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Abstract. With predictions showing that 131.5 million people worldwide will be living with dementia by 2050, an under-
standing of the molecular mechanisms underpinning disease is crucial in the hunt for novel therapeutics and for biomarkers to
detect disease early and/or monitor disease progression. The metabolism of the microtubule-associated protein tau is altered in
different dementias, the so-called tauopathies. Tau detaches from microtubules, aggregates into oligomers and neurofibrillary
tangles, which can be secreted from neurons, and spreads through the brain during disease progression. Post-translational
modifications exacerbate the production of both oligomeric and soluble forms of tau, with proteolysis by a range of different
proteases being a crucial driver. However, the impact of tau proteolysis on disease progression has been overlooked until
recently. Studies have highlighted that proteolytic fragments of tau can drive neurodegeneration in a fragment-dependent
manner as a result of aggregation and/or transcellular propagation. Proteolytic fragments of tau have been found in the
cerebrospinal fluid and plasma of patients with different tauopathies, providing an opportunity to develop these fragments as
novel disease progression biomarkers. A range of therapeutic strategies have been proposed to halt the toxicity associated with
proteolysis, including reducing protease expression and/or activity, selectively inhibiting protease-substrate interactions, and
blocking the action of the resulting fragments. This review highlights the importance of tau proteolysis in the pathogenesis of
tauopathies, identifies putative sites during tau fragment-mediated neurodegeneration that could be targeted therapeutically,
and discusses the potential use of proteolytic fragments of tau as biomarkers for different tauopathies.
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INTRODUCTION

The microtubule-associated protein tau (MAPT)
undergoes a range of modifications in many differ-
ent types of dementia, classified as tauopathies, such
as Alzheimer’s disease (AD), corticobasal degen-
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eration (CBD) and progressive supranuclear palsy
(PSP) (reviewed by [1]). In tauopathies, tau loses its
physiological role of promoting microtubule (MT)
formation and cellular stability (reviewed by [2])
as a result of hyperphosphorylation. At the same
time tau exerts a pathological effect in the form of
both toxic tau oligomers [3] and other soluble tau
species [4] which are then incorporated into neu-
rofibrillary tangles (NFTs) [5]. Both tau oligomers
and NFTs are found in postmortem brain samples
from patients with tauopathies (reviewed in [6]).
The MAPT gene undergoes alternative splicing to
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produce six different central nervous system (CNS)
isoforms of tau (Fig. 1), which differ in the presence
of the N-terminal inserts N1 and N2 and the second
repeat domain (R2) (reviewed by [2]). N1, N2 and
R2 are encoded by exons 2, 3, and 10, respectively.
Mutations of the MAPT gene have been identified in
specific tauopathies, such as frontotemporal demen-
tia (FTD), and cluster in the repeat domains (reviewed
by [7]). Although the structure and role of tau in
disease have been extensively reviewed [2, 8-10],
this review will focus on tau proteolysis, the role
of tau proteolytic fragments in disease pathogenesis
and their potential use as biomarkers for diagnosing
different types of dementia and/or following disease
progression.

TAU PROTEOLYSIS

There are many different post-translational modifi-
cations (PTMs) that affect tau, including acetylation,
deamidation, glycation, glycosylation, isomerisation,
methylation, nitration, phosphorylation, proteolysis,
sumoylation and ubiquitylation (reviewed by [11]).
The different PTMs that map along the tau protein
and their role in disease have been summarised on
the online interactive tool (http://www.tauptm.org/)
[12]. PTM-specific antibodies have been charac-
terised using a range of different techniques and
sources of tau such as synthetic peptides, mouse brain
and induced pluripotent stem cell-derived human
cortical neurons [12]. Recently mass spectrometry
(MS)-based assays have been used to study the global
PTM profile of tau [13]. These PTMs can alter the
propensity of tau to aggregate and its ability to under-
take its physiological role. Phosphorylation is the
most characterised and investigated PTM of tau, due
to its ability to affect tau binding to MTs and the
presence of 45 phosphorylation sites along the length
of the protein. The increased levels of hyperphos-
phorylated tau in a number of tauopathies has been
thoroughly reviewed [14-16].

The proteolysis of tau has recently sparked much
research interest because of its ability to exacerbate
tau aggregation [17]. This is likely to occur due to
an initial disruption of the primary structure of tau
and/or the generation of neurotoxic tau fragments
(Fig. 2). PTMs of tau can destabilise its primary
structure preventing correct folding into the paper-
clip like tertiary structure (reviewed by [2]) and can
lead to the formation of aggregated tau species due
to a disordered quaternary structure (reviewed by

[18]). Proteolysis of tau could also play a beneficial
role within the cell via the clearance and recycling
of aberrantly modified pathological forms of tau
(reviewed by [19]). Fragments of tau have been found
in cerebrospinal fluid (CSF) and plasma of patients
with different tauopathies, making them potentially
novel biomarkers for disease progression (reviewed
by [20]). Proteolytic fragments of tau can be classified
by their cleavage site in full-length tau, their func-
tion, the responsible protease, their potential use as a
biomarker and their presence in disease as illustrated
in Table 1.

For ease of comparison, we use the numbering of
amino acids in the 2N4R (taug4) isoform of tau and
the P1-P;’ nomenclature of Schechter and Berger to
indicate the amino acids N-terminal and C-terminal
to the peptide bond that is cleaved [21]. Although
a number of different proteases have been identified
to cleave tau (Fig. 3A), many fragments of tau have
been found in the brain without an identified protease
responsible for their cleavage [22] (Fig. 3B). Here, we
first describe the proteases that have been identified to
cleave tau, along with the properties of the resulting
fragments. We then detail a few of the fragments that
have been identified in the brain but for which the
protease(s) responsible for generating them have yet
to be identified.

TAU PROTEASES
Calpains

The calpain family is comprised of fourteen differ-
ent cysteine-dependent proteases that are activated
by calcium binding to a specific site that is con-
served in all family members [23, 24]. Calpains are
endogenously inhibited by their own substrate, cal-
pastatin, which is able to avoid cleavage by the active
site of the protease [25]. The two most common
isoforms are calpain-1 and -2, which differ in their
response to calcium; calpain-1 is sensitive to micro-
molar concentrations whereas calpain-2 is sensitive
to millimolar concentrations of calcium (reviewed by
[26]). Calpain-1 and -2 both cleave tau [reviewed
by 19] and play opposing roles in the regulation
of synaptic plasticity and inducing neurodegenera-
tion [reviewed by 27]. Although calpains have been
implicated in the cleavage of tau for several years,
new insights have been uncovered recently regarding
cleavage of tau by calpains and the crucial role these
proteases play in disease.
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Fig. 1. Schematic of full-length human tau (2N4R; 441 amino acids) and the other 5 central nervous system isoforms produced due to
alternative splicing of the MAPT gene. Tau is divided into an N-terminal projection domain and a C-terminal microtubule-binding domain.
N1 and N2 are the N-terminal inserts, P1 and P2 are the proline-rich domains, R1, R2, R3 and R4 make up the repeat domain and R’

is the flanking domain. Within the repeat domain there are two sequences required for aggregation of the tau protein, 2’>VQIINK?8 an

