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Abstract

Tau is a protein that is highly enriched in neurons and was originally defined by its ability to bind 

and stabilize microtubules. However, it is now becoming evident that the functions of tau extend 

beyond its ability to modulate microtubule dynamics. Tau plays a role in mediating axonal 

transport, synaptic structure and function, and neuronal signaling pathways. Although tau plays 

important physiological roles in neurons, its involvement in neurodegenerative diseases, and most 

prominently in the pathogenesis of Alzheimer disease (AD), has directed the majority of tau 

studies. However, a thorough knowledge of the physiological functions of tau and its post-

translational modifications under normal conditions are necessary to provide the foundation for 

understanding its role in pathological settings. In this review, we will focus on human tau, 

summarizing tau structure and organization, as well as its posttranslational modifications 

associated with physiological processes. We will highlight possible mechanisms involved in 

mediating the turnover of tau and finally discuss newly elucidated tau functions in a physiological 

context.
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1. OVERVIEW.

It has been more than 40 years since a heat stable protein was first isolated from porcine 

brain that was essential for restoring normal features of in vitro microtubule assembly. In the 

original report it was noted that “we call this factor tau (τ) for its ability to induce tubule 

formation” (Weingarten et al., 1975). Given this ability to promote microtubule organization, 

it was postulated that the primary role of tau in the cell was to regulate microtubule 

assembly. This postulation guided the majority of the studies on the function of tau for 

decades. However, it is now evident that the capacity of tau to regulate microtubule 

dynamics in vitro may not be its unique function in neurons. For example, tau plays a role in 

protecting microtubules from severing (Jean and Baas, 2013), and regulates synaptic 

function (Kimura et al., 2013; Pooler et al., 2014), microtubule transport (Dixit et al., 2008) 

and the activation of MAP kinases (Leugers et al., 2013). These and other findings indicate 

that there is a need to re-evaluate the different roles of tau in the brain.

The first identified (Cleveland et al., 1977) and most thoroughly studied posttranslational 

modification of tau is phosphorylation. Initial studies provided evidence that global 

dephosphorylation of tau greatly enhanced its ability to bind and stabilize microtubules 

(Lindwall and Cole, 1984). Although the overall phosphorylation state of tau does impact its 

capacity to modulate microtubule dynamics, it is now evident that phosphorylation of 

specific sites is of more physiological relevance. Indeed, numerous studies have shown that 

the phosphorylation of specific sites differentially impacts the functions of tau (Mi and 

Johnson, 2006). In addition to phosphorylation, tau undergoes a number of other types of 

posttranslational modifications. Tau is glycosylated, and the glycosylated state of tau can 

regulate phosphorylation (Liu et al., 2004). Likewise, tau is acetylated, and previous findings 

propose that it may have intrinsic acetyltransferase activity and undergo self-acetylation 

(Cohen et al., 2013). In pathological conditions tau can be cleaved, glycated, nitrated and 

oxidized (Martin et al., 2011). Many, if not all these modifications impact the function of tau 

at some level, and therefore need to be considered when evaluating the implications of tau in 

normal conditions and in pathologic processes.

In addition to the physiological roles of tau in neurons, it plays a pivotal role in a group of 

neurodegenerative diseases known as tauopathies. Primary tauopathies are diseases in which 

tau plays the primary role. These include: frontotemporal lobar degeneration-tau (FTLD-

tau), Progressive Supranuclear Palsy (PSP), Corticobasal degeneration (CBD), Sporadic 

Multiple System Tauopathy, and Pick’s disease. Secondary tauopathies are diseases in which 

tau is a significant contributor to disease pathogenesis but other factors are upstream or 

major factors in the disease process. These secondary tauopathies include: Chronic 

Traumatic Encephalopathy (CTE). Creutzfeldt-Jakob disease and Alzheimer’s disease (AD) 

(for reviews see: (Irwin et al., 2015; Kovacs, 2015). Of these tauopathies, the majority of 

studies have focused on AD.

In 1986, tau was first identified by several groups (Grundke-Iqbal et al., 1986; Kosik et al., 

1986; Wood et al., 1986) as a component of the neurofibrillary tangles in AD brain using 

immunocytochemistry. This finding catapulted tau into the limelight and initiated an 

avalanche of tau-centric studies. However, with the discovery that mutations in Amyloid 
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Precursor Protein (APP) (Goate et al., 1991) and presenilins (Campion et al., 1995; Levy-

Lahad et al., 1995; Sherrington et al., 1995), both proteins involved in the processing and 

formation of Amyloid-β (Aβ), were causative in familial forms of AD, focus shifted away 

from tau, and tau pathology came to be viewed as a secondary hallmark for AD (Hardy and 

Selkoe, 2002). Although no tau mutations have been found to be associated with AD, in 

1998 it was discovered that tau mutations lead to FTLD-tau (also known as FTDP-17) 

(Hutton et al., 1998; Poorkaj et al., 1998). These findings reinvigorated the tau field as they 

demonstrated that mutations in tau alone could result in neurodegenerative disease. Soon 

after the discovery that tau mutations were causative in FTLD-tau, it was demonstrated that 

tau was a mediator of Aβ-induced neurotoxicity. In 2002 it was shown that in the presence 

of tau in neurons sensitized them to Aβ-mediated damage (Rapoport et al., 2002). In 

subsequent studies using mouse models, it was demonstrated that the presence of tau was 

essential to promote Aβ-mediated neuronal dysfunction (Ittner et al., 2010; Roberson et al., 

2007). During this time there was a growing awareness that the neurofibrillary tangles were 

likely not the primary neurotoxic entities (Santacruz et al., 2005), but rather soluble tau 

species either as post-translationally modified monomers or oligomers (Berger et al., 2007; 

Lasagna-Reeves et al., 2011; Leugers et al., 2013; Ward et al., 2012). However, the 

mechanisms by which pathological tau exerts its toxicity remain to be fully elucidated (Guo 

et al., 2017; Perez et al., 2018; Wang and Mandelkow, 2016).

In this review, we will start with a summary of tau, expression, structure and organization, as 

well as posttranslational modifications associated with normal functions of tau. We will then 

highlight possible mechanisms involved tau turnover followed by a discussion of different 

physiological functions of tau.

2. EXPRESSION AND DISTRIBUTION OF TAU

The tau gene in humans is situated on the long arm of chromosome 17 at 17q21 (Neve et al., 

1986) with three different tau transcripts (Couchie et al., 1992; Georgieff et al., 1993; 

Goedert et al., 1989a; Goedert et al., 1989b; Wang et al., 1993). A 2kb tau transcript 

containing the entire tau coding region primarily encodes for tau that localizes in the nucleus 

(Wang et al., 1993). A 6kb transcript of tau is mainly found in the brain and is enriched in 

neurons (Goedert et al., 1989a; Goedert et al., 1989b), while the 8kb transcript is in the 

retina and peripheral nervous system (PNS) (Couchie et al., 1992; Georgieff et al., 1993). 

All these tau genes contain 16 exons, 8 of which are alternatively spliced. Exon 1 belongs to 

the promoter and is transcribed but not translated, and although exon 14 exists in mRNA, it 

does not encode for the protein. Exons 1, 4, 5, 7, 9, 11, 12 and 13 are normally expressed in 

adult human central nervous system (CNS) and PNS (Andreadis, 2005; Andreadis et al., 

1992; Goedert et al., 1989a; Goedert et al., 1989b; Sawa et al., 1994). Exon 4a is 

constitutively expressed in the adult human PNS and the retina but is not expressed in the 

CNS (Couchie et al., 1992). Exons 2 and 3 are alternatively spliced, and adult human tau 

contains exon 2, exons 2 and 3, or neither. Exon 3 is only expressed in combination with 

exon 2 (Goedert et al., 1989a; Goedert et al., 1989b). Tau with exon 6 appears to be 

expressed in the human adult CNS and PNS, but in low abundance (Luo et al., 2004). In 

addition to the canonical exon 6, two alternative splice sites result in frameshifts and the 

introduction of stop codons and thus encode tau variants (6p and 6d) that cannot bind 
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microtubules (Andreadis, 2005; Luo et al., 2004). Exon 8 was reported to be expressed in 

bovine tau (Chen et al., 1994; Himmler, 1989). Exons 9, 10, 11 and 12 span the microtubule 

binding domains of tau. From this group, only exon 10 is spliced out or in to encode for tau 

with 3 or 4 microtubule binding domains (Goedert et al., 1989a; Goedert et al., 1989b). Tau 

containing exon 10 is present in both the human CNS and PNS, although it is regulated 

(spliced in or out) in the CNS, while it is constitutively expressed in the PNS (Andreadis, 

2005; Goedert et al., 1989b). For more extensive discussion of the regulation of tau splicing 

see (Andreadis, 2005; Luo et al., 2004). Within the tau gene an intronless gene encoding for 

the 128 amino acid protein saitohin has been identified (Conrad et al., 2002). This gene is 

located in the intron between exons 9 and 10 and little is known about its function, although 

polymorphisms have been associated with Parkinson’s disease (Lu et al., 2014; Wider et al., 

2010) and late onset AD (Huang et al., 2017).

In the adult human brain, the expression of 6 predominant tau isoforms is observed (Goode 

and Feinstein, 1994; Gustke et al., 1994). These isoforms emerge from exons 2, 3 and 10 

being alternatively spliced. Tau contains no N-terminal inserts, exon 2 (29 amino acids) or 

exons 2 and 3 (58-amino acids). Exon 10 can be spliced in (tau with 4 repeats) or out (tau 

with 3 repeats), encoding different microtubule binding sequences (Goedert et al., 1989a; 

Goedert et al., 1989b; Ittner and Gotz, 2011; Kolarova et al., 2012; Martin et al., 2011; 

Pedersen and Sigurdsson, 2015; Song et al., 2015). The results of this processing give the six 

tau isoforms: 0N/3R, 0N/4R, 1N/3R, 1N/4R, 2N/3R, and 2N/4R in which “R” indicates the 

number of microtubule repeats and “N” represent the number of Nterminal inserts. The 

2N4R being the longest and 0N3R the shortest isoform comprising 441 and 352 amino 

acids, respectively (Pedersen and Sigurdsson, 2015). The tau protein is also defined by 

having specific domains (numbering is based on 441 amino acid 2N4R isoform). In the N-

terminal region the first 44-amino acids contain a glycine-rich sequence, residues 45–102 

encompass two highly acidic regions (N1 and N2), residues 151–243 contains two proline-

rich regions (P1 and P2) and the remainder of the protein contains the four microtubule-

binding domains (R1-R4) and a short C-terminal region (Pedersen and Sigurdsson, 2015). In 

mature human brain, the 3R and 4R tau isoforms are found in approximately equal molar 

ratios (1:1) (Goedert and Jakes, 1990; Hong et al., 1998), but the proportion of 1N (54%), 

0N (37%), and 2N (9%) isoforms are expressed differentially (Goedert and Jakes, 1990; 

Hong et al., 1998). The expression of tau isoforms is also regulated during the development; 

in human fetal brain only tau without exons 2, 3, 4a and 10 is expressed (Goedert and Jakes, 

1990; Kosik et al., 1989) (Figure 1).

Tau is mostly expressed in neurons with the original report indicating that it was only 

expressed in neurons (Binder et al., 1985). However, subsequent studies showed that it is 

also expressed in astrocytes of human brains (Shin et al., 1991) and oligodendrocytes of rat 

brains (LoPresti et al., 1995). In neurons, tau is predominantly in axons, although it is 

present in dendrites albeit at much lower levels (Ittner and Gotz, 2011). Moreover, tau is 

present in the synaptic compartment of healthy neurons and contributes to synapse 

physiology (for a recent review see: (Regan et al., 2016)). Posttranslational modifications of 

tau such as phosphorylation and acetylation have been shown to direct the localization of tau 

to these different compartments (Sohn et al., 2016; Tashiro et al., 1997; Xia et al., 2015). In 

addition, a recent study demonstrated that tau isoforms without exons 2 and 3 were 
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efficiently sorted into the axon, while 2N4R tau was partially retained in the soma and 

dendrites (Zempel et al., 2017).

