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Summary

Tau, a microtubule-associated protein present abundantly in neurons of the central nervous system,
stabilizes axonal microtubules, providing structural architecture to axons. Tau aggregation occurs
in many neurodegenerative diseases collectively termed ‘tauopathies’, including Alzheimer's
disease (AD) and frontotemporal dementia (FTD). These diseases are characterized by the
intracellular deposits of fibrillar tau tangles. The spreading of tau aggregates via transcellular
propagation is a common feature of several tauopathies, where synaptic tau seeding precedes the
pathological spreading of tau™. Tau seeding, the ability of prion-like tau to recruit and misfold
inert tau to generate new seeds, is detected early in AD human brains before the development of
significant tau pathology. Circumstantial evidence shows that pathological ‘tau seeds’ spread
across the brain through synaptically connected neurons, potentially contributing to AD
pathogenesis'>°, Clinically, the presence of tau precedes significant grey matter atrophy in the
AD brain, suggesting that tau aggregation acts as a critical inducer of neurodegeneration®?.
Microtubule-binding domain in tau plays a pivotal role in its aggregation'>!3, Two amyloid
hexapeptide motifs in the tau repeat domain, VQIINK (PHF6*) of repeat 2 (R2) and VQIVYK
(PHF6) of repeat 3 (R3), assemble into B-sheet-rich fibrils in vitro, but these fibrils are not prion-
like!*. On the contrary, the 31-amino acid R3 self-assembles into prion-like aggregates!>!®. Rapid
tau fibrillisation is also mediated by phosphorylation of Ser202/Thr205/Ser208 sites in the proline-
rich domain®’. Inclusive evidence proves that changes induced by pathological
hyperphosphorylation affect tau seeding, resulting in tau propagation and subsequent AD

progression®>18-20,

Our study aimed at the identification of the minimal regions within the tau repeat domain that
define seeding potency and the subsequent impact on intracellular native tau. By using individual
tau repeat peptides, we first showed that R2 and R3 form seed-competent fibrils in the presence of
heparin. Though R2 and R3 hold identical N-terminal hexapeptide and cysteine residue sequences,
R3 but not R2 formed prion-like fibrils in the absence of heparin. Besides, cysteine to alanine
substitution in R3 (C322A) abrogated its self-aggregation and seeding potency. However, despite
this substitution, R3 (C322A) assembled into prion-like fibrils, but only in the presence of heparin.
Next, prion-like aggregates of R2 and R3 induced aggregation, pathological phosphorylation and



oligomerization of native tau in tau cell models expressing P301S or P301L tau. Protein fractions
prepared from biosensor cells, previously seeded with R2 and R3 aggregates, resulted in the
aggregation of native tau upon introduction into a fresh set of cells. Our findings suggest that under
physiological conditions, while R3 may be the minimal region essential for pathological seed
generation, R2 needs polyanionic cofactors to initiate pathogenic seeds. R2 and R3 fibrils induce
template-induced misfolding and pathological hyperphosphorylation of intracellular inert tau,
making intracellular tau seed-competent. These findings shed light on potential molecular
mechanisms of aggregation of native tau by exogenous prion-like aggregates. Overall, the results
of our study identify N-terminal hexapeptides and cysteine residue of R2 and R3 as druggable

targets for early inhibition of prion-like seeds.

Next, to prove our above hypothesis, we targeted the minimal regions (VQIVYK and cysteine) of
self-aggregating R3 with small molecules to abolish the prion-like activity of R3 aggregates.
Antitumour drugs have been suggested to confer protection against neurodegeneration, supporting
the idea of repurposing approved and experimental or investigational oncology drugs for AD
therapy?!. Therefore, we evaluated whether antitumour drugs that abrogate the generation of prion-
like aggregates of tau R3 prevent tau seeding and toxicity in the tau cell model and Caenorhabditis
elegans. We demonstrated that small molecules that interact with the N-terminal VQIVYK or the
C-terminal region housing the cysteine residue (C322) prevent tau R3 dimerisation and abolish the
generation of prion-like R3 aggregates. Preformed R3 seeds capped with, or R3 seeds formed in
the presence of VQIVYK- or C322-targeting drugs, have a reduced prion-like potency to cause
aggregation of endogenous tau in tau biosensor cells. These findings indicate that VQIVYK- or

C322-targeting drugs may act as prophylactic agents against tau seeding.

Since we found the prion-like potential of R2 and R3, we next wanted to explore the mechanisms
associated with the clearance of intracellular aggregates in biosensor cells seeded with R2 and R3
aggregates. First, we found that both R2 and R3 seeds increased p62 levels in response to the build-
up of intracellular tau aggregates. Next, R2 and R3 seeds reduced the autophagy marker indicated
by the conversion of LC3-I to -Il. These findings indicate a failure in autophagy initiation and
autophagy flux in tau biosensor cells, causing a failure in the clearance of intracellular aggregates.
Thus, we studied whether autophagy-inducing compounds can remove intracellular tau aggregates.
We showed that autophagy inducers such as EGCG, RSV and VITC reduced intracellular tau



aggregates. Alternatively, we also found that autophagy inhibition by CQ failed to clear the
intracellular aggregates. As we proved in our previous study, the seeding process involves the
build-up of intracellular phosphorylated tau aggregates. Therefore, we checked the insoluble total
and phosphorylated tau levels in the EGCG, RSV and CQ-treated biosensor cells seeded with R3
seeds. We found that EGCG reduced both triton-insoluble total and phosphorylated Ser262 tau.
As expected, CQ treatment did not affect the triton-insoluble total and phosphorylated Ser262 tau
levels. These findings indicate that autophagy induction can be used to target the clearance of
intracellular tau aggregates.

Altogether, evidence from this thesis supports the importance of targeting N-terminal hexapeptides
or cysteines of R2 or R3 and enhancing cell clearance mechanisms for developing tau-targeted

therapies.
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Chapter 1

Introduction



Introduction

1.1 Dementia

Dementia results in deterioration in multiple cognitive domains and is accompanied by functional
impairment. Individuals diagnosed with dementia cannot perform their daily activities
independently. A memory decline and at least one cognitive dysfunction are sufficient to
compromise daily function. There are different types of dementia, and the word ‘dementia’ is often
used as an umbrella term?2. One of the most commonly characterized dementia in the ageing
population is Alzheimer's disease (AD), a neurodegenerative disorder. AD is characterized by the
deposition of misfolded tau-containing neurofibrillary tangles (NFTs) amyloid beta (Ap)-rich

plaques in the brain?,
1.1.1. Global burden

Currently, 55 million people worldwide are diagnosed with dementia, of which the most common
variation is AD which accounts for around 60-70% of dementia cases?*. The World Health
Organisation (WHO) suggests that by 2050, about 139 million people will have dementia?*. In
addition to AD, chronic traumatic encephalopathy (CTE), Corticobasal syndrome (CBS),
Progressive supranuclear palsy (PSP), Creutzfeldt-Jakob disease (CJD), Huntington’s disease,
HIV-related cognitive impairment, Hypothyroidism, Multiple sclerosis (MS), Niemann-Pick
disease type C, Normal pressure hydrocephalus (NPH), Vitamin B12 deficiency, Alcohol-related
cognitive impairment and Wernicke-Korsakoff syndrome are other rare causes of dementia
reported so far®®. Studies also linked the growing incidence of diabetes as an associated cause for
the increase in people with dementia globally?®?’. Dementia has significant social and economic
implications regarding direct medical and social care costs and informal care costs. As per the
WHO report, in 2019, the estimated global societal cost was US$ 1.3 trillion. An increase in

dementia cases and associated care costs might raise the cost to US$ 2.8 trillion by 2030%.

1.1.2. Prevalence and incidence of AD in Europe

As per statistical data presented by the global burden of disease study 2013, AD remained the
leading cause of life loss between 1990 and 20138, In 2006, nearly 26.6 million patients were
diagnosed with AD worldwide. The number is expected to rise to 106.8 million by 2050, with

16.51 million European patients®. Factors like age, sex, smoking, obesity, low education level,



the APOE &4 allele and diabetes are identified as risk factors associated with AD%. Furthermore,
a progressive upward trend in the incidence of dementia was confirmed by various studies, with
an increase of 87 % in Europe between 2010-2050%!. Thus, a better understanding of AD
epidemiology is essential for early diagnosis and for reducing AD's impact on the elderly

population.

1.1.3 Social and healthcare economic burden of people with AD in the Czech Republic

Advanced scientific contributions in medicine, improved healthcare, and a healthy lifestyle
contributes to the prolongation of life expectancy of the general population. However, health issues
associated with the ageing population remain a significant concern of the present century in many
countries®. As per data published by the Czech Statistical Office, one-fifth of the Czech population
comprises seniors aged 65 and above, and the share will increase to 22.3-28.6 % by 2030-2050%2,
With high prevalence among the elderly, AD progression remains unnoticed until the first sign of
mild cognitive impairment (MCI), when it is already too late to stop or reverse the disease®.
According to Czech Alzheimer’s Society, 183,000 patients were diagnosed with dementia in 2020,
and these numbers are expected to increase two-fold by 2050 (amounting to 383,000 AD
patients)®?. Symptomatic drugs employed for AD treatment improve symptoms but pose no or
minimal impact on the disease progression. Thus, patients diagnosed with AD has only a
perspective of a few years and need to rely on their family and health or social system for their
existence. Furthermore, among the reported diseased conditions, AD significantly impacts the

financial sustainability of the diseased population®?.

AD's economic burden on social and healthcare services was demonstrated in two selected regions
in the Czech Republic: Kralovehradecky Kraj and Kraj Vysocina. These two regions were chosen
as they share a higher percentage of AD patients than other Czech regions. More precisely, a 20%
increase in the population of people aged 65+ between 2002 and 2017 in the Kralovehradecky Kraj
region corresponds to a 40% increase in the economic load index. Similar circumstances were
reported in the Kraj Vysocina Region, wherein an economic load index is expected to increase by
nearly 100% by 2050. However, the average age is expected to be 49.9 compared to the present
age of 41. The regions mentioned above are considered representative areas of the Czech Republic
with an ageing population®,



The Czech Alzheimer’s Society and the Czech Statistical Office have published a report that
provides forecasts of patient population development and raises awareness of the unpreparedness
of the Czech health and social system to accommodate the growing number of AD patients.
Currently, to treat patients with dementia and AD, 21,000 beds in 341 senior homes and social
care clinics are available. Nevertheless, it remains below the EU average though there has been an
increase since 2005 according to health spending per capita in the Czech Republic. Contributing
to more than 250 billion EUR, the cost associated with dementia in Europe is expected to rise
roughly to 43% from 2008-2030%2. As per data provided by World Alzheimer Report, between
2010 and 2015, the cost associated with dementia in the individual European region was EUR
210.1 billion, 14.3 billion, and 14.2 billion in Western, Eastern and Central Europe, respectively.
Whereas the total cost in Europe in 2010 was EUR 238.6 billion, the forecast for 2015 was EUR
301.2 hillion®. However, the lack of consistent data on the prevalence and incidence of AD in

Europe and elsewhere might make the estimate biased*?.
1.1.4 Dementia treatment

Drug regulatory agencies such as the Food and Drug Administration of the USA (FDA USA) and
the European Medicines Agency (EMA) have approved acetylcholinesterase inhibitors, such as
tacrine, donepezil, rivastigmine, galantamine, and N-methyl-D-aspartate receptor antagonists,
memantine, and AB-targeting monoclonal antibody, aducanumab, for AD treatment (Fig. 1.1)%.
While the former treats mild to moderate AD, the latter treats moderate to severe AD. Therapy
with these drugs is not definitive or cost-effective, though they are reported to control dementia-
related symptoms by slowing disease progression®®. Thus, there is a significant interest in
developing effective disease-modifying therapies targeting AP, a significant component of senile

plaques, and tau aggregate-containing NFTs for AD treatment®’.
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Fig. 1.1. Timeline showing the approval years of AD drugs since the discovery of the first case of
AD in 1906 by Alois Alzheimer by the US FDA. Timeline figure was created with BioRender.com.



1.2 Proteinopathies

Neurodegenerative diseases, collectively termed proteinopathies, are characterized by aggregation
of the misfolded proteins caused by genetic mutations and are also generally reported in elderly
populations due to metabolic stress and proteostasis failure*®. AD and systemic amyloidoses have
been known for decades, and growing evidence links these diseases with inappropriate deposition
of protein aggregates®®. Additionally, apart from extracellular space, ordered aggregation of
pathogenic proteins is reported in the cytoplasm and nucleus, qualifying as amyloidoses®. In
general, complex cellular quality control mechanisms inhibit protein aggregation. However,
protein tends to aggregate within or around cells under certain circumstances. Though proteins
pose a diverse amino acid sequence, they tend to adopt a highly ordered and insoluble structure
when aggregated, known as ‘cross-p spine’, resulting in protein deposits termed ‘amyloid’#*#2,
Though the amino acid sequence-based prediction of protein tends to form amyloid is highly
possible, amyloid formation is far from a simple function of protein sequences and secondary
structures*®. Amyloid proteins remain in various highly ordered aggregated forms and exist in
equilibrium between soluble monomeric or oligomeric states. Multiple factors like protein
concentration, interaction with other proteins, and cellular environment define aggregate
formation. Thus, a thorough study of factors involved in maintaining the equilibrium is essential
to understand protein aggregation disorders better and develop effective therapies. A better
understanding of this protein aggregation disease and its pathogenic features provides
opportunities for comprehensive therapeutic approaches like inhibition of aggregation and cellular
toxicity pathways, enhancement of aggregation clearance and depletion of monomeric precursor

proteins*C.
1.2.1 Neurodegenerative diseases

Neurodegeneration is a selective, slow, and progressive loss of neuronal structure and function,
including neuronal cell death®. A and tau accumulation in AD and a-synuclein in Parkinson's
disease (PD) are examples of neurodegenerative diseases, though the exact mechanism behind

neurodegenerative processes is poorly understood**,



1.2.2. Protein toxicity in neurodegenerative diseases

Many protein aggregations are known to affect the nervous system, wherein the formation of
aggregates is toxic to the central nervous system (CNS) even though they are ubiquitously
expressed*®. Moreover, pathological accumulation of the protein aggregates is reported within the
nucleus or cytoplasmic compartments, as in the case of polyglutamine expansion diseases or PD
and both intracellularly and extracellularly in AD*. Furthermore, the prevalence of
neurodegenerative diseases such as AD, PD, amyotrophic lateral sclerosis, frontotemporal
dementia, and Huntington’s disease are increasing at an alarming rate, and protein toxicity remains
a vital pathogenic manifestation 4. Furthermore, patients with these disease conditions exhibit

neurological disabilities, namely motor problems and memory impairment*’.

Neurons affected by proteinopathies display cellular defects like mitochondrial dysfunction,
transcriptional alteration and impaired RNA/protein quality control system contributing to the
initiation and progression of neurodegenerative diseases*®“®. These cellular defects are not specific
to a particular disorder but are commonly associated with multiple disease conditions.
Furthermore, though cell death remains the outcome of the disease process, they are often preceded
by neurological deficits in animal models and patients®®. Thus, characterizing the mechanism
behind protein toxicity from one subcellular compartment to another, for example, nucleus and
mitochondria, will aid in understanding protein toxicity and is indispensable for the future
development of rational and effective therapeutics for these diseases. Furthermore, accumulation,
oligomerization, and multimerization of disease-associated toxic proteins cause pathological
alteration of proteins; thus, elucidating the toxic protein nature will aid in developing therapeutic

strategies®.
1.2.3. Tau protein structure and function

Tau protein is abundantly present in the axonal compartment of neurons and stabilizes microtubule
bundles®*3, Alternative splicing of the Microtubule Associated Protein Tau (MAPT) gene on
chromosome 17921 in the adult human brain results in six tau isoforms (352-441 amino acid
residues; 37-46 kDa (Fig. 1.2; Table 1.1)°*%°. Due to the larger diameter of axons, a “big Tau”
isoform with 695 amino acids is predominantly expressed in the peripheral nervous system. It is
equivalent to 2N4R plus 242 residues from exon 4a%®. The extended tau isoform (441 amino acid

residues) in the human central nervous system is subdivided into various domains, which include
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an N-terminal projection domain (1-165), proline-rich domain (166-242), microtubule-binding
domain (MTBD) (243-367) and C-terminal domain (368- 441). MTBD comprises four partially
repeated sequences R1(244-274), R2(275-305), R3(306-336), and R4(337-368). Half of the N-
terminal domain projects away from microtubules and thus remains unbound, termed the
"projection domain™. The C-terminal is termed the assembly domain since most of it interacts with
microtubules, facilitating its assembly. Under normal physiological conditions, tau remains as
unfolded soluble protein with a paperclip-like structure wherein the N-terminal, C-terminal and
repeat domains are in proximity, protecting tau from aggregation®”.

Reported six tau isoforms are distinguished either by the presence or absence of one or two N-
terminal inserts and the three or four microtubule-binding repeats in the C-terminal domain of
tau®. The three-repeat (3R) and four-repeat (4R) tau isoforms are expressed in a one-to-one ratio
in adult brain regions. Any deviation from this ratio is a characteristic of neurodegenerative
tauopathies®®. Compared to 3R tau, 4R tau poses a higher affinity assembly toward microtubules
and a higher propensity for self-aggregation®®°. Other isoforms like 2N, ON and 1N are
underrepresented at a ratio of ~9%, 37%, and 54% of total tau, respectively®®. The splicing and
expression pattern of tau differs between brain regions. For example, protein levels are reported to
be enhanced twice in the neocortex compared to white matter and cerebellum, which explains the

differential vulnerability of brain regions observed in tau pathology®?.