d

306vQIVYK3!!, Letters refer to the single amino acid code while the number refers to the position along the length of the taugy; isoform.
The splicing name is provided on the left-hand side and these contain 0, 1 or 2 N-terminal inserts and 3 or 4 repeat domains. Figure adapted

from [143-145].
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Fig. 2. Schematic of tau proteolysis and its contribution to tauopathy pathogenesis. The physiological role of tau is binding to microtubules
and supporting their function, during tauopathy pathogenesis, proteases cleave both 3- and 4-repeat tau into fragments which have been
shown to be neurotoxic. Proteolytic fragments of tau can have an increased propensity to be phosphorylated and aggregate into neurofibrillary
tangles. Proteolytic cleavage of tau can cause its detachment from the microtubule potentially leading to microtubule collapse (loss of normal
function). Neurotoxic fragments, neurofibrillary tangles and other aggregated species such as oligomers and the collapse of microtubules
(gain of toxic function) all contribute to the synaptic and neuronal loss underpinning tauopathy-associated neurodegeneration.
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Calpain-1 is a major therapeutic target for a range
of neurodegenerative disorders, including Hunting-
ton’s disease and Parkinson’s disease (PD) (reviewed
by [28]). Calpain-1 levels were significantly elevated
in AD cortical brain tissue from Braak stages III to
VI compared to control samples [29]. Due to com-
pensatory mechanisms within the cell, increases in
overall calpastatin levels were observed, the bulk of
which was in the inactive form, indicative of cal-
pastatin being proteolytically cleaved by calpain-1
resulting in its inactivation [29]. Upregulation of
both calpain-1 and calpastatin preceded an increase
in tau phosphorylating kinases [29]. The relation-
ship between calpains and calpastatin is crucial, as
shown by the transgenic (Tg) JNPL3 mouse model of
tauopathy (P301L tau), which has reduced endoge-
nous calpastatin levels compared to controls [30].
Increasing active calpastatin levels in the JNPL3 mice
led to a 3 month lifespan extension, likely due to
calpastatin inhibiting calpains which subsequently
prevented the production of toxic calpain-cleaved tau
fragments [30].

Much of the interest surrounding calpain cleavage
of tau has focused on the 17kDa tauys-239 fragment,
produced due to cleavage by calpain-1 at K44-E45
[32] and calpain-1 [33] or -2 [34] at R230-T231.
Specific effects of the fragment were elucidated by
the development of a mouse model overexpressing
taugs-230, which had significantly increased hip-
pocampal pyramidal cell death and synaptic loss, as
early as 6 months of age [35]. Alongside the cellu-
lar phenotypes, behavioural abnormalities were noted
with significantly increased freezing response in the
fear conditioning test [35]. Taugs-239 was also shown
to impair both anterograde and retrograde organelle
transport, which could help to explain how it exerts
its neurotoxic effects [36]. Which calpain cleaves
at R230-T231 in vivo is still unclear, since both
calpain-1 [33] and -2 [34] have been shown to cleave
this peptide bond in vitro. Recent data showed that tau
is also cleaved by calpain-1 at R242-1.243 produc-
ing a 24kDa C-terminal fragment (CTF), taup43-441
[37]. Taupa3-441 increased with aging in a tauopa-
thy mouse model (Tg601; wild-type human tau) and
CTFs between 20 and 28kDa were present in AD and
familial FTD brain samples [37]. Tau43-44] was able
to efficiently propagate to other tau expressing cells,
resulting in the seeding of further aggregation and
phosphorylation of tauss; [37]. Taupsz-441 is likely
to be the original fragment seen by Park and Ferreira
(2005) excluding cleavage at K44-E45, however, fur-
ther biochemical assays are needed to clarify the

exact fragment produced and the protease responsi-
ble. Interestingly, build-up of tauy4; is able to activate
calpain-2 leading to the degradation of the nicotinic
acetylcholine receptor subunit a4 [38], which plays a
crucial role in cholinergic signalling, one of the first
pathways affected in AD pathogenesis. Tausq; activa-
tion of calpain-2 is indicative of a positive-feedback
loop, which leads to increased cleavage of tau into
neurotoxic fragments.

Caspases

Mammalian caspases play a critical role in
driving apoptosis and inflammation. The caspase
family is comprised of twelve different cysteine-
dependent proteases that cleave substrates when
aspartic acid is at the P; position (reviewed by
[39]). Cleavage of tau has been observed at the
following peptide bonds D13-H14 [40], D25-Q26
[41], D314-L315 [42], D402-T403 [43], and D421-
S422 [44] by different members of the caspase
family [reviewed by 19]. Tau fragments produced
due to cleavage at D314-L315 [42], D402-T403
[43] and D421-S422 [44] have been found in AD
brains.

Caspase-2, a protease known to initiate the acti-
vation of other caspases, cleaved tau at D314-L315
resulting in the production of a soluble, toxic N-
terminal fragment (NTF), termed tau;-314 (Atau314)
[42]. Whether this cleavage event is truly signifi-
cant is still controversial as caspase-2 was shown to
preferentially cleave recombinant tau at D421-S422
compared to D314-L315, however, this discrepancy
may be due to the nature of the recombinant prepa-
ration [42]. In the regulatable Tg4510 (rTg4510)
mouse model of tauopathy (human tau; P301L),
taui-314 detached from MTs and invaded healthy den-
dritic spines leading to disrupted synaptic signalling,
but toxicity and spatial memory deficits were only
observed when tau;-314 promoted the dendritic spine
mislocalization of full-length tau [42]. These mem-
ory deficits could be ameliorated through the use of
anti-caspase-2 morpholino oligonucleotides, which
reduced caspase-2 levels by approximately 33% [42].
Tau;-314 was found to be elevated in mild cogni-
tive impairment (MCI) and AD brains compared to
healthy controls [42].

One of the effector caspases, caspase-3, that is acti-
vated by initiator caspases, such as caspase-2, cleaves
tau at D25-Q26 [41] and D421-S422 [44]. Cleavage
at D421-S422 results in the production of the NTF,
tauj-421 (Tau-C), initially thought to be specific to



Table 1

Known fragments of tau and their cleavage site, responsible protease, function, use as a biomarker and presence in disease

Fragment Cleavage site Function Protease if known Biomarker use Disease presence

1-13 D13-H14 Unknown Caspase-6 [40]. Unknown Unknown

14441 D13-H14 Possible role in tangle maturation Caspase-6 [40]. Unknown Unknown

[134].
1-25 D25-Q26 No toxicity observed when Caspase-3 [135]. Unknown Unknown
overexpressed in neurons [135].
26-230 (20-22kDa D25-Q26 and Enriched in synaptic mitochondria and Caspase-3 [135] and Calpain-1 Increased CSF levels in AD and Present in AD11 mice [41]
fragment) R230-T231 binds to AP peptides, exacerbating [33] and -2 [34]. non-AD associated dementia and in AD, DLB and PD
mitochondrial dysfunction [136]. compared to cognitively patient brains [136].
Caused NMDAR-mediated cell unimpaired neurological disease
death in rat CGCs [135]. patients [128]. However, no
correlation was seen between the
CSF 20-22kDa fragment and
cognitive decline [128].

