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Abstract

The etiology of Tauopathies, a diverse class of neurodegenerative diseases associated with the 

Microtubule Associated Protein (MAP) Tau, is usually described by a common mechanism in 

which Tau dysfunction results in the loss of axonal microtubule stability. Here, we reexamine 

and build upon the canonical disease model to encompass other Tau functions. In addition to 

regulating microtubule dynamics, Tau acts as a modulator of motor proteins, a signaling hub, and a 

scaffolding protein. This diverse array of functions is related to the dynamic nature of Tau isoform 

expression, posttranslational modification (PTM), and conformational flexibility. Thus, there is no 

single mechanism that can describe Tau dysfunction. The effects of specific pathogenic mutations 

or aberrant PTMs need to be examined on all of the various functions of Tau in order to understand 

the unique etiology of each disease state.
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Tau is a microtubule associated protein involved in a number of neurodegenerative disorders. 

Conventionally, Tau is thought to stabilize microtubules with disease onset proposed to be due 

microtubule destabilization. We discuss the importance of other Tau physiological functions, 

modifications, as well as implications for mechanistic disease models.

Introduction

Tau, a microtubule associated protein (MAP) found abundantly in the axonal compartment 

of neurons [1], is associated with a class of heterogeneous neurodegenerative disorders, 

collectively known as Tauopathies. These include Progressive Supranuclear Palsy (PSP), 

Corticobasal Syndrome, Frontotemporal Dementia (FTD) and Alzheimer’s Disease (AD) [2]. 

These heterogeneous disorders present clinically in a variety ways, including as dementia, 

movement disorders, and/or motor neuron disease, affecting different areas of the nervous 

system [2].

Tau belongs to a family of MAPs that include neuronally expressed MAP2 and ubiquitous 

MAP4 [3]. The Tau/MAP2/MAP4 family is characterized by C-terminal microtubule binding 

repeats, containing a KXGS motif, a central proline-rich region, and an N-terminal 

projection domain. Tau also contains a pseudo-repeat C-terminally adjacent to the more 

conserved microtubule binding repeats. The expression of these related MAPs, including the 

MAPT gene on chromosome 17 that encodes Tau, are regulated through alternative splicing. 

Tau isoforms differ in the number of N-terminal acidic inserts and C-terminal microtubule 
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binding repeats based on the inclusion of exons 2, 3 and 10. Inclusion of exons 2 and 3 

determine the number of acidic inserts (0,1, or 2), resulting in short (S) or 0N, medium (M) 

or 1N, and long (L) or 2N Tau isoforms, respectively (Figure 1). The addition of exon 10 

determines the number of microtubule binding repeats, either three or four, noted as 3R or 

4R isoforms, respectively. Used in combination, this nomenclature can be used to define 

Tau isoforms. For example, the shortest Tau isoform, 3RS or 0N3R, without exons 2, 3 or 

10 contains three microtubule binding repeats and no acidic inserts, while the longest Tau 

isoform, 4RL or 2N4R, contains four microtubule binding repeats (including exon 10) and 

two acidic inserts (including exons 2 and 3). Here, we will use S, M, and L to describe the 

number acidic inserts.

Tauopathy onset is proposed to occur through a loss of microtubule stability in the axon. In 

this model of Tau dysfunction, a disease-associated mutation or aberrant post-translational 

modifications (PTMs) decreases Tau-microtubule interactions. This is suggested to be 

through a reduction in the microtubule-binding affinity of Tau, an increase in Tau 

aggregation propensity, or both as these can be dependent on each other (Figure 2). For 

example, a reduction of microtubule affinity increases the fraction of Tau in solution and 

could increase aggregation propensity, as aggregation of Tau occurs off the microtubule 

surface. Similarly, an increase in aggregation could decrease the pool of soluble Tau able 

to bind with the microtubule. In accordance with this model, there are disease-associated 

missense mutations and PTMs that are known to alter Tau-microtubule interactions. Many 

of these alterations are found within the C-terminal microtubule binding region or the 

central proline rich region (Figure 3), known to directly and indirectly mediate Tau-tubulin 

interactions [4–8]. For example, in vitro studies have shown general Tau phosphorylation, 

through incubation with kinases, reduces microtubule affinity [9, 10]. Further studies went on 

to show that residue specific changes, such as phosphorylation at S214 or T231, decreases 

microtubule affinity [11, 12]. Disease-associated mutations, such as A152T, P301S, and 