The six tau isoforms present in the human brain are produced via alternative splicing of the MAPT
gene’s 16 exons. Alternative splicing results in 6 isoforms that vary by the number of N-terminal
inserts and the presence or absence of R2. Exons 2 and 3 encode the two possible N-terminal
inserts, N1 and N2. Exon 10 encodes R2 in the microtubule-binding domain. Tau lacks significant
amounts of a secondary structure under normal conditions. Events like truncation prevent the
formation of hairpin structures, thus facilitating tau aggregation®. In contrast to the full-length tau,
MTBD repeats, more specifically, 2R and 3R display an enhanced propensity to form an ordered
B- sheet structure®*. Although tau is an intrinsically disordered protein, the tau C terminus folds
over the MTBD, and the N terminal folds back over the C terminus, bringing both termini nearby,
forming a “paperclip” conformation®’. However, tau binding to microtubules reduced the

association between the N and C terminus of tau.
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Fig. 1.2. Six tau isoforms generated by alternative splicing of MAPT genes 16 exons. N1 and
N2 N-terminal inserts (shown in grey and orange) are encoded by exons 2 and 3. R2, the second
microtubule binding repeat (shown in yellow) in the microtubule-binding domain, is encoded by
Exon 10. Variations in the number of N-terminal inserts (ON, 1N or 2N) and the presence or
absence of R2 (4R isoforms or 3R isoforms) are observed in six isoforms due to alternative

splicing.
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Several cofactors, including ions like zinc, induce structural changes, potentially regulating tau
functions %. Additionally, proline-directed tau phosphorylation readily disrupts tau conformation
resulting in the loosening and tightening of the paperclip structure depending on the site of
phosphorylation®®. The zinc-binding tau also regulates tau aggregation and toxicity independent of

phosphorylation®’.
1.3 Functions of tau protein

Microtubules assembled as polymers of a-B-tubulin heterodimers carry out functions like
cytoskeleton architecture maintenance, separation of chromosomes during mitosis, or as tracks for
intracellular transport by motor proteins. Additionally, the tau repeat domain and its flanking
regions promote the assembly and stabilization of microtubules!>®8, Tau plays a predominant role
in regulating microtubule dynamics and spatial arrangements. Tau binding towards microtubules
occurs at a- and - tubulin heterodimer interface withholding stretches with specific amino acids
in repeat domain regions responsible for its function residues 224-237 and 245-253 in R1, 275-
284 in R2, and 300-317 between R2 and R3 (Fig. 1.3)%°. Furthermore, a local hairpin structure
with 275VQIINK280 and 306VQIVYK311 residues becomes evident post-formation of a tau-
microtubule complex, and these hexapeptides motifs are essential for tau aggregation. Thus, tau
poses a conflicting function of microtubule binding and self-aggregation. Furthermore, the binding
of the projection domain to the neuronal plasma membrane might contribute to neurite
development’. The length of the projection domain is a determining factor of microtubule filament

spacing length and axon diameter’®,

Numerous factors, including post-translational modifications, ensure good system dynamics by
regulating the binding ability of tau and other microtubule-associated proteins towards
microtubules. However, the exact mechanism for deciphering the assembly and stabilization of
microtubules by tau remains challenging due to the disordered nature of tau and the inherent
dynamics of the system.  Deletion or reduction of MAPT expression results in impaired
microtubule density and morphology underlying the essential role of tau in cellular function’.
Throughout neuron development, tau promotes neurite outgrowth independently without
microtubule via interaction with actin’®. Additionally, tau is reportedly involved in DNA repair
and heat shock responses in the nucleolar organizing region of the cell’*. Finally, post-translational

modification events like phosphorylations can modulate tau-mediated microtubule assembly?®.
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Table 1.1. Tau isoforms. htau - human tau. The number designates the clone number®?,

Clone Inserts/repeats Number of amino acids MW (kDa)
htau40 2N4R 441 45.9
htau39 2N3R 410 42.6
htau34 1IN4R 412 43.0
htau37 IN3R 381 39.7
htau24 ON4R 383 40.0
htau23 ON3R 352 36.7
Big tau 2N4R+ exon 4a 695 72.7

11



Healthy neuron

Physiological § gy —

Kinases
s
Tau - Tau Stabilised
Phosphatases Tau microtubules
Regulation of microtubule
’ dynamics and axonal transport
Pathological ‘ —» W —p
. Destabilised ) Hyperphosphorylated Neurofibrillary
Kinases .
microtubules tau tangles

Tay — Ty,
4—
Phosphatases

&

AR pladues

Diseased neuron

Fig. 1.3. Tau-microtubule dynamics under healthy and pathological conditions.
Physiologically phosphorylated tau forms (green sphere) can interact with microtubules normally,
whereas increased phosphorylation by disease-specific kinase leads to microtubule destabilisation
under pathological conditions. Tau hyperphosphorylation (pink sphere) leads to the formation of
intracellular tau deposits and, eventually, neurofibrillary tangles. Created with BioRender.com.
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Motor proteins dynein and kinesin regulate efficient protein trafficking retrograde from the axon
to soma and anterograde from soma to the axon, respectively. Tau can control this axonal transport
through competitive binding with dynein and kinesin for microtubules, resulting in protein cargo
accumulation in the soma’®’’. Furthermore, tau influences the number of kinesins bound to
microtubules either by occupying binding sites on microtubules or by the interaction of the N-
terminus with specific enzymes that regulate microtubule-kinesin binding’®. Additionally, tau can
modulate axonal transport by binding to dynactin, a dynein-interacting partner’®. Finally, as dynein
and kinesin oppose each other, tau can contribute to controlling both anterograde and retrograde
transport®. Though neuronal tau is known to be profoundly located in axons, small quantities of
dendritic tau have been reported and are anticipated to play an essential role in the regulation of
synaptic plasticity. For example, electrical stimulation of synapses causes tau in cultured mouse
neurons to migrate to dendritic spines, where its interaction with actin may contribute to spine

remodelling that triggers synaptic plasticity®®.
1.4 Impact of tau mutations on its interaction with microtubules

Pathogenic variants within the MAPT gene cause various neurodegenerative diseases
characterized by the accumulation of hyperphosphorylated tau aggregates in the neurons. The
frontotemporal dementia mutations in the MAPT gene alter tau biochemical properties and the
ratio of tau isoforms®2. Change in the isoform ratio indirectly impacts microtubule assembly and
the dynamics of the microtubule networks because the 3R-tau is known to have a lower capacity
for microtubule stabilization and tubulin polymerization than the 4R-tau (Fig. 1.3)8%#*, In addition,
the frontotemporal dementia-associated tau mutations (Fig. 1.4) also influence the post-
translational modifications of tau, which represent another indirect effect on tau-microtubule

interactions®2.

The effect of R5L, P301L, and R406W mutation differ regarding their impact on tau microtubule
stabilization, tau sequence localization and the number of N-terminal inserts of 0, 1, or 2 N
isoforms in 4R-tau isoforms®. For example, the tau R406W mutation is consistently reported to
diminish tau phosphorylation. More precisely, tau with R5L mutation poses a reduced tendency to
polymerize tubulin, lower rate, and longer lag time, specifically for the ON4R-tau isoform,
compared to the 1N and 2N-tau that are wild-type tau®.
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Fig. 1.4. Tau mutations associated with dominant familial frontotemporal dementia. Most of
the mutations reported in the coding region are reported around the microtubule-binding domains
and in the C-terminal region. Diagram was created with IBS: an illustrator for the presentation and

visualization of biological sequences®.
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Surprisingly, the R406W mutation is reported to be the most affected, although the mutation is not
near the MTBD, suggesting an alternative conformation might be involved®®, In addition, tau with
P301L, V337M or R406W mutations has reduced binding to microtubules and decreased
efficiency in initiating tubulin assembly®2. On the contrary, with the P301L mutation, the tau-
dependent defect in microtubules weakens with the removal of each N-terminal insert, as
contributed by the differential effect of mutations-induced conformational changes on the global

hairpin-like tau conformation. This brings the N-terminal region close to the MTBD®.

Mammalian cells expressing tau P301L have a lesser amount of tau bound to microtubules.
Nevertheless, a strong consensus on the impact of frontotemporal mutations in a cellular context
has not yet been elucidated. CHO and neuroblastoma cells, transfected with tau tagged with GFP,
microtubule co-localization and microtubule bundle generation remain identical with mutant and
wild-type tau®’. Furthermore, the site-dependent and isoform-dependent effect of the tau mutations
on microtubule stabilization was observed in COS cells transfected with 3R- or 4R-tau isoforms.
For instance, the V337M mutation poses a significant effect when introduced in 3R-tau but not in
4R-tau, showing disruption of the microtubule networks and diminished co-localization of tau and
tubulin®. This isoform-specific effect of mutations might explain the discrepancies reported on
the impact of tau in frontotemporal dementia-associated mutations on its microtubule-associated

functions.
1.4.1 Neurotoxicity from loss of tau function

Tau loss of function is capable of structural and functional dysfunction of axonal microtubules
leading to axonal transport deficit. Experiments carried out so far in animal models underlie that
other redundant microtubule-associated proteins can only partially compensate for the function of
tau. For example, aged tau knockout mice exhibited behavioural impairments and structural
abnormalities, suggesting a vital role of tau in neuronal and brain physiological functions®®.
Furthermore, tau functional loss leads to post-translational modifications that may affect tau
aggregation. Therapeutic strategies targeted at long-term suppression of tau might increase the

disease complication.

Factors like functional motor proteins, intact microtubules and adequate ATP from mitochondria
are essential for axonal transport and regulation of microtubule dynamics within a cellular

environment. However, tau influences the activity of motor proteins dynein and Kkinesin by
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reducing their binding frequency toward microtubules and anterograde and retrograde axonal
transport of cargo®. It affects the axonal transport of protein and organelles resulting in synapse

degeneration. Furthermore, the accumulation of untransported

organelles, for example, mitochondria in neuronal soma, leads to energy deprivation and oxidative
stress, thereby contributing to pathology and neuronal loss in tauopathies®. Besides, proteins and
organelles accumulation in axon and cell body give rise to spheroids and axonal swellings as

observed in neurodegenerative diseases®.
1.4.2 Neurotoxicity from a gain of function

In aggregated form, tau gain of function results in compromised neuronal function, wherein the
release of aggregates into extracellular space mediates its interaction with cell receptors facilitating
spreading. Earlier, NFTs are considered toxic tau species as the severity of cognitive deficits
corresponds to its regional distribution in the AD brain. Nevertheless, growing evidence reports
that NFTs formation is neither decisive nor adequate for neurodegeneration®. Instead, they pose
a protective response wherein cells can scavenge toxic monomeric or oligomeric tau species,
protecting neurons from acute assaults®®. Furthermore, results obtained from various transgenic
mouse models demonstrate that tangle formation does not correlate with neuronal loss; instead,

they appear to survive with tangles without any functional impairments®°,

Among the hyperphosphorylated tau reported in both human and mouse neurons, MC-1 positive
tau, a misfolded earliest alteration of tau in AD, is reported only in human neurons®. Instead, these
tau aggregates might indirectly cause toxicity by depletion of functionally significant proteins,
disturbing cytoplasm organization and subcellular organelles and axonal transport interference,
ultimately leading to neurodegeneration by neuronal loss. Furthermore, results from various
studies claim soluble tau oligomers as toxic rather than NFTs, wherein SDS-stable tau oligomer
levels are high in AD and PSP brains®%. Nevertheless, the role played by tau oligomers in
tauopathies yet controversial due to poor understanding and characterisation wherein methods
concerning standardisation of oligomer preparation and assay methods among different groups are
required to pinpoint the toxic tau species; additionally, the possibility of in vitro generation of

various tau species with disease-relevant properties as present in vivo.
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1.4.3 Neurotoxicity from mislocalisation

Under normal physiological conditions, neurons pose small tau localized in dendritic
compartments. However, in AD brains and other tauopathies, tau hyperphosphorylation, mutation,
and overexpression lead to tau mislocalisation into dendrites, presynaptic terminals and
postsynaptic spines resulting in microtubules destabilisation and synaptic dysfunction, which
microtubule-stabilising drugs can rescue® 1%, Furthermore, mutated tau in fly and rat neurons
binds to synaptic vesicles through its N-terminal domain, thereby reducing synaptic transmission,
including interference with presynaptic functions like synaptic vesicle mobility and release rate%.
Missorted dendritic tau mediates AB-induced neurotoxicity via numerous mechanisms as dendritic
tau's ability to promote microtubule depolymerisation, wherein dendritic tau mediates
translocation of tubulin tyrosine ligase-like 6 into dendrites, where it polyglutamylates the
microtubules increasing their susceptibility to severing by spastin'®®. Additionally, they act as
scaffolding proteins to mediate the delivery of Fyn kinase to postsynaptic sites. Fyn, in turn,
phosphorylates the NMDA receptor 2 subunit, stabilising the interaction between receptor with
postsynaptic density protein 95, potentiating glutamatergic signalling and rendering neurons

susceptible to AP mediated excitotoxicity%410®,

Recent findings reveal tau's new physiological role besides its well-known role in microtubule
stabilisation and axonal transport. The pathogenicity of tau remains a subject of debate as it can
induce both losses of its normal function and novel toxic gain of function. Both loss and gain of
tau function may contribute to neurodegeneration, ultimately resulting in the onset and progression
of tauopathies. Therefore, it will be critical to develop effective tau therapeutic strategies to
overcome tau loss of function and minimise gain-of-function caused by toxic multimeric tau
species, depending on which mechanism prevails in each tauopathy. For example, strategies
targeting microtubule stabilization will be a promising approach in conditions where tau mutation
causes loss of function but not in case of loss of function as they are microtubule independent and

do not report any accumulation of toxic tau aggregate.

Conversely, tauopathies mainly caused by tau gain of functions can be enhanced by therapeutic
strategies reducing tau via increasing its proteolysis and clearance. In contrast, such an approach
could harm the loss of function mechanisms of tau toxicity, as the treatment would exacerbate the

sequestration of soluble tau. A study in transgenic mice with inducible tau expression showed that
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after the suppression of transgenic tau expression, memory function recovered, and neuronal loss
ceased, but NFTs continued to accumulate!?’. Therapeutic strategies to reduce tau would have to
be prolonged enough to remove any residual seed-competent tau species from human brains. Still,
this long-term reduction of tau levels may pose safety concerns'®,

1.5 Post-translational modifications of tau

Various post-translational modifications of tau, including acetylation, phosphorylation, nitration,
glycation, oxidation, polyamination, sumoylation, ubiquitination and addition of B-linked N-
acetylglucosamine (O-GIcNAcylation) were reported (Fig. 1.5)}%°9 Herein we discuss the
mechanism of post-translational modification of tau, its function and its relationship to disease in
detail.

1.5.1 Tau phosphorylation

In AD brains, NFTs comprise paired helical and straight filaments of hyperphosphorylated tau®*.
Phosphorylation is reported as the most common tau post-translational modification. There are 85
phosphorylation sites, including 45 serine residues, 35 threonine residues, and 5 tyrosine
residuest!2. Phosphorylations at residues S262, S293, S324, and S356 dissociate tau from

microtubule binding'®3, Thus, phosphorylations regulate tau binding to microtubules®-13114,

An average of 2-3 moles of phosphate per tau molecule is present in normal conditions, whereas,
in AD, the ratio is 3-4 times higher'**. Self-aggregation and accumulation of tau in the
somatodendritic compartment and defects of axonal mitochondrial trafficking, which result in
neuronal toxicity, are known to be induced by tau hyperphosphorylation events!*>11,
Furthermore, tau phosphorylation precedes the formation of tau fibrils in the AD brain!8, These
observations demonstrate that tau hyperphosphorylation plays a crucial role in the development
and pathogenesis of tauopathies and that its inhibition may be a therapeutic strategy. A balance
between protein kinase and phosphatase activity controls tau phosphorylations!2. Tau is a crucial
substrate for protein phosphatase 2A (PP2A), whose activity is turned down in the AD brain!®-
122 PP2A pose increased substrate specificity and withholds several regulatory subunits, thus
making it a not quickly responsive target for drug design and therapies. Therefore, efforts are
underway to develop protein kinase inhibitors that can reduce tau aggregation and neuronal death

in tauopathies'?.
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Fig. 1.5. Post-translational modification sites of human tau. Diagrams were created with IBS:
an illustrator for the presentation and visualization of biological sequences®. The post-
translational modification sites were derived and adapted from Wesseling H et al. Cell, 20202
and Wegmann S et al. Current Opinion in Neurobiology, 2021'%*. (A) Post-translational
modification sites identified in human AD brains mapped on the longest tau isoform sequence
(2N4R, UniprotkKB P10636-8). Phosphorylation sites along residues are displayed in grey (above
and below the domain structure), with the most abundant phosphorylation sites clustering in P1
and P2 of the proline-rich domain between residues T181 and S235 and regions C-terminally of
the repeat domain (repeats R1-R4) in between residues S396 and S404 (RO and C-terminal).
Inserts N1 and N2, the N-terminal projection domain is also often phosphorylated. (B) most of the
Acetylation (pink) and ubiquitination (violet) occur within the MT-assembly domain and often
alternatively at the same residues (green). Methylation (brown) is rare and found only in the C-
terminal and projection domains. Only one O-GIcNAcylation was found in the C-terminal
domain®?,

19



1.5.2 Tau acetylation
Tau protein withholds more than 30 lysine residues, possibly acetylated, located in the MTBD, a

proline-rich domain, and the C-terminal domain!®

. Acetyltransferases such as p300 and CBP
acetyltransferase and deacetylases such as histone deacetylase 6 and sirtuin 1 regulate the
acetylation level in tau'?®-128, In addition, with the help of catalytic cysteine residues C291 and
C322, tau promotes the self-acetylation of autologous lysine residues in the MTBD*?°. Highly
acetylated lysine residues are reported in the brains of AD and other tauopathies compared to
healthy brainst®3! Furthermore, acetylation at K280/K281 residues inhibits microtubule
stabilization and promotes tau aggregation'®2. Deleting sirtuin 1 increases tau acetylation and
inhibits its degradation, thereby accumulating pathogenic phospho-tau in vivo?®, These facts
underlie the importance of acetylation and its significance in tau-induced toxicity. An old salicylate
derivative with anti-inflammatory properties, salsalate is reported to inhibit tau acetylation by
blocking p300 acetyltransferase activity and acetylation of K174 in the PS19 transgenic mouse

line overexpressing P301S-tau.