1-314 (Atau314) D314-L315, Lower propensity to aggregate Caspase-2, however, in vitro data ~ Unknown Elevated in brains of
unknown whether compared to taugq;. Exerts its suggests it preferentially cleaves rTg4510 mice [42]. Also
it undergoes effects on P301L tau, causes it to at D421-S422 instead [42]. found to be increased
further N-terminal infiltrate dendritic spines, impair compared to control in
cleavage [42]. synaptic transmission and drive brains from both MCI

hippocampal neuronal loss, and AD patients [42].
particularly in the CA1. Tau;-314

alone not sufficient to affect

memory or synaptic function [42].

315-441 D314-L315 Unknown Caspase-2 [42]. Unknown Unknown

26-44 D25-Q26 and Caused NMDAR-mediated cell death ~ Caspase-3 [135] and calpain-1 Unknown Unknown
K44-E45 in rat CGC’s [135]. [32].

144 K44-E45 Caused NMDAR-mediated cell death ~ Calpain-1 [32]. Unknown Unknown

in rat CGC’s [135].

45-441 K44-E45 Unknown Calpain-1 [32]. Unknown Unknown

1-152 A152-T153 Unknown ADAMIO [78]. Unknown Unknown

153-441 (Tau-A) A152-T153 Unknown ADAMIO [78]. Found in serum from patients with  Found in serum from

AD and inversely correlates with rTg4510 mice as well as
cognitive test scores [78] and patients with
health risk factors [133]. mild-moderate AD [78].
1-156 G156-A157 Caused NMDAR-mediated cell death  Unknown Unknown Unknown
in rat CGC’s [135].
1-155 R155-G156 Unknown Purified human thrombin Unknown Unknown
incubated with PHF tau
extracted from AD brains
resulted in cleavage at multiple
peptide bonds [137].
156-441 R155-G156 Unknown Thrombin [137]. Unknown Unknown

(Continued)
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Table 1
(Continued)
Fragment Cleavage site Function Protease if known Biomarker use Disease presence
156-209 R155-G156 and Unknown Thrombin [137]. Unknown Unknown
R209-S210
210-441 R209-S210 Unknown Thrombin [137]. Unknown Unknown
210-230 R209-S210 and Unknown Thrombin [137], Calpain-1 [33] and -2 [34]. Unknown Unknown
R230-T231
231-441 R230-T231 Unknown Thrombin [137], Calpain-1 [33] and -2 [34]. Unknown Unknown
1-197 (Projection Y197-S198 Unknown Chymotrypsin [138]. Unknown Unknown
domain)
198441 (MT-binding Y197-S198 Unknown Chymotrypsin [138]. Unknown Unknown
domain)
3-230 A2-E3 and Unknown Calpain-2 [34] and thrombin [137], Calpain-1 [33] Unknown Unknown
R230-T231 and -2 [34].
45-230 (17kDa K44-E45 and Transgenic tauys-239 mice expressing this Calpain-1 [32] and thrombin [137], Calpain-1 [33] Unknown Present in AD, CBD
fragment) R230-T231 fragment exhibited synapse loss and and -2 [34]. and PSP, but not seen
behavioural abnormalities [35]. Impairs in control brain
organelle transport [36]. samples [139].
1-242 R242-1.243 Unknown Calpain-1 [37]. Unknown Unknown
243-441 (Tau-CTF24) R242-1.243 Accelerates intracellular propagation of tau Calpain-1 [37]. Yes Increased with age in
and has reduced capacity for promoting MT Tg601 mice brains
assembly compared to taugs; [37]. [37]. Present in brains
from AD and familial
FTLD containing the
tau mutation (N279K)
[37].
125-230 Q124-A125 and Fragment not toxic [34]. Calpain-2 [34] and thrombin [137], Calpain-1 [33] No Present in some AD and
R230-T231 and -2 [34]. control brains [34].
3-124 A2-E3 and Unknown Calpain-2 [34]. Unknown Unknown
Q124-A125
1-255 N255-V256 Failed to induce MT polymerization and AEP [80]. No No
aggregate into PHFs; however, tauj-»55 had
strong AT8 (phosphorylated tau at S202 and
T205) immunoreactivity [80].
256441 N255-V256 Greatly reduced ability to induce MT AEP [80]. No No
polymerization but tausse-441 had increased
propensity to aggregate into PHFs
compared to taugq; [80].
256-368 N255-V256 and Triggered substantial apoptosis compared to ~ AEP [80]. No No

N368-K369 other AEP-cleaved tau fragments or taugy .
Moderately increased MT polymerization,
as well as increased propensity to aggregate

into PHFs compared to taugs; [80].



1-368

369-441

1-402 (TauACasp6)

403-441
1-421 (Tau-C)

422-441
151-421 (Atau)

2-441
11-441
12-441

103-441

N368-K369

N368-K369

D402-T403

D402-T403
D421-S422

D421-S422
K150-1151 and
D421-S422

MI1-A2

V10-M11

MI11-E12

T102-A103

Reduced ability to induce MT
polymerization and triggered
substantial apoptosis compared to other
AEP-cleaved tau fragments or taugy .
Increased propensity to aggregate into
PHFs compared to taug4; and tau;-3eg
also had strong AT8 immunoreactivity

[80].

Unable to induce MT polymerization and

aggregate into PHFs [80].

Unknown but acts as a marker of
caspase-6-induced neurodegeneration

[57].

Unknown
Faster aggregation rate and forms twice
the amount of filament mass compared
to taugq; [44]. Cells expressing tauj-421
have mitochondria with fragmentation
phenotypes [140], increased caspase-3
activity and cell toxicity [141].

Unknown
Co-expressing taujsj-421 and human
tauys) in mice led to tau aggregation
and disruption of axonal transport,
mitochondria, Golgi apparatus and
synaptic proteins [100]. Co-expression
led to severe paralysis within 3 weeks
which could be prevented by stopping
taujsi-421 expression [100].

Unknown

Increased a-tubulin acetylation compared

to taugq; [22].

Unknown

Unknown

AEP [80].

AEP [80].

Caspase-6 [43].

Caspase-6 [43].

Caspase-1, -3, -6, -7 and -8 [44].

Caspase-1, -3, -6, -7 and -8 [44].

Caspase-1, -3, -6, -7 and -8 cleave at
D421-S422 [44] but the protease that
cleaves at K150-1151 is unknown.

Unknown

Unknown

Unknown

Unknown

No

CSF fragment levels
distinguished AD from
control [53].

Unknown

Taui-42; alone not
sufficient as serum
based biomarker for
AD (p=0.06) but
significant when
combined with
tau;s3-441 (p=0.006)
[132].

Unknown

Taui-421 has been used as
a biomarker [132] but
fragments produced
due to cleavage at
K150-1151 have not.

Unknown
Unknown
Unknown

Unknown

Only AEP-cleaved tau
fragment present in
AD but not found in
control brains [80].

No

Correlates with tau
pathology in human
AD olfactory bulb
brain sections [57].