R406W are also known to reduce microtubule affinity [13, 14]. Additionally, phosphorylation 

at S202/T205/S208, or disease-associated mutations (P301S, S352M), increase heparin 

or arachidonic acid induced Tau aggregation propensity in vitro compared to WT-Tau 
[15, 16]. Although these residues have been shown to alter Tau-microtubule interactions, 

the generally accepted model of Tauopathy onset indicates that Tau modifications reduce 

microtubule stability. In that regard, it is important to understand the role of Tau as a 

microtubule stabilizer.

Tau as a microtubule stabilizer

Tau was first discovered as a factor essential for in vitro microtubule polymerization 
[17]. Microtubules are formed by the polymerization of alpha-beta tubulin heterodimers, 

stabilized through longitudinal and lateral bonds. Generally, microtubules contain 13 linear 

protofilaments formed around a hollow core. Because tubulin subunits are added in a head 

to tail manner, microtubules are polar macromolecules with a more dynamic plus end and a 

less dynamic minus end. In most cell types, microtubules are highly dynamic, going through 

periods of polymerization and depolymerization, a process known as dynamic instability 
[18]. These dynamic microtubules are important for cell movement and division. However, in 

a mature axon, many microtubules are long lived, helping to maintain the axonal structure, 
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and allowing for long range cargo transport [19]. Tau is predominantly expressed in neurons 

and although it is found in the soma and dendrites, expression is enriched in the axon of 

neurons [1, 20–23]. Based on this, it was proposed that Tau stabilizes axonal microtubules.

Since the initial discovery [17], research has been done to understand the role Tau plays 

in regulating microtubule dynamics. Early in vitro experiments showed the addition of Tau 

increases the rate and extent of tubulin polymerization measured by absorbance at 320 nm 
[24]. Using electron microscopy, it was also determined that Tau increases the number of 

microtubules by increasing microtubule nucleation [24]. Further work, using purified Tau 

protein, indicated Tau polymerizes microtubules below the critical concentration of tubulin 
[25]. Under non-polymerizing conditions, Tau has been shown to aid in the formation of 

tubulin rings [26]. Although in vitro experiments do not recapitulate the complexity of the 

physiological state, similar results have been also seen in cells. Tau is expressed in the 

growth cone where microtubule invasion forces the growth cone to move forward [27]. In 

RAT1 fibroblasts, Tau overexpression promotes microtubule assembly [28]. Although Tau is 

predominantly neuronal, similar results were seen in PC12 cells in which Tau expression 

increased microtubule assembly with less tubulin turnover [29]. These studies indicate that 

Tau is a potent microtubule nucleator, and additional work has also characterized Tau’s 

function in regulating microtubule dynamics.

Microtubules can undergo a process known as dynamic instability, alternating in between 

polymerization and depolymerization [18, 30, 31]. When tubulin dimers are added to the 

end of the microtubule, it polymerizes or grows. However, microtubules can switch from 

a polymerizing state to a rapidly depolymerizing state, a process known as a catastrophe. 

A rescue, or a switch back to polymerization occurs when tubulin is incorporated on the 

growing end [32]. Using video microscopy, it was shown that Tau increases the growth 

rate, slows the shrinkage rate, and reduce the catastrophe frequency of microtubules in 
vitro [33–36]. All of this work indicates that Tau is both a potent microtubule nucleator and 

alters, but does not completely stop, microtubule dynamics. Therefore, describing Tau’s 

primary function as a microtubule stabilizer can be misleading at best. Importantly, recent 

work has demonstrated that axonal microtubules contain both stable and labile domains, 

and that Tau is enriched in the labile microtubules [37]. Additionally, Tau depletion in 

either rat hippocampal or cortical neurons reduces tyrosinated tubulin, a marker of more 

dynamic microtubules [37], and decreases the total mass of microtubules in the axon [37, 38]. 

