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SUNTO. – La proteina neuronale tau, e le malattie neurodegenerative da essa causate
(taupatie), sono il cuore di questo contributo. Tau è descritta come proteina struttural-
mente disordinata, attraverso i suoi domini e le sue sei isoforme. Le mutazioni di tau
note, e le loro conseguenze sulla funzionalità di tau (distacco dai microtubuli, aggrega-
zione di tau in oligomeri solubili e poi in aggregati insolubili) sono elencate ad intro-
durre le taupatie ad esse riferibili. E’ descritta la natura e la frequenza di modifiche
post-traslazionali della proteina, spiegando il loro impatto – quando la regolazione fi-
siologica è alterata – sulla conformazione di tau e sulla sua localizzazione, seguite dal-
l’aggregazione patologica. Nel dettaglio, sono descritte la fosforilazione (regolatore ne-
gativo – inibizione necessaria), la glicosilazione con N-acetilglucosammina e l’isomeriz-
zazione cis-trans dell’epitopo pT231-P232 (regolatori positive – stimolazione necessa-
ria), spiegandone la connessione con le anomalie biochimiche di tau, e lo sfruttamento
come target molecolari per l’identificazione di piccole molecole capaci di prevenire o
bloccare l’avanzamento delle taupatie.

***
ABSTRACT. – The neuronal protein tau, and the related neurodegenerative diseases
named tauopathies, are thoroughly described here. Tau is characterized in terms of its
disorganized structure, of its isoforms, and of its structural domains. Tau mutations,
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and their consequences on the functions of tau (detachment from microtubules, aggre-
gation into soluble oligomers and insoluble aggregates), are mentioned to introduce a
set of ≈30 tauopathies. The pattern of post-translational modifications of tau is de-
scribed, to explain its impact – when disregulated – on the folding and mislocalization
of tau, followed by its aggregation. In details, tau hyper-phosphorylation (negative reg-
ulator, to be inhibited), N-Acetylglucosamine glycosylation and pT231-P232 cis-trans
isomerization (positive regulator, to be stimulated) are described in terms of their con-
nection to tau biochemical abnormalities, and of their exploitation as tauopathy-di-
rected molecular targets.

1. EPIDEMIOLOGY

If one looks at life expectancy, we seem to be moving in the right
direction [1]. Life expectancy at birth did not significantly vary from
the Neolithic (≈20 years) to Rome (between 20 and 30 years), to
medieval Britain (≈30 years) and even to early 20th century Britain (≈31
years). Improved sanitary conditions, disease prevention (e.g., vaccina-
tions) and treatment (e.g., antibiotics) have significantly increased life
expectancy, up to the 67.2 years value in 2010 [2]. Thus, the average
lifespan is steadily increasing.

Alzheimer’s Disease International (ADI) estimates in its 2013
report [3] that there are more than 35 million people with dementia
worldwide as of 2010, that the number will double by 2030 and tripli-
cate to 115 million by 2050. Numbers further increase when one takes
into account all neurodegenerative diseases (NDDs).

Treatment strategies for NDDs are inadequate. Limited benefits
come from compensation for neuronal loss by increasing levels of cor-
responding neurotransmitters in the central nervous system (CNS),
without directly slowing or halting neurodegeneration. Such sympto-
matic therapies offer temporary relief, but the ultimate NDD outcome
does not change. Is it good that our life expectancy steadily increases,
if existing treatments for NDD/ageing diseases only treat the symp-
toms, rather than addressing the cause and eradicating, or at least halt-
ing disease progression?

Pharmaceutical research and development (R&D) dealing with
CNS, and in particular with NDDs is extremely risky and expensive.
There’s no question about that, but other costs should also be consid-
ered to fully evaluate the financials of NDDs. ADI estimates that for
2010 the global cost of neurodegeneration, including medical costs and
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cost of formal (e.g., nursing homes and skilled nurses) and informal
(e.g., relatives) care, exceeds $600 billion (about 1% of world gross
domestic product), with disproportionatetly high costs in wealthy
countries [4]. The cost of providing care for AD patients in the US is
≈$200 billion per year in 2012, projected to grow to $1.1 trillion per
year by 2050 [5]. A detailed analysis [6] considers the global cost of so-
called “diseases of the brain” in Europe at € 798 billion in 2010 (37%
direct healthcare costs, 23% direct non-medical costs, 40% indirect
costs associated with patients’ production losses). Isn’t the conservative
figure of ≈$2 trillion – what we should spend in 2050 in global care for
NDD patients – enough to stimulate public funding agencies and the
public opinion to steadily invest in R&D?