3. RELATIONSHIP BETWEEN TAU STRUCTURE AND FUNCTION

The ability of tau to bind microtubules is mediated by its microtubule-binding domains 

located in the C-terminus. The N-terminal extends from the microtubule region to facilitate 

its interaction with diverse components of the cytoskeleton or the plasma membrane (Gong 

et al., 2005; Maas et al., 2000). In each of the microtubule-binding domains there is a highly 

homologous 18 amino acid repeat region with inter-repeat sequences of 13–14 amino acids 

(R1-R2, R2-R3, R3-R4) (Goode and Feinstein, 1994; Gustke et al., 1994). Studies have 

provided evidence that 3R and 4R tau adopt different structures that are differentially 

regulated. The core microtubule binding domains of 3R and 4R tau display some similarities 

but also several differences, and thus the isoforms are clearly different in how they function. 

For example, the region immediately flanking the 3rd repeat region in 3R tau plays a 

significant role in facilitating its interaction with microtubules. In contrast, this region does 

not contribute considerably to the capacity of 4R tau to bind microtubules (Goode et al., 

2000). There is also data suggesting that the regions immediately N-terminal and C-terminal 

to the microtubule-binding repeat domains may also regulate the targeting of tau to 

microtubules (Preuss et al., 1997). Further, 3R and 4R tau seem to impact microtubule motor 

function differentially. 4R tau reduces mitochondrial localization to axons to a greater extent 

than 3R tau. However, 3R tau is more efficient at increasing the percent of mitochondria 

moving in the retrograde direction compared to 4R tau (Stoothoff et al., 2009). 

Unexpectedly, in an in vitro kinesin-driven gliding assay the velocity of taxol-stabilized 

microtubules lacking tau, and 4R tau-stabilized microtubules was the same. In contrast, 

microtubules assembled with 3R tau glided at a significantly greater velocity than both 

taxol-stabilized and 4R tau stabilized microtubules. In all cases, the amount of tau used was 

in the physiological range (Peck et al., 2011). Additionally, monomeric 4R tau showed no 

changes on kinesin- and dynein-dependent fast axonal transport (FAT) rates (LaPointe et al., 

2009). These and other studies demonstrate that the presence or absence of exon 10 affects 

not only the interactions of tau with microtubules but also affects other functions such as the 

speed of axonal transport. Also, it has been reported that 4R tau is prone to be 

phosphorylated in vitro and it is more likely to aggregate into filaments than 3R tau, a 

finding that could be relevant to the development of pathologies (Alonso Adel et al., 2004).

Although our understanding of the function of N-terminal regions encoded by exons 2 and 3 

is still far from complete, studies have begun to shed light on possible functions of these 

domains. In the human adult brain the 2N isoform is significantly less abundant than the 1N 

isoform (Goedert and Jakes, 1990; Hong et al., 1998). Using isoform-specific antibodies tau 

expressing exon 2 was found to be highly enriched in nuclei in mouse brain, while tau 

expressing either no N-terminal inserts or both exons 2 and 3 was enriched in cell bodies and 

axons with minimal expression in the nucleus (Liu and Gotz, 2013). The different N-

terminal inserts apparently do not affect microtubule assembly (Goedert and Jakes, 1990); 

but a recently study proposed that the N-terminal region could regulate microtubule 

stabilization. In this report tau truncated in the N-terminal region at Gln124 (absence of 1–

124 amino acid in tau protein) bound more strongly to microtubules than full length tau and 
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protected against depolymerization (Derisbourg et al., 2015). This last work, added to other 

studies under pathological conditions (Park et al., 2016), suggests that certain tau N-terminal 

isoforms (and in particular the 1N isoform) could favor tau aggregation and contribute to 

neurodegenerative processes (Park et al., 2016; Zhong et al., 2012). 0N tau isoforms are 

sorted efficiently into axons; however 2N4R tau is partially retained in cell bodies and 

dendrites, where it increased spine and dendrite growth (Zempel et al., 2017). 0N and 2N tau 

isoforms also bind specific proteins with differing affinities. For example, 0N4R tau was 

found to preferentially bind β-synuclein, while apolipoprotein A1 bound almost exclusively 

to 2N4R tau. Interestingly in this co-immunoprecipitation study almost half of the tau-

interacting proteins identified were membrane-bound proteins; with mitochondrially 

localized proteins representing the largest portion of this group (Liu et al., 2016). This 

finding is actually not unexpected as tau has been shown to alter mitochondrial dynamics 

and function, mitophagy and mitochondrial transport (Hu et al., 2016; Jara et al., 2018; Li et 

al., 2016; Shahpasand et al., 2012). These and other findings demonstrate that the different 

N-terminal isoforms of tau play distinct roles in neurons.

4. POSTTRANSLATIONAL MODIFICATIONS OF TAU

Numerous posttranslational modifications of tau have been identified and although studies 

often focus on pathological conditions, modifications also occur in physiological conditions. 

In this section, we will summarize tau modifications and how they may impact tau function 

(Figure 2).

4.1. PHOSPHORYLATION

Phosphorylation is the most studied post-translational modification of tau (Bramblett et al., 

1993; Mandelkow et al., 1995; Mi and Johnson, 2006). 2N4R tau from human brain has 85 

potential phosphorylation sites (45 serines, 35 threonines, and 5 tyrosines) (Martin et al., 

2011; Mietelska-Porowska et al., 2014). Using phosphorylation-dependent antibodies 

against tau as well as mass spectrometry and sequence analysis, more than 31 

phosphorylation sites have been identified and associated with physiological functions 

(Table 1) (Hasegawa et al., 1998; Lovestone and Reynolds, 1997; Morishima-Kawashima et 

al., 1995; Paudel and Li, 1999; Roder et al., 1997; Takahashi et al., 1995). In addition, 16 

other phosphorylation sites have been reported both in physiological and pathological 

conditions (Martin et al., 2011). Three class of protein kinases can phosphorylate tau: 1) 

proline-directed serine/threonine-protein kinases including GSK-3, Cdk5 and MAPK; 2) 

non-proline-directed serine/threonine-protein kinases, such as TTBK1/2, CK1, DYRK1A, 

MARK, Akt, PKA, PKC, AMPK and CaMKII, and 3) tyrosine kinases such as Src, Fyn, 

Abl, and Syk (Martin et al., 2011). Tau can be dephosphorylated by a number of 

phosphatases including PP1, PP5, PP2B and PP2A, with PP2A being the main phosphatase 

activity in the brain (Liu et al., 2005). The phosphorylation state of tau is regulated by a 

balance between the activities of tau kinases and phosphatases which thus regulate its 

function, with GSK-3β and PP2A playing prominent roles (Avila, 2008). Most sites on tau 

that are phosphorylated are outside the microtubule-binding domains, except Ser262 (R1), 

Ser285 (R1–R2 inter-repeat), Ser305 (R2–R3 inter-repeat), Ser324 (R3), Ser352 (R4) and 

Ser356 (R4) (Goedert et al., 1989b; Roder et al., 1997; Seubert et al., 1995). A large number 
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of phosphorylated residues are Ser–Pro and Thr–Pro motifs; although sites on non-Ser/Thr–

Pro have also been described, including Ser262 (Hasegawa et al., 1992; Morishima-

Kawashima et al., 1995) (for more detail see Table 1 and 2). Although it is well established 

that tau hyperphosphorylation reduces its affinity for microtubules (Buee et al., 2000; 

Hanger et al., 2009; Sergeant et al., 2008), the phosphorylation of specific sites have 

differential effects on tau function. Tau phosphorylation at Ser262, Ser293, Ser324, and 

Ser356, localized in the KXGS motif of R1, R2, R3 and R4 domains respectively, reduced 

tau binding to microtubules (Dickey et al., 2007; Drewes et al., 1995). Tau phosphorylation 

at Thr231, Ser235, and Ser262 similarly affect the binding of tau from microtubules, 

dissociating 26%, 9% and 33% respectively (Sengupta et al., 1998).

Moreover, tau phosphorylation regulates the subcellular localization of tau. The antibody 

Tau1 was originally shown to preferentially label axons, and thus tau isoforms were tagged 

as “axonal proteins” (Binder et al., 1985). Subsequently it was found that Tau-1 

preferentially recognizes tau when it is unphosphorylated between amino acids 189 and 207 

(Biernat et al., 1992; Szendrei et al., 1993), and when brain sections were treated with 

phosphatase Tau-1 immunoreactivity was found in the soma and dendrites of neurons 

(Papasozomenos, 1997). Phosphorylation regulates tau’s localization to the plasma 

membrane (Pooler et al., 2012), nucleus (Sultan et al., 2011) and exocytotic vesicles (Tang et 

al., 2015), among other intracellular sites (Noble et al., 2013). Tau phosphorylation at 

Ser262 and Ser356 in the microtubule binding domains is necessary for the development of 

cell processes, while phosphorylation of Ser/Thr Pro motifs in the regions proximal to 

microtubule binding domains block neurite outgrowth (Biernat and Mandelkow, 1999). The 

phosphorylation of Ser262/356 is mediated by microtubule affinity-regulating kinases 

(MARK) (Biernat et al., 2002), decreasing taumicrotubule affinity, enhancing the dynamics 

of microtubules and finally leading to the development of neuronal processes and cell 

polarity (Biernat et al., 2002).

4.2. LYSINE POST-TRANSLATIONAL MODIFICATIONS ON TAU

More than 40 lysine residues are present in human tau protein, which are prone to different 

post-translational modifications, including acetylation, ubiquitylation, and SUMOylation. 

These modifications differentially regulate tau function, and in several cases with 

contradicitng effects.. For example, acetylation and SUMOylation can block ubiquitylation-

dependent tau degradation (Figure 2).

Acetylation is controlled by two families of enzymes, histone acetyltransferases (HATs) that 

promote acetylation, and histone deacetylases (HDACs) which remove acetyl groups (Zhang 

et al., 2012). Tau can be acetylated at Lys163, Lys174, Lys280, and potentially Lys281 and 

Lys369 (Cohen et al., 2011; Min et al., 2010; Sohn et al., 2016). Tau acetylation may control 

the extent of tau ubiquitylation (Cohen et al., 2011), and neutralize charges in the 

microtubule binding domain, interfering with its ability to bind to microtubule, and leading 

to tau dysfunction (Kolarova et al., 2012; Sohn et al., 2016). Specifically, tau acetylation on 

K280 (located in the 275VQIINKK280 region) is one of three lysine residues of importance 

in the modulation of tau-microtubule association (Kolarova et al., 2012). This acetylation 

likely impairs the binding between tau and microtubules, generating an increase in cytosolic 
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tau which could be considered an initiating step in tangle formation (Cohen et al., 2011; 

Kolarova et al., 2012), along with the acetylation-induced increases in the stability and half-

life of tau (Min et al., 2010). In fact, lysine acetylation-deacetylation has been proposed as a 

possible regulatory modification for AD and other neurodegenerative diseases (Kolarova et 

al., 2012). Further, there is evidence that tau Lys280/Lys281 acetylation induces pathogenic 

hallmarks consistent with a “two-hit” mechanism, in which tau acetylation disengages tau 

from microtubules reducing their stability and also promotes tau aggregation 

(Trzeciakiewicz et al., 2017).

Ubiquitylation consists in the attachment of one or more ubiquitin subunits (a 76-amino acid 

protein) to lysine residues (Rape, 2017), which can result in protein monoubiquitylation or 

polyubiquitylation. Monoubiquitylation can regulate diverse processes, including DNA 

repair, histone function, gene expression and receptor endocytosis. Polyubiquitylation 

(addition of at least 4 Ubs) is necessary for degradation of proteins in an ATP-dependent 

manner via the ubiquitin–proteasome system (UPS) (Sadowski et al., 2012), or by autophagy 

(Yao, 2010). Monoubiquitinylated tau also can be subjected to lysosomal degradation (Avila 

et al., 2004). In pathological conditions tau is ubiquitylated at residues Lys254, Lys257, 

Lys311 and Lys317 (Morishima-Kawashima et al., 1993). In vitro, overexpression studies 

showed that the E3 ubiquitin ligase CHIP (C-terminus of HSC70-interacting protein) 

interacts with Hsp70/90 and promotes ubiquitylation of tau (Petrucelli et al., 2004). 