Additionally, salsalate prevents hippocampal atrophy and memory impairment***13 Though
reported to be safe and well tolerated, a pilot study by administrating progressive supranuclear
palsy patients failed to improve cognitive performance. Factors attributing to this failure include

poor penetration ability into the brain and an increase in tau aggregation®3®.
1.5.3 Tau ubiquitination

Apart from acetylation, tau lysine residues undergo ubiquitination, a process closely associated
with the proteasomal degradation pathway™®. Interestingly, hyperphosphorylated tau is
ubiquitinated in AD patients®®* . Thus dysfunction of either proteasomal or lysosomal
degradation pathways might lead to excessive accumulation of ubiquitinated tau, thereby

contributing to the formation of NFTs°,
1.5.4 O-GIcNAcylation

Paired helical filaments (PHFs) from AD brains are reported to contain glycosylated tau'*!. The
non-canonical form of glycosylation involves the addition of B-linked N-acetylglucosamine (O-
GIcNAcylation), and the events are tightly regulated by O-GlcNAc transferase and neutral -

hexosaminidase known as O-GlcNAcase'*2. An O-GlcNAcase inhibitor was reported to enhance
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tau O-GIcNAcylation, thereby inhibiting the formation of tau aggregates and neuronal loss in
P301L tau transgenic mice'*. Reduction in tau O-GIcNAcylation is related to neurofibrillary
pathology in AD brains!*%  On the contrary, an increase in tau phosphorylation,
neurodegeneration and cognitive impairment was observed in mice with forebrain-specific O-
GIcNAc transferase conditional knockout!#®. Thiamet G, an inhibitor of O-GlcNAcase with good
bioavailability, decreased site-specific phosphorylation of T181, T212, S214, S262/S356, S404,
and S409 residues upon acute injection into the lateral ventricle of wild-type tau transgenic
micel#3147148 " Eyrthermore, oral administration of Thiamet G in drinking water enhanced O-
GIcNAcylation and inhibited tau aggregation and neuronal cell loss!*. Administration of MK-
8719, a low molecular weight O-GIcNAcase inhibitor developed in collaboration with Alectos
Therapeutics and Merck, was found to enhance brain O-GIcNACc levels, reduce pathological tau
and improve brain atrophy in an rTg4510 mouse model of tauopathy'*°. Results from these
findings substantiate the upregulation of tau O-GIcNAcylation as a therapeutic strategy for tau-

related neurodegeneration.
1.6 Tauopathies

Tau is reported to form intracellular aggregates in various neurogenerative diseases, which include
AD, frontotemporal dementia, corticobasal degeneration (CBD), and PSP, termed ‘tauopathies’>2.
In tauopathies, tau self-assembles into neurotoxic oligomers and fibrillar aggregates as it detaches
from microtubules®. The discovery of tau mutation and its correlation with aggregation and
cognitive decline has emphasised the hypothesis that tau mutation plays a causative role in AD or
frontotemporal dementia-associated neurodegeneration®>1%-1%3 As a central molecular player in
neurodegenerative diseases, including AD and other tauopathies, tau remains an attractive and
challenging therapeutic target'>%541% In contrast to amyloid plaques, NFTs remain distinctive
proteinaceous lesions of AD and correlate well with clinical disease progression %. In AD staging,
immunostaining methods employed AT8, a monoclonal antibody that binds to
hyperphosphorylated tau®*®. Nevertheless, metastable tau oligomers remain a significant
neurotoxic agent and possibly the main culprit responsible for impairing and eventually killing

susceptible neurons, similar to other proteinopathies®®’.

Tauopathies are characterized by aberrant tau aggregates (NFTs and tau inclusions) in neurons and

glial cells®1%°, In tauopathies, the formation of misfolded and oligomerized tau is reported to be
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the onset characteristic feature wherein the appearance of NFTs marks the disease progression*®°.
Although the mechanism underlying the tau pathological process is not precise, human tau
pathology progresses from one brain region to another in a disease-specific mannert6-164,
Deposition of tau remains a distinctive pathological sign associated with many tauopathies, and
the Braak system has used the same to classify disease progression stages'*®. Furthermore, as tau
accumulates into hyperphosphorylated NFTs, the visualization of tangles in the entorhinal cortex
that transverse through the brain along the neuronal network to the rest of the brain regions remains
a histopathologic marker for AD>2. Moreover, neuronal loss and dementia reported in AD patients

are hypothesized to be associated with damages along this neuronal connections*®°,

Among the reported tauopathies characterized by aggregated tau, AD remains a well-known
disease wherein tau protein is aggregated into NFTs within neurons and the selective loss of
neurons and synapses'®®. Both extracellular amyloid plaques comprising fibrillar Ap and NFTs
consisting of hyperphosphorylated tau were reported to be the signature trait of the disease in 1906
by German psychiatrist Alois Alzheimer!®”1"t A heterogeneous group of disorders of
frontotemporal dementia with parkinsonism linked to chromosome 17(FTDP-17) are pathogenic
to a mutation in the tau gene and display prominent tau pathologies rather than senile plaques or

disease-specific inclusions’173,

NFTs and other tau pathologies can induce neurodegeneration in the worm, fly and mouse models
of neurodegenerative tauopathies with convincing plausibility to their authentic human
counterparts!’>’* Most tauopathy patients also show depositions of AP, a-synuclein, or
huntingtin®. These observations suggest that tau abnormalities have a typical pathological role
across neurodegenerative diseases. Furthermore, abnormal changes in tau and its pathological
aggregation are standard features of neurodegenerative diseases®*!">17®. Thus more efforts have

been carried out to search for in vitro tau aggregation inhibitors*’’ 83,
1.6.1 Classification of tauopathies

Though tauopathies display a common molecular mechanism and characteristics of lesions like
nerve cell loss, gliosis, superficial spongiosis, gross brain atrophy and ballooned neurons, they
differ in isoform and cell involved, inclusion morphology, cellular tau pathology and its clinical
presentation significantly vary among the disease type (Fig. 1.6)'%41%, In addition, tauopathies are

distinguished by the tau isoforms involved. The neuronal inclusion comprises 3R- and 4R-tau

22



[

Pick’s disease (PiD)

Familial temporal dementia
and parkinsonism
(mutations G272V and Q336R)

I
3R+4R
[~ Alzheimer’s disease (AD)

| Amyotrophic lateral sclerosis/
Parkinsonism-dementia complex (ALS)

I— Chronic traumatic encephalopathy (CTE)
— Down’s syndrome

I— Familial British dementia (FBD)

— Familial Danish dementia (FDD)

= Primary age-related tauopathy (PART)
[~ Tangle only dementia (TD)

— Anti-lgLONS-related tauopathy

[ Diffuse neurofibrillary tangles with calcification
[~ Niemann-Pick disease, type C

— Nodding syndrome

— Post-encephalitic parkinsonism

[~ SLC9A6-related parkinsonism

I~ Gerstmann-straussler-scheinker disease

Familial frontotemporal dementia
— and parkinsonism
with mutations V337M and R406W)

|
4R
[~ Age related tau astrogliopathy (ARTAG)
I— Argyrophilic grain disease (AGD)
[— Corticobasal degeneration (CBD)
[— Guadeloupean parkinsonism
— Globular glial tauopathy (GGT)
— Hippocampal tauopathy
I— Huntington’s disease
I— Progressive supranuclear palsy (PSP)
[— Trauma-related tau astrogliopathy

Familial frontotemporal dementia and parkinsonism
— (mutations P301S, intronic mutations,
coding region mutations in exon 10)
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isoforms in AD and CTE, British familial dementia, and Danish familial demential®’-1%,
Depending on MAPT mutation, tau inclusion in FTDP-17 comprises six tau isoforms,
predominantly with 3R, 4R or both 3R- and 4R- tau isoforms®®. In Pick’s disease, the inclusions
were composed of a 3R-tau isoform. Furthermore, in PSP, globular glial tauopathy, CBD, ageing-
related tau astrogliopathy and argyrophilic grain disease, 4R-tau isoforms predominate in neuronal

depOSit5187’188'190

Tauopathies are also classified based on the distinct migration pattern of full-length tau species.
Though corticobasal degeneration and PSP are reported to be composed of 4R tauopathies, their
cleavage products vary in size. Detergent insoluble cleaved tau from corticobasal degeneration
migrates as 37 kDa doublet, whereas in the case of PSP, it migrates as a single band of 33 kDa®%,
In AD, the six tau isoforms are detected as tau triplet (tau 60, 64 and 69 kDa) with immunaoblotting,
wherein corticobasal degeneration and PSP appear as tau doublet (tau 64 and 69 kDa) with 4R-tau
isoforms forming aggregates. In the case of Pick’s disease, the tau deposits were made of 3R
isoforms and appeared as doublet tau 60 and 64 kDa'®2. Concerning the morphological
characteristics of the filaments, tau inclusions appear to be in the form of NFTs and neuropil
threads in the somatodendritic compartment and distal axons and dendrites, respectively. In
argyrophilic grain disease, glial tau inclusions in astrocytes, oligodendrocytes, and pre-tangle
neurons in limbic areas contribute to hallmark lesions observed!®%4. Globose-type NFTs and
neuropil threads, along with glial changes in tufted astrocytes and oligodendroglial coiled bodies,
are reported in PSP%-197 In addition, corticobasal degeneration was distinguished with pre-tangle
neurons, intracytoplasmic pathological tau in neuropil threads, astrocytic plaques and coiled
bodies!®®. Furthermore, FTDP-17 brains are characterized by filamentous tau inclusions in nerve
and glial cells, astrocytic gliosis and spongiosis and Pick’s disease with pick bodies, more

specifically in neocortical, hippocampal and subcortical nerve cells*>1%,
1.6.2 Alzheimer’s disease

Two types of lesions were first observed and described by Alois Alzheimer in the grey matter of a
demented patient's brain in 1906"X. The disease was named after him, defining neuropathological
characteristics like lesions, senile plaques and NFTs. Reported as the third most frequent
widespread dementia syndrome with pathology affecting humans apart from cancer and

cardiovascular diseases, AD displays abundant deposits of extracellular senile AP plaques and
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intracellular NFTs consisting of tau?°®?%%, Despite the prevalent hypothesis underlying misfolding
and fibrillisation events as the cause of disease-specific inclusions, the exact mechanism behind

brain degeneration in AD remains poorly understood.

AD, a degenerative tauopathy, is characterized by abnormal hyperphosphorylation of the tau,
thereby leading to its aggregation through its repeat domain to form intraneuronal PHFs.
Correlation between the quantity of aggregated tau, the spread of neurofibrillary tangle pathology,
the extent of clinical dementia, and functional molecular imaging deficits was confirmed by
various studies?%2%, Though the close spatial correlation between neuronal loss and tau-based
NFTs in patients’ brains is evident, the correlation is overlooked, points to a higher layer of
complexity, and supports the hypothesis that tau might play a prominent role in AD
neurodegeneration®®. Disease progression involves MCI at early stages to advanced dementia at
later stages. Non-availability of drugs for disease treatment leaves physicians with no other option

besides symptom-alleviating medications, placing patients under stress.
1.6.3 Tau aggregation

With a highly hydrophilic nature (solubility to ~650 uM), unfolded tau protein aggregates into
well-structured fibres in AD and other tauopathies?”’. Furthermore, significantly advanced studies
in this field identified tau protein comprised of isolated short peptide motifs embedded within a

208 Two

hydrophilic environment, with a high tendency for B-structure and aggregation
hexapeptide motifs, PHF6*(VQIINK) and PHF6(VQIVYK), enriched in hydrophobic amino
acids, are present within the tau R2 and R3 repeat domains, respectively and are responsible for
aggregation, forming the core of the PHFs?®, The presence of B-hairpin structure in regions,
including the PHF6 segment in intact tau monomer, was confirmed by in vitro and in silico studies.
Mutation in hexapeptide motifs disrupts B-structure (e.g., an inserted proline), rendering the
protein incompetent for assembly. PHF6, located in R3, is present in all tau isoforms, whereas
PHF6* is present only in the 4R-tau isoform due to its presence in R2. Interaction of PHF6- PHF6,
PHF6*-PHF6*, or PHF6-PHF6* motif?® mediates abnormal self-assembly of tau via
dimerization. Recruitment of tau monomer forms nucleation seeds which in turn elongate into
oligomers, eventually leading to tau filaments formation in a dose and time-dependent

manner?®®210 Several biophysical and microscopic techniques confirm the presence of p-sheet

structure and twisted helical structure in tau aggregates!?64211212_ The core region of PHFs
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consists of a tau repeat domain wherein the N- ad C-terminal regions spread away from the core
structure representing paired helical filament’s fuzzy coat?’®. Even in the aggregated state, the
fuzzy coat is highly mobile and a pose characteristic “soft polymer brush” extending from the
paired helical filament core and interacting with other cellular components?4-21®. Besides
enhancing the P-propensity of the motifs, the AK280 and P301L mutation increases tau
aggregation in FTDP-17%Y7. P301L mutation shifts PHF6 disturbs the local compact structure and
enhances the propensity for aggregation®!8, Disulfide bridges formed between cysteine residues
withhold protein-protein interaction or protein structure. Though cysteine residues (C291 and
C322) play a controversial role in tau aggregation, results from some studies claim an
intermolecular disulfide bond is involved in the seed formation to initiate tau polymerization and
tau oligomer formation®!®2?%t, Additionally, the capping of cysteine residues with 1,2-
dihydroxybenzene inhibits tau oligomer formation underlying the role played by cysteine residues

in tau oligomer formation?2,
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NFTs consist of various hyperphosphorylated sites, and the implications of tau kinase inhibitors
reduced tau phosphorylation, thereby inhibiting tau aggregation??®24, It has been demonstrated
that tau aggregation mediated by tau phosphorylation are site-specific, and phosphorylation at
some sites inhibits tau aggregation'’?2°2%_ Therefore, the compounds directly targeting tau
aggregation may be more effective tauopathies than tau kinase inhibitors. In tauopathies, including
AD, aberrant tau post-translational modification results in self-assembly into neurotoxic oligomers
and fibrils. Among the post-translational modifications reported so far, hyperphosphorylation
remains the often-reported modification that initiates aberrant tau self-assembly. Thus, artificial
models utilizing heparin and other polyanions were employed to induce aggregation in vitro, as it
is challenging to introduce post-translational modification in cell culture models. These
experimental systems are specifically convenient for screening tau aggregation inhibitors and
disaggregation inducers??’. However, structures resolved by cryo-electron microscopy display
heparin-induced 4R- and 3R-tau fibrils that are structurally distinct from those reported in AD and
Pick’s disease questioning the relevance of such in vitro assays®?®, Heparin and RNA co-assemble

with tau to induce fibril formation in vitro?%.

Recent findings report that cofactors are not essential for tau fibrillisation and
hyperphosphorylation is sufficient to induce fibril formation*”?*°, Though the tau self-assembly
process has been reported in many in vitro studies, the difficulty associated with the process of
obtaining purified tau hyperphosphorylated forms, tau forms devoid of post-translational
modification that does not aggregate spontaneously, were employed. Tau fragments comprising
full-length or part of the MTBD are aggregation-prone, and their fibrils can serve as a template for
tau aggregation'®3231-234 However, this strategy does not alleviate the concern about the lack of
pathologically relevant post-translational modifications.