Unknown

Found associated with
NFTs in AD brains
[44, 142]. Found
increased in AD,
FTD-tau and PSP
compared to control
brain samples [45].

Unknown

Tauj-421 has been found
associated with NFTs
in AD brains [44,
142]. Tauj-421
increased in AD,
FTD-tau and PSP
compared to control
brain samples [45].
Fragments produced
due to cleavage at
K150-1151 unknown.

AD and control brains
[22].

AD and control brains
[22].

AD and control brains
[22].

AD and control brains
[22].

(Continued)
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Table 1
(Continued)
Fragment Cleavage site Function Protease if Biomarker use Disease presence
known

124441 T123-Q124 Cells expressing taujo4-441 had increased Unknown Unknown AD and control brains [22].

a-tubulin acetylation, stronger binding to

MTs and less sensitive to depolymerisation

compared to taugq; [22].
127441 R126-M127 Unknown Unknown Unknown AD and control brains [22].
172441 1171-P172 Unknown Unknown Unknown AD and control brains [22].
174-441 A173-K174 Unknown Unknown Unknown AD and control brains [22].
224441 P223-K224 Unknown Unknown Unknown AD and control brains [22].
238441 S237-S238 Unknown Unknown Unknown AD and control brains [22].
240441 A239-K240 Unknown Unknown Unknown AD and control brains [22].
259-441 S258-K259 Unknown Unknown Unknown AD and control brains [22].
261-441 1260-G261 Unknown Unknown Unknown AD and control brains [22].
280-441 N279-K280 Unknown Unknown Unknown AD and control brains [22].
306441 S305-V306 Unknown Unknown Unknown AD and control brains [22].
308441 Q307-1308 Unknown Unknown Unknown AD and control brains [22].
309441 1308-V309 Unknown Unknown Unknown AD and control brains [22].
311441 Y310-K311 Unknown Unknown Unknown AD and control brains [22].
331441 H330-K331 Unknown Unknown Unknown AD and control brains [22].
1-391 E391-1392 Increased aggregation propensity and Unknown Unknown Present at a late stage of

increased nucleation efficiency compared to aggregation into NFT's [98].

taugq; [96].
392-441 E391-1392 Unknown Unknown Unknown Unknown
395441 Y394-K395 Unknown Unknown Unknown Unknown
C-terminal tau35 Cleaved Causes a mouse model to exhibit defective Unknown Unknown Tau35 seen in the brains of

fragment somewhere motor function and spatial learning deficit. patients with AGD [91],
between P182 Induces alterations in kinase activity, CBD, FTD [92], PSP [93],
and R194 [92]. lysosomal and synaptic function [94]. but not in AD [92].

AR, amyloid-B; AD, Alzheimer’s disease; ADAMI10, a disintegrin and metalloprotease; AEP, asparagine endopeptidase; AGD, argyrophilic grain disease; CBD, corticobasal degeneration;
CGC, cerebellar granule cells; DLB, dementia with Lewy bodies; FTD, frontotemporal dementia; MCI, mild cognitive impairment; MT, microtubule; NFT, neurofibrillary tangles; NMDAR,
N-methyl-D-aspartate receptor; PHF, paired-helical filament; PD, Parkinson’s disease; PSP, progressive supranuclear palsy; Tg, transgenic.
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Fig. 3. Schematic of human taus4; showing the currently identified proteolytic cleavage sites. A) Proteolytic cleavage sites in tau indicated
by the P;-P;’ residues with the protease responsible indicated. Caspase-6 [40, 43, 44, 53], caspase-3 [41, 44], calpain-1 [32, 33, 37], a
disintegrin and metalloprotease 10 (ADAMI10) [78], initial thrombin cleavage site [137], chymotrypsin [138], calpain-2 [34], human high
temperature requirement serine protease Al (HtrA1) [69], asparagine endopeptidase (AEP) [80], acetylation induced auto-proteolysis sites
[87], caspase-2 [42], caspases-1, -7, and -8 [44]. B) Identified cleavage sites in tau where the protease responsible has yet to be identified.

Data from [22] and cleavage at E391-1392 [98].

AD brains [44], however, links to other tauopathies,
such as PSP have been recently uncovered [45]. The
pro-apoptotic and caspase-3 activator, appoptosin
[46], is upregulated by an unknown mechanism in
PSP through a single nucleotide polymorphism near
the myelin-associated oligodendrocyte basic protein
gene (rs1768208C/T) [47]. The T allele, not the
C allele, was shown to boost appoptosin expres-
sion leading to increased caspase-3 and tauj-s42;
in the PSP cortical neuron samples [45]. The T
allele frequency in the small PSP case cohort was
0.77 (n=26) and 0.32 in the control (n=22) [45].
To elucidate appoptosin pathological pathways, the
authors overexpressed appoptosin in rat primary cor-
tical neurons. These neurons showed increased levels
of tau aggregation and increased susceptibility to
cell death, which could be exacerbated by treat-
ment with amyloid-B (AB) or the mitochondrial
protein regulator, mitochondrial processing pepti-

dase [45]. To test appoptosin effects in vivo, JNPL3
mice were injected with an adeno-associated virus
containing appoptosin. These mice exhibited bio-
chemical and motor defects which could be halted
by the use of the selective caspase-3 inhibitor, Z-
DEVD-FMK [45]. Appoptosin and tauj-421 levels
were increased in postmortem frontal cortex samples
from both AD and FTD with tauopathy, suggest-
ing this pathway is common across a range of
tauopathies [45].

Tauj-42; has increased
compared to tauqq; [44],
tional changes detectable by the MC1 antibody
[48], which is specific to a partially folded, pre-
paired helical filament (PHF) conformation of tau.
This conformational change was interrogated in
the murine neuroblastoma Neuro-2A cell line and
could be exacerbated by treatment with caspase-
activating cell stressors, such as staurosporine, and

aggregation propensity
resulting in conforma-



22 J.P. Quinn et al. / Tau Proteolysis in Tauopathies

inhibited through the use of the caspase inhibitor
Z-DEVD-FMK [48]. In order to look at the effect
of this fragment in vivo, a ON4R tau expressing
Tg mouse was developed, which lacked the 20 C-
terminal amino acids (tau;j-3g3; TauC3), equivalent
to 2N4R tauj-421 [49]. Expression of tauj-3¢3 was
predominantly localised to the CA3 region of the
hippocampus and layers I and II of the cerebral cor-
tex [49], but was not observed in wild-type mice.
The tau;-3¢3 expressing mice did not display signif-
icant neurodegeneration or inflammation, however,
they exhibited learning and memory impairments, as
early as 40 days of age [49], stressing that this frag-
ment may drive early cognitive impairment but may
require other proteins, such as Af, to elicit further
neurodegeneration. Tauj-4o; forebrain levels in aged
wild-type male mice correlated with NFT formation
and swim maze test-assessed cognitive decline [50].
Young cognitively impaired mice were also found
to have tauj-42; in their forebrain [50]. Along with
its presence in mouse models and human tauopathy
brain samples, tau;-421 has been shown to co-localise
with caspase-3 within amyloid plaques, blood vessels
and NFTs in samples taken from vascular dementia
cases [51].