1.1 Molecular Mechanisms

NDDs are a heterogenic set of diseases, and multiple therapeutic
intervention strategies can be conceived. Disease-modifying pathways,
that should prove beneficial in the treatment of several NDDs, include
oxidative [7] and nitrosative [8] stress, endoplasmic reticulum (ER)
stress [9], mitochondrial injuries [10], impaired protein degradation
[11], chaperone mis-functioning [12], inflammatory responses [13]
and heavy metal accumulation in the brain [14].

Aggregation-prone neuronal proteins are the core of NDDs. The
same protein aggregate may determine the insurgence of many NDDs.
Conversely, a single NDD may entail the simultaneous presence of
more than one protein aggregate. For example, extra-cellular senile
plaques (SPs) in the AD brain consist of b-amyloid/Ab [15], a family of
amyloidogenic peptides resulting from the cleavage by b- and g-secre-
tase of the amyloid precursor protein (APP) [16]. Intra-cytoplasmic
protein inclusions in familial and sporadic PD, in dementia with Lewy
bodies (DLB) and in multiple system atrophy (MSA) contain a-synucle-
in [17], an aggregation-prone small protein found predominantly in
neuronal tissue. Intra-neuronal protein inclusions in nine polygluta-
mine repeat (polyQ) diseases [18], such as HD, contain polyQ-contain-
ing proteins such as polyQ-huntingtin [19]. Therapeutically relevant
aggregation-prone proteins/NDD couples also include superoxide dis-
mutase-1 (SOD-1 [20])/amyotrophic lateral sclerosis (ALS); TAR DNA-
binding protein 43 (TDP-43 [21])/ALS; fused in sarcoma (FUS
[22])/ALS; and the prion protein (PrP, [23])/prion disease. A thorough

NEURODEGENERATIVE DISEASES AND TAU 281

18_Rendiconti_SCIENZE_Seneci.qxp_03 cerutti  28/12/15  11:15  Pagina 281



description of disease-modifying approaches targeted against >600
known NDDs, and consequently focused onto the physio-pathological
features of these aggregation-prone neuronal proteins, would largely
exceed the length of any review. We rather focus on the protein tau and
on a set of NDDs named tauopathies.

2. TAU AND TAUOPATHIES

2.1 Tau: Main Features

Tau is a highly soluble microtubule-associated protein (MAP) dis-
covered in 1975 [24] that promotes microtubule (MT) assembly. Tau is
mostly expressed in neurons in general, and axons in particular, ensur-
ing their structural integrity [25]. The almost total absence of second-
ary and tertiary structural elements in tau makes it an intrinsically dis-
ordered protein (IDP) [12]. The switch of IDPs between folding states
dynamically regulates their interaction with multiple partners through
high specificity/low affinity interactions, and modulates many cellular
processes and signalling pathways [26]. As to tau, tau-MT binding-
unbinding events control the stabilization or destabilization of MT seg-
ments to regulate neuritic growth and promote axonal transport [27].

Protein aggregation [28] is influenced by a number of physico-
chemical and biological factors in humans. The transition from a solu-
ble, functional protein to mis-folded, aggregation-prone species, and
eventually to ordered or disordered aggregates, is promoted by protein-
dependent (structural features, genetic or post-traslational modifica-
tions/PTMs) and protein-independent factors (cellular, environmental
stimuli) [29]. As to structural features, IDPs sample a larger conforma-
tional space, including several metastable, aggregation-prone confor-
mations. Proteinopathy-prone IDPs include Ab [30], a-synuclein [12]
and tau [31]. As to genetic modifications, point mutations may signifi-
cantly increase the aggregation tendency of a protein (i.e. the P301L
mutation in tau [32]). As to PTMs, they cause aggregation and pro-
teinopathies by influencing, inter alia, the solubility and the conforma-
tional stability of proteins (i.e the hyper-phosphorylation (HP) of tau
[33]). The aging process is the most common cause of protein aggrega-
tion [34], so much that the latter is a diagnostic marker for the former
process in living organisms [35]. Aging-dependent protein aggregation
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is a slow, continuous process determined by subtle chronic changes in
cellular components, that impact on pathology-unrelated and -related
proteins.

