OPS/images/fcell-10-884287/fcell-10-884287-t001.jpg
Drug Brain tubulin (BTb)
% inhibition at

60 min
Taxol (contro) 0
MDL 64
Podophylotoxin 0
Nocodazole 55
Mebendazole %2

Erythrocyte tubulin (CeTb)
% inhibition at
30 min

0
38
95
90
25

Polymerization in presence of taxol alone was considered the 100%
Tubulin was used at 2 uM, Taxol at 2 M and drugs were used at 20 M in

polymerization buffer at 30°C.
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Target

Total a-tubulin

Total a-tubulin

Total p-tubulin
Acetylated a-tubulin
Detyrosinated a-tubulin
Polyglutamylated a-tubulin
A2 a-tubulin
Polyglycylated tubuiin
Kif15

Vashi

Mapre1 (EB1)

GAPDH

Ha

Anti-mouse

Anti-rabbit

Vendor

Abcam
Abcam
Abcam
Abcam
Abcam
Adipogen
Moutin Lab
EMD Milipore
Proteintech
Abcam
Sigma-Aldrich
GenScript
Abcam
LI-COR
LI-COR

Host species

Mouse
Rabbit
Rabbit
Mouse
Rabbit
Mouse
Rabbit
Mouse
Rabbit
Rabbit
Rabbit
Mouse
Mouse
Donkey
Donkey

Clonal

Mono
Poly
Poly
Mono
Poly
Mono
Poly
Mono
Poly
Mono
Poly
Mono
Mono
Poly
Poly

Product no

ab7291
ab4074
ab6046
ab24610
ab48389
50-436-394

MABS276
55407-1-AP
ab199732
E3406
AD1622-40
ab24834
925-32212
925-68073

Concentration used
inwWB

1:3000
1:2000
1:1500
1:1000
1:1000
1:500
1:5000
1:700
1:500
1:1000
1:500
1:2000
1:3000
1:10000
1:10000
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Element type

Transcription factors
Sp1

Ap2
Pead”

Pit1?

C/EBP family
Restt

Sert1
Math2
pRB
a2

Pax3
SoxC family (Sox4, Sox11, Sox12)

Binding elements
E-box motifs

Central nervous system enhancer motifs
Tata box

Androgen response elements

Species
Identified in

Rat

Rat

Rat

Rat

Rat

Rat & Mouse
Mouse
Mouse
Mouse
Mouse

Rat & Mouse

Mouse

Rat
Rat
Rat
Mouse & Rat

apit1 and Pea3 sites not observed in mice (Liu et al,, 2007).

Role

Promotes
expression
Unknown
Unknown
Unknown
Unknown

Inhibits expression

Promotes
expression
Promotes
expression
Promotes
expression
Inhibits expression

Inhibits expression
Promotes
expression

Unknown
Unknown
Unknown
Promotes
expression

Binding site validated

in silico only

in silico only
in silico only
in silico only
in silico only
in silico only

No, potentially E-Box motifs
No, potentially E-Box motifs
No, potentially E-Box motifs

N/A, impairs other transcription factors
binding

Yes (Rat)

Yes

in'silico only
in'sifico only
in'silico only
Yes (Mice)

References

(Dennis et al., 2002; Sleiman et al.,
2011)

Dennis et al. (2002)

Dennis et al. (2002)

Dennis et al. (2002)

Dennis et al. (2002)

(Dennis et al., 2002; Shibazaki et al.,
2012)

Nakakura et al. (2001b)

Uittenbogaard and Chiaramello
(2002)
Toma et al. (2000)

Le Dréau et al. (2018)

(Cao et al, 2017; Wei et ., 2018)
(Bergsland et al., 2006; Hoser et al.
2008)

Dennis et al. (2002)
Dennis et al. (2002)
Dennis et al. (2002)
De Gendt et al. (2011)
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Transcript ID