Polyanionic cofactors like heparin and other polyanionic nucleation factors, including nucleic
acids, acidic lipid micelles, and acidic peptides, can initiate in vitro aggregation by compensating
the basic charge of tau?®®. Under in vitro conditions, the fluorescent dye Thioflavin T monitored
the tau aggregation level, and recombinant tau was polymerized with heparin or RNA. Researchers
utilized this in vitro system mentioned above to screen for inhibitors targeting tau
aggregation®®22%_ Most aggregation tau inhibitors reported so far share a characteristic feature

such as a negative or positive charge in their structure, antioxidant properties, and compounds of
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natural origin. In vitro aggregation assays employ polyanions, RNA and fatty acids, such as
arachidonic acid, or small anionic molecules as external inducers to stimulate tau aggregation, and
the mechanism behind this process is still unclear. Though the fibrils generated from these assays
are morphologically similar to PHFs, the mechanism involved along the aggregation process and
structural details of these fibrils are pretty distinct from disease-relevant tau aggregates®®’. Tau
fibrils formed in the presence of heparin or RNA disaggregate upon adding heparinase or RNase,
respectively??. These findings are of particular concern as distinct conformational tau generated
by inducers display different biological and pathological behaviour and might not recapitulate the
structure of tau found in patient brains?®2%°, Thus, an alternative approach focusing on
phosphorylated tau production for in vitro studies involving aggregation, structure and
pathological effects has to be carried out. Nevertheless, only a few studies reported this strategy
and were focused on fibril formation and morphology*”24%241, The mechanism of tau aggregation

is briefly presented in Fig. 1.7.
1.6.4 Propagation of protein aggregation in neurodegenerative diseases

Neurodegenerative diseases remain a significant health concern for the world’s aging population
with the accumulation of amyloid proteins inside or outside cells. The most common
neurodegenerative disease characteristics include protein amyloid deposition and degeneration of
brain networks. Under experimental systems, amyloid protein, such as AP, tau, and a-synuclein,
display properties similar to infectious prion®. As examined by X-rays, the term ‘amyloid’ refers
to long, unbranched protein fibrils that display cross-p fibre diffraction. Identified as ordered
protein assemblies, these amyloids act as a template for their replication through monomer
addition, like small molecules or protein crystallization, which might trigger the progression of

disease pathology in neurodegenerative diseases?#2243,

Numerous models explain the mechanism of amyloid growth, and a few are discussed below. The
first model suggests a nucleated polymerization event, wherein the monomer is transformed into
a seed, and fibrils grow via monomer addition®*3>246, Recent work specifies that for tau, the
pathogenic seed can be a single molecule?’. The second model proposes an induced fit wherein
monomers get converted into aggregates failing to grow into ordered amyloid fibrils?*3248, Thus,
aggregates serve as substrates for other proteins to bind and undergo a conformational change that

enables subsequent amyloid growth. In both models mentioned above, fibrils grown are subjected
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to fragmentation and secondary nucleation events that rapidly amplify protein amyloids. This
provides an understanding of the origin and progression of multiple neurodegenerative diseases
based on the self-replication mechanism through template formation. Mutation leading to
dominantly inherited neurodegenerative diseases significantly alters proteins that accumulate in
sporadic cases, usually through structural destabilization that promotes amyloid formation or via
overproduction. Though the factors involved in triggering protein aggregation in sporadic diseases
remain unknown, results from many studies report that diminished protein quality control in aging
organisms could play a possible role?®. Ubiquitin-proteasome system and the
endosomal/lysosomal pathways are vital for keeping aggregation-prone proteins under
control?®%25!, Perhaps genome-wide association studies report that proteins associated with these
pathways are linked to AD. Both sporadic and dominantly inherited AD show a primary
pathogenic role in protein aggregation and accumulation.

Prions, known as the infectious assembly of proteins, serve as a template to convert normal
proteins into pathogenic conformation, mediating disease transmission between individuals??2,
Stanley Prusiner was awarded the Nobel prize in physiology or medicine in 1997 for explaining
this novel and frightening basis of neurodegenerative disease. Nevertheless, with the principal goal
to confirm protein-based infectious propagation of pathology, in some aspects, the field was
distracted from investigating the molecular and cellular mechanisms of pathogenesis wherein a
tiny inoculum progressively amplifies its structure within individual cells and then spreads
throughout the nervous system. Cases of Prion disease are sporadic and not infectious, underlying
that the process can begin and proceed based on endogenous mechanisms. Prion disease exhibit
characteristics similar to non-infectious diseases like AD, amyotrophic lateral sclerosis and PD
with amyloid protein deposition, progressive neurodegeneration and genetic and sporadic causes.

Additionally, results from the last decade are compelling and link prion mechanisms to common
amyloid diseases>1%239253-2%5 Deciphering the primary mechanism behind cell-cell propagation of
pathology promises to introduce new therapeutic and diagnostic strategies. A significant
understanding of prion biology and the role of discrete amyloid structures in driving specific

pathology patterns might provide insights into pathogenic mechanisms.
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1.6.5 Trans-cellular propagation of tau and seeding

Tau pathology propagates through the brain in a reproducible temporal and regional manner®. In
tauopathies, disease progression is marked by the release of tau seed from one cell to another,
leading to pathological tau aggregation. Tau propagation is hypothesized to be through a prion-
like mechanism, which utilizes an initial seed to recruit normal monomeric tau and facilitates
autocatalytic amplification®®. Initial tau seed could be undigested cellular components, such as
lipofuscin deposits or tau in an oligomeric state®®. Tau undergoes active cell-to-cell (trans-
cellular) transfer and initiates tau aggregates propagation in unaffected neurons*®2%’. The
mechanism underlying the spread of pathological tau is of significant focus for dementia research,
thus remaining a potential therapeutic target for the attenuation of tau propagation (Mechanism of

tau secretion and spreading is briefly explained in Fig. 1.8).

According to the observation, recombinant tau fibrils induce aggregation of full-length tau in
cultured cells, which in turn gets transferred between cells'®. In addition, the prion hypothesis
explains that aggregated tau escapes from its origin cell and enters adjacent cells and seeds, further
propagating pathology?®. Additionally, it has been reported that intracellular tau fibrils propagate
aggregation upon release into media by direct interaction with native tau in recipient cells. The
ability of the anti-tau monoclonal antibody (HJ9.3) to interrupt this aggregation process by

preventing recipient cells from tau aggregate uptake was reported’.

Apart from experimentation with recombinant tau, several groups deciphered the ability of PHFs
from the AD brain to induce cytoplasmic tau aggregation®®®. In addition, brain extract from human
P301S tau transgenic mice was injected into mice expressing wild-type tau and found to initiate
pathological features®. Similar findings were reported wherein propagation of NFTs-like
inclusions was observed from injected site to adjacent brain regions in a time-dependent manner®®,
Selective expression of tau in the entorhinal cortex cause late pathology onset in the axonal
terminal zones in the dentate gyrus and hippocampus®®2%2, Thus, a growing body of evidence
supports the mechanism of tau aggregate transfer between cells and underlies the possibility of

targeting these aggregates with therapeutic antibodies.
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In vitro and in vivo studies demonstrate extracellular tau's ability to seed assembly and induce
intracellular tau aggregate formation in adjacent cells>®. In addition, co-cultured cells were
reported to uptake released intracellular tau aggregates and promote fibrillisation, illustrating
prion-like tau propagation®”2**2%’ Synaptic connections between neurons facilitate trans-cellular
propagation of tau stimulated by depolarisation during neuronal activity, which can accelerate the
spread of tauopathies?®22%’. As seen in AD, the stereotypical staging of tau pathology can be
described by trans-synaptic propagation via specifically connected neurons. Nevertheless, the
exact mechanism behind tau propagation events like intracellular tau uptake and secretion is not
fully understood. In comparison, several studies specify vesicle-mediated tau secretion via
exosomes and ectosomes?®+2%, Microglial cells also promote tau propagation through an exosome-

dependent mechanism?8,

In contrast, results from other findings demonstrate tau propagation as exosome independent
process that requires heat shock cognate 70, chaperone DnaJ and synaptosomal-associated protein
232%9_In addition, secreted pathological tau undergoes cellular uptake to enter neighbouring cells,
linked to multiple cellular uptake mechanisms. The reported mechanisms include dynamin-driven
and  receptor-mediated  endocytosis and  actin-dependent  proteoglycan-mediated
micropinocytosis?®®27%271 In addition to the factors that regulate intercellular propagation, it is
also important to consider the tau species responsible for initiating seeding. As the most widely
recognized species, proteolytically stable oligomers have strong seeding potential, triggering tau
self-assembly cascades in unaffected brain regions®!%97:266:272 \While recent studies support that
tau 297-391, the stable core of the PHF, known as 'dGAE’, in its soluble form, gets internalized
into neuronal cells and recruits endogenous tau, some evidence supports fibril-induced tau
propagation?’3. However, oligomeric tau is believed to be crucial species that provide tau with its

‘prion-like’ characteristic features.

Understanding the self-propagation of tau and the seeding abilities of pathogneic tau species in
tauopathies has opened up new opportunities for therapeutic targets and interventions for treating
tauopathies. Disruption of the tau propagation mechanism with anti-tau antibody infusions and
small molecules are attractive therapeutic strategy. Treatment with anti-tau antibody infusion
reduced oligomeric tau levels and improved cognitive function. Increasing evidence suggests that

cytotoxicity associated with tauopathies might not result from larger aggregates of NFTSs, even
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though it is considered a histopathological hallmark of AD. In AD patients, apart from trans-
cellular propagation, oligomers are known to be involved in cognitive decline and molecular
dysfunctions that underlie neurodegeneration. Overexpression of tau in vivo displayed neuronal
loss, behavioural abnormalities, and synaptic dysfunction without NFTs2"4-27_ These findings are
further supported by evidence from studies involving the injection of tau oligomers into wild-type
mice which exhibited memory impairment, synaptic loss, and mitochondrial dysfunction 2’8, These
studies substantiate the pathological role of pre-tangle tau species in the dysfunction of neurons
compared to tau fibrils. In response to these research findings, it has been proposed that tau fibrils
are generated as a protective response wherein the toxic oligomeric species are absorbed and

cleared via protease activity or autophagy?’®2.
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Nevertheless, the oligomers formed are proteolytically stable and could resist autophagic activity,
enabling propagation between neurons and resulting in cytotoxicity. Thus, tau-induced
neurodegeneration results from increased oligomers rather than an accumulation of PHFs in NFTSs.
This concept remains validated for AD and other neurodegenerative diseases. Studying the
molecular mechanisms of protein self-assembly has been essential for further understanding
neurodegeneration and identifying therapeutic targets. In addition, generating a reliable in vitro
model that can accurately replicate cytotoxicity events associated with tauopathies will aid in
understanding aggregation principles and identifying potential therapeutic targets (Fig. 1.9).

1.6.6 Tau spreading, toxicity and neurodegeneration

Growing evidence suggests that tauopathies spread between connected regions and cells involve
complex processes, including secretion, cellular uptake, transcellular transfer, and seeding.

However, the exact mechanism underlying tau pathological propagation remains unclear.

Followed by detachment from microtubules, tau undergoes structural transition, misfolding and
degradation *°. Tau can be secreted into extracellular space in its naked form or packaged in
membranes/ exosomes, followed by neuronal activity in mature neurons, neuronal death or
accumulation of tau reached beyond a certain level in non-neuronal cells?®%-284, Similar to these
findings, exogenous misfolded tau gets internalized by cells either through heparin sulphate
proteoglycans (HSPGs) or cell membrane receptors, such as muscarinic (M1, M3) and a-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors-mediated processes or by
endocytosis?’1285286  After internalization, misfolded pathogenic tau proteins act as seeds, thereby
recruiting soluble endogenous tau into larger aberrant conformations, which slowly propagate
across the interconnected brain regions as confirmed by several animal models studies®184278.287,
Additionally, fibrillar tau species mediate transfer between cells and recruit endogenous tau
proteins onto their ends, a mechanism responsible for the intracerebral spread of tau pathology®®’.
The progressive accumulation of tau in brain regions in AD development is due to the spread of
aggregated tau along anatomically connected regions?®8-2%. Accumulation of aggregate leads to
neuronal loss and trans-synaptic spread of tau aggregates to more distal regions of the brain?62%,
Propagating neurofibrillary lesions and tau toxicity throughout different brain regions in

neurodegenerative diseases are mediated by the spread of extracellular species?®%2%,
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A better understanding of the precise molecular mechanisms underlying tau propagation will
contribute to developing new therapeutic approaches for halting this process and provide new
perspectives for the early diagnosis and prevention of tau pathologies?®2?%®. The possible
mechanisms involved in pathology propagation, such as tau detachment from microtubules, tau
cleavage, tau degradation, and release, uptake, and movement of pathogenic tau along synaptically

connected neurons, should be considered for understanding the mechanism?4.

1.6.7 Toxicity associated with the spread of tau pathology

Neuronal transport disruption is thought as an underlying cause and early phenomenon in AD and
other neurodegenerative conditions. Alteration of Ca?* homeostasis by Tau phosphorylation,
mislocalization, and conformational changes induces dendritic spine loss, impairs organelle
trafficking, particularly in mitochondria, and leads to cell death”®!!6. Three different hypotheses
have been proposed to underlie tau-mediated toxicity: (1) insoluble NFTs might be toxic and lead
to neuron death and cognitive dysfunction in AD, (2) misfolded soluble hyperphosphorylated tau
might become toxic upon its accumulation in inappropriate cellular compartments, while NFTs
exert a protective effect by serving as a sink for these toxic species, and (3) both insoluble NFTs
and soluble pathological tau forms as toxic to cells?®. Various works have favoured the third view.
Recent studies observed that soluble tau species are linked to synaptic or neuronal dysfunction.
These results indicate tau oligomers but not monomers or fibrils that act as aggregation seeds in
the brains of wild-type mice, leading to mitochondrial dysfunction, synaptic deficits, and memory
impairment?®. Additionally, the interneuronal spread of soluble tau species may contribute to the
spread of pathology in the brains of AD patients!8429.297,

Besides, in vivo endogenous tau pathology arises from endocytosis of low molecular weight
misfolded tau transported anterogradely and retrogradely by neurons. However, the neurons cannot
endocytose fibrillar tau, brain-derived filamentous tau, or monomeric tau?®. This substantiates that
the cell-to-cell spread of trimeric and larger oligomeric forms in specific brain regions by
endocytosis mediates tau toxicity?®. Extracellular tau is considered neurotoxic®®® and contributes
to the pathological spread of AD. Thus, an increase in extracellular free tau levels compared to
intracellular levels results in critical concentration wherein tau protein will self-aggregate and
induce extracellular toxicity®%’. Thus, in comparison to free tau, PHFs are less toxic. Tau, upon

interacting with muscarinic receptors, releases Ca®* from its intracellular stores, thereby increasing
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Ca?* concentration. Toxicity and cell death associated with tau seeds can also be mediated through
alteration in intracellular Ca?* homeostasis resulting in tau phosphorylation and pathological
progression of AD2%8:301302 Tay phosphorylation surges the detachment of tau from microtubules,
increasing free tau levels, which in turn binds to muscarinic receptors on surrounding cells,
inducing muscarinic toxicity and aggravating tau toxicity and transmission®®. Through the
different mechanisms, tau isoform variants are secreted into the extracellular space and play
diverse roles in AD pathogenesis. For example, tau released through neuroactive stimulation or
cell death events is considered non-toxic, while misfolded tau fragments or seeds (induced by Ap,
kinases, and hydrolases) exert toxic effects on the extracellular space. Tau protein in secreted

vesicles impedes its binding to muscarinic receptors, thus reducing neurotoxicity.

Consequences of tau hyperphosphorylation include axonal transport impairment, synaptic loss and
tau relocalization to the somatodendritic compartment®®3, Synaptic dysfunction can occur either
presynaptically or postsynaptically, wherein the former involves synaptic vesicles to interfere with
the transport of phosphorylated tau, whereas the latter involves the downregulation of AMPA
receptors®®. Concerning the prion hypothesis, tau assemblies enter cytoplasm and seed native
monomer aggregation, which gets released and spread to neighbouring cells!83%4, Aberrant post-
translational modification events such as truncation, hyperphosphorylation and deamidation can
induce tau detachment from microtubules under pathological conditions and promote its
accumulation in free form®®8, Once neurons degenerate and die, free tau enters extracellular space
and gets diffused in all directions®®>%% which is in accordance with the observation made, wherein
brain areas affected by degeneration pose progressive neuron loss, and without tangles, tau species
can seed misfolding in human brains®. This suggests that prior to neuronal death, tau seeds are
released from intact neurons®®’. Similarly, extracellular NFTs or other substances released from
degenerating neurons lead to their accumulation in extracellular space, damaging nearby cells®%,
These toxic compounds can act like extracellular AR peptides?®. Thus, both soluble tau species

and insoluble NFTs may contribute to the spread of tau toxicity.
1.7 Tau targeting therapy

Through screening, numerous compounds were identified, but only a few posed the potential to
penetrate the brain or be non-toxic. An ideal approach for screening compounds involves utilizing

cells expressing tau protein withholding mutations and selecting combinations among the group
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with enhanced ability to prevent or revert the changes imposed by tau. For example, screens
include kinase inhibitors, tau expression and aggregation modifiers, microtubule stabilizers and
modifiers of neuronal tau interactors®®-3!2, In the latter case, the challenge is to achieve robust tau
aggregation within the lifetime of a cell (a few days, compared to decades in the brain), observe
the development of aggregation and toxicity using suitable readouts, and treat the cells with a

library of promising compounds.