The single copy human tau gene MAPT, composed by 16 exons,
is located on chromosome 17 [36]. Alternative splicing produces up to
30 tau isoforms [37], six of which are expressed in CNS (Fig. 1). The
longer human brain tau isoform (2N4R, 441 aminoacids-AAs) contains
a basic C-terminal domain (AAs 244-441), including four MT-binding
repeats (MTBRs); a basic middle domain (AAs 151-243), containing
two proline-rich regions (PR), and an N-terminal domain (AAs 1-150).

Fig. 1.

Tau isoforms result from alternative splicing of exons 2, 3 (N-ter-
minal domain, 29 AAs in each domain, isoforms 2N, 1N and 0N) and
10 (C-terminal domain, 31 AAs, isoforms 4R and 3R). Six CNS iso-
forms are observed because exon 3 is expressed only in presence of
exon 2 [38]. Mutations in MAPT, resulting in familial tauopathies, are
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known. Missense mutations cause aminoacid variations in tau, while
silent mutations switch the physiological 4R:3R isoform ratio [39].
Exon 10 contains an MTBR, so that 4R isoforms show stronger binding
to MTs than 3R isoforms. Adult tau shows a ≈1:1 4R:3R ratio, a com-
promise between strong MT cohesion to secure neuronal integrity, and
morphological plasticity needed by dynamic MT-tau complexes. An
abnormal 4R:3R ratio in adult tau pools is invariably associated with
MT dysfunctions and tau protein aggregation [40].

As it happens for other amyloidogenic proteins, insoluble tau
aggregates/neurofibrillary tangles (NFTs) were long believed to be the
major determinants of neurotoxic effects in tauopathies [41]. Now it is
accepted that, while NFTs are presumably involved in tau toxicity, they
may even represent an endogenous rescuing mechanism to eliminate neu-
rotoxic, soluble oligomeric species from the neuronal environment [42].

Conversely, soluble tau oligomers are neurotoxic in a number of
preclinical environments [43,44], are found in the extra-cellular space
[45], and propagate from cell to cell in cellular [46] and in vivomodels
[47]. Neurotoxic tau oligomers are observed in patients suffering from
AD [48,49] or frontotemporal dementia and parkinsonism linked to
chromosome 17 (FTDP-17) [50]. They are observed at high concen-
trations in the frontal cortex of early AD patients (Braak stage 1)
before NFT formation, suggesting usefulness as pre-symptomatic diag-
nostics [51].

2.2 Tauopathies: Biochemical and Clinical Description

Each NDD showing intracellular accumulation of filamentous tau
inclusions into NFTs, and disease-dependent brain dysfunctions, is
defined as a tauopathy [52,53]. The identification of at least fifty-seven
tau mutations on chromosome 17 in patients affected by frontotempo-
ral dementia and parkinsonism linked to chromosome 17 (FTDP-17)
[54] proves that dysfunctions in tau cause tauopathies/NDDs without
any other neuropathological factor.