Similarly, the presence or absence of CHIP could regulate that ubiquitylation of tau and may 

favor the clearance of tau aggregates (Dickey et al., 2006). Studies in neuronal systems and 

under physiological conditions are necessary to validate these observations.

SUMOylation is the covalent addition of Small Ubiquitin-like Modifier Proteins (SUMO) to 

target lysines (Dorval and Fraser, 2006). This post-translational modification can affect 

protein-protein interactions, subcellular localization, and protein stability (Dorval and 

Fraser, 2006). Tau can be sumoylated at Lys340 in vitro by SUMO1 and to a lesser extent by 

SUMO2 and SUMO3 (Dorval and Fraser, 2006; Takahashi et al., 2008). The SUMOylation 

of tau at Lys340 promoted its hyperphosphorylation and reduced its ubiquitylation, 

suggesting that tau SUMOylation is a pathologic event potentially preventing degradation of 

tau and promoting its aggregation (Dorval and Fraser, 2006; Luo et al., 2014).

4.3. GLYCOSYLATION

Glycosylation is the covalent addition of oligosaccharides (mono- or polysaccharides) to 

proteins (Ohtsubo and Marth, 2006). In general, two types of glycosylation exist: N-

glycosylation is when the oligosaccharide attachment is through an N-linkage to the N-

terminal group of asparagine amino acid, and the second glycosylation, called O-

glycosylation, is when the attachment is through the hydroxyl oxygen of serine, threonine, 

or tyrosine residues (Ohtsubo and Marth, 2006). Both glycosylation modifications have been 

reported in tau (Avila et al., 2004) and it has been suggested that N-glycosylation occurs on 

hyperphosphorylated tau, while unmodified tau can be O-glycosylated (Liu et al., 2002).

A special type of O-glycosylation of tau, O-GlcNAcylation (attachment of N-acetyl-

glucosamine to serine or threonine residues), has been described (Arnold et al., 1996). This 

modification is somewhat analogous to phosphorylation (Marcus and Schachter, 2011), and 
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tau contains 11 putative O-glycosylation sites and there are ~4 moles of O-GlcNAc per mole 

of bovine tau (Arnold et al., 1996). Glucosaminyl transferase (OGT) adds O-GlcNAc to 

proteins and hexosaminidase O-GlcNAcase (OGA) catalyzes its removal (Dias and Hart, 

2007). Rats treated with inhibitors of OGA exhibited reduced tau phosphorylation in the 

cortex and hippocampus, indicating that GlcNAcylation may prevent phosphorylation 

(Yuzwa et al., 2008). Indeed, there is data to suggest that O-GlcNAcylation helps maintain 

tau association with microtubules by preventing its hyperphosphorylation and aggregation 

into NFTs (Marcus and Schachter, 2011). In vitro, O-GlcNAcylation of tau at Ser356 

reduced tau’s susceptibility to aggregate by shifting the conformation of the R4 microtubule 

binding domain (Yu et al., 2008a). On the other hand, O-GlcNAcylated tau may be less 

efficiently degraded through the ubiquitin proteasome pathway (Han and Kudlow, 1997). 

Overall, it is clear that O-glycosylation of tau is a physiological process that likely helps 

maintain tau in its functional state and attenuate tau’s oligomerization and filament 

formation.

4.4. NITRATION

Nitration is the formation of 3-nitrotyrosine on specific tyrosine residues and mediated by 

reactive nitrogen species such as NO2, or ONOO- (Ischiropoulos, 2003). Tau can be nitrated 

in vitro, and there is also evidence that in vivo tau is nitrated, particularly in pathological 

conditions such as AD (Reynolds et al., 2006b). In vitro human tau is nitrated at four sites: 

Tyr18, Tyr29, Tyr197 and Tyr394 (Reynolds et al., 2005). Interestingly, the addition of a 

nitrotyrosine at Tyr29 or Tyr197 increases the formation of filamentous tau aggregates in 
vitro, while nitration of Tyr18 or Tyr394 decreases the susceptibility of tau to generate 

filamentous aggregates (Reynolds et al., 2005). Nitration decreases the strength with which 

tau and microtubules interact, thereby decreasing tubulin assembly (Reynolds et al., 2006a). 

To detect tau nitration, two monoclonal antibodies have been used, taunTyr197 and tau-

nTyr394, recognizing human tau nitrated at Tyr197 and Tyr394, respectively (Reyes et al., 

2011). These antibodies revealed that tau nitration at Tyr394 could not be detected in any 

pathological lesions characteristic of AD (Reyes et al., 2011). However, tau nitrated at 

Tyr197 is present in soluble tau fractions from control brain samples, as well as in insoluble 

paired helical filament (PHF) tau fractions from AD brain (Reyes et al., 2011); suggesting 

that nitration at Tyr197 may have normal biological functions (Reyes et al., 2011). Nitration 

may contribute to the development of tau aggregates by inducing filament formation 

(Cappelletti et al., 2004; Reynolds et al., 2006b). Moreover, nitrated tau may negatively 

affect cytoskeleton assembly in neurons, as nitrated tau binds microtubules with a lower 

affinity compared to non-nitrated tau (Pevalova et al., 2006).

4.5. METHYLATION

Methylation of tau can occur on arginine and lysine residues, a modification that is catalyzed 

by methyltransferases. Mono- or dimethylation represent the major physiological lysine 

modification on tau from normal human brain (Funk et al., 2014). Methylation may regulate 

tau metabolism by competing with ubiquitylation and acetylation because both post-

translational modifications participate in directing tau turnover. Lysine methylation, both 

mono- and di-methyl, is a physiological tau post-translational modification in human brain 

which could protect against tau aggregation (Funk et al., 2014). However, seven lysine 
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residues were also shown to be methylated in PHF-tau isolated from AD brain, but the direct 

effects of these methylation events on tau’s function are unknown (Funk et al., 2014; 

Thomas et al., 2012). Tau methylation sites were found distributed across both projection 

and assembly domains of tau (Funk et al., 2014). In the projection domain, Lys24 and Lys44 

were found to be methylated and lie adjacent to putative caspase and calpain cleavage sites, 

respectively. In the microtubule-binding repeat region, where the majority of methylated Lys 

residues were identified, methylated sites overlapped with three out of five ubiquitylation 

sites on AD-derived filamentous tau indicating there is likely crosstalk between these two 

modifications of tau (Funk et al., 2014). Further, there also appears to be interactions 

between lysines that are methylated and nearby phosphorylation sites. For example, when 

Lys267 is methylated in PHF-tau, phosphorylation of Ser262 appears more frequently 

(Thomas et al., 2012). Although methylation seems to be mostly regulating physiological tau 

function, methylation of several sites such as Lys267 could also be associated with tau 

pathology.

4.6. PROLYL-ISOMERIZATION

Peptidyl-prolyl isomerases (PPIs) interconvert cis and trans isomers of peptide bonds N-

terminal to proline residues in the protein. Cyclophilins and FKBPs are two major families 

of PPIases (Zhou et al., 2000). However, the PPI that predominantly acts on tau is Pin1 

(Shen et al., 1998), which isomerizes only phospho-Ser/Thr-Pro motifs, and in particular 

binds to tau C-terminal to phosphoThr231 (Kolarova et al., 2012; Martin et al., 2011; Zhou 

et al., 2000). Moreover, tau prolyl isomerization occurs only at the Thr231 site (Bulbarelli et 

al., 2009; Zhou et al., 2000). The change from cis to trans in tau residues, leads to a spatial 

change of the peptide chain permitting PP2A access and subsequent dephosphorylation of 

tau at Thr231, thus allowing tau to once again bind to microtubules (Lu et al., 1999; Zhou et 

al., 2000). Pin1 also interacts with tau to prevent its pathological accumulation (Martin et al., 

2011; Nakamura et al., 2013). However, in AD, modifications of tau may result in an 

impairment of Pin1 function (Balastik et al., 2007). Nakamura et al. developed cis and trans-

specific antibodies against phosphorylated tau and subsequently determined that cis, but not 

trans phosphorylated tau is observed early in degenerating neurons in AD brains (Nakamura 

et al., 2012). Also, the cis isomer is unable to induce microtubule assembly and is less prone 

to dephosphorylation and degradation (Nakamura et al., 2012). Cis tau phosphorylation also 

occurs after traumatic brain injury (TBI) in humans and mice and impairs axonal 

microtubule networks and transport. Treatment of mice following traumatic brain injury with 

the Cis tau antibody inhibited the cis-specific phosphorylation of tau and prevented 

functional deficits in the microtubule structure and function (Kondo et al., 2015). In 

conclusion, cis isomerization of peptide bonds within tau may facilitate potential 

hyperphosphorylation, aggregation, and tauopathy.

4.7. GLYCATION

Glycation is the non-enzymatic covalent incorporation of carbohydrates (fructose, mannose, 

or glucose) into a protein most often on lysine residues, and is frequently observed in aged 

tissues (Kikuchi et al., 2003). This reaction results in the irreversible generation of advanced 

glycation end products (AGEs) (Kikuchi et al., 2003). AGEs are not efficiently eliminated or 

released from the neuron, and thus can accumulate over time with pathological 
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consequences (Li et al., 2012). Glycation is not detected in normal tau protein (Pevalova et 

al., 2006). However, pathological tau can be glycated by D-glucose or D-ribose (Chen et al., 

2009; Sasaki et al., 1998) at 12 different sites, 7 of which are situated in the microtubule 

binding regions (Martin et al., 2011). Tau glycation prevents degradation, and promotes 

polymerization, stabilization of aggregates, accumulation and neuronal cell death (Necula 

and Kuret, 2004). PHF-tau isolated from the frontal cortex of AD patients has higher AGEs 

content than tau protein isolated from the frontal cortex of normal patients, suggesting that 

tau glycation is a pathological event (Yan et al., 1994). More specifically, PHF-tau from AD 

patients seems to be glycated, whereas AD soluble tau or non-demented human tau is not 

(Gonzalez et al., 1998), indicating that glycated tau likely is more prone to aggregate 

(Ledesma et al., 1994). Glycated tau isolated from AD cases also promotes oxidative stress, 

activates inflammatory pathways such as NFκβ, and increases Aβ production (Yan et al., 

1995). Therefore, glycation of tau not only seems to be a pathological result of upstream 

changes in modification with age, but it may also potentiate further pathology.

4.8. PROTEOLYTIC CLEAVAGE

The proteolytic cleavage of tau protein can be carried out by numerous proteases, including 

caspases, calpains (Arai et al., 2005; Gamblin et al., 2003; Jarero-Basulto et al., 2013), 

thrombins, cathepsins and aminopeptidases (Wang et al., 2010). Below the contribution of 

these different proteases to tau cleavage are briefly reviewed. For a more detailed discussion 

of tau proteolysis see (Chesser et al., 2013).

Caspases are cysteine proteases that have essential roles in apoptosis, but also in 

physiological processes (Hollville and Deshmukh, 2017). In vitro tau can be cleaved by 

caspases 1, 3, 6, 7 and 8 at Asp421 (Gamblin et al., 2003), with the majority of studies 

focusing on caspase 3 cleavage at this site (Jarero-Basulto et al., 2013; Rissman et al., 2004). 

Tau N-terminal fragments formed by caspase cleavage are more prone to accumulate and 

promote the aggregation and fibril formation of full-length tau (Jarero-Basulto et al., 2013). 

Human tau can also be cleaved in vitro after Asp13 by caspase 6, and as a consequence the 

N-terminal region interacts with the C-terminal tail, preserving tau solubility (Horowitz et 

al., 2006). Caspases 3-, 6-, 7- and 9-cleaved tau are markers for NFT formation in AD and 

correlate specifically with cognitive decline (Horowitz et al., 2004; Wai et al., 2009). 