Recent drug discovery approaches focus on developing high and medium-molecular-weight drugs
like antibodies or peptide-based drugs targeting alternative pathways to prevent abnormal tau
formation. Approaches targeting tau-mediated toxicity reported so far include inhibition of tau
post-translational modifications, pathological tau aggregation, propagation and microtubule
stabilization. Recent findings illustrate that tau droplet formation by liquid-liquid phase separation
might be the initial step in aberrant tau aggregation and explain the role of tau in dendritic and
nuclear functions. Results from recent clinical trials should be considered to develop newer

strategies focusing on the future direction of tau-targeted therapeutics®'2,
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Fig. 1.11. Schematic diagram showing the mechanism of neuroprotective effects of
antineoplastics in AD preclinical models. (1) Paclitaxel, peloruside A, epothilone D, and
tamoxifen restore microtubule stability and dynamicity, resulting in the recovery of microtubule
functions. (2) Ap-targeting drugs (bexarotene, carmustine and imatinib) reduce the burden of A
plaques, reversing cognitive deficits. (3) Autophagy inducer lonafarnib-induced lysosomal
clearance of tau pathology restores cognitive functions. (4) Extracellular AP plaques activate glial
cells and induce senescence-like characteristics. Clearing senescent cells using senolytics
(dasatinib and quercetin) reduce neuroinflammation, AP pathology, and cognitive deficits. (5)
Axitinib modulates aberrant angiogenesis and corrects cerebrovascular defects. (6) HDAC
inhibitor vorinostat restores epigenetic balance and reverses memory impairment. (7) Masitinib
rescue of synaptic loss prevents cognitive decline. Created with BioRender.com.
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1.7.1 Inhibition of tau aggregation

Tau aggregation remains detrimental to neurons; thus, inhibitors targeting tau aggregation could
be protective. Compounds from different classes, including N-phenyl amines,
phenylthiazolhydrazides, anthraquinones and rhodamines, are known to inhibit tau aggregation
and disassemble existing filaments'®. For example, a tau aggregation inhibitor, bb14, inhibits tau
aggregation in organotypic hippocampal slice culture expressing pro-aggregate tau RD AK280. In
addition, the compound bb14 prevents calcium dysregulation and synapse loss®'4. Similarly, N-
phenylamine derivatives such as B1C11, B4D3, B4Al, and B4D5 inhibit tau aggregation and
disassemble preformed aggregates®*>31°, In addition, phenothiazines such as methylene blue are
neuroprotective and known to inhibit AP oligomerization and tau aggregation along with reactive
oxygen species production®31°, Another compound, CMP-16, inhibits tau aggregation in
Caenorhabditis elegans models of tauopathy. However, whether they can remove tau oligomers
remain unclear®?°. Recent reports indicate that curcumin can suppress soluble tau dimers by
rescuing synaptic and behavioural deficits®?!. Polyphenol epigallocatechin gallate inhibits o-
synuclein and AP fibrillogenesis by directly binding to natively unfolded polypeptides.
Epigallocatechin gallate prevents the formation of toxic aggregation intermediates, thereby
reducing its cellular toxicity®?2323, Epigallocatechin gallate-coated nanoparticles efficiently reduce
AP aggregation and cell toxicity®?*, Likewise, inhibitors targeted against tau aggregation might
induce off-pathway oligomer formation. Thus, approaches targeting tau oligomers can aid in

finding the cure for toxic tau species.

Though the pathway associated with AD remains a matter of debate, the aggregation of AP and
tau are known to play a vital role in neurodegeneration®=2°, Therefore, low molecular weight
antibodies or drugs targeted at inhibition or reversal of tau aggregation might serve as a potential
therapeutic strategy currently undergoing clinical trials®2®3%’, So far, various tau aggregation
inhibitors have been identified and evaluated in different test systems like transgenic mice,
organotypic slices, and Caenorhabditis elegans®431":320 However rapid and cost-efficient
evaluation of cellular effects, a cell model of tau aggregation would be desirable. Physiological
tau poses a low aggregation propensity. Therefore, one problem is rapidly reducing aggregation
within the cell's lifetime and observing its effects on cell behaviour and metabolism.
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Insights about possible targets that mediate inhibition of tau aggregation, B-sheet fibrillisation
intermediates or oligomers can be identified by preclinical studies®?. Small molecules and
compounds, including methylene blue, orange G, oleocanthal, diazodinitrophenol, polythiophene,
curcumin, thiophene and phthalocyanine tetrasulphonate, are reported to inhibit tau aggregation in
vitro83329335 While only methylene blue derivative and curcumin are advanced to clinical trials,
none of the other compounds characterized by in vitro studies is approved for further clinical use.
Through the oxidation of cysteine residues, the phenothiazine compound methylene blue prevents
tau fibrillisation’8, Furthermore, it mitigates tau-related neurodegeneration and pathology through
autophagy induction, reduction of synaptotoxicity and tau phosphorylations by mitogen-associated
kinase 4 and upregulation of NF-E2-related factor 2/antioxidant response element in mice®%®. In
addition, Methylene blue functions as a redox cycler to stimulate mitochondrial metabolism and
reduce the inflammatory response, which mediates its inhibitory activity for tau aggregation®®’.
Despite the widespread use of methylene blue in various conditions, no epidemiological studies
explaining dementia or AD-associated incidence rates have been done in these patient populations.
Thus it is likely to have possible direct effects of methylene blue on tau fibrillisation. Additionally,
LMTX, a reduced form of methylene blue, was unsuccessful in Phase Ill clinical trials
(NCT01689246 and NCT01689233). However, LMTX is investigated as a monotherapy in early-
stage AD patients (NCT03446001).

1.7.2 Drug repurposing for neurodegenerative diseases

Existing therapeutic approaches to treat AD are merely symptomatic, emphasizing the need for
new molecular entities acting on the causes of the disease particularly urgent. The implication of
compounds already in the market remains one of the potential solutions. Details about compound
structures with known pharmacokinetics, toxicity profiles, pharmacodynamics and patient data are
available in several countries. Several drugs have effectively treated diseases distinct from their
primary purpose. Numerous retrospective studies reveal that cancer survivors have a reduced risk
for dementia and AD compared to those without cancer®3®-341, However, the mentioned inverse
correlation due to common biological mechanisms between cancer and AD patients remains
debatable, and mechanisms are primarily unknown?33:342-3%4  Drygs targeting AD follow

different pathways. In retrospective studies, chemotherapy preceded AD diagnosis in cancer
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survivors and may revoke tau seed formation and inhibit tau spreading and AD development (Fig.

1.10)%4034 However, evidence implies that chemotherapy reduces AD risk in cancer survivors®4,
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Chapter 2

Aims of the study
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Aims of the study

The aims of the project were:

(1) To identify the minimal regions in the tau repeat microtubule-binding domain that defines
seeding and its impact on intracellular tau phosphorylation and aggregation in tau-RD P301S
FRET biosensor cells and Tau P301L (ON4R) HEK293 cells. To achieve Aim 1, the following
were the objectives:
a) Invitro characterisation of the aggregation and fibrillisation potential of tau repeat
peptides (R1, R2, R3 and R4)
b) Characterisation of the prion-like seeding potential of aggregates of tau repeat
peptides
c) Examine the effect of exogenous aggregates of tau repeat peptides on solubility and
phosphorylation changes in intracellular seeded tau in cell models
(2) To target the minimal regions with small molecules to abrogate the generation of seed-
competent aggregates of tau and seeding in tau-RD P301S FRET biosensor cells. To achieve Aim
2, the following were the objectives:
a) Examine the effect of small molecules on in vitro aggregation and fibrillisation of tau
repeat peptides
b) Investigate the seeding activity of small molecule-treated aggregates in tau cell models
(3) To compare the clearance of intracellular aggregates in tau cell models seeded with aggregates
of tau repeat peptides. To achieve Aim 3, the following were the objectives:
a) Analyse time-dependent build-up of intracellular tau aggregation in cells
b) Elucidate autophagy failure in cells seeded with tau repeat peptide aggregates

c) Induce autophagy-mediated clearance of intracellular tau aggregation in cells
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Materials and methods

3.1 Chemicals and peptides

Paclitaxel, vincristine sulfate, bleomycin, resveratrol, polydatin, genistein and quercetin were
purchased from Sigma-Aldrich and dissolved in DMSO to make a 10-mm stock. All other drugs
were obtained from the University Hospital Olomouc (Table 3.1). Before the experiment, the drugs
from injection vials or 10 mM DMSO stocks were reconstituted in 1x PBS (pH 7.2) to make fresh
1 mM intermediate stock. The intermediate drug stock was used to make working stocks for all
experiments. Tau repeat peptides of the microtubule-binding domain of full-length 2N4R tau (Fig.
3.1 A, B), R1 (AS-65433-1), R2 (AS- 65435-1), R3 (AS-65435-1) and R4 (AS-65436-1) were
purchased from Anaspec (Fremont, CA, USA). Mutant R3 peptide (C322A) was purchased from
Genscript Biotech (Piscataway, NJ, USA). Tau R3 peptide was synthesized by Drs. Alfredo
Cagnotto and Mario Salmona at the Department of Molecular Biochemistry and Pharmacology,
Istituto di Ricerche Farmacologiche Mario Negri IRCCS, Milan, Italy, as described in the paper3*'.
Peptides were dissolved in sterile deionised water and stored at -80° C until further use. The
concentration of the peptides was quantified using Cary 60 UV-Vis Spectrophotometer (Agilent
Technologies, USA).
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htau40
(2N4R)

Fig. 3.1. Tau protein domain organization and tau repeat peptides sequence. (A) Schematic
representation of 2N4R tau isoform (htau40), displaying the major domains (projection domain,
proline-rich domain, microtubule-binding domain, and C-terminal domain). (B) Amino acid
sequences of different tau peptides used in the thesis are shown. The N-terminal hexapeptide
regions are marked in red, the cysteine residues are marked in bold red, and the cysteine to alanine
substitution at position 322 in the R3 (C322A) peptide is shown in green in the amino acid

sequences.

A Microtubule-

Projelction Prolinle—rich bin(l:ling

C-terminal
N1|N2 P1 | P2 |R1|R2|R3|R4

p Nterminal 244 368 441
B

R1 244QTAPVPMPDLKNVKSKIGSTENLKHQPGGGK274

R2 275VQIINKKLDLSNVQSKCGSKDNIKHVP GGGS305

R3 306VQIVYKPVDLSKVTSKCGSLGNIHHKPGG GQ336

R3 (C322A)306VQIVYKPVDLSKVTSKAGSLGNIHHKPGGG Q336

R4 337VEVKSEKLDFKDRVQSKIGSLDNITHVPGGGN368
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3.2 Tau aggregation assay

The aggregation of tau repeat peptides was monitored using an in vitro Thioflavin T (ThT) binding
assay. To carry out aggregation assays, peptides stored at —80° C were thawed on ice and
centrifuged at 13 000 rpm for 45 secs on a benchtop centrifuge. Throughout sample preparation,
reagents and the assay plate were kept on ice. A reaction mixture consisting of 0-50 UM peptides
and 15 pM ThT either in the presence or absence of 5 uM heparin (Sigma-Aldrich, Cat. #H4784—
1G) was prepared in peptide aggregation buffer [20 mM Tris (pH 7.4), 100 mM NaCl and 1 mM
EDTA]. The reaction mixture was dispensed into black and clear bottom 384 well plates (Cell
Carrier, Cat. # 6007550; PerkinElmer, Waltham, MA, USA) and sealed with TopSealA-PLUS
(PerkinElmer) adhesive to prevent evaporation. The assay plate was placed in an EnSpire
Multimode Plate Reader (PerkinElmer), with the temperature of the measurement chamber set to
37° C. Within the plate reader, the upper temperature was set to 2° C warmer than the lower heater
temperature to avoid condensation on the sealed plate surface. The plates were subjected to
constant agitation of 1000 rpm during the resting period, and the fluorescence of ThT binding
(Aexc =460-490 nm, Aem = 500-550 nm) to aggregated peptide was recorded every 5 min up to
48 h. For normalised ThT fluorescence plots, the raw data (ThT fluorescence) were normalised to
the lower and higher relative fluorescence intensity values in the data set using GraphPad Prism
software (Version 7; San Diego, CA, USA).

Following the ThT binding assay protocol, the effect of antitumour drugs on R3 repeat peptide
aggregation was determined in a two-step screening assay, which included peptide aggregation in
the presence of drugs to identify active inhibitors. To this end, the reaction mixture containing
20 uM R3 repeat peptide, 5 uM heparin and 15 puM ThT was spiked with drugs at 1 uM
concentration before dispensing into a 384-well assay plate to determine drug effects. To examine
the effect of drugs on the polymerisation of preformed R3 aggregates into mature fibrils, R3 was
first aggregated at 37 °C for 24 h in the absence of drugs. The assay plate was then removed from
the plate reader to add drugs from intermediate stocks to get the final desired concentration per
well (0.1, 1 and 10 uM). The addition of drugs was performed in < 15 min. After adding drugs, the
plate was placed back into the plate reader, and the fluorescence of ThT binding to aggregates was
monitored for an additional 24 h. Control wells received an equal amount of aggregation buffer

containing DMSO in all aggregation assays with drugs at a percentage present in drugged wells.

50



Unless otherwise mentioned, the final concentration of the drug solvent was always below 0.5%.
All drug treatments were performed in duplicates per plate, and the assay was repeated at least 3
independent times. Note that all peptide aggregation assays in the presence or absence of drugs

were carried out for cell and worm treatment experiments in the absence of ThT.

Similar to the protocol mentioned above for the ThT assay, 8-anilino-1-naphthalenesulfonic acid
(ANS) fluorescence assay was performed with or without 5 UM heparin under similar aggregation
conditions. For the assay, 25 UM tau repeat peptides were aggregated in a peptide aggregation
buffer containing 40 uM ANS. The change in ANS fluorescence was recorded using EnSpire
Multimode Plate Reader (PerkinElmer) at Aexc = 390 nm and Aem = 475 nm.

3.3 Fluorescence imaging, atomic force microscopy, and Congo red absorbance

At the end of the ThT binding assay, the contents of the assay plates were embedded in 0.05%
low-melting agarose (Sigma-Aldrich) and cooled to 40 °C for 10-15 min at room temperature
(RT) to visualize the formation of tau repeat peptide fibrils. Likewise, the formation of B-sheet-
rich tau repeat R3 peptide aggregates in the absence or presence of drugs was visualised by staining
the content of assay wells with 15 uM ThT after the end of ThT-free aggregation assay and
embedding in 0.05% low-melting agarose and imaged by the following protocol as mentioned
earlier. The images of ThT-stained fibrils were captured on an Operetta™ High-Content Imaging
System (PerkinElmer) using a 2 x objective (numerical aperture: 0.08) and 488-laser line
(Aexc =460-490 nm, Aem = 500-550 nm). The captured images were processed using Harmony
High-Content Analysis Software (PerkinElmer).

Morphological characterisation of fibrils formed post 24 h, and 48 h of tau repeat peptides
aggregation and the effect of drugs on R3 fibril formation was confirmed by atomic force
microscopy (AFM). To achieve this, samples were added dropwise onto a freshly cleaved 10 mm
sized AFM mica disc (Ted Pella, Inc., Redding, CA, USA) and air-dried for 10 min at RT. Then,
using a 0.22 um sterile syringe filter (Merck Millipore, Burlington, MA)-sterilised deionised water,
the mica discs were washed 5 x times and dried for 10-15 min at RT. The discs were strapped

using Cellotape on a glass slide to prevent them from moving during imaging.

Imaging of samples was done by Drs Lukas Malina and Jakub Malohlava from the Department of

Medical Biophysics, Faculty of Medicine and Dentistry, Palacky University in Olomouc, Czech
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Republic. Briefly, images of aggregates were acquired on an Olympus IX81/Veeco BioScope™
Catalyst™ Atomic Force Microscope (Bruker, Billerica, CA, USA) using a 10 x objective under
ambient conditions at a scan rate of 0.7 Hz (line/sec) and Peak Force amplitude of 150 nm.
Antimony-doped silicon cantilever probes with a typical resonant frequency of 150 Hz and spring
constant of 5.1 Nm—1 were employed, and acquired images were processed in Gwyddion 2.40

freeware developed by the Czech Metrology Institute, Brno, Czech Republic®*.