Furthermore, other factors, including specific posttranslational modifications [39] or other 

MAPs such as MAP6 [37, 40] are more likely to contribute to stabilizing microtubules in the 

axon than Tau. Of the many posttranslational modifications found on tubulin, acetylation 
[41–43], phosphorylation [44, 45] and polyamination [46, 47] are the most common types 

associated with microtubule stability [39], although no single factor has been shown to 

be both necessary and sufficient for stabilizing axonal microtubules. For example, there 

is also evidence that acetylation of tubulin at K40 does not stabilize microtubules but 

is merely a marker for long-lived microtubules that can accumulate this posttranslational 

modification slowly over time [48]. Phosphorylation can both promote [44, 45] and disrupt 
[49, 50] the incorporation of tubulin dimers into microtubules, depending on the site of 

phosphorylation, but the role of phosphorylation in stabilizing long-lived microtubules in 

axons is still unclear. Like acetylation, polyamination of tubulin is associated with stable 
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microtubules in the axon [39, 46, 47]. Although speculative, one of the residues modified, 

Q15, is near the active site of β-tubulin and may block GTP hydrolysis thereby stabilizing 

the microtubule lattice [46, 47]. There are also numerous posttranslational modifications on 

the C-terminal tails of both α- and β-tubulin, collectively known as the “tubulin code” that 

may indirectly modulate microtubule dynamics in the neuron by regulating the interaction of 

different MAPs with the microtubule lattice [51–53].

Tau also functions to regulate microtubule bundle formation through its N-terminal 

projection domain [54, 55]. Quick-freeze, deep etch electron microscopy showed Tau 

projections towards adjacent microtubules [54]. By measuring microtubule bundle formation 

through small-angle X-ray scattering (SAXS), it has been proposed that the length and 

charge of the N-terminal projection domain alters the repulsive force between microtubules. 

This put forth the model that states high concentrations of Tau form a brush along the 

surface of the microtubule to sterically stabilize microtubule spacing [56]. Additionally, by 

measuring Tau interaction forces on coated mica, it was proposed the projection domain and 

proline rich region form an “electrostatic zipper” important for the spacing of microtubule 

bundles [57]. In cells, transfection of Tau into fibroblasts increased microtubule bundling 

and deletion of the projection domain caused a decrease in bundling [55]. Furthermore, Tau 

knockdown in hamster sensorimotor neurons reduced microtubule bundling, microtubule 

polarity, and the number of microtubules in the growth cone [58]. Thus, Tau appears to 

regulate both microtubule dynamics and organize microtubule architecture within the axon 

and growth cone of nerve cells.

It is clear from these studies that Tau increases the association of tubulin dimers into 

a microtubule and is therefore categorized as both a nucleating and a stabilizing MAP. 

This is in contrast to destabilizing MAPs, such as stathmin or katanin, which increase the 

dissociation of tubulin from the microtubule. Although this is convenient, this language 

does not encapsulate the entire function of Tau. As discussed above, microtubules are still 

dynamic in the presence of Tau, but those dynamics are altered relative to microtubules in 

the absence of Tau. Thus, Tau alone cannot account for the long-lived stable microtubules 

observed in neuronal axons as microtubules in the presence of Tau are dynamic. 

Furthermore, it is now recognized that there are populations of axonal microtubules that 

are both stable and more dynamic [59], and thus Tau, despite its long history as being 

thought of as a microtubule stabilizer, may be more important in regulating microtubule 

dynamics within the axon. Indeed, the relative stability of axonal microtubules is unlikely to 

be regulated by one specific mechanism but requires the balanced activity of many factors, 

including specific posttranslational modifications of tubulin and the interaction of different 

MAPs of which Tau is only one player. And Tau may also act indirectly in regulating 

microtubule dynamics by modulating other MAPs that directly affect microtubule stability. 

For example, acetylated microtubules have been shown to be more sensitive to severing by 

katanin, but this effect can be mitigated in axons by the presence of Tau [60]. Combinatorial 

effects such as these may explain why it has been challenging to define a single definitive 

stabilizing agent of axonal microtubules even though numerous factors including Tau have 

been implicated.
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Other functional Roles of Tau

Tau has been proposed to have a myriad of different functions, other than microtubule 

stabilization, depending on its subcellular localization and specific binding partners (Figure 

4). Tau interacts with a variety of intracellular targets, including membranes, other 

cytoskeletal proteins, and signaling molecules. A subset of these functions includes Tau’s 

ability to form structural cross-links between different intracellular structures. In addition 

to bundling and spacing microtubules [55], Tau can also cross-link microtubules with actin 

filaments [61] to help organize dynamic microtubules and actin network interactions in 

axonal growth cones [62]. Furthermore, Tau also binds to membrane associated proteins 

such as annexins via its N-terminal projection domain to cross-link the plasma membrane 

and microtubules and help define axonal morphology [63], or Golgi membranes to tether 

nascent intracellular cargo to microtubule tracks for subsequent transport [64]. Tau may also 

modulate local membrane morphology through interactions between its basic C-terminal 

domain and anionic phospholipids [65].