Pseudo-phosphorylation of tau at Ser422 inhibits caspase-cleavage of tau Asp421 in vitro, 

suggesting that phosphorylation of this site may be protective, by inhibiting cleavage in vivo 
(Guillozet-Bongaarts et al., 2006). JNK3, as well as Dyrk1A (Liu et al., 2008), is able to 

phosphorylate tau at Ser422 (Yoshida et al., 2004), and therefore phosphorylation of this site 

by these kinases could prevent tau cleavage.

Calpains are calcium-dependent cysteine proteases, with 15 ubiquitous and tissue-specific 

isoforms in humans. Calpain isoforms 1, 2, 3, 5, and 10 are found in the CNS, but calpain 1 

(μ-calpain) and calpain 2 (m-calpain), are the two major forms that are most studied (Ono et 

al., 2016). The calpain-induced proteolysis of tau was reported for first time by Johnson et 

al, 1989; they showed that tau that co-purified with microtubules was rapidly hydrolyzed by 

this protease (Johnson et al., 1989). In contrast, tau directly purified from the heat-stable 

fraction from the brain was resistant to degradation by calpain (Johnson et al., 1989). In 
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addition, tau phosphorylated by cAMP-dependent protein kinase (PKA) results in increased 

resistance to hydrolysis by calpain; suggesting that phosphorylation may regulate its 

degradation by this protease (Litersky and Johnson, 1992). Calpain cleavage of tau generates 

a 17 kDa tau, and this tau fragment (45−230) (Canu et al., 1998) is mainly associated with 

AD, and in vitro can induce apoptosis (Park and Ferreira, 2005).

Thrombin is a serine protease, that can truncate tau in vitro at multiple arginine and lysine 

sites including Arg155-Gly156, Arg209-Ser210, Arg230-Thr231, Lys257-Ser258, and 

Lys340-Ser341, and this proteolysis is not suppressed by phosphorylation of tau at Thr212, 

Thr231, or Ser396/Ser404. Thrombin cleavage has been detected in NFTs of AD, suggesting 

that it could be involved in tau aggregation (Arai et al., 2005). Cathepsins are proteases 

which are predominantly found in lysosomes. Cathepsins A and G are serine proteases, 

cathepsins D and E are aspartyl proteases, and the rest of the cathepsins are cysteines 

proteases. Cathepsins D and B are present in senile plaques in AD samples, and both 

recombinant and human fetal tau were cleaved in vitro by cathepsin D, suggesting that 

cathepsin D is of particular importance in mediating tau turnover with regards to disease 

(Kenessey et al., 1997). PSA (puromycin-sensitive aminopeptidase) is a M1 class of 

metallopeptidases present only in neurons. Studies in Drosophila models of AD showed that 

PSA expression decreases tau protein and prevent tau-mediated neuronal damage, in contrast 

to PSA dysfunction that aggravated neuronal injury. In in vitro assays PSA may suppress tau 

pathology through modulating tau levels (Sengupta et al., 2006).

5. TAU TURNOVER

The half-life of a protein is determined by factors that promote its elimination and/or 

stabilization (Avila et al., 2004; Chesser et al., 2013). Previous studies that measured the 

half-life of tau have used doxycycline-regulatable expression of human tau in clonal cell or 

mouse models (Dolan and Johnson, 2010; Yamada et al., 2014; Yamada et al., 2015), 

However, in a recent elegant study Sato and colleagues (Sato et al., 2018) used neurons 

derived from human iPSCs and the stable isotope labeling kinetics (SILK) method to 

measure tau turnover rate and half-life. Using this approach they found that the half-life of 

tau was ~6.7 days and that 4R tau, as well as phosphorylated forms, exhibited a faster 

turnover rate. It was also found that in the human CNS the half-life of tau was approximately 

23 days. Although these results are intriguing, the authors did note a few caveats. First, 

iPSC-derived human neurons exhibit an immature neuron profile of tau expression. These 

neurons express 4R tau at a fraction of the level of 3R tau, while in mature neurons the ratio 

of 4R to 3R is ~1:1. Further, given the methods used to measure tau turnover, the complex 

metabolism of tau in the human CNS is likely a contributing factor to the relatively long 

half-life of tau observed in vivo (Sato et al., 2018). Nonetheless, these studies provided 

important insights into tau turnover.

A primary determinant of protein half-life is the rate at which it is degraded. The two main 

protein degradation pathways in neurons are the Ubiquitin/Proteasome System (UPS) and 

the autophagy and lysosome pathway (ALP), and both pathways contribute to the turnover 

of tau. There is also data to suggest that tau is degraded through the endolysomal pathway 

(Vaz-Silva et al., 2018); these studies will be discussed at the end of the autophagy section.
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5.1. UBIQUITIN-PROTEASOME SYSTEM

The UPS is an intracellular proteolytic pathway that facilitates the elimination of misfolded 

or damaged proteins (David et al., 2002; Han et al., 2014; Li and Chin, 2007), turnover of 

short-lived proteins (David et al., 2002), and regulation of differentiation, neurotransmission, 

and apoptosis (Li and Chin, 2007). For UPS-mediated degradation, substrate proteins are 

initially tagged by covalent linkage to various molecules of ubiquitin (Li and Chin, 2007) by 

the action of the enzymes E1, E2 and E3 (Eriksen, 2013). The E1 enzyme forms a thio-ester 

bound with ubiquitin at the expense of ATP, then E1 bound to activated ubiquitin recognizes 

E2 and transfers the ubiquitin. Finally E3 recognizes the substrate and transfers the ubiquitin 

from E2 to the client protein (Li and Chin, 2007). The 26S proteasome is formed of a central 

catalytic 20S core containing the active protease sites, and 19S regulatory complex caps at 

the ends of the 20S core (forming the 26S proteasome) (David et al., 2002; Eriksen, 2013; 

Han et al., 2014; Layfield et al., 2003; Li and Chin, 2007). Alternatively the 20S core can be 

capped with two 11S regulatory which gives rise to the immunoproteasome (David et al., 

2002). The polyubiquitylated protein (with at ubiquitin chain of at least 4 molecules) is first 

recognized by the 19S complex where the attached target protein is unfolded before entry 

into 20S proteolytic core for its cleavage into small fragments (Eriksen, 2013; Layfield et al., 

2003; Li and Chin, 2007). The polyubiquitin chain is removed from the substrate before 

entering the proteolytic core and is recycled to free ubiquitin by the action of 

deubiquitylating enzymes (DUBs) (Li and Chin, 2007). Proteasomes cleave their substrates 

to short peptides containing between six and ten amino acids, which are then degraded by 

different proteases to generate free amino acids (David et al., 2002).

A relationship between tau and the proteasome was initially demonstrated in vitro using 

lactacystin, (a specific inhibitor of the 20S core) demonstrating that the degradation of tau is 

blocked (David et al., 2002). Moreover, in vitro unfolded native tau was eliminated by the 

20S proteasome in the absence of the addition of ubiquitin, indicating that a ubiquitin-

independent pathway may mediate the degradation of unfolded tau by the proteasome 

(David et al., 2002; Grune et al., 2010; Keck et al., 2003). In vitro, 20S proteasome isolated 

from bovine pituitary, which constitutively expresses 3 different catalytic activities 

(chymotrypsin-like, trypsin-like and glutamyl), degraded tau approximately 10- fold slower 

than immunoproteasomes (which expresses inducible catalytic counterparts) isolated from 

bovine spleen (Cardozo and Michaud, 2002). 20S proteasomes activated by agonists 

(chlorpromazine or chemically manipulated forms of chlorpromazine) are able to degrade 

intrinsically disordered proteins such as tau, but not structured proteins, in vitro and in cell 

lines culture (Jones et al., 2017). Decreased proteasome function in brains of AD patients 

has been reported, showing distinct regional differences in proteasome activity that 

correlated with the presence of PHF-tau (Keck et al., 2003). Further studies have shown that 

normal tau is present in the pre- and post-synaptic regions and hyperphosphorylated tau can 

accumulate at both sites in human AD brains, and this synaptic accumulation of phospho-tau 

correlates with negative alterations in the function of the UPS (Tai et al., 2012). Therefore, 

the UPS could be involved in the accumulation/degradation of tau in both physiological and 

pathological conditions (Chesser et al., 2013; Wang and Mandelkow, 2012). Interestingly, 

data indicate that in cultured primary neurons proteasome inhibition does not lead to tau 
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accumulation or aggregation, but in contrast promotes its degradation (Delobel et al., 2005) 

due to increased tau degradation by autophagy (Kruger et al., 2012).

5.2. AUTOPHAGY-LYSOSOME PATHWAY

Autophagy, is a catabolic process of “self-eating”, to degrade damaged components of the 

cell though lysosomes. Three different forms of autophagy are known: microautophagy, a 

non-selective lysosomal degradative process, characterized by direct engulfment of cellular 

components (Sahu et al., 2011); chaperone-mediated autophagy (CMA), in which chaperone 

complexes recognize the KFERQ motif present in the target protein (Kaushik and Cuervo, 

2012); and macroautophagy, which requires initially the sequestration of the substrates in 

double-membrane vesicles called autophagosomes which subsequently fuse with lysosomes. 

Substrates targeted for degradation can be sequestered by the autophagosome through two 

different forms, selectively by autophagic adapter proteins that recognize the substrate, or 

through non-selective engulfment of cytoplasmic material (Nixon, 2013).

Studies indicate that tau can be eliminated by selective autophagy. An early study showed 

that tau degradation occurred in an acidic medium containing the lysosomal enzyme 

Cathepsin D, producing a reduction in full-length tau and increased levels of fragmented tau 

(Bednarski and Lynch, 1996). Later, other studies demonstrated that the inhibition of 

lysosomal function result in increased levels of tau in hippocampal slices (Bednarski and 

Lynch, 1996; Bendiske and Bahr, 2003). Interestingly, in rat primary neuronal cultures, 

proteasomal inhibition led to reduced total tau levels concomitant with increased LC3-II 

levels and autophagosome formation; these findings suggest that autophagy could act as a 

compensatory mechanism to eliminate tau (Kruger et al., 2012; Lei et al., 2015). In vivo 
studies have supported tau degradation though autophagy. In a Drosophila model that 

expresses the FTLD tau mutant R406W, deletion of cathepsin D exacerbated the neuronal 

toxicity and reduced the survival (Khurana et al., 2010); similar effects were observed in 

flies expressing 2N4R tau when the function of Atg6 (Beclin-1) was impaired (Ambegaokar 

and Jackson, 2011). In addition, knockout of Atg7, an essential autophagy gene, in mice 

resulted an increased presence of phosphorylated tau and neurodegeneration during aging 

(Inoue et al., 2012), indicating that autophagy-mediated tau degradation is a mechanism 

important for the prevention of neurodegenerative events in the neurons.

In starvation conditions, transcription factor EB (TFEB) translocates to the nucleus and 

promotes the expression of autophagy-associated genes (Settembre and Ballabio, 2011) and 

facilitates lysosomal biogenesis (Settembre et al., 2011; Settembre et al., 2012). In a 

transgenic tauopathy mouse model, AAV administration of TFEB gene reduced the levels of 

tau phosphorylation, decreasing tau toxicity (Polito et al., 2014). In neuronal cells, tau 

protein also can be degraded by selective autophagy through the adaptor protein NDP52, 

which is directly regulated by nuclear factor (erythroid-derived 2)-like 2 (Nrf2) that responds 

to cellular stress (Jo et al., 2014). Nonetheless, in 4 month-old Nrf2 knockout mice, total and 

phosphorylated tau levels are normal, along with the expression of autophagy genes. 