At least 27 tauopathies (Tab. 1) are known, including largely diffuse
and extremely rare NDDs. Tau aggregates are either the only neuronal
abnormality, or one of the main disease factors, or secondary inclusions
associated with other main pathologies. Tauopathies are divided in famil-
ial and sporadic NDDs, and in five classes depending on the neuropatho-
logical observation of tauopathy-specific tau aggregates [55].
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Tab. 1. – List of characterized tauopathies.
Tauopathy Inclusions Origind Class
AD Main/Ab S,Fd I
Amyotrophic lateral sclerosis/parkinsonism- Main/TDP-43 S I
dementia complex of Guam (ALS/PDC)
Argyrophilic grain disease (AGD) Tau only S II
Corticobasal degeneration (CBD) Tau only S,F II
Dementia pugilistica/Chronic traumatic Main/TDP-43, Ab S I
encephalopathy (CTE)
Diffuse neurofibrillary tangles with Main/TDP-43, S I
calcification (DNTC) a-syn
Down’s syndrome (DS) Main/Aba S I
Familial British dementia (FBD) Main/Ab-like, TDP-43 Fe I
Familial Danish dementia (FDD) Main/Ab-like Fe I
Frontal lobe dementia, non-AD non-Pick Lack of tau S 0
Frontotemporal dementia and parkinsonism Main/TDP-43, FUSb F I, II, III
linked to chromosome 17 caused by MAPT
mutations
Frontotemporal lobar degeneration caused Supportc/TDP-43, Fe I
by C9ORF72 mutations (FTLD-C9) p62
Gerstmann-Sträussler-Scheinker disease (GSS) Supportc/prion S I
Globular glial tauopathies (GGT)/White matter Tau only S II
tauopathy with globular glial inclusions
Guadeloupean parkinsonism with dementia Tau only S I
(Gd-PDC)
Guadeloupean PSP Tau only S II
Multiple system atrophy (MSA) Supportc/a-syn S I
Myotonic dystrophy (DM) Tau onlya Fe IV
Neurodegeneration with brain iron Supportc/TDP-43, Fe I
accumulation (NBIA)/Hallevorden-Spatz a-syn
disease/Pantothenate kinase-associated
neurodegeneration (PKAN)
Neurofibrillary tangle-predominant dementia Tau only S I
(NFTPD)
Niemann-Pick disease, type C (NPC) Tau onlya Fe I
Pick’s disease (PiD) Tau only S III
Postencephalitic parkinsonism (PEP) Main/Ab S I
Prion protein cerebral amyloid angiopathy Supportc/prion Fe I
(PrPCAA)
Progressive supranuclear palsy (PSP) Tau only S II
SLC9A6-related mental retardation Tau onlya S II
Subacute sclerosing panencephalitis (SSPE) Tau onlya S I
a, the main disease cause is not the proteinopathy/tauopathy; b, each pathology is typical of FTDP-
17 sub-classes, no overlapping proteinopathies; c, tau pathology has lesser importance than the
other proteinopathies; d, S=sporadic, F=familial; e, other proteins than tau are mutated.
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A single class 0 tauopathy is characterized by a lack of neu-
ropathological hallmarks of tau [55]. Class I tauopathies (eighteen) are
defined by the presence in insoluble HP tau aggregates of three major
tau bands at 60, 64 and 69 kDa, and of a less intense band at 72-74
kDa [55]. The 60 kDa band corresponds to the 0N3R isoform; the 64
kDa band corresponds to the 1N3R and 0N4R isoforms; the 69 kDa
band corresponds to the 2N3R and 1N4R isoforms; and the 72-74
kDa band corresponds to the longest 2N4R tau isoform. Class II
tauopathies (seven) are defined by the presence in insoluble HP tau
aggregates of two major tau bands at 64 and 69 kDa, and of a less
intense band at 72-74 kDa [55]. This profile corresponds to aggre-
gates composed in large part by 4R tau isoforms, as class II tau aggre-
gates are heavily stained by exon 10-specific antibodies [53]. A single
class III tauopathy is defined by the presence in insoluble HP tau
aggregates of two major tau bands at 60 and 64 kDa, and of a less
intense band at 69 kDa [55]. This corresponds to aggregates com-
posed in large part by 3R tau isoforms, as class II tau aggregates do
not stain in presence of exon 10-specific antibodies. A single class IV
tauopathy is defined by the presence in insoluble HP tau aggregates
of a single major tau band at 60 kDa, and of two less intense bands at
64 and 69 kDa [55]. This profile corresponds to aggregates composed
in large part by the smallest tau isoform 0N3R [53].

3. TAU AND POST-TRANSLATIONAL MODIFICATIONS (PTMS)

The basic-polar nature of tau supports its interaction with acidic
MTs, and favors PTMs on tau [56,57]. PTM patterns, and phosphory-
lation in particular, heavily influence the conformational stability, the
interaction network, and the physico-chemical properties (including
aggregation propensity) of tau [56].

3.1 Phosphorylation: Kinases, Phosphatases, GSK-3b

Phosphorylation of tau has a strong impact on its functions [58].
Out of 85 Ser, Thr and Tyr residues, more than 30 are mostly phospho-
rylated in non-diseased brains, around 15 in both physiological and
pathological conditions, and almost 30 are phosphorylated in AD
brains [56]. Tau varies its phosphorylation state depending on its local-
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ization [59] and on developmental stage, as fetal human tau is more
phosphorylated than adult tau [60]. Adult HP tau is a marker for tau
aggregation, and a risk factor for tauopathies [61]. HP fetal tau is high-
ly soluble and perfectly functional [62].The HP pattern in human brain
tissues from AD patients is different from human fetal tau. Namely,
residues S202, T212, S214, T217, T231, S262, S396, S404 and S422 are
linked to adult HP [63] as early, intermediate or late stage, tauopathy-
specific hyper-phosphorylated epitopes [64,65].