Tau is also an important regulator of microtubule-based cargo transport in the axon. Early 

studies demonstrated that Tau overexpression causes mislocalization of mitochondria, ER, 

and vesicles [66], altering the run length, but not the velocity, of cargos in both directions, 

preferentially inhibiting anterograde transport resulting in a shift in net movement of 

cargo towards the cell body [67]. Subsequent experiments using in vitro reconstituted 

systems have further elucidated specific details of Tau’s regulation of specific motor 

proteins, including various members of the kinesin family of anterograde motors, and the 

predominant retrograde motor, cytoplasmic dynein. Tau reduces the on-rate for microtubule 

binding of both kinesin-1 and the dynein-dynactin complex with a larger effect on kinesin-1 
[68]. Tau also inhibits the overall run length of kinesin-1, but not the dynein-dynactin 

complex, in a concentration and isoform specific manner, with the shorter 3RS isoform 

having a stronger effect than the longer 4RL isoform [68]. As in the cellular studies [67], 

motor velocity was unchanged [68]. Work from our lab agrees with these studies, showing 

kinesin-1 run length is more strongly attenuated by 3RS-Tau compared to 4RL-Tau on 

microtubules stabilized with paclitaxel (Taxol-microtubules) [69]. However, this regulation 

is dependent on the microtubule lattice as Tau is more inhibitory to kinesin-1 motility 

on Taxol-microtubules, a model of the GDP-lattice, relative to microtubules stabilized 

with guanosine 5’-[(α,β)-methyleno] triphosphate (GMPCPP-microtubules), a model of the 

GTP-lattice [69]. Furthermore, not all kinesin motors are regulated by Tau. For example, 

our lab has shown that kinesin-2 is insensitive to Tau due to the ability of kinesin-2 

to switch protofilaments in the presence of obstacles, such as Tau, on the microtubule 

surface [70, 71]. And kinesin-3 family members such as KIF1A are likely to be regulated 

by Tau in a different manner than kinesin-1 or kinesin-2. Both KIF1A and Tau have been 

shown to interact with tubulin C-terminal tails (CTTs). KIF1A has been shown to bind 

to tubulin C-terminal tails (CTT) via its K-Loop, increasing its run length 2–3 fold [72], 

while Tau interacts with CTTs diffusively [73] in an isoform specific manner, with the 

longer 4RL isoform binding more diffusively than the shorter 3RS isoform [74]. Thus, in 

contrast to kinesin-1, which is more strongly inhibited by 3RS-Tau [69], or kinesin-2, which 

is uninhibited by Tau [70, 71], KIF1A is likely to be more strongly inhibited by 4RL-Tau 
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through competition for binding to CTTs, which contributes to the long processive run 

length of kinesin-3 motors [72].

Tau has been shown to regulate teams of motor proteins as well. A study was done using 

optical trapping of beads coated with varying numbers of kinesin-1 motor proteins and 

showed Tau effects the rate of motor reattachment to the microtubule, causing a reduction in 

cargo persistence and force [75]. Similar to other experiments using kinesin-1, it was shown 

that 3RS-Tau had a larger reduction in cargo persistence compared to 4RL-Tau [75]. Isolated 

phagosomes from ATCC cells, which contain motor complexes of kinesin-1, kinesin-2 and 

dynein, are also shown to be regulated by Tau, biasing cargo moved preferentially towards 

the minus ends of microtubules in the presence of 3RS-Tau [76].