However, in 12 months-old Nrf2 knockout mice, there is a significant elevation of phospho-

tau levels concomitant with a significant decrease in autophagy adaptors (NDP52, p62 and 

NBR1) and the co-chaperone BAG3. This is likely due to the fact that in control animals the 
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autophagy adaptors and BAG3 increase with age, while in the Nrf2 knockout mice there is 

no age-dependent increase in these proteins (Tang et al., 2018). In primary neurons, 

activation of the Nrf2 pathway results in a reduction of phospho-tau levels, an effect that is 

not observed when NDP52 is knocked down (Jo et al., 2014). Therefore, considering that the 

autophagy rate in neurons is relatively fast (Boland et al., 2008) and that it is necessary for 

efficient tau degradation, impairment of autophagy processes may be a contributing factor to 

AD pathogenesis.

Pathological forms of tau can also be degraded by CMA and endosomal microautophagy. 

Tau with the P301L mutation is inefficiently degraded by all three autophagic pathways; 

whereas, the A152T tau mutant shows reduced degradation by endosomal microautophagy 

(Caballero et al., 2018). A similar result was observed when using a tau mutant containing 

deletion of Lys280 (hTau40 ΔK280) known to lead to tau aggregation. (Caballero et al., 

2018). Interestingly, phosphorylation may also negatively affect autophagy as pseudo-

phosphorylated tau (hTau40 AT8/AT100/PHF-1 and hTau40 4xKXGE [exchanging Ser262, 

Ser293, Ser324, and Ser356 for Glu]) is not efficiently degraded by CMA compared to wild 

type tau (hTau40). This phosphorylation-site specific processing could be due to two 

reasons: impaired binding to lysosomes or impaired translocation across the lysosomal 

membrane. hTau40 AT8/AT100/PHF 1 bound lysosomes inefficiently; whereas, hTau40 

4xKXGE showed impaired lysosomal translocation (Caballero et al., 2018). Pseudo-

phosphorylated forms of tau also impaired endosomal microautophagy, with reduced uptake/

degradation, pseudo-phosphorylation in the microtubule binding domain resulting in the 

most pronounced impairment (Caballero et al., 2018).

In addition to autophagic mechanisms, tau can be degraded through endolysosomal 

pathways. In a recent study, it was demonstrated that through a Rab35 and endosomal 

sorting complex required for transport (ESCRT) machinery dependent process, tau is 

targeted to early endosomes and incorporated into multivesicular bodies (MVBs), which 

subsequently fuse with lysosomes resulting in tau degradation (Vaz-Silva et al., 2018). 

Further, extracellular tau that is taken up by neurons through macropinocytosis and 

dynamin-dependent endocytosis can also be targeted to the lysosome through this pathway 

(Evans et al., 2018).

6. PHYSIOLOGICAL FUNCTIONS OF TAU

As discussed above tau was initially identified as a neuronally enriched, microtubule –

associated protein (MAP) that promoted microtubule polymerization and stability (Goedert 

and Jakes, 1990; Lindwall and Cole, 1984; Weingarten et al., 1975). However, currently tau 

is considered a multi-functional protein that plays a number of different roles in cells (See 

Figure 3). In the next sections, we will discuss the role of tau in various physiological 

process including stabilization of microtubules (Dubey et al., 2008; Iijima-Ando et al., 2012; 

Mietelska-Porowska et al., 2014), neuronal polarity, axonal stability (Dubey et al., 2008; 

Iijima-Ando et al., 2012),, axonal transport and synaptic function (Ittner and Gotz, 2011; 

Mietelska-Porowska et al., 2014; Reddy, 2011), neurite outgrowth, facilitation of enzyme 

anchoring (Reddy, 2011), and interaction with the membrane cytoskeleton (Ittner and Gotz, 

2011; Maas et al., 2000).
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6.1. MICROTUBULE BINDING/STABILIZATION

The most studied role of tau protein is its binding to microtubules, where this interaction 

regulates microtubule assembly and stabilization (Gong et al., 2005; Marcus and Schachter, 

2011; Morris et al., 2011). In this capacity, it contributes to the structural elements of axons 

and facilitates the regulation of the transport of organelles and biomolecules to and from 

synapses. Interestingly, the interactions between tau and microtubules can be both direct and 

indirect (Mietelska-Porowska et al., 2014). Tau has microtubule-binding and flanking 

domains that allow tau to bind both polymerized and unpolymerized tubulin which 

facilitates microtubule assembly and stability (Butner and Kirschner, 1991). In addition, tau 

can interact with other proteins, possibly in a manner independent of its microtubule binding 

domain and indirectly modulate microtubule dynamics (Mietelska-Porowska et al., 2014). 

For example, the inhibition of histone deacetylase-6 (HDAC6) by tau increases the levels of 

acetylated tubulin and might increase microtubule stability in absence of tau-microtubule 

binding (Morris et al., 2011). Tau drives tubulin assembly into microtubules which form the 

cytoskeletons within neurons and define neuronal morphology (Kolarova et al., 2012). The 

site of tau interaction is at the C-terminal end of tubulin (Gustke et al., 1994; Mietelska-

Porowska et al., 2014). This interaction is modulated by the phosphorylation state of tau 

(Kolarova et al., 2012; Marcus and Schachter, 2011; Mietelska-Porowska et al., 2014). Tau 

phosphorylation can neutralize positive charges, affecting the conformation and detaching 

tau from microtubules (Mandelkow et al., 1995; Mietelska-Porowska et al., 2014). 

Physiologically, tau is phosphorylated at several residues that regulate its association with 

microtubules (Marcus and Schachter, 2011). However in pathological states, specific sites on 

tau are aberrantly phosphorylated which may decrease its association with microtubules and 

increase its propensity to self-associate and form toxic oligomeric species (Mandelkow and 

Mandelkow, 2012).

Numerous recent studies have provided significant insights into the mechanisms by which 

tau interacts with microtubules. Tau binds at the interface between α/β tubulin dimers and 

uses small groups of conserved residues with or immediately flanking the microtubule 

region. The sections of tau between the microtubule binding sites remain flexible when tau 

interacts with microtubules, which is reflective of the dynamic interaction between tau and 

microtubules (Janning et al., 2014; Kadavath et al., 2015). Furthermore, when tau is bound 

to microtubules it alters the repulsive forces between microtubules, with tau that expresses 

exon 2 or exon 2 and 3 being particularly efficient at conveying steric stabilization of single 

microtubules against bundling (Chung et al., 2015). A recent, cutting edge study used cryo-

electron microscopy (cryo-EM) to create models of tau-tubulin interactions. The results of 

these studies confirmed the prediction that tau binds at the interface between tubulin 

heterodimers. Additonally, this work provided evidence that each microtubule binding repeat 

exhibits an extended conformation that spans both intra and interdimer interfaces (Kellogg et 

al., 2018). In an earlier study, tau was crosslinked only to residues in α tubulin (Kadavath et 

al., 2015); however, in the study by (Kellogg et al., 2018) the tau repeat regions were found 

to center on α tubulin and connect 3 tubulin monomers. Another key finding of this study 

was that Ser262, which is a prominent phosphorylation site, is involved in mediating tight 

contacts with tubulin at a polymerization interface. The location of this residue clearly 

indicates why phosphorylation of Ser262 plays a critical role in regulating tau’s ability to 
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bind and stabilize microtubules. These and other studies have significantly increased our 

understanding of the mechanisms by which tau mediates microtubule dynamics.

6.2. REGULATION OF SRC KINASE FUNCTION

Fyn is a non-receptor tyrosine-protein kinase enzyme member of the Src family (Mietelska-

Porowska et al., 2014). Tau can interact with members of Src-family such as Fyn and Lck, 

via its proline-rich region (Gong et al., 2005; Wolfe, 2012), and it seems that specific 

interactions between tau and Fyn may be necessary for controlling cell signaling in the 

neurons (Wolfe, 2012). Immunoprecipitation experiments in SH-SY5Y cells showed that a 

small portion of tau protein interacts with Fyn, and phosphorylation likely regulates this 

interaction. Moreover, co-transfections of tau and Fyn in COS cells showed that Fyn 

phosphorylates Tyr18, and this is the only site on tau that is phosphorylated by Fyn (Lee, 

2005). Furthermore, phosphorylation of tau regulates its association with Fyn and this may 

be crucial for tau’s translocation into the plasma membrane where it could interact with 

membrane-associated protein complexes (Pooler et al., 2014). The tau-Fyn interaction may 

be crucial for targeting Fyn to the post-synapse (in dendritic spines), and this regulates 

NMDA receptor signaling by Fyn-mediated phosphorylation of NR2B subunits in dendrites 

(Ittner et al., 2010; Mietelska-Porowska et al., 2014; Pooler et al., 2014; Wolfe, 2012).

Tau exist at low concentrations in dendrites (Mietelska-Porowska et al., 2014; Wolfe, 2012), 

and it co-immunoprecipitates with Fyn and postsynaptic density 95 (PSD95) isolated from 

mouse brains (Morris et al., 2011), suggesting that tau is acting as a scaffolding protein. This 

interaction allows tau along with PSD95 to activate Fyn and facilitate the phosphorylation of 

NMDA receptors (Mietelska-Porowska et al., 2014; Wolfe, 2012). Tau can also facilitate c-

Src-mediated actin reorganization after platelet-derived growth factor treatment (Mietelska-

Porowska et al., 2014; Morris et al., 2011), and its absence affects Fyn trafficking toward the 

dendritic spines (Mietelska-Porowska et al., 2014; Morris et al., 2011).

6.3. REGULATION OF AXONAL TRANSPORT

Neurons need to transport organelles, proteins, and lipids from the soma into axon and 

dendrites and back again to maintain a normal functional state (Reddy, 2011). Microtubules 

act as conduits for both anterograde and retrograde transport of molecules (Duncan and 

Goldstein, 2006; Hollenbeck and Saxton, 2005; Sheng, 2014). This process is dependent on 

motor proteins; in the anterograde direction the kinesin family of proteins and in the 

retrograde direction, the dynein protein family (Duncan and Goldstein, 2006; Sheng, 2014). 

Tau has differential effects on dynein and kinesin motility. High concentrations of tau 

protein bind to microtubules and differentially inhibit both dynein and kinesin function. 

Dynein tends to reverse direction when it encounters microtubule-bound tau; whereas, 

kinesin detach at patches of microtubule-bound tau in a concentration- and isoform-

dependent manner (Dixit et al., 2008). However, given the high concentrations of tau used in 

these studies, it is unclear whether these modulatory events occur in vivo in physiological 

conditions (see discussion below).

The phosphatase-activating domain (PAD) of tau is a functional motif comprised of amino 

acids 2–18 in the N-terminus (Kanaan et al., 2011). Alterations in the presentation of the 
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PAD domain of tau due filament formation, truncation or hyperphosphorylation inhibit 

anterograde fast axonal transport (FAT) (Kanaan et al., 2011). This is due to the binding of 

protein phosphatase 1 (PP1) to the PAD domain and activation. PP1 subsequently 

dephosphorylates Ser9 on glycogen GSK-3β (or Ser21 on GSK3α) resulting in activation. It 

is then suggested that GSK3-mediated phosphorylation of kinesin light chains results in 

release of cargoes and thus FAT inhibition (Kanaan et al., 2012). Further, phosphorylation of 

tau at Tyr18 within the PAD by the tyrosine kinase Fyn, prevents inhibition of anterograde 

FAT (Kanaan et al., 2012). Therefore, it is suggested that the presence of phosphorylated 

sites at N-terminal domain could regulate tau-dependent inhibition of anterograde FAT in 

AD.