Another effector caspase, caspase-6, is sufficient to
cause axonal degeneration, via the proteolytic cleav-
age of key cytoskeletal proteins, such as o-tubulin
and tau [52]. Caspase-6 cleavage of tau at D402-T403
results in the production of the NTF, tau;-492, which
has been tested as a CSF biomarker for AD [53].
Caspase-6 is upregulated in aging, MCI, sporadic
and familial forms of AD, while closely associ-
ating with pathogenic markers such as NFTs and
amyloid plaques [54, 55]. Alongside elevated lev-
els in the CA1 of the hippocampus and entorhinal
cortex, as a key driver of early memory impair-
ments [56], caspase-6 and tauj-40p are present in the
anterior olfactory nucleus of the olfactory bulb, cor-
relating with tau but not A pathology [57]. The
anterior olfactory nucleus, which is critical for the
ability of the olfactory bulb to identify odours, is
one of the first areas to be affected during AD pro-
gression and suffers high levels of neuronal loss
[58, 59]. Caspase-6 levels in the anterior olfactory
nucleus inversely correlated with cognition, while
positively correlating with disease progression [57].
The authors posited that high levels of caspase-6,
originating in the anterior olfactory nucleus, could
propagate degeneration to the entorhinal cortex lead-
ing to the early memory impairments observed
in AD [57].

Cathepsins

There are fifteen different cathepsins belonging
to the C1 family of papain-like proteases that are
ubiquitously expressed within, and responsible for
degradation of proteins in, lysosomes, and are fur-
ther classified by their cleavage specificity, exhibiting
either asparagine, cysteine or serine-dependent prote-
olysis [reviewed by 60]. The lysosomal pathway can
become dysregulated during different types of neu-
rodegeneration resulting in leaky lysosomal mem-
branes [61, 62], leading to the release of lysosomal
proteases (reviewed by [63]). Alongside lysosomal
expression, cathepsins are also found in various other
cellular compartments, such as the nucleus and cyto-
plasm, as well as being localised extracellularly
[reviewed by 64], increasing their potential to inter-
act with tau. The role of cathepsins in aging and
neurodegeneration has recently been reviewed [64].

Cathepsins B, D, and L have been proposed to
proteolytically cleave tau. Cathepsin B has been
shown to associate with intracellular NFTs and its
expression is elevated surrounding amyloid plaques
[65], however, no direct evidence has been found
for the proteolysis of tau by cathepsin B. Cathep-
sin D was shown to cleave recombinant tau at
F8-E9, M419-V420 and L436-A437, with another
potential cleavage site at either T427-L.428 or L428-
A429 and further additional cleavage sites in the
regions D34-G161,P200-K257 and K267-D358 [66].
Interestingly, phosphorylation of tau exacerbated its
proteolytic degradation [66]. Cathepsin L can cleave
the mutated aggregation-prone MT-binding domain
fragment of tau (taup44-372 without K280; taurp AK)
in Neuro-2A murine cells [67]. Cleavage of taurp AK
by cathepsin L is dependent on initial cleavage by an
unidentified cytosolic protease at K257-S258 produc-
ing taupsg-372, F1, which is subsequently cleaved by
cathepsin L at V363-P364 producing taujsg-363, F2,
which in turn is then cleaved at I360-T361 to produce
taupsg-360, F3 [67]. Taussg-372 is unable to enter the
lysosome and attaches to the lysosomal membrane
where it is cleaved into taunsg-3¢3 and taupsg-3e0,
which can induce aggregation of intact taurp AK and
full-length tau coinciding with lysosomal leakage in
the Neuro-2A cells as shown by cytosolic release of a
lysosomal hydrolase [67]. The presence of cathepsin-
cleaved tau fragments in the brains of patients with
AD and other tauopathies has yet to be identified,
underlying the importance of further work to unravel
the pathophysiological relevance of these fragments
in human tauopathies.
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Human high-temperature requirement serine
protease Al (HtrAl)

Human high-temperature requirement serine pro-
tease Al (HtrAl) is one of the four HtrA family
members, which are all ATP-independent serine pro-
teases, that play key roles in protein quality control
[reviewed by 68]. HtrA1 cleaves tau within the region
essential for aggregation, between residues A239 and
V399, with a preference shown for leucine, valine
and isoleucine at the Py position, producing 45 dif-
ferent fragments ranging between 8 and 22 amino
acids in length [69]. High levels of HtrA1 correlated
with decreased tau, NFTs and amyloid plaques in
contralateral frontal cortex AD samples; no such cor-
relation was observed in control patient brains [69].
HtrA1 was later shown to act in a two-step mecha-
nism; initially untangling tau fibrils to expose sites for
subsequent cleavage, suggesting that HtrA1l plays a
crucial role in initiating tau degradation and prevent-
ing aggregate formation [70].

Recently, HtrA1 has been shown to cleave differ-
ent members of the lipid transporting apolipoprotein
E (ApoE) family [71], one of the major genetic risk
factors for sporadic AD, with the ApoE4 variant con-
ferring increased risk for AD compared to ApoE3
[reviewed by 72]. This cleavage event occurs in an
allele specific manner, with ApoE4 being cleaved
more efficiently than ApoE3 [71]. This was then
shown to have implications for tau degradation, as
HtrA1 cleavage of tau was impaired to a much greater
extent by ApoE4 compared to ApoE3, likely due to
an allele-dependent competition with tau for degra-
dation by HtrA1 [71].

Puromycin-sensitive aminopeptidase (PSA)

Puromycin-sensitive ~ aminopeptidase ~ (PSA)
localises predominantly within the cytoplasm of
neuronal cells and was not detected within glial
cells [73]. Genomic screens in P301L mice and in
Drosophila determined that PSA was able to protect
against tau aggregation-induced neurotoxicity [74].
Surprisingly for a protease with aminopeptidase
action, recombinant human PSA purified from E.
coli cleaved recombinant tau within 4 h, reducing
it to approximately 65% of its original size, and
within 16 h tau was completely digested [74]. This
cleavage was inhibited with the PSA inhibitor,
puromycin and a general aminopeptidase inhibitor,
bestatin [74]. Further work by Sengupta et al., 2006
[75] showed that PSA cleaved recombinant human

taugq; at D13-H14 [75] which is also a known
caspase-6 cleavage site [40]. PSA was more efficient
in digesting soluble human tau from control brains
compared to both soluble and phosphorylated tau
from AD brains [75].

However, Chow et al., 2010 [76] have shown that
PSA does not directly cleave tau and proposed that it
was cleaved as a result of contaminants in the PSA
preparations. In contradiction to previous work [74,
75], MS showed that purified PSA from Sf9 cells
cleaved tau internally within the MT-binding domain
which is atypical for an aminopeptidase and that pro-
teolysis was not blocked by puromycin or bestatin
[76]. To test whether this was specific only to this
preparation, three more PSA preparations from dif-
ferent sources were generated, however, none of these
could cleave tau [76]. No reduction in full-length
tau, or the production of any PSA-cleaved tau frag-
ments, was observed in HEK-293 cells transfected
with both PSA and tauy4; [76]. The authors suggest
that an endogenous protease from the Sf9 cells con-
taminated the preparation and was responsible for the
proteolytic cleavage of tau [76]. However, it is impor-
tant to note that increased expression of PSA is seen
in FTD patient brains compared to controls [74], sug-
gesting a potential link to disease pathology, which
needs further exploration.