An updated, online-available Table [66] provides the phosphory-
lation specificity for 33 putative tau kinases. In pathological conditions
some of them may increase their activity on tau, and/or that the activity
of their phosphatase counterparts is reduced. Targeting a decrease of tau
HP is an assessed drug discovery approach against tauopathies, as sev-
eral tau kinase inhibitors have entered clinical trials [67].

In particular, glycogen synthase kinase 3 beta (GSK-3b� [68] phos-
phorylates in vitro up to 40 Ser and Thr residues [69], and is, together
with CK1, the most efficient kinase in phosphorylating tau. All but one
of phosphorylated residues found in control human brains, and the
majority (27 out of 45) of tauopathy-specific, HP epitopes of tau found
in brains from AD patients are phosphorylated in vitro by GSK-3b
[70]. Treatment of cultured cortical neurons with small molecule GSK-
3b inhibitors in a model of tau hyper-phosphorylation induced by
okadaic acid (OA, a protein phosphatase 2A inhibitor) [71] reverse the
OA-induced pathological tau pattern without any toxicity, i.e., without
inhibition of essential, physiological tau phosphorylation [71]. GSK-3b
also phosphorylates the Thr668 residue on the amyloid precursor pro-
tein (APP), hinting to a potential role for GSK-3b inhibitors as neuro-
protective-Ab anti-aggregant agents [72]. In vivo validation of GSK-3b
as a tauopathy-AD target is copious [73]. Transgenic mice bearing con-
ditionally expressed GSK-3b as such [74], or crossed with tauopathies-
inducing mutated tau isoforms [75], are known. They are considered
suitable tauopathy models to test GSK-3b inhibitors.

GSK-3b is considered a valuable therapeutic target since early
‘80s, and a steady flow of patents and papers dealing with hundreds of
compound classes as GSK-3b inhibitors started in the last decade [76],
and were recently reviewed [77,78].

Fig. 2 depicts the impact of phosphorylation and of other PTMs
on the dynamic equilibrium between native tau (folded, soluble
species) and HP tau (aggregation-prone species). Pro-aggregation
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PTMs acting on HP-tau and promoting the formation of insoluble tau
aggregates are also shown.

Fig. 2.

3.2 O-GlcNAcylation: Transferases, Hydrolases, OGA

O-glycosylation with N-acetylglucosamine (O-GlcNAcylation) is
essential for the regulation of proteins in physiological and pathological
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states [79]. O-GlcNAcylation negatively regulates tau phosphorylation
[80], prevents tau aggregation and the risk for tauopathies. A decreased
level of tau O-GlcNAcylation is observed in brains from AD patients,
as is correlation between tau hypo-GlcNAcylation and HP [81]. Thus,
an increase of O-GlcNAcylation on tau is a sound therapeutic goal.

OGT [82], an O-GlcNAc transferase, introduces an N-acetylglu-
cosamine moiety on up to 11 Ser and Thr residues of tau, and on more
than 500 other protein substrates. OGA [83], an O-GlcNAc hydrolase,
removes GlcNAc from the same residues/substrates in a dynamic equi-
librium. Several papers [84,85] review the mechanism of action, the
substrate specificity and the main properties of OGT and OGA. Either
an increase of OGT activity, or a decrease of OGA activity could lead
to an increase of tau O-GlcNAcylation. The latter is a more achievable
goal, as structure-based drug design of enzyme inhibitors is well docu-
mented in literature [86]. Thus, OGA has become the target of drug
discovery projects.

Most known OGA inhibitors are OGlcNAc mimics, as elucida-
tion of the substrate-assisted enzymatic mechanism [87] of OGA per-
mits their rational design-structural optimization-fine tuning. The avail-
ability of X-ray structures of human OGA homologues complexed with
inhibitors [88,89] provides inspiration for the rational drug design of
OGA-targeted inhibitors with selectivity against structurally related
hydrolases [83,90], as recently reviewed [91]. In vitro [92] and in vivo
[93] data using a selective OGA inhibitor did not alter glucose home-
ostasis, and hinted to a cleaner activity profile for such molecules. Thus,
the rationale for OGA inhibitors as PTM-correcting agents in neurode-
generation is strong.