Tau-microtubule binding is a rapid, reversible interaction; therefore, although tau binds to 

microtubules in the physiological setting, it is unlikely that binding affects microtubule-

dependent transport in axons (Janning et al., 2014). Indeed, it is only after drastic tau 

overexpression that alterations in axonal transport have been described (Dubey et al., 2008; 

Ishihara et al., 2001; Spittaels et al., 1999). In contrast, ablation of tau does not alter axonal 

transport in primary neuronal culture or in vivo (Morris et al., 2011). The explanation for 

this phenomenon may be due to the finding that tau dwells on a microtubule for a very short 

time period of approximately 40 ms, and then tau “hops” to the next microtubule (Janning et 

al., 2014). This process has been described as the “kiss-and-hop” mechanism by which tau 

induces microtubule assembly in neurons (Janning et al., 2014). Therefore, when tau is 

expressed within the physiological range it does not block axonal transport. In another work, 

it was demonstrated that tau isoform variation has little influence on tau-microtubule binding 

(Niewidok et al., 2016). However, this binding is drastically improved when a conserved C-

terminal pseudo repeat region (PRR) in tau is present. Pathological mutations in the PRR 

(K369I, G389R) increases tau–microtubule dynamicity; in contrast, anomalous pseudo-

phosphorylation of tau strongly reduces tau–microtubule interactions without affecting tau-

microtubule dissociation rates (Niewidok et al., 2016). These data indicate that tau-

microtubule binding is influenced by the occurrence of the PRR and tau 

hyperphosphorylation (Niewidok et al., 2016).

Axonal transport of mitochondria is essential for correct synaptic function, and the presence 

of motile mitochondria at presynaptic sites can directly impact synaptic vesicle release, and 

pathological changes to tau may impair this transport (Pooler et al., 2014). Several studies 

using cellular and animal AD models, and AD brain, have shown that mitochondria 

localization is reduced in the axon (Iijima-Ando et al., 2012). For example, in primary 

mouse neuronal cultures, expression of phosphorylated mutant forms of human tau reduced 

mitochondrial mobility, and changes in tau phosphorylation also affect mitochondrial 

transport in neurons (Pooler et al., 2014). Overexpression of normal or phosphorylated tau 

negatively affect the transport of organelles through the axon, including mitochondria 

(Reddy, 2011). Using hippocampal neurons from wild type mice, Vossel et al. showed that 

Aβ inhibited transport of mitochondria and neurotrophin receptor TrkA along axons.. 

Complete or partial reduction in tau expression prevented these defects, suggesting Aβ 
requires tau to impair axonal transport (Vossel et al., 2010). Moreover, Aβ oligomers impair 

axonal motility of cargoes through NMDA receptor signaling, activation of GSK3β and 

CK2, and tau may interact directly or indirectly with these pathways or enhance the effects 
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independently by competing with motor proteins for microtubule access (Vossel et al., 

2010).

6.4. SCAFFOLD FUNCTION AND INTERACTIONS WITH CYTOSKELETON

The cytoskeleton of a cell is made up of microtubules, actin filaments, intermediate 

filaments and associated proteins, and plays crucial roles in almost all cellular processes. 

(Kevenaar and Hoogenraad, 2015; Mandelkow and Mandelkow, 2012). Spectrin is a 

cytoskeletal protein that regulates the stability and structure of the cell membrane and the 

shape of a cell (Zhang et al., 2013). Tau can directly interact with spectrin and actin 

filaments (He et al., 2009; Yu and Rasenick, 2006), and this can stabilize microtubules and 

facilitate the interaction with neurofilaments to limit the movement of the microtubule 

lattices (Farias et al., 2002). Also, tau can bundle actin filaments which is primarily 

mediated by its microtubule binding domain and helped by the adjacent proline-rich domain 

(Morris et al., 2011). Moreover, in cortical neurons tau can associate with plasma membrane 

proteins by its N-terminal non-microtubule-binding domain, indicating that tau could act as 

a scaffold between microtubules and other axonal components (Shahani and Brandt, 2002). 

Additionally, tau can bind phosphatidylinositol bisphosphate (PIP2) which is a precursor for 

diacylglycerol and inositol trisphosphate and controls the function of others actin-binding 

proteins that participate in the assembly of the actin cytoskeleton (Shahani and Brandt, 

2002). Further studies using cells null for filamin expression (a major actin-binding protein) 

showed membrane blebbing, and the presence of tau or Microtubule-associated protein 2 

(MAP2) inhibits this effect restoring a normal phenotype. Moreover, deletion of tau in 

primary neuronal culture reduces growth cone area, filopodia amount and alters the 

distribution of actin filaments (Shahani and Brandt, 2002).

In neurons, there are several microtubule-severing proteins, including P60-katanin, spastin, 

fidgetin and fidgetin-like proteins (Roll-Mecak and McNally, 2010). These proteins 

contribute to axonal branch development. Studies showed that axons lacking tau are more 

prone to branch independent of the presence of spastin (Yu et al., 2008b); and that tau 

protect microtubules against microtubule severing by proteins including spastin and katanin 

(Qiang et al., 2006; Yu et al., 2008b).

In oligodendrocytes, the tau/Fyn interaction promotes process outgrowth, and the 

tubulin/Fyn interaction can recruit components of the microtubule network, stabilizing the 

cytoskeleton and facilitating transport processes (Seiberlich et al., 2015). Tau 

downregulation in oligodendrocytes reduces myelin basic protein expression, outgrowth and 

transport processes, oligodendrocyte differentiation, neuron-glia contact formation and the 

early myelination processes (Seiberlich et al., 2015). However the loss of tau is not 

associated with alterations in Fyn activity; instead it affects the tubulin/Fyn interaction 

interfering with oligodendroglia differentiation as well as tubulin assembly and bundling 

(Seiberlich et al., 2015).

Studies suggest that tau might modulate neuronal signal transduction by influencing the 

targeting and function of synaptic mitochondria because presynaptic mitochondria are 

involved in regulation of intracellular calcium and ATP levels which are critical for vesicle 

release during neurotransmission (Pooler et al., 2014). Moreover, in response to NGF 

Tapia-Rojas et al. Page 19

Prog Neurobiol. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



treatment tau is re-localized to the ends of cellular extensions and interacts with actin in a 

microtubule-independent manner, facilitating NGF and EGF receptor dependent signaling 

and increasing the activity of MAPK through Ras-MAPK pathway (Mietelska-Porowska et 

al., 2014). Also, tau can directly interact with the SH3 domain in the p85alpha subunit of 

phosphatidylinositol 3-kinase, phospholipase C gamma 1, Grb2, Fyn, cSrc, and Fgr. The tau-

SH3 binding is prevented when tau is hyperphosphorylated. The interaction with SH3 

domains in diverse cell signaling molecules suggests other roles of tau in cytoskeletal 

structure and assembly regulated by phosphorylation (Reynolds et al., 2008).

6.5. NUCLEAR FUNCTIONS

Neurons require efficient mechanisms to protect DNA and RNA integrity and ensure their 

functionality and longevity (Violet et al., 2014). Tau can interact with DNA in vitro and in 
situ, and is found inside the nucleus (Camero et al., 2014). In vitro assays showed that tau 

binds preferentially to AT-rich DNA regions in contrast to GC-rich DNA sequences (Sultan 

et al., 2011). Moreover, tau binds double- and single-strands of DNA, interactions that are 

dependent on the aggregation and phosphorylation state of tau. This process protects DNA 

from denaturation in vitro (Sjoberg et al., 2006), and tau could be important in nucleolar 

conformation and heterochromatinization of ribosomal genes in stress situations by the 

presence of phosphorylated tau that modulates its translocation to the nucleus (Camero et al., 

2014).

In the nucleus, tau is found at nucleolar organizer regions (NORs), in acrocentric 

chromosomes containing rDNA juxtaposed to pericentromeric structures where tau localizes 

(Brady et al., 1995; Sjoberg et al., 2006). In human fibroblasts, lymphoblasts and HeLa 

cells, nucleolar tau was found in in the internal periphery of nucleoli, indicating that tau may 

participate in nucleolar assembly and heterochromatinization of ribosomal genes (Sjoberg et 

al., 2006). Further studies in neuronal nuclei of embryonic and adult neurons showed that 

oxidative and heat stress promotes the appearance of dephosphorylated tau (Sultan et al., 

2011). Moreover, neurons exposed to heat shock show increased interactions between 

endogenous tau and neuronal DNA, protecting DNA from damage. In addition, nuclear 

overexpression of human tau protects DNA from damage in cells lacking tau expression. 

These studies indicate that in stressful situations tau translocates to the nucleus and may 

protect neuronal DNA (Sultan et al., 2011). Also using an in vivo mouse model of 

hyperthermia/heat stress with wild-type and tau-deficient mice, it was found that tau deletion 

results in similar DNA damage under physiological conditions, but increased DNA breaks 

were observed in tau knockout mice under heat stress conditions (Violet et al., 2014). 

Further studies in HEK 293 transfected with tau evaluated the equilibrium constant and the 

enthalpy and entropy changes related to the Tau-DNA complex formation (Camero et al., 

2014). These experiments showed that hydrophobicity might control tau location and DNA 

interaction, and tau hyperphosphorylation may impair this interaction contributing to AD 

pathogenesis (Camero et al., 2014).

6.6 TAU TRANSMISSION

It is well established that in AD the development of tau pathology exhibits a hierarchical 

pattern of accumulation that starts in layer II of entorhinal cortex (EC) and spreads through 
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anatomically connected neuronal populations (Braak and Braak, 1991; Hyman et al., 1984). 

These findings strongly indicated that tau was being transmitted through synaptically 

connected neuronal populations, and in 2012 two groups demonstrated that this was the 

case. For their studies, they used transgenic mouse models in which P301L human tau was 

selectively expressed in the EC to demonstrate that, in a time-dependent manner, the mutant 

human tau appeared sequentially through the synaptically connected circuits (de Calignon et 

al., 2012; Liu et al., 2012).

Although these and other data have established that tau can be transmitted from cell to cell 

(for a recent review see: (Gibbons et al., 2018), the mechanisms of release and uptake have 

still not been completely elucidated. There are data indicating that tau transmission occurs 

via exosomes. Interestingly, tau contained in exosomes is not extensively phosphorylated, 

suggesting that exosomal tau transmission could be a physiological mechanism dependent 

on neuronal activity. In fact, depolarization of neurons promotes release of tau into 

exosomes. These exosomes are taken up by neurons and microglia, but not by astrocytes 

(Asai et al., 2015; Wang et al., 2017). Studies using exosomes obtained from cerebrospinal 

fluid (CSF) of AD and normal patients reveal that exosomal tau from AD samples can 

promote tau aggregation in vitro. Therefore, is possible that tau transmission could occur in 

three steps: 1) tau-containing exosomes are released into extracellular space and taken up by 

other neurons, 2) in the adjacent neuron, the internalized exosomes are transported into the 

axon and finally are released at the pre-synaptic site, and (3), the released exosomes are 

taken up by the neuron in synapses, resulting in the distribution of tau in all neurons via 

synaptic activity (Wang et al., 2017).

In addition to exosome mediated release and uptake, tau can be released in microvesicles or 

ectosomes which form from the plasma membrane. In one study, tau was found to be 

secreted predominantly in ectosomes and it was suggested that when tau accumulates, the 

exosome pathway is activated (Dujardin et al., 2014). Tau may also be released by a 

chaperone-dependent, non-classical exocytosis (Fontaine et al., 2016), or transferred from 

cell to cell through tunneling nanotubes (Tardivel et al., 2016). In another study using mouse 

N2A cells expressing human tau as well as rat primary cortical neurons, it was demonstrated 

that phosphorylated oligomeric forms of tau were directly released/transferred out of the cell 

via a novel, non-vesicular mechanism (Merezhko et al., 2018). Intriguingly, several studies 

have reported that most extracellular tau is not in vesicles (Wegmann et al., 2016; Yan et al., 

2016). Non-vesicular, “free” tau is likely taken up through endocytotic processes as well as 

macropinocytosis. Monomeric tau is rapidly taken up by normal human neurons via 

endocytosis and also by micropinocytosis, which is a slower process (Evans et al., 2018). 

Aggregated tau is also taken up by human neurons via dynamin-dependent endocytosis, but 

not by macropinocytosis. Thus, it can be suggested that tau entry into human neurons is a 

physiological event that occurs normally, and could also be necessary for unknown tau 

functions. Overall, it is likely that numerous mechanisms are responsible for tau release 

from and uptake by neurons. These mechanisms, as well as the forms of tau present, likely 

differ in physiological and pathological conditions, as well as the forms of tau present. 