Studies on Tau’s ability to differentially regulate motor proteins involved in axonal 

transport have also led to the discovery that Tau behavior on the microtubule surface is 

complex, depending on a number of different factors including the nucleotide state of the 

microtubule lattice, the isoform of Tau, and site-specific posttranslational modifications of 

Tau. Traditionally thought to bind microtubules statically in a stabilizing role, Tau has 

since been shown to interact with the microtubule in a dynamic equilibrium between static 

and diffusive states [73, 74]. Static Tau likely binds through its microtubule-binding repeats 

in extended conformation along individual protofilaments in the microtubule lattice [77], 

while diffusive Tau has been shown to interact through tubulin’s acidic, flexible CTTs [73]. 

However, Tau binding behavior is influenced by a number of factors. Tau’s behavior is 

shifted towards diffusive binding on GMPCPP-microtubules vs. Taxol-microtubules [74], in 

4-Repeat isoforms vs. 3-Repeat isoforms [74], and in response to specific posttranslational 

modifications such phosphorylation at Y18 [78]. Furthermore, static Tau can also form larger 

order complexes on the microtubule surface known as patches [68], condensates [79], or 

cohesive islands [80], which have been shown to differentially regulate molecular motors 
[68, 69, 79] and other MAPs such as microtubule severing enzymes like katanin [60, 80].

Finally, Tau has been shown to activate Protein Phosphatase 1 (PP1) through its N-

terminal Phosphatase Activating Domain (PAD), and this interaction can be regulated by 

phosphorylation of Tau at a specific tyrosine (Y18) adjacent to the PAD [81–83]. Specifically, 

phosphorylation of Y18 by kinases such as Fyn prevent activation of PP1 by the PAD of 

Tau [81, 82, 84]. In the axon it has been proposed that under normal physiological conditions 

Tau is phosphorylated at Y18 [82], preventing its interaction with PP1 and promoting a 

diffusive state on the microtubule surface that is less inhibitory for kinesin-1 mediated cargo 

transport [78]. Dephosphorylation of Y18 has been shown to be associated with activation 

of PP1 via the PAD of Tau [82]. Activation of PP1 has been shown to increase GSK3β 
activity in the axon, which can phosphorylate the kinesin-1 light chain resulting in decreased 

cargo binding [85]. Interestingly, dephosphorylation of Y18 in Tau not only activates PP1 
[82] but also results in a shift to increased static binding of Tau [78], which inhibits kinesin-1 

motility [69, 74]. Thus, dephosphorylation of Tau at Y18 may function to regulate kinesin-1 

mediated cargo delivery at specific locations in the axon by both inhibiting the kinesin-1 

motility [69, 74] and promoting cargo release [78, 81, 82, 84]. Interactions of Tau with PP1 or 

Fyn may also be involved in synaptic transmission. Tau has been shown to be recruited to 

excitatory postsynaptic compartments in an activity-dependent manner [86] where it interacts 
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with Fyn and promotes NMDA-receptor activity [87]. On the presynaptic side, activation of 

PP1 and GSK3β by Tau has been linked to decreased synaptic vesicle release [88]. Finally, 

Tau activation of PP1 in the soma may promote the translocation of β-catenin to the nucleus 

where it acts as a transcription factor for antiapoptotic pro-survival genes [89], and Tau [90] 

and PP1 [91] have also been found in the nucleus suggesting roles for both in directly or 

indirectly regulating gene expression [83].

Tau Structure and Modification

An important question arises as to how a single protein like Tau can be so functionally 

diverse. The answer is that Tau is a highly dynamic and structurally heterogeneous protein 

that can undergo extensive posttranslational modifications. As previously discussed, Tau is 

produced as six alternatively spliced isoforms that vary in the number of N-terminal repeats 

(0, 1 or 2) and microtubule binding repeats (3 or 4) that are present in the expressed protein. 

The expression pattern of these isoforms is developmentally regulated, with the 3RS isoform 

expressed embryonically and all six isoforms eventually present in the adult human brain 
[92]. Recent evidence also suggests that Tau isoforms are differentially expressed in specific 

regions of the brain [93]. Together with the fact that isoform specific differences in Tau 

behavior [74] and function [68, 69] have been identified, it is likely that the inherent structural 

heterogeneity of Tau contributes to varied functions within different types of neurons at 

varied stages of development.