Thrombin

Thrombin is a serine protease, which cleaves tau
at multiple peptide bonds (reviewed by [19]). In
AD brains, thrombin was upregulated and colocal-
ized with amyloid plaques, microglia and NFTs [77].
However, thrombin-cleaved tau fragments have yet to
be found in the brains of patients with AD and other
tauopathies, thus questioning the pathophysiological
relevance of thrombin cleavage of tau.

A disintegrin and metalloprotease 10 (ADAM10)

The zinc metalloprotease, a disintegrin and metal-
loprotease 10 (ADAM10), has been reported to cleave
taugq; at A152-T153, resulting in the production of
the CTF, tau;53-441 (Tau-A) [78]. Understanding this
cleavage event is crucial as a small subset of drugs
currently in development for treating AD involve
upregulation of ADAMIO0, the main protease that
cleaves amyloid-f protein precursor (ABPP) into
non-amyloidogenic species (reviewed by [79]). How-
ever, it is currently unclear how the extracellular,
membrane-bound ADAM10 physically interacts with
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intracellular tau, as well as whether taus3-441 has any
downstream effects_ Further experiments to elucidate
the mechanism of ADAMI10 cleavage of tau as well
as studies involving taujs3-44; transfected cell lines
and animal models are required to determine whether
this fragment is relevant and has any pathophysiolog-
ical effects. Probing with the tau;s3-44; neo-epitope
specific antibody [78] or with MS analysis in differ-
ent brain regions are required to determine whether
this cleavage event is relevant in AD pathogenesis
and whether it correlates with Braak staging.

Asparagine endopeptidase (AEP)

Asparagine endopeptidase (AEP) is a lysosomal
cysteine-dependent protease that is only activated
under acidic conditions. Acidification of the brain
occurs during AD, resulting in increased AEP lev-
els [80]. In addition, AEP translocates from the
neuronal lysosomes into the cytoplasm [81], pro-
moted by phosphorylation of AEP by serine-arginine
protein kinase 2 resulting in enhanced proteolytic
activity [82], where it can interact with, and cleave,
alpha-synuclein [83], ABPP [84], and tau [80]. AEP
cleavage of tau occurs at both N255-V256 and
N368-K369, resulting in the production of five tau
fragments: tauj-pss, tauj-3es, tausse-3e8, tauzse-441
and tausgg-441, although only tau;-3¢g has been found
in AD brains [80]. AR oligomers activated AEP in
a concentration-dependent manner which paralleled
increased production of tau;-3¢g, leading to neuronal
cell loss and reduced MT stability [80]. However, the
subcellular location of this cleavage event is yet to be
fully elucidated.

Transfection of AEP-cleaved tau fragments into
rat primary neurons caused substantial apoptosis,
however, this effect was fragment-dependent as
tauj-zeg and taupse-36g were the only significant
drivers of increased apoptosis; an effect which could
be diminished through site-directed mutagenesis of
the critical asparagine residues at the P; position
(N255A/N368A) [80]. Tau;-368 and tausse-363 were
shown to aggregate with a higher propensity into
PHFs [80]. Tau;-255 and tauj-36g3 showed increased
levels of phosphorylation at S202 and T205 com-
pared to tauaq; [80]. Tau;-36g was observed in parallel
with synaptic damage and memory deficits in the Tau
P301S mouse, which could be blocked by deletion of
the AEP gene, Igmn, or mutation (N255A/N368A) of
the AEP cleavage sites in taus4; [80].

The potential benefit of inhibiting AEP in a range
of neurodegenerative diseases has been thoroughly

reviewed [85]. Recently, a natural novel small-
molecule AEP inhibitor termed compound 11 has
been discovered and characterised [86]. Compound
11 targets both the active site and allosteric modula-
tory sites on AEP, preventing efficient AEP-substrate
interactions [86]. Compound 11 inhibited AEP in a
concentration- and time-dependent manner, resulting
in a concurrent reduction of tau and APP cleavage
both in vitro and in vivo [86]. To further charac-
terise effects in vivo, both the Tau P301S mouse and
5XFAD mouse (APP; K670N/M671L, 1716V, V7171
and presenilin 1; M146L, L.286V), were injected with
10 mg/kg~! of compound 11 daily from two to five
months of age [86]. Compound 11 treatment led to
significant reductions in AEP activity, AEP-cleaved
tau fragments, synapse loss and electrophysiological
impairments, resulting in improved performance in
the Morris water maze [86]. This drug meets many
of the criteria for further investigation in human clini-
cal trials as it can cross the blood-brain barrier (BBB),
exhibits a high degree of selectivity and potency for
AEP, was detectable in both serum and brain tissue
after chronic dosing, and had no observed systemic
toxicity [86].

Auto-proteolysis of tau

Recently, it has been demonstrated that tau
self-degrades by acetyl coenzyme A-induced auto-
acetylation at cysteine residues without the need for
a separate protease [87]. This would occur physio-
logically when tau dissociates from MTs [87, 88].
Acetylation of tau occurs across the length of the
protein and plays an important role in regulating
both normal, and disease-associated, properties of
tau, due to its ability to impair MT interactions and
promote aggregation [89, 90]. Auto-acetylation of
tau occurs in an isoform-dependent manner, predom-
inantly within the MT-binding domains at C291 and
(C322, leading to auto-proteolysis at both K281-1.282
and K340-S341 (Fig. 3A). Auto-proteolysis results in
the production of two CTFs, tausg-441 and tauz4i-441
[87]. Auto-proteolysis could be prevented via mod-
ifying C291 and C322 acetylation levels with both
pharmacological and genetic techniques [87]. It will
be interesting to further investigate, with cleavage
site-specific antibodies or MS, whether tausg»-441 and
tauss-441 are present in brain, CSF or plasma dur-
ing tauopathy pathogenesis, and if these CTFs have
any downstream effects. Auto-proteolysis highlights
how one PTM (acetylation) can alter the propensity
of tau to undergo further PTM (auto-proteolysis),
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highlighting that other proteolytic cleavage events
in tau may be modulated by other PTMs such as
phosphorylation, sumoylation and ubiquitylation.