Future studies are needed to delineate the importance of tau transmission in neuronal 

communication.
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6.7 ROLE OF TAU IN THE DENDRITIC/POST-SYNAPTIC COMPARTMENT

Previous reports showed that tau has a dendritic role in the postsynaptic targeting of the Fyn 

kinase Fyn as discussed above (see section 6.2). These studies suggested that tau regulates 

Fyn-mediated interactions with the NMDA receptor and PSD-95 and thus, mediated Aβ 
toxicity in the context of AD (Ittner and Ittner, 2018; Ittner et al., 2010). Tau interacts with 

Fyn through Pro-X-X-Pro (PXXP) motifs in the proline-rich region of tau promoting Fyn 

recruitment to NMDAR (Ittner et al., 2010; Lau et al., 2016). This targeting of tau to the 

postsynapse may be necessary to mediate synaptic plasticity. In fact, tau reduction or 

depletion (tau +/− or tau knockout mice) lead to reduced LTD formation, but normal LTP 

(Kimura et al., 2013); both processes are fundamental to memory formation (Nabavi et al., 

2014). In addition, studies suggested that tau is involved in post-synaptic microtubule 

dynamics perhaps due dendritic tau accumulation, which disrupts the synaptic cytoskeleton 

(Zempel et al., 2017). Other studies using overexpression of mutant pathological human tau 

indicated that post-synaptic tau localization and dendritic distribution are directly modulated 

by phosphorylation at sites T231/S235, S262/S356, or S396/S404 (Xia et al., 2015). 

Although these findings are very intriguing, additional studies are required to understand the 

role of tau at the post-synapse and which mechanisms are governing post-synaptic tau 

localization (Ittner and Ittner, 2018).

6.8 TAU DELETION

The first tau knockout mouse was made by (Harada et al., 1994), with another one being 

made in 2001 (Dawson et al., 2001). Interestingly, these mice appear phenotypically normal, 

although subtle effects were observed such as a delay in neuronal maturation (Dawson et al., 

2001). In addition, MAP1A expression is increased which likely represents a compensatory 

response to the loss of tau expression (Dawson et al., 2001). These mice have been crossed 

with AD mouse models to understand the role of tau in disease pathogenesis. For example, 

mice expressing human APP with the Swedish (K670M/N671L) and Indiana (V717F) 

familial AD mutations were crossed with tau knockout mice. Although Aβ pathology 

remained essentially unchanged, removing tau significantly improved behavior and 

decreased seizures in response to excitoxins (Roberson et al., 2007). Deletion of tau also 

decreased excitotoxic brain damage and attenuated neurological deficits following stroke (Bi 

et al., 2017). Knocking out tau also reduced stress-induced behaviors, and protected mice 

against stress-induced atrophy of hippocampal dendrites and deficits in hippocampal 

connectivity (Lopes et al., 2016). Tau knockout mice have also been used to demonstrate 

that tau plays a role in the maturation of newborn hippocampal granule neurons and the 

stress-induced cell death of immature granule neurons. Knocking out tau protects newborn 

neurons from the stress-induced dendritic atrophy and loss of PSDs. However, newborn 

granule neurons from tau knockout mice did not exhibit the stimulatory effect of 

environmental enrichment on dendritic development or the formation of PSDs. These data 

indicate that tau plays a key role in regulating the number of and maturation of granule 

neurons (Pallas-Bazarra et al., 2016). Additional studies on the effects of tau deletion on 

pathogenic processes have been reviewed in (Ke et al., 2012).

Although no significant, overt deficits were observed in young tau knockout mice, older 

mice have been reported to exhibit abnormalities. Older tau knockout mice show significant 

Tapia-Rojas et al. Page 22

Prog Neurobiol. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



motor deficits and reduction in activity in the open field test (Lei et al., 2014). Tau-knockout 

mice have been reported to exhibit age-dependent brain atrophy, iron accumulation and 

substantia nigra neuronal loss which coincided with cognitive deficits and motor dysfunction 

(Lei et al., 2012). Deletion of tau resulted in an impaired hippocampal response to insulin 

along with alterations in energy metabolism (Marciniak et al., 2017). In addition tau deletion 

results in the loss of hippocampal synapses in older animals and deficiencies in the Morris 

Water Maze (Ma et al., 2014). Overall, it is evident that, in neuropathological processes, tau 

often plays a deleterious role; though, in physiological conditions, especially in older 

animals, the presence of tau is beneficial.

7. TAU IN DISEASE

Although this review is primarily focused on physiological aspects of tau, the role of tau in 

neurodegenerative diseases, especially AD, is of critical importance. Therefore, in this 

section, we will briefly discuss the use of tau as a biomarker, tau-based therapeutic strategies 

for AD, and finally we will highlight several recent findings that broaden our perspective in 

terms of the roles tau may play in disease processes.

7.1 TAU AS A BIOMARKER

Measure of CSF tau (total, pThr181, pThr231) in conjunction with Aβ42 are considered to 

be part of an accurate diagnosis of AD. It has also been suggested that these measures are 

useful for prodromal AD patients with MCI (Blennow, 2010). However, a more recent 

report, based on a literature review that evaluated data from 1282 individuals with MCI 

suggested that there was a degree of uncertainty in terms of the usefulness of CSF testing for 

tau, phospho-tau and phospho-tau/Aβ conversion to AD. Part of the problem was that in 

many of the studies “were of poor methodological quality” (Ritchie et al., 2017). Clearly 

there is a need for better controlled studies to definitively demonstrate the usefulness of CSF 

tau measures in MCI patients.

There has been a growing interest in using plasma tau levels as a possible biomarker for AD. 

In a prospective study following cases from the Alzheimer Disease Neuroimaging Initative 

(ADNI) found that plasma tau levels showed a large overlap between AD and aged matched 

controls. These findings did not support the use of plasma tau as biomarker (Mattsson et al., 

2016). However, more recently there was a study that suggested that higher plasma levels of 

specific truncated forms of tau may actually be associated with a lower risk of AD and 

dementia (Neergaard et al., 2018). In another recent study, plasma pThr181-tau levels were 

elevated in AD cases and associated with Aβ and tau positron emission tomography (PET) 

readouts (Mielke et al., 2018).

PET imaging is being developed to assess the regional distribution and severity of tau 

pathology. Tau specific tracers are being developed and initial results are very promising, it 

is clear that more work is needed to establish their specific binding properties and their 

potential usefulness as a biomarker for AD (Hall et al., 2017; Saint-Aubert et al., 2017). One 

recent study showed that the tau PET ligand 18F-AV-1451 might be useful as a marker of 

“disease stage” as it increased with advancing clinical stages of AD. However, retention of 
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18F-AV-1451 was normal in preclinical AD cases that showed elevated CSF tau levels 

(Mattsson et al., 2016).

7.2 TAU BASED THERAPIES

Given the lack of success developing Aβ-directed therapies, more effort has been directed 

towards developing tau based therapies. Many different approaches have been taken to 

attenuate tau toxicity in the context of AD. One significant therapeutic approach that is 

being explored is tau immunotherapy. Although Aβ immunotherapies have proved 

unsuccessful to this point (Mullane and Williams, 2018), there is hope that reducing 

pathological tau species may be beneficial even when initiated after AD is diagnosed. The 

first demonstration that both active and passive immunization against a phosphotau epitope 

in a mouse model that expresses human P301L tau (JNPL3 line) reduces tau pathology was 

published more than 10 years ago (Asuni et al., 2007). Since this initial report, there have 

been numerous studies extending and improving this initial approach. Indeed, there are 

currently a number of ongoing Phase I/II clinical trials using both active and passive 

approaches with some encouraging results. For example, the results were recently published 

from a phase I trial for AADvac1, which is KLH-conjugated peptide of amino acids 294 to 

305 (KDNIKHVPGGGS), and these results demonstrated that AADvac1 had a “benign 

safety profile” and that there was a tendency towards slower hippocampal atrophy based on 

MRI evaluation that correlated with higher IgG titers (Novak et al., 2018). Phase II studies 

for AADvac1 (NCT02579252) are now in progress.

Tau hyperphosphorylation is a key feature of pathological tau and, thus, approaches that 

inhibit tau protein kinases or up-regulate tau-targeting phosphatases have been considered. 

Mematine functions as an NMDA antagonist and is an FDA approved drug for the treatment 

of AD. In addition to being a weak NMDA receptor antagonist, it also increases PP2A 

activity which may contribute to its beneficial effects in AD patients (Cohan et al., 2004). In 

terms of tau kinases, significant efforts have been directed towards developing GSK3 

inhibitors, e.g., Tideglusib (which is an irreversible inhibitor) and lithium. Tideglusib has 

been shown safe in humans with AD, but current clinical trials have not revealed significant 

clinical benefit (Lovestone et al., 2015). Lithium chloride which has long been used to treat 

bipolar disorder is also a GSK3 inhibitor. In MCI patients lithium treatment improved 

cognition, and in a cohort of AD patients stabilized cognitive measures (Forlenza et al., 

2011; Nunes et al., 2013). A phase II trial for treatment of FTLD-tau with lithium is 

currently ongoing (NCT02862210).

Blocking tau aggregation is another therapeutic approach that is being explored. Methylene 

blue blocks tau aggregation very effectively in vitro (Wischik et al., 1996), and prevents tau 

aggregation when given prophylactically to mice that are expressing full-length pro-

aggregant human tau (Hochgrafe et al., 2015). Although results from clinical trials with 

methylene blue derivatives have been variable, a recent study suggests that it may be 

therapeutic in mild AD cases, Further studies on the usefulness of methylene blue 

derivatives in treating AD and other tauopathies are needed (Wilcock et al., 2018).

Overall, it is clear that many tau-based strategies have been tested or are being tested for the 

treatment of AD and other tauopathies. Indeed, there are numerous tau-based therapies that 
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are currently in clinical trials (see clinicaltrials.gov). For a more complete review of tau 

based therapeutics see (Congdon and Sigurdsson, 2018).

Reducing tau levels by increasing tau degradation through non-immune mechanisms is 

another treatment strategy that is being considered, although these approaches have not yet 

been tested in humans. For example, increasing autophagy by trehalose treatment in a mouse 

model that overexpresses human P301S tau caused a reduction in tau pathology and 

neurodegeneration (Schaeffer et al., 2012). Although these results are encouraging, many 

more studies are needed to determine feasibility of this approach as a treatment strategy for 

AD. Another novel approach being considered is the use of PROTACs (PROteolysis 

TArgeting Chimeras) which are heterobiofunctional peptides that bind an E3 ligase and a 

target protein resulting in ubiquitylation and degradation by the 26S proteasome (Neklesa et 

al., 2017). In a recent study a PROTAC peptide that recruits the Keap1-Cul3 ubiquitin ligase 

complex to tau, was shown to enter cells and induce tau degradation in overexpression 

models (Lu et al., 2018). These preliminary data are intriguing, but clearly further research is 

required to determine if PROTACs could be used to facilitate tau clearance as a therapeutic 

strategy for AD.

7.3 RECENT UPDATES ON THE ROLE OF TAU IN DISEASE PROCESSES

In this section, we present several recent, cutting edge studies on the role of tau in disease 

pathogenesis. For more comprehensive reviews on the role of tau in AD and other 

tauopathies see (Bakota and Brandt, 2016; Bloom, 2014; Morris et al., 2011) among others.

Nucleocytoplasmic transport is essential for the maintenance of cell health and defects in the 

functioning of the nuclear pore complex have been reported to be contributing factors to the 

pathogenesis of amytrophic lateral sclerosis (ALS) and several other neurodegenerative 

diseases (Kim and Taylor, 2017). A recent study from the Hyman lab (Eftekharzadeh et al., 

2018) showed that phosphotau species interact with nucleoporins in AD brain and the 

nucleoporin Nup98 mislocalizes to the cytoplasm. Further, in in vitro studies Nup98 induced 

tau aggregation and increased the rate of tau fibril formation. Nuclear pore complex function 

is compromised in the tg4510 mice that dramatically overexpress human P301L tau, and 

suppressing tau levels by administering doxycycline ameliorated these deficits. Taken 

together, these data suggest that neurotoxicity of pathological tau species maybe due in part 

to impaired nucleocytoplasmic transport (Eftekharzadeh et al., 2018).