To validate the antifibrillisation effect of drugs, 20 uM R3 was first allowed to fibrillise under a
ThT-free pro-aggregation condition in the absence or presence of drugs at 10 uM concentration in
a Spectra 384-well assay plate (PerkinElmer). After 48 h, the contents of the wells were stained
with 40 uM Congo red (Sigma-Aldrich), and the absorbance was immediately measured in an

EnSpire Multimode Plate Reader (PerkinElmer) at 540 nm wavelength.
3.4 Coomassie gel staining

R2 and R3 fibrils were collected, followed by aggregation assay of 24 and 48 h. Next, the collected
samples were centrifuged at 65000xg on a benchtop centrifuge for 60 min at 4 °C to pellet
insoluble fractions. Next, the soluble fractions were removed, and the insoluble pellet fractions
were washed twice with 1 x PBS and centrifugation at 65 000xg for 5 min. The insoluble fractions
were then electrophoresed and processed for Coomassie staining as described below. For the drug-
treated R3 repeat peptide aggregation experiments, the R3 repeat peptides aggregated in the
presence or absence of drugs collected after the end of the aggregation assay were centrifuged to
pellet insoluble fractions. In addition to non-centrifuged total fractions, the insoluble fractions
were mixed with NuPAGE™ LDS Sample Buffer (Thermo Fisher Scientific, Waltham, CA, USA)
without reducing agent and boiled for 5 min at 70 °C. The insoluble fractions were mixed with
10% B-ME in LDS Sample Buffer before boiling to denature disulfide bonds. The total and
insoluble fractions were electrophoresed using NuPAGE™ 4-12% Bis-Tris gels (Thermo Fisher
Scientific) at 200 V for 40 min at RT in 1x NuPAGE™ MES SDS Running Buffer (Thermo Fisher
Scientific). Gels were fixed in a fixative solution [50% methanol (v/v) and 10% acetic acid (v/v)
in deionised water] for 30 min and stained with Coomassie Brilliant Blue R-250 solution (Bio-
Rad, Hercules, CA, USA) for 12h at 4 °C. Gels were destained by washing multiple times in

deionised water. Images of gels were acquired in a ChemiDoc MP imaging system (Bio-Rad).
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3.5 Preparation of models for molecular dynamics simulation

Molecular dynamics simulation of drug-peptide interaction studies was performed by the groups
of Prof. Michal Otyepka® and Dr. Karel Berka® from 2Czech Advanced Technology and Research
Institute (CATRIN), Regional Centre of Advanced Technologies and Materials (RCPTM),
Palacky University Olomouc, Olomouc, Czech Republic and "Department of Physical Chemistry,

Faculty of Science, Palacky University Olomouc, Olomouc, Czech Republic, as described in the

paper4’,

3.6 Cell culture and DNA transfection

All cell lines used in the study are from American Type Culture Collection (Manassas, VA, USA).
Tau RD P301S FRET biosensor cells (ATCC; CRL-3275™) were cultured in Dulbecco's Modified
Eagle's medium (Lonza, Cat. # 12—604F) supplemented with 1% GlutaMAX (Lonza, Cat. # 12—
604F), 10% fetal bovine serum (FBS; Capricorn Scientific GmbH, Ebsdorfergrund, Germany) or
10% fetal calf serum (Gibco, Cat. # 10270), and 1% penicillin/streptomycin (Diagnovum, Cat. #
910). Human embryonic kidney (HEK293) cells were cultured in Eagle's Minimum Essential
Medium (Lonza, Cat. # 12-611F) supplemented with 10% fetal calf serum and 1%
penicillin/streptomycin. Cells were maintained in a standard humidified 5% CO, atmospheric air
incubator at 37° C. The cells were routinely tested for bacterial, fungal and mycoplasma

contaminations and authenticated biweekly or monthly.

Tau P301L (ON4R) cloned in pCMV6 plasmid was a kind gift from Dr Jose F Abisambra of the
University of Kentucky (Lexington, KY, USA). Then, the HEK293 cells were plated at a density
of 1 x 10%/mL plated in a 100 mm tissue culture Petri dish. After overnight incubation in5% CO:
incubator, the cells were transfected with 2 ug/mL tau P301L plasmid diluted in jetPRIME® buffer
supplemented with jetPRIME® reagent following the manufacturer's protocol for 18 h.

3.7 Tau seeding assay

Tau RD P301S biosensor cells and Tau P301L (ON4R) HEK293 cells were plated at a density of
50,000 cells/mL in a CellCarrier 96-well plate (PerkinElmer, Cat. # 6005550) for imaging
experiments and at 1 x 10° cells/mL density for cellular fractionation in TPP @96mm, 60 cm2
tissue culture Petri dishes (TPP Techno Plastic Products AG, Trasadingen, Switzerland). The next

day, cells were transfected with 50 nM or 100 nM peptide fibrils, collected from the in vitro
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aggregation assay carried out in the absence of ThT, premixed in jetPRIME® Buffer (Polyplus-
transfection SA, New York, NY, USA) supplemented with jetPRIME® reagent (Polyplus-
transfection SA) as described elsewhere. In addition, a transfection reagent mixture in peptide
aggregation buffer without tau peptides was used as a negative seeding control. Post 24 h of
transfection, the old medium was replaced with a fresh complete growth medium and allowed

further for 48 h before processing for imaging and Triton X-100 cell fractionation experiments.

For studying the effect of drugs on the seeding effect of R3 repeat peptide aggregates, Tau-RD
P301S FRET Biosensor cells were plated in a black, clear-bottom CellCarrier 96-well plate
(PerkinElmer) at a density of 5 x 10* cells-mL—1 in 100 uL of growth medium. The next day, cells
were treated with R3 monomers or aggregates premixed in Lipofectamine LTX Plus transfection
agent for 72 h.

For seeding assay with drug-capped aggregates, 1 uM fibrillar R3 repeat peptide aggregates were
first incubated with 0.1 uM paclitaxel, 1 uM doxorubicin, and 4 uM resveratrol and quercetin in
deionised water for 16 h at 37 °C to make an intermediate stock. Drug-capped fibrils were then
sonicated for 1-2 min on a Cup Horn water bath to generate shorter aggregates, as described
elsewhere, before adding to cells®*. Alternatively, fibrillar R3 repeat peptide aggregates (1 uM)
were first sonicated and then capped with drugs before adding to cells. The drug-capped aggregates
were mixed with 1% Lipofectamine LTX and 0.5% Lipofectamine Plus in Opti-MEM reduced-
serum medium and seeded to cells at a 1 : 1 ratio of transfectant to the growth medium. The drug
concentrations for capping were chosen based on the concept that drugs required to block seeding
by preformed fibrils are about 20 times greater than the amount required to inhibit monomeric tau
aggregation®?®. The final concentration of R3 repeat peptide aggregates was 50 nM, whereas the
concentration of paclitaxel was 5 nM, that of doxorubicin was 50 nM, and those of resveratrol and

quercetin were 200 nM.

For seeding assay with drug-inhibited aggregates, 20 uM R3 peptide was first assembled in vitro
in the presence of 2 uM paclitaxel, 20 uM doxorubicin, and 80 uM resveratrol and quercetin for
48 h. The R3 repeat peptide aggregates formed were then diluted into an Opti-MEM to make
intermediate stocks. Five microlitres of intermediate stock of preinhibited R3 repeat peptide
aggregates were mixed with 1% Lipofectamine LTX and 0.5% Lipofectamine Plus in Opti-MEM

and seeded to cells at a 1: 1 ratio. The final concentration of R3 repeat peptide aggregates was
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50 nm, whereas the concentration of paclitaxel was 5 nM, that of doxorubicin was 50 nM, and

those of resveratrol and quercetin were 200 nM.

For drug pretreatment seeding assay, cells were first pretreated with paclitaxel (1 nM), doxorubicin
(10 nM), resveratrol (200 nM) and quercetin (200 nM) or just the aggregation buffer for 2 and 24 h
at 37 °C. Following drug treatment, cells were washed twice with 1x PBS and seeded with
sonicated R3 repeat peptide aggregates premixed with 1% Lipofectamine LTX and 0.5%
Lipofectamine Plus in Opti-MEM reduced-serum medium and seeded to cells as per the tau

seeding assay protocol mentioned above for 24 h.

In all seeding assays, the final concentration of drug solvent (DMSO) per well was always < 0.5%.
Control cells were treated with aggregation buffer containing only Lipofectamine LTX Plus
transfection agents. All treatments were performed in triplicate per experimental plate, and the

experiments were repeated 3-5 independent times.

For autophagy-focused imaging studies, tau biosensor cells were plated at a density of 0.15 x 10°
cells/mL in a CellCarrier 96-well plate (PerkinElmer, Cat. # 6005550). The next day, cells were
transfected with 50 nM R3 fibrils premixed in Opti-MEM™ [ Reduced Serum Medium (Gibco,
Cat. # 11058021) supplemented with P3000™ reagent (0.25 pL/well) and Lipofectamine™ 3000
reagent (0.5 pL/well)} and were allowed to grow before processed for imaging. The cells were
seeded with 50 nM R3 fibrils, and after 6 h of seeding, the cells were rinsed with 1x PBS and
treated with the compounds at the mentioned concentrations (Table 3.2) for 12 h.

3.8 Imaging and quantification of cell number and seeding

Prior to imaging, the biosensor cells were stained with 10 pM Hoechst-33342 nuclear dye
(Invitrogen, Cat. #H21492) for 10-15 min at 37 °C in a humidified incubator and the cells were
then washed twice with 1X PBS and replaced with phenol red-free growth media. Cells were
imaged on an Operetta™ High-Content Imaging System (PerkinElmer) using a 20x objective and
488-laser line (Aexc=460-490 nm, Aem = 500-550 nm) for CFP/YFP Tau-RD aggregates and
405-laser line (Aexc =360-400 nm, em =410-480 nm) for Hoechst-33342. At least 10-12 focal
areas were imaged per well of experimental plates. Cell number was quantified by counting
Hoechst-stained nuclei, and the seeding was determined by counting the number of intracellular

CFP/YFP Tau-RD aggregates using Harmony Image Analysis Software. The aggregates were then
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normalised to the total cell number per well and presented as ‘normalised seeding’ in our study.
For morphology, the cells were imaged on the Cell Voyager CVV7000S microscope (Yokogawa,
Tokyo, Japan) using a 60x objective. Cells were maintained in a live-cell chamber at 37 °C and
5% CO2/atmospheric air throughout imaging.

For autophagy-focused studies, prior to imaging, the tau biosensor cells were stained with 10 uM
Hoechst 33342 nuclear dye (Invitrogen, Cat. #H21492) for 10—15 min at 37 °C in a CO; incubator.
Then, the cells were replaced with phenol red-free growth media and imaged on the Cell VVoyager
CV7000S microscope (Yokogawa, Tokyo, Japan) using a 20x objective. The tau biosensor cells
were maintained at 37 °C and 5% CO2 atmospheric air incubator throughout imaging in a live-cell
chamber. The intracellular CFP/YFP Tau RD P301S aggregates and cell numbers were quantified

using Columbus Image Data Storage and Analysis System (PerkinElmer).
3.9 Quantification of internalised R3 fibrils

R3 fibrils were stained with 50 nM X-34 (Sigma-Aldrich, Cat. # SML1954) for 5 min at RT.
HEK?293 cells were then transfected with R3 fibrils prestained with X-34 premixed with or without
transfection reagent as described above. After 12 h of transfection, cells were washed with 1 x
PBS containing 20 U/mL heparin (Cat. #H4784-1G, Sigma-Aldrich) and then 0.25% trypsin
(Gibco) in PBS for 2-3 min to remove any cell membrane-bound fibrils that were not internalised.
Prior to imaging, the cells were stained with 1x BioTracker 650 Red Nuclear Dye (Merck
Millipore, Cat. # SCT119) in a phenol red-free medium. Cells were imaged on a ZEISS Cell
Observer SD Spinning Disk Confocal Microscope (Carl Zeiss AG, Oberkochen, Germany) using
an oil-immersion 63 x objective (numerical aperture: 1.4). Images were acquired using ZEN 2
(blue edition) software (Carl Zeiss AG). X-34 was excited with a 405-nm laser line (Aexc 350
nm/Aem 470 nm), and BioTracker 650 Red Nuclear Dye was excited using a 639-nm laser line
(Aexc 650 nm/Aem 665 nm). The laser intensity and exposure time were kept constant between
different samples. The acquired images were processed using ZEN 2012 Black Edition imaging

software (Carl Zeiss).
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3.10 Cytotoxicity assay

R3 was assembled under a ThT-free pro-aggregation condition in the absence/presence of drugs
for 48 h. The untreated/preinhibited R3 aggregates (R3Ag) were collected and diluted in 50 pL
Opti-MEM (Cat. # 11058021, Thermo Fisher Scientific) containing 1% Lipofectamine LTX (Cat.
# 15338100, Thermo Fisher Scientific) and 0.5% Lipofectamine Plus (Cat. # 15338100, Thermo
Fisher Scientific). The transfection mixture was incubated for 15 min at RT. These transfectants
were then added to cells plated in a standard 24- or 96-well plate (Techno Plastic Products AG,
Trasadingen, Switzerland) at a density of 0.1 x 108 cells/mL. Cell viability was analysed after 72 h
of treatment using a standard MTT assay or trypan blue exclusion assay. Cell viability and the cell
number and viability by trypan blue assay were measured using a Vi-CELL™ XR Cell Viability

Analyser (Beckman Coulter, Brea, CA, USA) following the manufacturer's instructions.
3.11  Determining the 1Cso value of compounds

The cell viability of Tau biosensor cells in the presence of selected compounds (Table 3.2 and
6.14) was tested by a standard MTT assay. Cells were plated at a density of 0.1 x 10° cells/mL in
96-well plates and incubated at 37 °C in a 5% CO2 incubator for overnight. After adding
compounds, the cells were incubated at 37 °C in the 5 % CO2 incubator for 24, 48 and 72 h. Next,
10 pL of MTT/well was added and incubated at 37 °C for 3 h. After 3 h of MTT treatment, 100
pL of SDS was added to dissolve formazan crystals, and the plates were kept at 37 °C overnight.
Absorbance at 570 nm was measured, and the 1Csp value was calculated using GraphPad Prism

software.
3.12  Triton X-100 cell fractionation and Western blot analysis

Cells were harvested and resuspended in 1 x Tris-Buffered Saline (TBS) containing 0.05% Triton
X-100 supplemented with protease (Roche, Cat. # 04693116001) and phosphatase inhibitors
(Roche, Cat. # 04906837001). The cell lysate was then clarified by two rounds of centrifugation,
including 500xg for 5 min and 1000xg for another 5 min at 4 °C. The supernatant was collected,
and 20% of the supernatant fraction was stored as a total fraction. The remaining supernatant was
centrifuged at 65,000xg for 30 min at 4 °C. The resulting supernatant and pellet were collected as
Triton X-100-soluble and insoluble fractions, respectively. Finally, the pellet fraction was

resuspended in RIPA buffer supplemented with protease and phosphatase inhibitors. Thirty-five
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ug of total fraction and an equal volume of Triton-soluble and -insoluble fractions were
electrophoresed by 4-12% gradient PAGE and 10% SDS-PAGE.

Electrophoresed proteins were transferred onto a PVDF membrane (Blot™ 2 Transfer Stacks,
PVDF, regular size, Invitrogen, Cat. # 1B24001) using an iBlot™ 2 Gel Transfer Device
(Thermofisher Scientific). The blots were blocked with 5% BSA for 1 h in 1 x TBS containing
0.1% Tween® 20 Detergent (TBST) at RT and incubated with primary antibodies, anti-tau A10
antibody (1:1000; SCBT, Cat. #sc-390476) and anti-tau Tau-5 antibody (1:1000; Invitrogen, Cat.
#AHBO0042), anti-phospho Ser202/Thr205 tau (1:1000; Invitrogen, Cat. #MN1020), anti-phospho
Ser262 tau (1:1000; Invitrogen, Cat. #OPA1-03142), anti-phospho Ser396 tau (1:1000; Invitrogen,
Cat. #44-752G), anti-phospho Ser404 tau (1:1000; CST, Cat. #20194S) and anti-oligomeric tau
T22 (1:1000; Merck Millipore, Cat. #ABN454), overnight at 4 °C and anti-GAPDH antibody
(1:4000; SCBT, Cat. #sc-32233) for 1 h at RT. Primary antibody-stained blots were developed
using anti-mouse (Cat. #A1134) or anti-rabbit (Cat. #A21202) Alexa Fluor 488-conjugated
secondary antibodies (Invitrogen) at 1:2000 dilution for 1-2 h at RT in the dark. The blots were
then imaged using a Gel Doc XR + Gel Documentation System (Bio-Rad) with appropriate filters

for Alexa Fluor 488 to visualise protein bands.

For autophagy-focused studies, after preparing triton-soluble and —insoluble fractions as
mentioned above, forty-five pg of Triton-soluble fraction and an equal volume of Triton-insoluble
fractions were electrophoresed by 10% SDS-PAGE. Electrophoresed proteins were transferred
onto a 0.2 um Nitrocellulose membrane by using Trans-Blot Turbo Transfer System (Bio-Rad) as
mentioned above. Blotted membranes were blocked as mentioned above and treated with primary
antibodies such as Tau (1: 1000; Sigma-Aldrich, Cat. # 05-804) and anti-phospho Ser262 tau (1:
1000; Invitrogen, Cat. # PA5-85654) and incubated overnight at 4 °C. After incubation, the
membranes were washed with 1x TBST and incubated with Alexa 488 fluorescent dye tagged

secondary antibodies and processed for imaging as mentioned above.
3.13 Sample processing and protein quantification

For autophagy-focused Western blot analysis studies, the tau R2/R3 fibrils were prepared by
aggregating for 48 h as described elsewhere 347, Tau biosensor cells were plated in a 6-well
plate (0.5 x 108 cells/mL, 2 mL of medium /well) and cultured at 37 °C in a5 % CO2 incubator
overnight. The next day, cells were transfected with 50 nM fibrils collected from the in vitro
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aggregation assay carried out without Thioflavin T using Lipofectamine™ 3000 Transfection
Reagent kit. First, 50 nM of tau aggregates were mixed in Opti-MEM and supplemented with
P3000™ reagent (1.5 pL/well) and Lipofectamine™ 3000 reagent (3 pL/well). Then, the
transfection mixture was incubated for 15 min at RT. Next, the cells were replaced with a pre-
warmed fresh complete growth medium and then treated with the transfection mixture containing
tau repeat peptide aggregates. After 6 h of transfection, the transfection media was removed, and
the cells were replaced with a pre-warmed fresh complete medium. Samples were collected at 3,
6, 9, 12, 24, 36, and 48 h after transfection. For compound treatment, the cells were seeded with
50 nM R3 fibrils in the presence or absence of selected compounds at the mentioned concentrations
(Table 3.2) and incubated for 48 h.