In addition to variability in its primary sequence, Tau is an intrinsically disordered protein 

(IDP) that lacks well defined secondary structure and adopts an ensemble of dynamic 

conformations [94–96], which likely contributes to its myriad of cellular functions. In solution 

Tau has been shown to adopt an ensemble of folded conformations in which the N- and 

C-terminal regions fold back to form dynamic interactions with the microtubule-binding 

domain [94, 97]. The structure of Tau on the microtubule surface is less clear. Cryo-electron 

microscopy (cryo-EM) studies suggest that Tau binds statically to the microtubule along 

individual protofilaments [98] in an extended conformation with individual microtubule-

binding repeats stabilizing the interface between tubulin dimers [77]. The N-terminal 

projection has been shown to extend away from the microtubule surface [54], although recent 

nuclear magnetic resonance (NMR) evidence also suggests that the N-terminus of Tau may 

also interact weakly with the microtubule surface [99]. And the structure of diffusive Tau on 

the microtubule is completely unknown, but likely to be different than that of static Tau. 

Thus, Tau adopts multiple dynamic conformations both in solution and on the microtubule 

surface that contribute to its ability to interact with a large number of binding partners 

involved in a variety of different physiological processes within the neuron.

Further complicating the picture is the fact that Tau is heavily posttranslationally-modified, 

leading to alterations in Tau structure and function. As seen above, phosphorylation at Y18 

alters both Tau’s behavior on the microtubule surface [78] and its ability to regulate axonal 

transport through a conformational change of the PAD [82]. Posttranslational modifications 

of Tau include acetylation [100], glycation [101], glycosylation [102], methylation [103], 

phosphorylation [104], SUMOylation [105], ubiquitination [106], and more [107] (Figure 3b). 

Of these, phosphorylation is by far the most prevalent posttranslational modification with 
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more than 50 known, and at least another 30 putative, phosphorylation sites identified 

in Tau [104, 107]. Twenty of these sites are found to be phosphorylated in healthy 

brains, and at least 40 sites have been found to be hyperphosphorylated in tauopathy 

patients [107]. However, there is overlap as some sites phosphorylated under normal 

physiological conditions are also found in pathologic hyperphosphorylated Tau [107]. Like 

isoform expression, Tau phosphorylation is developmentally regulated [108], suggesting 

that site-specific phosphorylation is important for specific Tau functions. Furthermore, 

phosphorylation at physiologically relevant sites can be influenced by phosphorylation or 

other posttranslational modifications at other sites within the Tau molecule. For example, 

phosphorylation of Tau by GSK3β requires phosphorylation at other sites by kinases such 

as PKA [109], and glycation [110] and glycosylation [111] have also been shown to alter Tau 

phosphorylation patterns. The dynamic structural ensemble of Tau is therefore influenced by 

combinations of posttranslational modifications, which in turn influence Tau’s function both 

developmentally and spatiotemporally within the neuron.

Implications for Disease Mechanisms of Tau

The most widely accepted disease etiology of Tauopathies states that modifications to 

Tau, such as pathologic point mutations or hyperphosphorylation, decrease Tau-microtubule 

interactions and lead to loss of microtubule stability through decrease of microtubule 

affinity and/or increase in aggregation. However, given that Tau is, in fact, not a simple 

microtubule “stabilizer” and has a number of diverse physiological functions throughout 

the neuron at different developmental stages, it is evident that the current disease state 

model is at best oversimplistic. Furthermore, not all pathogenic mutations in Tau lead to 

decreased microtubule affinity and/or increased aggregation propensity. For example, the 

R5L mutation in the N-terminal projection domain does not alter microtubule affinity [99]. 

Some disease association missense mutations, such as N279K and S305N, do not alter 

microtubule affinity or assembly [112], and others, such as Q336H and E342V, are known to 

actually increase microtubule assembly [15, 113]. Each pathogenic mutation and/or aberrant 

posttranslational modification should be viewed as a unique pathology with its own set of 

molecular mechanisms. Therefore, while some pathogenic states may involve decreased 

microtubule affinity and/or increased aggregation, others may not and more directly 

affect some combination of alterations in microtubule dynamics, axonal transport, and/or 

intracellular signaling pathways (Figure 5). Thus, future research needs to be focused on 

not only Tau’s interaction with the microtubule lattice and/or itself during aggregation, but 

on the myriad of other binding partners that allow it to participate in a number of different 

physiological roles within the neuron. Proteomic approaches show promise for identifying 

key interacting partners with Tau in both well-established functions such as axonal transport 

and less well-studied roles like synaptic vesicle release [114, 115]. Interactomes for different 