3.3 Peptidyl-Prolyl Isomerization: Isomerases, Phosphatases, Pin1

Cis and trans conformations of the X-Pro amide bond strongly
influence the folding of Pro-rich protein regions [94]. Peptidyl prolyl
isomerization of one or more X-Pro amides in a protein may influence
the accessibility of a domain to PTM enzymes, with functional conse-
quences [95]. The middle region of tau contains two Pro-rich domains
and 21 Pro residues. The inhibition of X-Pro amide bond isomerization
on the pT231-P232 epitope is a pathology-related event which appears
in the early phases of tau pathologies [96]. The phosphorylated epitope
causes major conformational changes in tau, leading to the phosphory-
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lation of other pathological epitopes [97]. Its use as a diagnostic tool to
observe the progression of AD in cerebrospinal fluid (CSF) is suggest-
ed, due to a direct correlation between increased CSF levels and AD
severity [98]. Thus, pThr-Pro cis-trans isomerization of tau is a meaning-
ful target against tauopathies.

The parvulin PPIase Pin1 (peptidyl-prolyl cis/trans isomerase
NIMA interacting-1) [99] has specific PPIase activity on more than 50
protein sequences containing the pSer/pThr-Pro phosphorylated
dipeptide [100]. It regulates key cellular events involved in physiologi-
cal [101] and pathological processes [102]. Tau is the first Pin1 sub-
strate identified in neurons [103]. Pin1 targets-isomerizes the cis
pT231-P232 amide bond on tau, promoting its dephosphorylation cat-
alyzed by trans-specific phosphatase PP2A [104].

A Pin1-centered intervention in tauopathies should restore its
functions in diseased brain areas. Small molecule Pin1 enhancers are
not yet reported, and can not be easily conceived. Pin1 modulators, i.e.
small molecules acting on Pin1 regulators, could provide the same
result. A more druggable set of targets relies on PTMs of Pin1, and in
particular on the phosphorylation of two negative regulatory epitopes –
Ser16 and Ser71 – respectively by polo-like-kinase-1 (PLK1) [105] and
death-associated protein kinase 1 (DAPK1) [106].

Tau acetylation reduces the affinity of tau for MTs and has a pro-
aggregation effect [107]. It is observed in most patients suffering by
tauopathies [108], while acetylated tau is not observed in primary cul-
tured neurons [109]. Acetylation mostly takes place on Lys274 and
Lys280 residues in the MTBR [109]. The latter epitope is strongly asso-
ciated to sporadic AD and other tauopathies [110].

The proteolytic cleavage of tau [111] is promoted by its IDP
nature, that ensures the access of large tau regions to brain proteases
[112]. Epitope-specific phosphorylation promotes tau processing
[113], although inhibition of tau cleavage by phosphorylation of a spe-
cific residue is also observed [114]. Tau is cleaved in vitro by trypsin,
chymotrypsin, and endogenous proteases [115]. Tissue samples from
NDD patients contain tau fragments generated by caspases [116] and
calpains [117]. In particular, caspases cleave tau at Asp421 in AD
patients [118], producing the aggregation-prone/neurotoxic tau �C
fragment [119].

Tau glycation [120], nitration [121], polyamination [122], sumoy-
lation [123] and oxidation [124] have effects on tau functions, mis-fold-
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ing and aggregation, and may in future be fully validated as disease-
modifying therapeutic options against tauopathies.

4. CONCLUSIONS

The prevention-remediation of tbiochemical alterations of tau is a
therapeutically relevant target against tauopathies. While the restora-
tion of physiological PTM tau profiles is an assessed route, new ones
aim to refold tau and prevent its aggregation (chaperone intervention
[125]), or to dispose of misfolded soluble oligomers and insoluble
aggregates of tau (ubiquitin-proteasome degradation [126], autophagy
[127], aggrephagy [128]). Although still largely unclarified, it is reason-
able to assume that they will in some years generate a flow of clinical
candidates against tauopathies.
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