When collecting the samples, the medium was collected, and cells were washed with 1x TBS and
collected in the same centrifuge tube after washing. For cell detachment, 200 pL of TrypLE was
used. When detached, TrypLE was inactivated by the complete growth medium, and the cell
suspension was collected. Then, it was centrifuged at 1500 RPM for 5 min to pellet cells. Next,
the sedimented cell pellet was resuspended in 1 mL of 1 x TBS, transferred into a 1.5 mL centrifuge
tube, and centrifuged for 10 min at 500 x g. Finally, the supernatant was discarded, and the
sedimented cell pellet was processed for protein extraction. RIPA lysis buffer (Thermo Scientific,
Cat. # 89901) was mixed with protease (Roche, Cat. # 04693116001) and phosphatase (Roche,
Cat. # 04906837001) inhibitors, and 100 pL of lysis buffer was added to cell pellets and mixed
gently. Samples were sonicated using a water bath sonicator for 3 min at 25% Amplitude with a
15-sec pulse ON and 15-sec pulse OFF. After sonication, tubes were centrifuged at 12 000 RPM
at 4 °C for 30 min, and the supernatant was transferred to a new chilled 1.5 mL centrifuge tube.
The remaining cell pellet was discarded.

Protein concentration in samples was quantified using a BCA protein assay kit (ThermoFisher
Scientific). A set of protein standards was used for calibration using bovine serum albumin (2 000,
1 500, 1000, 750, 500, 250, 125, 25 and 0 pg/mL). First, BCA reagent A and BCA reagent B were
mixed at a 50:1 ratio. Then, 10 pL of each standard and 2.5 pL of samples were pipetted into
separate wells, and 200 pL of BCA reagent A and B mixture/well was added and incubated at 37

°C for 30 min. Then, the absorbance was measured using an EnSpire Multimode Plate Reader
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(PerkinElmer) at 562 nm. Microsoft Excel prepared the calibration curve, and sample protein

concentration was calculated.
3.14 SDS-PAGE Electrophoresis and Western blotting

For autophagy- focused studies, the volume of a quantified sample containing 35 pug of protein
was calculated and added into a new 1.5 mL centrifuge tube. 1x gel loading dye supplemented
with 10% B-mercaptoethanol per protein sample (15 pL) was added to the protein sample
containing tubes. RIPA buffer was added to bring the sample volume to 15 pL. This sample, dye,
and buffer mixture was heated at 95 °C for 5 min in a dry thermal block. After heating and letting
it cool down, samples were quickly spun for 10 seconds and loaded into gels. Samples were
separated by 10% and 12% denaturing SDS polyacrylamide gel electrophoresis. Gels were hand
cast using the Bio-Rad Mini-PROTEAN Tetra Cell system using Tris-Glycine-SDS buffer.
Electrophoresis was run at 200 V for 1-1.5 h approximately until the dye hit the bottom of the gel.

Western blotting was done using the Trans-Blot Turbo Transfer System (Bio-Rad) and 0.2 um
Nitrocellulose membrane (Bio-Rad). The protein blot transfer was 10-15 min at 20-25 Volts.
Blotted membranes were blocked in 5% BSA (diluted in 1x TBST buffer) for 1 hour. Membranes
were quickly washed in 1x TBST for 1-2 min after blocking. Buffer was discarded after washing,
and membranes were treated with primary antibodies such as anti-LC3A/B (1: 1000; Invitrogen,
Cat. # PA1-16931), anti-p62 (1: 1000; CST, Cat. # 88588), anti-LAMP1 (1: 1000; CST, Cat. #
9091) and anti-p actin (1:4000; Sigma-Aldrich, Cat. #A2228) primary antibodies and incubated
overnight at 4 °C. After incubation, membranes were washed with 1x TBST 4 times with each
wash at 10 min intervals. The washing buffer was discarded after each wash. Then, membranes
were treated with respective secondary antibodies (1:2000; Invitrogen) (anti-mouse (Cat. #A1134),
anti-rabbit (Cat. #A21202)) conjugated with Alexa 488 fluorescent dye and incubated for 2 h at
RT on a shaker. The shaker speed was maintained throughout this process at 120 RPM. Then,
membranes were washed with 1x TBST 4 times with each wash at 10 min intervals. After the final
wash, membranes were imaged in the Bio-Rad Gel Doc XR + Gel Documentation System, and

images were processed using ImageJ (NIH) software.
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Fig. 3.2. Experimental procedure of seeding, fractionation, and re-seeding. Exogenous p-sheet
rich aggregates of tau R2 and R3 peptides [1], when introduced into TauRD P301S biosensor cells
and ON4R tau over-expressing HEK293 cells [2], seed the aggregation of intracellular native tau
aggregation by conversion of soluble tau into hyperphosphorylated and oligomerised forms [2, 3].
The triton-soluble and —insoluble fractions from seeded cells continue to propagate native tau
aggregation when re-seeded into TauRD P301S biosensor cells [4].
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3.15 Cellular reseeding assay

Tau RD P301S biosensor cells were plated at 0.1 x 10° cells/mL density in a CellCarrier 96-well
plate (PerkinElmer). The next day, cells were transfected with 1 pg/well total and Triton-soluble
and -insoluble fractions prepared from biosensor cells (Fig. 3.2). After 24 h, the old medium
contraining transfection reagent was replaced with fresh complete growth media and cells were
incubated for an additional 48 h before imaging. Imaging was done on an OperettaTM high-content
imaging system, as described above, to quantify the cell number and intracellular Tau RD

aggregates.
3.16 Caenorhabditis elegans studies

All C. elegans experiments were performed by Drs Luisa Diomede and Margherita Romeo from
the Department of Molecular Biochemistry and Pharmacology, Istituto di Ricerche
Farmacologiche Mario Negri IRCCS, Milan, Italy, as described in the paper3*’.

3.17 Statistical analysis

All statistical analyses were performed using GraphPad Prism Software (Version 8; San Diego,

CA, USA) and differences were considered significant at P < 0.05.
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Table 3.1. Source of antitumour drugs and solvent concentrations.

Actual

Vehicle concentration (%) in drug dilutions

Intermediate

Source concentraion Cotr; ven::/ilon Final (in 1x PBS)
(mg/mL) (in1x PBS)

1mM 10 uM 1uM 0.1 pM
Paclitael i%%“dmh (Cat. No.: 854 10 10 01 001 0001
Docetaxel University Hospital Olomouc 10 12.38 8.08 0.08 0.008 0.001
Vincristine sulfate fg;gA'd"Ch (Cat. No- 5 542 1845 0.184 0018 0001
Vinorelbine tartrate University Hospital Olomouc 10 12.84 7.78 0.08 0.008 0.001
Cisplatin University Hospital Olomouc 1 3.33 30.03 0.3 0.03 0.003
Oxaliplatin University Hospital Olomouc 5 12.58 7.95 0.08 0.008 0.001
Carboplatin University Hospital Olomouc 10 26.94 3.72 0.04 0.004 <0.001
Cyclophosphamide monohydrate | University Hospital Olomouc 20 76.6 131 0.01 0.001 <0.001
5-Fluorouracil University Hospital Olomouc 50 384.38 0.26 <0.001 <0.001 <0.001
Methotrexate University Hospital Olomouc 50 110.04 0.91 0.01 0.001 <0.001
Fludarabine phosphate University Hospital Olomouc 10 27.38 3.65 0.04 0.004 <0.001
Gemcitabine University Hospital Olomouc 40 151.97 0.66 0.01 0.001 <0.001
Doxorubicin hydrochloride University Hospital Olomouc 2 3.45 28.98 0.28 0.028 0.003
Daunorubicin hydrochloride University Hospital Olomouc 5 9.48 10.55 011 0.011 0.001
Bleomycin g?zrgA'd"Ch (Cat. No: 10 7.06 14.16 0.141 0.014 0.001
Mitomycin C University Hospital Olomouc 2 5.98 16.72 0.17 0.017 0.002
Irinotecan hydrochloride Trihydraj University Hospital Olomouc 20 29.54 3.39 0.03 0.003 <0.001
Etoposide University Hospital Olomouc 20 33.98 2.94 0.029 0.003 <0.001
Mitoxantrone University Hospital Olomouc 6 135 741 0.07 0.007 0.001
Topotecan hydrochloride University Hospital Olomouc 1 2.2 45.45 0.45 0.045 0.005
Resveratrol ;EOZBO;AIdriCh (Cat. No: 16.24 71.13 141 0.01 0.001 <0.001
Polydatin f;%g‘f)'A'd"Ch (Cat. No: 3.04 7.79 12.84 0.13 0.013 0.001
Genistein ZEG’E;A“”C“ (Cat. No.: 27 10 10 0.1 0.01 0.001
Quercetin gf%m;A'd"Ch (Cat. No- 47 1555 643 006 0006 0001
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Table 3.2. Sources of compounds, stock and working concentrations.

Intermedi
Name Catalogue Vehicle Stock ate stock Working stock (UM)
number (mM)
(mM)
Resveratrol R5010 (Sigma-
(RSV) Aldrich) DMSO 71.13 1 1 10 20
Epigallocatechin E4143 (Sigma-
gallate (EGCG)  Aldrich) Water 20 10 25 50 100
. . A4403-
L"IA‘TSg’rb'C acid  sigma- Water 567.8 10 10 25 50
SIS Aldrich)
Quercetin Q4951 (Sigma-
(QCT) Aldrich) DMSO 1125 1 0.1 1 2
Carbamazepine  C4024 (Sigma-
(CB2) Aldrich) DMSO 140.73 1 1 5 10
Artemisinin 361593
(ART) (Sigma- DMSO 97.6 1 1 5 10
Aldrich)
Dexamethasone  D4902 (Sigma-
(DEX) Aldrich) DMSO 70.76 1 1 5 10
: C6628 (Sigma-
g‘('go)roq“'”e Aldrich) Water 100 1 0.1 1 2
Cycloheximide = C7698 (Sigma-
(CHX) Aldrich) Water 66.05 0.1 0.001 0.01 0.02
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Chapter 4

Identification of minimal regions in the tau repeat microtubule-
binding domain that defines seeding and its impact on intracellular

tau phosphorylation and aggregation
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Results

The data presented in this chapter have been published as ‘‘Annadurai N et al. Tau R2, and R3 are
essential regions for tau aggregation, seeding and propagation. Biochimie. 2022, 200:79-86. doi:
10.1016/j.biochi.2022.05.013"".

4.1 R3 repeat region of the tau RD is essential for self-assembly of tau

In the presence of heparin, R2 and R3 peptides assemble time-dependently into B-sheet-rich fibrils,
which are in corroboration with ThT fluorescence and morphological changes with fibrils (Fig.
4.1A and B). The ability of R2 and R3 to form B-sheet-rich fibrils was validated by fluorescence
imaging (Fig. 4.1C).

Results from aggregation assays demonstrate that in comparison to R3, R2 aggregates faster, as
implied by differences in their t1/2 values (R2 vs R3, p < 0.001, paired t-test, n = 3; Fig. 4.1A),
whereas R1 and R4 failed to assemble into fibrils (Fig. 4.1D and E). R2 and R3 displayed
concentration-dependent growth kinetics (Fig. 4.2A). The findings are on par with earlier work
wherein VQIINK of R2 is a more powerful driver of tau aggregation than VQIVYK of R34,

However, both R2 and R3 forms dimer in the presence of heparin upon aggregation (Fig. 4.2B).
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Fig. 4.1. In vitro aggregation of tau repeat peptides in the presence of heparin. (A) Aggregation of tau repeat peptides at 25 uM
concentration in the presence of heparin. Data in A is mean + SEM of 3 independent replicates. (B) AFM images of R2 and R3 fibrils
formed after 24 and 48 h of aggregation. (C) Fluorescence images of agarose gel-embedded ThT-stained R2 and R3 fibrils after 48 h of
aggregation. Scale bar: 1 mm. (D) AFM images of R1 and R4 after 48 h of aggregation assay.
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Fig. 4.2. Concentration-dependent aggregation of tau repeat peptides in the presence of heparin and Coomassie gel staining. (A)
Aggregation kinetics of R1, R2, R3 and R4 peptides at different concentrations (1, 5, 10, 25 and 50 uM) in the presence of heparin. Data
is mean £ SEM of 3 independent replicates. Gel images showing dimerisation of R2 and R3 peptides after 24 and 48 h of aggregation.
Note the absence of dimer bands in R2 and R3 monomers (0 h).
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In the absence of heparin, R2, despite its amyloid VQIINK motif and a cysteine residue,
remarkably failed to self-assemble into fibrils (Fig. 4.3A and B), whereas R3 self-assembled and
formed fibrils with highly aggregated morphology (Fig 4.3A and B). R3 formed fibrils with a twist
compared to shorter and longer fibrils without a twist in the presence of heparin (Fig. 4.1B, Fig.
4.3B). To identify the necessity of cysteine residue in R3 self-assembly, a cysteine to alanine
substituted R3 (C322A) peptide was utilised. Results from this study demonstrate R3 (C322A)
aggregated and formed fibrils only in the presence of heparin (Fig. 4.3C and D). The fibrils
comprised a mixture of shorter and longer fibrils, morphologically similar to those of R3 fibrils
produced in the presence of heparin (Fig. 4.1B, Fig. 4.3D). R3 (C322A) also demonstrated

concentration-dependent growth kinetics (Fig. 4.3E).

This data signifies the importance of cysteine residue in R3 self-assembly, which is accordant with
the findings from Zweckstetter lab showing KXGS motifs in tau repeats promote aggregation®s?.
The data obtained from ThT data was confirmed by ANS assay, which assesses changes in
hydrophobicity during protein aggregation. A similar time-dependent increase in ANS
fluorescence was observed when peptides were aggregated in the presence [R2, R3, and R3
(C322A)] or absence (R3) of heparin (Fig. 4.3E and F).

4.2 Seed-competent R2 and R3 fibrils induce tau RD P301S aggregation

Next, a cell seeding assay was performed using biosensor cells to check the seeding potential of
repeat peptides collected after 48 h of in vitro assembly. R2 and R3 fibrils, but not R1 and R4
samples, collected 48 h after assembly, seeded the aggregation of Tau RD P301S in biosensor cells
(Fig. 4.4A and B). The presence or absence of heparin in the aggregation buffer (containing
transfection reagents) did not affect seeding or cell number (Fig. 4.4A-E). R3 self-assembled
fibrils demonstrated considerable seeding activity in contrast to R2 and R3 (C322A) formed
without heparin, which did not seed Tau RD P301S aggregation (Figs. 4.4D and E). Regardless of
the substitution of C—A, R3 (C322A) aggregated in the presence of heparin showed remarkable
seeding activity (Fig. 4.4A and B). R2 and R3 assembled with heparin were consistently more
seed-competent compared to fibrils of R3 assembled in the absence of heparin or R3 (C322A) in

the presence of heparin.
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Fig. 4.3. R3 self-assembles in the absence of heparin. (A) Aggregation of 25 uM R2 and R3 peptides in the absence of heparin. Data
in A is mean = SEM of 3 independent replicates. (B) R3, but not R2, forms fibrils of highly-aggregated morphology with twists (white
arrowhead) when aggregated in the absence of heparin for 48 h. (C) Aggregation of 10 uM R3 (C322A) peptide in the absence or
presence of heparin. Data in A is mean £ SEM of 3 independent replicates. (D) R3 (C322A) forms fibrils when aggregated in the
presence of heparin but not in the absence of heparin. (E) Aggregation kinetics of R3 (C322A) at different concentrations in the presence
of heparin was monitored by ThT assay. Data is mean + SEM of 3 independent replicates. (F-G) Aggregation kinetics of indicated
peptides at 10 uM concentration in the presence (E) and absence (F) of heparin monitored by ANS assay. Data is mean + SEM of 3
independent replicates.
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Fig. 4.4. Seeding potential of tau repeat peptide aggregates. (A) Seeding of Tau RD P301S in
biosensor cells after 72 h of treatment with buffer (containing heparin) or 50 nM R1, R2, R3, R4
and R3 (C322A) samples or fibrils assembled in the presence of heparin. Scale bar: 50 um. (B—C)
The number of seeded intracellular Tau RD P301S aggregates (B) and cells after treatment as
indicated in (C). Data are mean + SEM of 3 independent experiments. #*xp < 0.001, *xp < 0.01
vs buffer-treated cells, one-way ANOVA, Dunnett's posthoc test. (D) Biosensor cells after 72 h of
treatment with R2, R3 and R3 (C322A) samples/fibrils after aggregation in the absence of heparin.
Note that self-assembled R3 fibrils seed the intracellular tau aggregation. Scale bar: 100 pm. (E)
Intracellular Tau RD P301S aggregates in biosensor cells after seeding with buffer (without
heparin) and 50 nM R2, R3, and R3 (C322A) samples/fibrils collected after 48 h of aggregation in
the absence of heparin. *xp < 0.01 vs buffer (Heparin -), one-way ANOVA, Dunnett's posthoc test.