ENST00000315491.12
ENST00000553656.5
ENST00000553967.1
ENST00000554116.5
ENST00000554336.5
ENST00000554444.5
ENST00000554927.1
ENST00000555576.5
ENST00000556609.5
ENST00000555810.5
ENST00000556536.5
ENST00000556566.5
ENST00000557262.5
ENST00000657490.5
ENST00000625617.2

Size (bp)

1,706
550
736
542
903

1978
561
572

1,855
767
925
566
888
806
570

Biotype

Protein coding
Nonsense mediated decay
Protein coding

Processed transcript
Protein coding

Protein coding

Retained intron

Protein coding

Nonsense mediated decay
Protein coding

Nonsense mediated decay
Protein coding

Nonsense mediated decay
Nonsense mediated decay
Protein coding

Information sourced from Ensembl database (Cunningham et al., 2018).

Variant (NCBI)

1

RefSeq

NM_006,086

NM_001,197,181

Protein

450aa
Slaa
164aa
No protein
118aa
378aa
No protein
Q97aa
55aa
189aa
148aa
46aa
51aa
87aa
148aa

UniProt

Q13509
G3vau2
G3V2N6

G3V2R8
Q13509

G3V5w4
G3v3Je
G3V2A3
G3V3R4
G3vs42
G3vau2
G3Vaw7
G3V3R4
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Element type

Binding sites
RARE 12
RARE 2
AP1 binding Site 1
AP1 binding Site 2
Yoox-9 element®

YBOX-4 element 1
YBOX-4 element 2
Rest! binding site

Hypoxia response element®
CPG islands

38 CPGS
132 CPGS

86 CPGS

30 CPGS
80 CPGS

Promoter regions
GH16J089917

GH16J089920/GH16J08996

"Elements are on the minus strand.

Genomic
Location (chr 16)

89,917,926-89,917,910
89,918,166-89,918,182
89,921,904-89,921,910
89,921,924-89,921,930
89,922,380-89,922,366

89,922,975-89,922,982
89,932,859-89,932,866
89,926,504-89,926,524
89,935,970-89,935,974
89,919,506-89,919,948

89,922,423-89,924,000

89,925,728-89,926,562

89,933,944-89,934,279
89,934,864-89,935,848

89,917,279-89,919,454

89,920,191-89,924,356 &
89,926,193-89,926,602

bHRE. is present on both the plus and minus strand.

Role

Promotes
expression
Promotes
expression
Promotes
expression
Promotes
expression
Represses
expression
Promotes
expression

Role unknown
Role unclear

Potential repressor

Role unknown
Role unknown

MC1R and MC1R-
TUBBS promoter
TUBBS promoter

Identified observed in

Cancer stem-like cells derived from patient
Bladder cancer cells
MCF-7 breast carcinoma cells

A2780, OVCAR-3, SKOV6 and Ov2774 ovarian
carcinoma cells
H522 non-small cell lung cancer cells

HEK293 embryonic kidney cells; HeL.a cervical
cancer cells

A2780 ovarian carcinoma cells; GL15 and U87
gioblastoma cells

OVCAR-3, JHOC-5 and JHOC-8 ovarian
carcinoma cells;

OVCAR-3, JHOC-5 and JHOC-8 ovarian
carcinoma cells; HMV-1, HMV-1I, MM-RU, SK-
MEL-28, PM-WK, CRL1579, and G361
melanoma cells; NHEM-M and NHEM-D primary
neonatal epidermal melanocytes

References

Namekawa et al. (2020)
Saussede-Aim et al.
(2009b)

Raspagio et al. (2014)
Castillo et al. (2012)
Shibazaki et al. (2012)
(Raspaglio et al., 2008;
Bordji et al., 2014)

lzutsu et al. (2008)

(1zutsu et al., 2008;
Akasaka et al., 2009)

Fishilevich et al. (2017)

Fishilevich et al. (2017)
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