Disease relevant fragments without identified
proteases

Recently, a major characterisation study of tau
CTFs was undertaken in twelve brain samples, taken
from both control and late Braak stage AD cortices
[22]. This work identified twenty-one novel prote-
olytic fragments of tau (Fig 3B) [22] which do not,
as yet, have a protease identified for their genera-
tion. The cleavage sites were uncovered through the
use of liquid chromatography coupled to tandem MS
analysis, but further work is needed to develop cleav-
age site-specific antibodies coupled to a MS screen
to dissociate which fragments are present in particu-
lar tauopathies, and relevant to disease progression.
In order to investigate whether any of the identified
fragments had biological effects, two CTFs, tau1-441
and tauqp4-441, were transfected into the mouse neu-
roblastoma N1E-115 cell line, resulting in altered tau
fragment phosphorylation and a-tubulin acetylation
levels, with tauj24-44] exerting a more prominent phe-
notype [22]. Tauj24-441 bound more strongly to MTs
compared to taugq and tauq-441, providing more pro-
tection against treatment with the MT destabilising
drug, nocodazole [22]. Another CTF, termed tau35,
due to its predicted size from sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, has been found
in the brains of patients with argyrophilic grain dis-
ease [91], CBD, FTD [92] and PSP [93], but not in
AD [92]. The CTF tau35, expressed at low levels in
Tau35 mice, induces progressive cognitive and motor
deficits, as well as reducing lifespan, which could be
reversed by treatment with the histone deacetylase
inhibitor, sodium 4-phenylbutyrate [94] that is cur-
rently in trials to treat a range of neurodegenerative
disorders [95]. The protease responsible for cleavage,
as well as the exact cleavage site are unknown, how-
ever, tau35 is known to contain all repeat domains of
tau and is extensively phosphorylated at a range of
C-terminal residues [92].

ROLE OF TAU PROTEOLYTIC
FRAGMENTS IN DISEASE

There are upwards of 50 different proteolytic frag-
ments of tau that have been proposed to play a role in
the pathogenesis of tauopathies (Table 1). Fragments
of tau have been shown to transcellularly propagate

and aggregate in a manner dependent on their amino
acid composition [37, 80, 96]. Fragments of tau make
up the protease-resistant PHF and straight filament
(SF) core of NFTs [97]. Proteolytic fragments of
the core typically contain the third and fourth repeat
domains, but sometimes also have the first and sec-
ond repeat domains, depending on the 3R:4R ratio
of tau in the core [97]. These fragments of the core
are approximately 12kDa in size [98]. The fragment
composition of the protease-resistant cores varies
between the different tauopathies [99]. The SF and
PHF core extracted from an AD brain has recently
been resolved to atomic level detail through cryo-
electron microscopy, indicating a 3-sheet helical core
between residues 306—378 that defines the seed for
aggregation [97].

Taujsi-421 (Atau) consists of the first proline
region through to a caspase cleavage site at D421-
S422 [100]. Tauys1-421 was expressed in C57BL/6J
mouse oocytes under control of an inducible tran-
scriptional silencer element (Tau62) [100]. These
mice were then crossed with P301S, ALZ17 (2N4R)
or ALZ31 (ON3R) Tg mice [100]. Only P301S
crossed with Tau62 mice exhibited paralysis within
3 weeks of age, but all double Tg mice showed
deposits of aggregated tau as well as a range of cellu-
lar defects, such as the formation of non-filamentous
tau aggregates, and disruption of axonal transport,
mitochondria, Golgi apparatus and synaptic proteins
[100]. These defects could be prevented by turning
off tauy51-421 expression in the presence of 4R tau but
notin the presence of 3R tau [100]. These behavioural
and biochemical effects were not observed in the mice
that only expressed the full-length human tau iso-
forms, indicative of the disruptive nature of taus1-421
in the presence of the full-length protein [100]. How-
ever, taujsi-421 has not been detected in the brains
of tauopathy patients. The exact disease relevance of
this work is still to be determined but it stresses how
tau fragments and full-length tau can work synergisti-
cally to induce severe tauopathy-related phenotypes.

Another fragment, taugs-230, has recently been
implicated in amyotrophic lateral sclerosis, a neu-
rological disease not currently recognised as a
tauopathy. However, tauss-p3p aggregates were
shown to accumulate in both upper and lower motor
neurons [101]. Taupe-230 is produced due to cleav-
age at D25-Q26 by caspase-3 [41] and by calpain-1
[33] or -2 [34] at R230-T231. When applied extra-
cellularly to rat hippocampal neuronal cultures, the
smallest sequence of the tauye-230 fragment known to
drive neurotoxicity, tausg-44, could impair presynap-
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tic signalling, reduce presynaptic protein levels, and
breakdown MTs and neurites, in its native monomeric
form without the need for aggregation and neurode-
generation [102]. Importantly, the effects could not be
replicated with the reverse sequence, tauss-7¢ [102].
Taupe-44 represents a therapeutic target, as passive
immunisation with N-terminally targeting antibod-
ies reduced tau hyperphosphorylation and improved
cognition in 3xTgAD mice (APP; KM670/671NL,
MAPT; P301L and presenilin 1; M146V) [103].
Antibodies against tau, including ones targeting the
N-terminal region, are currently being tested in
human clinical trials for tauopathies [104].

SECRETION OF TAU FRAGMENTS

Full-length and various proteolytic fragments of
tau have been shown to be secreted from cells
in a variety of different cell and animal models
(reviewed by [105]), potentially underlying the dis-
tinct spread of neurofibrillary tangle pathology seen
in tauopathies (reviewed by [106]). Fragments of
tau are secreted in a proline-rich region-dependent
manner compared to full-length tau in COS-7 kid-
ney fibroblast cells; fragments lacking this region
were not secreted or were secreted via a different
mechanism to full-length tau [107]. The sequence-
dependent secretion effects were further tested in
COS-7 cells, with tauj-p49 shown to be secreted
whilst the MT-binding domain containing taussp-370
was not [107]. The authors also found that the
N-terminal domain of tau was not responsible
for secretion, as the ON3R isoform was secreted
as efficiently as the 2N4R isoform [107]. Fur-
ther fragment-dependent effects have been observed
in HeLa cells showing that, tauj-4p; undergoes
enhanced aggregation and secretion compared to
taugq), an effect which could be exacerbated with
phosphorylation [108]. The secretion of both tau;-421
and taugq; was not due to encapsulation within extra-
cellular vesicles such as exosomes or microvesicles,
as removal of this fraction did not alter the amount
of secreted tau [108]. This backs up work showing
that between 2-3% of extracellular tau is exosomal
[109, 110], 7% is ectosomal and 90% comprises
free tau [110]. The secretion of different species
of tau by mouse neuroblastoma N2a cells, induced
pluripotent stem cell-derived human cortical neurons
and primary rat hippocampal neurons was inves-
tigated [111]. The authors showed that in all cell
types tested, the majority of actively and passively

secreted tau by living and dead cells, respectively,
was in the form of NTFs, while CTFs were only pas-
sively secreted within these cultures [111]. In order
to mimic more disease relevant scenarios, primary
rat hippocampal neurons were treated with a par-
tially aggregated preparation of AB42 which caused
neuronal compromise and cell death resulting in a
time-dependent increase of all species of extracellu-
lar tau [111]. The mechanism of secretion of NTFs
into the extracellular space was not dependent on exo-
somes as <0.2% was encapsulated in exosomes [111],
in agreement with [108]. To investigate whether tau
secretion occurs between the synapses in the brain,
intact resealed nerve terminals, synaptosomes, were
prepared from postmortem human brains. The synap-
tosomes from the AD brains had increased levels of
a 20-22 kDa fragment of tau and dimerised tau as
compared to control samples, and the majority of the
tau detected lacked the C-terminus [112]. Depolar-
ization induced by potassium chloride significantly
increased the release of tau from synaptosomes in a
concentration-dependent manner. Interestingly, this
effect was only observed in synaptosomes from
AD brains, suggesting increased sensitivity to the
depolarization-induced tau release in the diseased
brain [112]. The ability of tau fragments to spread
to neighbouring cells stresses the importance of such
fragments in disease pathogenesis. Further work is
needed using both microfluidic devices and biosen-
sor cell lines to fully elucidate the mechanisms of tau
secretion, with emphasis on understanding the role of
extracellular vesicles in this process.