Tau pathogenic mutations and posttranslational modifications can then be used to further 

define the complex physiological roles of Tau and identify novel therapeutic strategies for 

specific Tauopathies that exhibit distinct etiologies.
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Conclusions and Perspectives

The microtubule-associated protein Tau plays a key role in a number of diverse 

neurodegenerative diseases collectively known as Tauopathies [116]. Despite the variability 

of the regions of the brain affected and of the symptoms presented, a common etiology of 

the different Tauopathies is often proposed [117]. In this model, the main function of Tau 

is to stabilize axonal microtubules, which are critical to neuronal function and viability. 

Tau dysfunction, caused by disease-associated mutations or aberrant post-translational 

modifications (PTMs), thus decreases Tau-microtubule interactions leading to microtubule 

instability, axonal dysfunction, and neuronal cell death. However, as discussed in this review, 

Tau is not simply a microtubule stabilizer, but a dynamic protein involved in a diverse 

set of neuronal processes. In other words, Tau is a regulator of microtubule dynamics 
and organization [37], axonal transport [68, 69], and intracellular signaling pathways [83]. 

Likewise, disruption of Tau function in pathogenic states disrupts a myriad of cellular 

functions which may include microtubule dynamics and organization, axonal transport, 

and/or intracellular signaling pathways. Thus, there is no singular mechanism that describes 

the initial onset of Tauopathies – each disease needs to be examined for the unique 

pathogenic state that it is. Only by understanding how each disease associated mutation 

or aberrant PTM affects the myriad of cellular functions that Tau participates in can the 

molecular mechanisms of different Tauopathies be properly defined. This is the first and 

foremost step needed to begin to develop therapeutics for a class of neurodegenerative 

diseases for which the prospects have been very challenging. The variability observed in 

the presentation of symptoms for different Tauopathies reflects heterogeneity in disease 

mechanism, rooted in the diversity of Tau structure, function, and interacting partners. 

Therefore, despite the simplistic model that disease onset arises from decreased Tau binding 

and microtubule stability, in reality there is not a single common etiology that describes the 

molecular mechanisms of all or even most Tauopathies. Ultimately, recognition that Tau is 

more than the “superglue” that stabilizes axonal microtubules reflects the dynamic nature of 

its structure and function and will continue to open new avenues of investigation into the 

complex nature of its role in both normal function and disease states of the neuron.
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Figure 1. 
Schematic of Tau protein domains. Primary amino acid sequence showing the domains of 

Tau. Alternatively spliced regions are shown in white text. The projection domain contains 

the phosphatase activating region (purple) and alternatively spliced acidic inserts (green). 

The proline rich region (blue) is combined from two parts. The microtubule binding region 

contains 3 or 4 repeats (red) and a pseudo repeat (maroon).
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Figure 2. 
Canonical Disease Theory Mechanism. Tau disease onset is proposed to occur through a loss 

of Tau-microtubule interactions, either through decrease in microtubule affinity or increase 

in aggregation propensity. This is suggested to lead to a loss of microtubule stability. 

(Created with biorender.com)
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Figure 3. 
Schematic of Modifications to Tau protein. a). Disease associated mutations found 

in Tau protein. Figure based on [118]. b). Potential post-translational modifications of 

amino acids in Tau protein. Post-translational modifications include acetylation, glycation, 

methylation, nitration, N-glycosylation, O-GlcNAcylation, phosphorylation, SUMOylation, 

and ubiquitination. Figure based on [107].
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Figure 4. 
Multi-faceted functions of Tau protein. Tau has many interrelated functions that go beyond 

its role as a microtubule stabilizer. These additional functions, which occur at different 

regions in the neuron, include acting as a signaling molecule, cross-linker, and modulator 

of transport. Each of these interrelated functions can be modified by the Tau isoform, Tau 

binding behavior, post-translational modifications, and disease mutations. (Created with 

biorender.com)
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Figure 5. 
Updated Tauopathy Disease Model. Tau disease onset is likely to occur through a number 

of different mechanisms including, decrease in microtubule affinity, increase in aggregation 

propensity, or altered binding behavior. This alters Tau functions including microtubule 

regulation, modulation of motor transport, participation of signaling cascades, etc. (created 

with biorender.com)
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