Although the presence of tau filaments characterize a number of neurodegenerative diseases, 

they do not all exhibit the same morphology. However, until recently, high resolution 

structures of these different tau filaments were not available. This all changed when cryo-

EM was used to provide a detailed description of the structure of straight filaments and 

PHFs from an AD case (Fitzpatrick et al., 2017). The core structure of PHFs and straight 

filaments is composed primarily of R3–R4 of tau, with eight β-sheets along the length of the 

protofilament, Further, PHFs and straight filaments are ultrastructural polymorphs that differ 

in their inter-protofilament packing. This polymorphism was found to be due to differences 

in the lateral contacts between the two protofilaments (Fitzpatrick et al., 2017). In a 

subsequent study, tau filaments from a Pick’s disease case were analyzed using cryo-EM. 

Filaments from the AD case contained both 3R and 4R tau; however, the Pick’s disease tau 
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filaments only contained 3R tau (Falcon et al., 2018; Fitzpatrick et al., 2017). The core of 

the tau filaments from the AD case compromised residues 254–378 of tau, while the tau 

filament core from the Pick’s disease case consisted of residues 306–378 and folded 

differently (Falcon et al., 2018). It was suggested that this novel fold in the Pick’s disease 

tau filaments may explain why 3R tau is enriched in Pick bodies, as well as the differential 

tau phosphorylation between AD and Pick’s disease (Falcon et al., 2018; Fitzpatrick et al., 

2017).

It is well-established that neuroinflammation is a key factor in the pathogenesis of AD 

(Heneka et al., 2015), but the upstream mechanisms have not been fully defined. In a recent 

study using a mouse model in which human P301S tau is overexpressed, it was 

demonstrated that neurons with tau inclusions aberrantly expose phosphatidylserine on their 

plasma membranes resulting in recognition and phagocytosis by microglia (Brelstaff et al., 

2018). This response is likely part of a homeostatic response which removes compromised 

cells to maintain the integrity of the tissue. However, in the context of neurodegenerative 

diseases, the removal of living neurons becomes a detrimental process and thus interventions 

that prevent this phagocytosis may be part of therapeutic treatment strategy for AD 

(Brelstaff et al., 2018).

8. FUTURE DIRECTIONS.

Over the past few years’ new directions in tau research have been opened and are yielding 

exciting and novel findings. With the opening of these novel vistas in tau biology, many new 

questions arise, a few of which are highlighted here. For example, there is a developing 

awareness that the release and uptake of tau is likely a physiological process, however the 

function of this transmitted tau is completely unknown. It is also apparent that there is 

localization of tau into dendrites in both physiological and pathological conditions. 

Although there have been initial studies on the targeting of specific tau species to dendrites 

and the functioning of tau in this neuronal subcompartment, more extensive studies are 

needed to fully understand the localization and function of tau in dendrites. These are 

especially important given the findings that in vivo tau plays a role in dendritic development 

and remodeling in response to different signals such as environmental enrichment and stress. 

In different model systems tau has been shown to be cleared through a number of different 

pathways; however, what is not known is how these different degradative mechanisms 

cooperate to maintain the appropriate levels of tau in vivo, and how the turnover of tau is 

regulated in the different cellular domains of a neurons (soma, axon, dendrites, synaptic 

compartments).Finally, a number of studies have begun to shed light on the role of the 

different N terminal domains of tau (0N, 1N and 2N), but further research is needed to fully 

understand the functions of these different splice variants of tau.

9. CONCLUSIONs

In summary, tau plays many key roles in the structure and function of brain cells, and in 

particular neurons. The functions highlighted in this review indicate that tau plays important 

regulatory roles in axons but also has other significant functions in dendrites and in the 

nucleus. Interestingly many, if not all tau functions are influenced by the different 
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posttranslational modifications; and if dysregulated could lead to a loss of their 

physiological function, giving rise to pathological conditions. Therefore, maintaining the 

physiological state and correct conformation of tau protein mediated by an appropriate 

balance of posttranslational modifications is necessary for the maintenance of healthy, 

functional nervous system.
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Abbreviations.

CNS central nervous system

PNS peripheral nervous system

AD Alzheimer disease

FTLD-tau frontotemporal lobar degeneration-tau

PSP Progressive Supranuclear Palsy

CBD Corticobasal degeneration, DM1, myotonic dystrophy type 1

Aβ Amyloid-β

HATs histone acetyltransferases

HDACs histone deacetylases

CHIP C-terminus of HSC70-interacting protein

UPS ubiquitin– proteasome system

HSC70 heat-shock cognate 70

PHFs Paired Helical Filaments

OGT Glucosaminyl transferase

OGA hexosaminidase O-GlcNAcase

PPIs Peptidyl-prolyl isomerases

PP2A Protein phosphatases 2A

SUMO small ubiquitin-like modifier proteins

AGEs advanced glycation end products

PKA cAMP-dependent protein kinase

PSA puromycin-sensitive aminopeptidase
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CMA chaperone-mediated autophagy

HDAC6 histone deacetylase-6

PAD Phosphatase-activating domain

FAT fast axonal transport

PP1 protein phosphatase 1

PRR pseudo repeat region

CHO Chinese hamster ovary, PIP2, phosphatidylinositol bisphosphate

GSK-3β glycogen synthase kinase 3β

NORs nucleolar organizer regions

CA1 Cornu Ammonis 1

DG dentate gyrus

MVBs multivesicular bodies

ESCRT endosomal sorting complex required for transport
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Figure 1. Domains and alternative splicing of tau protein.
The MAPT (microtubule-associated protein tau) gene is situated on the long arm of 

chromosome 17 at band site 17q21 and encodes to six tau proteins as product of alternative 

splicing in the adult human brain. These isoforms are splicing variants of exons 2, 3 and 10. 

Tau may express no N-terminal inserts, just exon 2 or exons 2 and 3. Exon 10, which 

encodes a microtubule binding repeat sequence, can either be spliced in or out generating tau 

with 4 repeats or 3 repeats, respectively. S indicates a DNA sequence encoding the protein 

saithoin between exons 9 and 10.

Tapia-Rojas et al. Page 45

Prog Neurobiol. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Post-translational modifications of tau.
Tau exhibits many different post-translational modifications including phosphorylation, 

glycosylation, acetylation, nitration, methylation, prolyl-isomerization, ubiquitylation, 

sumoylation and glycation. Phosphorylation is the most recurrent post-translational 

modification reported; however all these modifications can regulate tau binding to 

microtubules (MT), its metabolism, turnover or aggregation. Lower panel shows the tau sites 

that undergo post-translational modifications under physiological conditions.
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Figure 3. Physiological functions of tau.
Tau was initially identified as a protein that binds microtubules, and promotes microtubule 

polymerization and stability; however it is now evident that tau is a protein with multiple 

functions and that plays a number of different roles in cells including regulation of axonal 

transport, nuclear functions protecting DNA integrity; interactions with the actin 

cytoskeleton facilitating the formation of actin filaments; and regulation of NMDA receptor 

signaling through interactions with Fyn.
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Table 1.

Kinase phosphorylation sites of the Tau protein.

Target Action
Kinase

GSK-3 CdK5 JNK CK1 Dyrk1A AMPK MARKs PKA TPKI & II

Serine (S)

46 [3] - - - - - - - -

50 [3] - - - - - - - -

113 - - - [3] - - - - -

131 - - - [3] - - - - -

178 - - - - - - - - -

184 - - - A - - - - -

185 - [4] - [3] - - - - -

195 [2] [5] - - - - - - -

198 [2] [5] - A - - - [3] -

199 [2] [5] [6] [3] [9];[10] - - -
[15](I)

e

202 [1]; [2] [4]; [5] [6] [7];[8]/T205
b [9];[10] - - -

[16](II)
f

208 - - - [3] - - - [3] -

210 [3] - - - - - - - -

214 - -
[6]/T212

a [3] - - - [3];[14] -

235 [2]; [3] [5] - [3] - - - -
[16](II)

f

237 [2]; [3] - - [3] - - - - -

238 [2] - - [3] - - - - -

239 - [5] - - - - - - -

241 [3] - - A - - - - -

258 [3] - - [3] - - - [3] -

262 [2] - - [3] - - [12];[13] [14] -

285 [3] - [3] - - - - -

289 [3] - - [3] - - - - -

293 - - - - - - [12];[13] - -

296 - [5] [6] - - - - - -

305 [3] - - [3] - - - [3]

324 [3] - - - - - [12];[13] [3] -

341 - - - [3] - - - - -

352 [3] - - [3] - - - [3]

356 [2]; [3] - - [3] - - [3];[12];[13] - -
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Target Action
Kinase

GSK-3 CdK5 JNK CK1 Dyrk1A AMPK MARKs PKA TPKI & II

361 - - - [3] - - - - -

396 [1]; [2]; [3] [4] -
[7];[8]/S404

c [9];[10] [11]/S404
d - -

[15] (I)
e

400 [2]; [3] [5] - [3] [9];[10] - - - -

404 [1];[2] [4] [6] [7];[8]/S396
c [9];[10] [11]/S396

d - -
[16](II)

f

409 [3] - - - - - - [3];[14] -

412 - - - A - - - [3] -

413 - - - [3] - - - [3] [15](I)
e

416 - - - [3] - - - - -

422 - - [6] - [9];[10] - - - -

433 - - - [3] - - - - -

435 - - - [3] - - - [3] -

Threonine (T)

17 - - - [3] - - - - -

95 - - - [3] - - - - -

111 - [4] - - - - - - -

149 [3] - - [3] - - - - -

169 - - - [3] - - - - -

175 [3] [4] - - - - - - -

176 - - - - - - - - -

181 [2]; [3] [4] [6] - [9];[10] - - - -

205 [2] [5] [6] [7];[8]/S202
b [9];[10] - - -

[16](II)
f

212 [2] - [6] - [9];[10] - - - -

217 [2]; [3] [5] [6] - [9];[10] - - - -

220 [3] [5] - - - - - - -

231 [2]; [3] [4] [6] - [9];[10] [11] - -
[15] (I)

e

245 [3] - - - - - - [3]

263 - - - [3] - - - - -

361 - - - [3] - - - - -

373 [3] - - [3] - - - - -

386 [3] - - - - - - - -

403 - [5] - - - - - - -

a
T212 phosphorylation needed

b
Simultaneous phosphorylation by CK1

Prog Neurobiol. Author manuscript; available in PMC 2020 April 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Tapia-Rojas et al. Page 50

c
Simultaneous phosphorylation by CK1

d
Simultaneous phosphorylation by Dyrk1A

e
TPKI target

f
TPKII target
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Table 2.

Phosphatase dephosphorylation sites of the Tau protein.

Target Action Phosphatase

PP2B PP2A PP1 PP5

Serine (S)

178 - - - -

184 - - - -

185 - - - -

195 - - - -

198 - - - -

199 [1] - - [4](2nd)a

202 - [2]b - [4](2nd)a

210 - - - -

214 - - - [4](2nd)a

235 - - - -

237 - - - -

238 - - - -

239 - - - -

258 - - - -

262 [1]a - [3](33%)c [4](3th)a

289 - - - -

293 - - - -

296 - - - -

324 - - - -

356 - - - -

396 [1]a - [3](12%)c [4](2nd)a

400 - - - -

404 - - - [4](2nd)a

409 - - - [4](1st)a

413 - - - -

422 [1] - [3](31%)c -

Threonine (T)

69 - - - -

111 - - - -

175 - - - -

176 - - - -

181 - - - -

205 - [2]b - [4](1st)a

212 - - [3](40%)c [4](1st)a

217 [1] - [3](26%)c -
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Target Action Phosphatase

PP2B PP2A PP1 PP5

220 - - - -

231 - - - -

403 - - - -
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