PROTEOLYTIC FRAGMENTS OF TAU AS
BIOMARKERS FOR DEMENTIA

The secretion of tau causes the release of cytosolic
tau into the interstitial fluid [113], where it can further
spread into CSF, or plasma, in an activity-dependent
manner [114, 115]. Increased CSF concentrations of
total tau (all tau isoforms independent of phospho-
rylation; including both full-length and fragmented
species), as assessed by an ELISA [116], reflect AD
neurodegeneration [reviewed by 117] while the pres-
ence or increase in phospho-tau (T181 and T231)
reflects NFT build-up [118]. Changes in the levels
of tau occur up to 15 years before symptom onset
(reviewed by [117]). Thus total and phospho-tau (pre-
dominantly T181) have been analysed as potential
biomarkers for MCI and AD in both CSF and plasma
or serum samples [reviewed by 119]. Current rec-
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ommendations suggest using both CSF total tau and
phospho-tau, in combination with low CSF A4, lev-
els, to aid in the prediction of disease progression in
AD [120].

Tau in the CSF is dependent on the clinically man-
ifested tauopathy and stage of disease progression
[121, 122]. Using western blots, the presence of full-
length tau in the CSF has been reported [123], while
Johnson et al. [121] showed only fragmented species
which predominantly contained the N-terminus and
Meredith etal. [122] showed with tau epitope-specific
antibodies (recognising between amino acids 9-18
and 159-163) the existence of 20-40 kDa fragments
of tau but no full-length species. The variability in
results highlights the difficultly in using Western blot-
ting to analyse CSF tau species which is likely due to
the differential antibody reactivity, even though this
technique has the advantage of allowing you to deter-
mine the size of the tau species present. It has also
become standard to analyse tau in the CSF using both
ELISAs and MS, with numerous commercial ELISA-
based assays established [reviewed by 124]. There
are limitations to ELISAs as they are dependent on
the antibody pairing used to develop them and they
are unable to discriminate between full-length tau
and tau fragments containing the antibody epitopes.
Interestingly, using MS, a distinct lack of C-terminal
peptides is observed, indicative of the existence of
fragmented species [125]. These studies highlight the
variability in the sensitivity of the different techniques
employed.

The potential of using tau fragments in CSF as a
biomarker for tauopathy progression has been inves-
tigated (Table 1), with decreases observed in CTF,
NTF and total tau levels in PSP, while increases were
seen in AD [126]. Why both total and cleaved tau
levels decrease in PSP while tau-mediated neurode-
generation is observed is unclear. One possibility is
that the predominance of the 4R tau isoform poten-
tially has impaired secretion into CSF due to factors
such as PTMs [127].

Individual fragments of tau in CSF have been
posited as AD biomarkers. The caspase-6 cleaved tau
fragment, tauj-402, was able to distinguish between
severe AD and control, but not between the milder
disease manifestations [53]. Tauj-402 did not increase
in multiple sclerosis and PD [53]. Another frag-
ment, tauog-230, increased in the CSF of both AD
and non-AD associated dementia compared to non-
cognitively impaired neurological disease patients
but was unable to correlate with cognitive decline
[128]. However, taupg-239 did not correlate with

full-length tau, indicating that this fragment is not
produced due to degradation of full-length protein in
the CSF but is actively secreted into the CSF upon
neuronal injury [128]. Taupe-44 [102], is also seen at
the lower end of detection in a range of CSF samples
containing both normal and elevated total tau levels
[125]. However, the most quantifiable tau peptides in
CSF contain the mid-region (residues 156-224) of the
protein, likely due to resistance to degradation by pro-
teases, while the N- and C-terminal peptides usually
fall below the limit of detection [125], likely due to
the multiple proteolytic cleavage events that occur in
these regions reducing the N- and C-terminal peptide
levels.

The work on CSF biomarkers has been pivotal in
improving disease diagnosis; however, there are still
costs and stigma associated with this procedure. This
has led to many researchers now focusing on plasma,
which is much less invasive and easier to harvest.
Plasma proteins such as tau [129] have been shown to
change during dementia [reviewed by 130], however,
more research is needed to understand and charac-
terise the plasma-tau profile. Increased plasma-tau
levels partially reflect AD pathogenesis by correlat-
ing with higher CSF total tau and decreased CSF
AB42. However, these correlations were weak and
varied between cohorts [129]. Recently, both tauga;
and fragments of tau have been shown to cross the
BBB in a manner dependent on their amino acid
composition [131]. Tau fragments (Table 1) are more
likely to be present in plasma compared to full-length
taugq; due to their smaller size allowing them to more
easily cross the BBB (reviewed by [20]).

Tau-A [78] and Tau-C [44] fragments produced by
ADAMI10 and caspase-3 cleavage, respectively, have
shown potential to act as plasma biomarkers for AD
through positive correlations with cognitive deficits
[132]. These fragments have also been linked to mod-
ifiable health risk factors, with positive correlations
shown with body mass index, cholesterol, platelets
and white blood cell count [133].

CONCLUDING REMARKS

From the above it is apparent that the identifica-
tion of additional proteases that cleave tau and the
presence of proteolytic fragments of tau in a range of
different tauopathies adds greater complexity to the
contribution of, and role of, tau in a range of neurode-
generative diseases. Research into the role proteolysis
of tau plays in dementia pathogenesis is imperative to
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determine not only potential therapeutic targets and
novel biomarkers but also to unravel the cellular and
molecular mechanisms of tau-mediated neurodegen-
eration. More work is needed to determine the exact
aggregation, seeding and spreading mechanisms of
both full-length and fragments of tau.

However, recent studies on tau proteolysis also
raise many specific questions still to be answered. For
example, how do other PTMs such as phosphoryla-
tion and acetylation impact on different proteolytic
sites in tau? What are the cumulative effects of a
range of different PTMs on tau proteolysis? What
are the key sequence features of certain fragments
that cause them to exert neurotoxicity or have a
higher propensity to undergo aggregation? Will frag-
ments of tau act in a prion-like manner, spreading
to and seeding further PTM or aggregation of tau
in neighbouring cells? Can fragments of tau acti-
vate other proteases and kinases, exacerbating the
PTM status of endogenous tau? Are plasma-tau or
plasma-tau fragments sensitive and specific enough to
serve as a biomarker to distinguish between different
tauopathy sub-types? Could steps in tau fragment-
mediated neurodegeneration be potential therapeutic
targets for tauopathies? Answering these questions
will help to unravel the role of tau proteolysis in
disease pathogenesis, enabling the development of
novel biomarkers and the identification of potential
proteolytic-cleavage sites, as well as their associated
proteolytic tau fragments, which could be targeted
therapeutically.
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