71



R2 and R3 fibrils or R1 and R4 samples did not affect either cell number (Fig. 4.4C) or morphology
(Fig. 4.5C) upon treatment with buffer alone comprising of transfection reagents. In addition, none
of the peptides in monomeric forms affected seeding or cell number (data not shown). Overall, R2,
R3 and R3 (C322A) fibrils assembled in the presence of heparin and R3 fibrils in the absence of
heparin resulted in intracellular tau seeding. This data highlights the importance of the VQIVYK
hexapeptide and cysteine-containing R3 repeat region on the prion-like seeding potential of tau in

tauopathies.

We previously observed that seeding requires the accumulation of exogenous seeds within the
cells**. Yet, we did not quantify the percentage of R3 fibrils internalised by cells. Our data show
that in the presence of a transfection reagent, the cells take a significant fraction of R3 fibrils (Fig.
45A and B). However, it gets slower in the absence of transfection reagents (Fig. 4.2.2B),

presumably not enough to trigger seeding, as noted in our previous study34.
4.3 R2 and R3 seeds increase triton-insoluble phospho-tau levels and reseed intracellular tau

Biosensor cells collected post 72 h of seeding with peptides assembled in the presence of heparin
and fractionated into Triton X-100 soluble and insoluble fraction to study tau phosphorylation

changes.

Though there was no change in tau phosphorylation in total protein (Fig. 4.6A), the presence of
Ser262-phosphorylated tau was evident in triton-insoluble fractions of cells treated with R2 and
R3 fibrils (Fig. 4.6B). These results indicate that extracellular R2 and R3 fibrils increase
intracellular tau insolubility following pathological phosphorylation that enhances the
accumulation of seeded tau inclusions. However, this result did not answer whether the
phosphorylation per se enhanced intracellular tau aggregation following seeding with extracellular
R2 and R3 fibrils.
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Fig. 4.5. Cellular internalisation of tau R3 aggregates. (A) Quantification of the percentage of
cells with internalised X-34-stained R3 seeds in the absence (—) or presence (+) of transfection
reagent. **xp < 0.001, two-tailed Student’s t-test, unpaired. (B) Images showing maximum
internalisation of X-34-stained R3 fibrils in cells treated in the presence of transfection reagent.
Arrows point to internalised X-34-stained seeds. X-34 is pseudocoloured in cyan. Scale bar: 10
um. (C) Morphology of biosensor cells after 72 h of seeding with buffer (containing heparin) or
R1, R2, R3 and R4 samples/fibrils. Scale bar: 20 pm.
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Fig. 4.6. Effect of tau R2 and R3 aggregates on intracellular tau phosphorylation and
aggregation in Tau RD P301S biosensor cells. Changes in intracellular tau phosphorylation in
Tau RD P301S biosensor cells. Representative western blots of total protein lysates (A) and triton-
soluble and -insoluble fractions (B) from buffer-treated and R1, R2, R3 and R4 aggregate-treated
cells. n = 3-4. Arrowheads show loading control GAPDH bands.
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Biosensor cells express only the RD of tau (244-372 amino acids); thus, changes, including
phosphorylation outside this domain, cannot be examined. This limitation has been overcome by
transiently expressing P301L Tau (ON4R) in HEK293 cells and then seeding them with peptide
fibrils/samples for 72 h before cellular fractionation, as described above. Similar to biosensor cells,
no visible difference in tau phosphorylation in total protein was observed (Fig. 4.7A). However,
apparent changes in total (Tau-5) and phosphorylated tau (Ser262, Ser396, Ser404) were observed
in triton-insoluble fractions of cells treated with R2 and R3 fibrils (Fig. 4.7B). Additionally, both
R2 and R3 fibrils resulted in tau oligomer (T22) formation in Tau P301L (ON4R) HEK293 cells
(Fig. 4.7B). These findings suggest that only a few tau seeds derived from the minimum region

are required to cause the formation of intracellular hyperphosphorylated tau aggregates.

Results reported so far suggest that both the size and seed confirmation influence the seeding
activity of extracellular seeds'®2%%32, Thus, a reseeding assay was performed to seed a new set of
biosensor cells with total, triton-soluble, and -insoluble fractions of biosensor cells that had
previously been seeded with peptide fibrils/samples. The assay revealed that all three fractions of
R2 and R3 fibrils-treated cells resulted in intracellular Tau RD P301S aggregation (Fig. 4.8). This

data indicates seeded tau fibrils acquired seeding potency similar to extracellular R2 and R3 fibrils.
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Fig. 4.7. Effect of tau R2 and R3 aggregates on intracellular tau phosphorylation and aggregation in Tau P301L (ON4R) HEK?293
cells. Changes in intracellular tau phosphorylation in Tau P301L (ON4R) HEK293 cells. Representative western blots of triton-soluble
and -insoluble fractions total protein lysates (A) and triton-soluble and -insoluble fractions (B) from buffer-treated and R1, R2, R3 and

R4 aggregate-treated cells. n = 3-4. Arrowheads show loading control GAPDH bands.
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Fig. 4.8. Cellular reseeding assay. Quantification of intracellular Tau RD P301S aggregates in
biosensor cells reseeded with the total, triton-soluble, and triton-insoluble fractions of cells seeded
with buffer (containing heparin) or R1, R2, R3 and R4 samples or fibrils collected 48 h after
heparin-supplemented in vitro aggregation assay. Data is mean + SEM of 3 independent
experiments. xx*p < 0.001 vs buffer-treated cells, one-way ANOVA, Dunnett's posthoc test.
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Discussion

Generally, tauopathies are distinguished based on the tau isoform within the filaments. While the
presence of 4R is characterised in CBD, argyrophilic grain disease and PSP, Pick's disease (PiD)

displays the presence of only 3R isoform*®

. On the contrary, AD and CTE show the presence of
3R and 4R tau isoforms®3, Structural analysis of core filaments from tauopathy patients' brain
tissues by Cryo-EM revealed that they all share a similar core area but diverse conformations>.
The core structure comprises 10-13 amino acids of the C-terminal domain, R3 and R4, with
different N-terminal extensions®4. Structural and conformational differences between tau
polymorphs in AD, PiD and other tauopathies, along with the effect of non-protein cofactors on
tau aggregation, might affect the stability and propagation of aggregates®*®. Therefore, it is critical

to identify tau regions that may play critical roles in differential tau aggregation and spread.

The hexapeptide amyloid motifs on R2 and R3 have been shown to assemble in vitro
independently; however, they do not produce seed-competent fibrils'4. Utilizing individual repeats
peptides, we show that similar to R3, R2 forms seed-competent fibrils, indicating that R2 may be
a separate nucleus for tau aggregation. Though R2 aggregates faster than R3, no difference in
intracellular seeding ability was observed between R2 and R3 fibrils. This suggests that the
aggregation rate does not give differential potency to R2 and R3 seeds. Though R2 and R3 hold
identical N-terminal hexapeptide sequences and cysteine residues, R3, but not R2, fibrils
assembled without heparin were seed-competent. These suggest that R3 may be the minimal region
for pathological prion-like seed generation under physiological conditions, while R2 may need
polyanionic cofactors to generate pathogenic seeds. The self-assembling R3 may nucleate tau
aggregation without polyanionic cofactors, with R2 contributing in the later stages of the

aggregation process.

Additionally, R3 (C322A) formed fibrils only upon aggregation in the presence of heparin,
explaining the role of heparin in remodelling the R3 or tau towards fibril-prone conformations, as
highlighted in a recent in silico study®®. Seed-competent aggregates may contain a mixture of
monomers, oligomers, and fibrils. These studies demonstrate that monomers do not seed
intracellular tau aggregation, thus demanding further characterisation studies to identify species
type, oligomers or fibrils in the aggregated sample responsible for the seeding effect.
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Heparin-induced tau fibrils are polymorphic and different from fibrils derived from AD and PiD
brains??8, Several polyanionic cofactors, namely RNA, lipids, and DNA from several bacterial
species, were found to promote tau aggregation in vitro??®3%73%_The potential role of RNA in
producing unique tau strains and their stability is also suggested in a recent preprint article by M
Diamond's group®®. Interaction of tau with cofactors enables the formation of metastable
complexes that remain inert and reversible until the interaction with seeds, triggering the formation
of B-sheet-containing species®!. Despite studies demonstrating the co-localisation of cofactors
such as heparan sulfate and RNA with NFTs, pick bodies, and neuritic plaques of AD and PiD, the

role of polyanionic cofactors on tau pathological alterations has been overlooked362363

A conserved motif in the middle of each tau repeat domain, KXGS, mediates tau binding to
microtubules, local structural stabilisation, and oligomerisation®. In vivo, an intermolecular
disulfide bond formed between two cysteine residues, C291 in R2 and C322 in R3 in KXGS motifs,
is oxidised, leading to tau dimerisation and fibrillisation. However, the two cysteine residues are
functionally distinct and contribute differently to tau pathology???. Further, their positions differ
in the fibrillar core, with R3 in the fibril core and R2 in the fuzzy coat of fibrils*®*. Our data suggest
that under physiological conditions, R3 (C322A) fibrils formed in the presence of heparin are seed-
competent. This indicates that C322 at the KXGS motif may play an essential role in tau seed

generation under pathological conditions.

Tau propagation following seeding occurs via template-dependent conformational changes or
other unknown mechanisms®’. Though PTMs are essential for a full-length tau to aggregate,
hyperphosphorylation's role in seeded tau to aggregate remains unknown®®°. Thus, our study
investigates the role of hyperphosphorylation or solubility changes in endogenous seeded tau
following cell seeding with fibrils of R2 and R3. Serine 262 phosphorylation appears early in AD
pathogenesis, suggesting this phosphorylation may contribute to tau seed formation®®. Though we
do not know which phosphorylations appeared first in our study, we can confirm that AD-specific
phosphorylations in seeded tau appear in response to exogenous R2 and R3 fibrils. Our cell
fractionation data show that cells seeded with R2 and R3 fibrils cause Ser262 phosphorylation in
Tau RD P301S biosensor cells and other AD-specific phosphorylation, including Ser262, in Tau
P301L (ON4R) HEK293 cells. In addition to phosphorylation, there is also oligomerisation of
seeded P301L Tau. Soluble phosphorylated tau presence in both cell types implies enhanced
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phosphorylation by mutation (Fig. 2A and B). They presumably make abnormally phosphorylated
cytosolic tau prone to aggregate into insoluble inclusions upon seed-competent R2 and R3 fibrils
exposure. These findings suggest that pathological phosphorylation is one of the unknown factors

contributing to the aggregation of intracellular seeded tau.

Our reseeding assay confirms that cell fractions (total or Triton-soluble and -insoluble) of cells
previously seeded with R2 and R3 fibrils continue to display seeding activity. This data confirms
that tau propagation depends on initially generated fibrils and newly formed tau inclusions. The
intracellular tau inclusions with pathological phosphorylations presumably result from the failure
of cell clearance mechanisms and phosphatase functions that define the ageing-associated
molecular mechanisms involved in AD and other tauopathies. However, since tau adopts disease-
specific fibril polymorphs, a single inhibitor may not be capable of blocking seeding by all disease-
associated polymorphs, possibly because both hexapeptide sequences contribute to differential
seeding under different conditions®®°. Altogether, evidence from our previous study, this study and
other studies support the importance of targeting the N-terminal hexapeptides or cysteines in R2
or R3 when developing tau aggregation and hyperphosphorylation inhibitors or antibodies for tau-

targeted therap i e3222,347,349,364,3677369
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Chapter 5

Targeting the minimal regions with small molecules to abrogate the

generation of prion-like tau aggregates
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Results

The data presented in this chapter have been published as ‘‘Annadurai N. et al. Antitumour drugs
targeting tau R3 VQIVYK and C322 prevent seeding of endogenous tau aggregates by exogenous
seeds. FEBS J. 2022, 289(7):1929-1949. doi: 10.1111/febs.16270".

5.1 R3 aggregation and effects of antitumour drugs on their fibrillisation

ThT binding assay was employed to monitor R3 peptide assembly under four different aggregation
conditions and define an optimal condition for drug screening (Fig. 5.1A). R3 exhibited distinctive
behaviour under reducing (+heparin/+DTT) aggregation conditions. Dithiothreitol (DTT) affected
the assembly of R3 peptides even in the absence of heparin. The results from earlier studies
demonstrate a differential effect of heparin and DTT on the fibrillisation kinetics of tau isoforms
containing either C291 or C322 residue?®'®. Thus, drug effects on R3 peptide aggregation were
evaluated in the absence of DTT. Oxidation of C322 by hydrogen peroxide generated by redox
cycling compounds in the presence of reducing agents results in false positive results; thus, DTT
was also excluded from drug screening®®. AFM analysis showed R3 assembled into

amyloidogenic fibrils 48 h after aggregation (Fig. 5.1B).

Based on availability in our laboratory, drugs were randomly selected, including 20 approved and
four experimental or investigational antitumour drugs on in vitro aggregation of R3 (Table 5.1).
Initially, R3 fibrillisation in the presence of drugs was monitored at a single concentration of 1 uM
by ThT assay (Fig.5.1C). In comparison to the control reaction without drugs, paclitaxel,
docetaxel, cisplatin, oxaliplatin, doxorubicin, daunorubicin, resveratrol and quercetin at 1 uM
tested concentration resulted in a significant decrease (>50%) in ThT fluorescence (Table 4.2).
For subsequent in vitro studies, we selected paclitaxel, cisplatin, doxorubicin, resveratrol, and
quercetin and tested the effect of the five drugs on R3 fibrillisation at two additional doses of 0.1
and 10 uM. The anti-fibrillisation effects of paclitaxel did not alter with the change in its
concentration. However, cisplatin, doxorubicin, resveratrol, and quercetin were more effective

only at a higher drug concentration of 10 uM in inhibiting R3 fibrillisation (Fig. 5.1D).

82



-
o

(Normalised)

% ThT fluorescence

12 24

@ - Heparin/~DTT @ +Heparin/+ DTT
@ —Heparin/+ DTT O +Heparin/~-DTT

% ThT fluorescence

48 Hours

(Normalised)

100

50

% ThT fluorescence
(Normalised)

100

% ThT fluorescence
(Normalised)

Paclitaxel

&y

24

24

<O Control
@ Paclitaxel

@ Vincristine

48 Hours

O Control

@ Vinorelbine

@ Doxorubicin

@ Bleomycin
@ Mitomycin

48 Hours

Cisplatin

RO @ Daunorubicin

C

100

83

O Control

@ 5-Fluorouracil
© Methotrexate
@ Fludarabine
@ Gemcitabine

O Control 100

@ Cisplatin

12 24 48 Hours

O Control

@ Resveratrol
A @ Polydatin
2 @ Genistein

O Control 100
@ Irinotecan
ALY @ Etoposide
amtion i

. ©® Mitoxanthrone

100

"""" - Topotecan ® Quercetin
0@ 0@
12 24 48 Hours 12 24 48 Hours

Doxorubicin Resveratrol Quercetin
o 0
< 0.1 M
<o 1M
@ 10 M

1'2 2'4 4'8 Hours

Fig. 5.1. Drug effect on R3 aggregation. (A) Graphs showing the rate of R3 aggregation under different conditions. (B) AFM image
of R3 fibrils 48 h after incubation under nonreducing conditions. Scale bar: 2 um. (C) Effect of antitumour drugs from groups 1 to 6 at
a single concentration of 1 UM on R3 aggregation. Data in A and C are mean + SEM, n=3-4 independent experiments. ***P < 0.001
vs R3Ag; and ###P < 0.001 vs R3 monomer, one-way ANOVA, Bonferroni's post hoc test. (D) Inhibition of R3 aggregation at different

drug concentrations. Mean = SEM, n = 3.



Table 5.1. List of antitumor drugs classified into six groups based on their primary mechanism of

action.
Approved Preclinical/clinical
Group| 1.Antitubulin agents | 2. Alkylating agents | 3. Antimetabolites | 4. Antibiotics 5. Topoisomerase 6. Antioxidants
Paclitaxel Cisplatin 5-flurouracil Doxorubicin Irinotecan Resveratrol
Docetaxel Oxaliplatin Methotrexate Daunorubicin Etoposide Polydatin
Vincristine Carboplatin Fludarabine Bleomycin Mitoxanthrone Lycopene
Vinorelbine Cyclophosphamide Gemcitabine Mitomycin C Topotecan Quercetin
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DMSO as a drug solvent did not affect R3 fibrillisation at the tested drug concentrations
(Fig.5.2A), and doxorubicin or daunorubicin-intrinsic fluorescence did not interfere with ThT
fluorescence in our assay condition (Fig. 5.2B). Post 48h of aggregation in the presence of 10 uM
paclitaxel, cisplatin, resveratrol, and quercetin, R3 peptides displayed a complete absence of fibril
formation as confirmed by AFM analysis (Fig. 5.2C). On the contrary, small granular to short
fibril-like aggregates formed in the presence of doxorubicin (Fig. 5.2C). Overall, these results
suggest that paclitaxel, cisplatin, doxorubicin, resveratrol, and quercetin limited the conversion of
peptides from a soluble form to insoluble fibrillary aggregates. Although ThT assay is frequently
used to detect amyloid fibrils, resveratrol and quercetin have been reported to compete with ThT
for amyloid binding®"*. Consequently, we also confirmed the anti-fibrillisation effects of drugs by
an end-point fluorescence microscopy analysis. R3 peptide was assembled in the absence or
presence of drugs under a pro-aggregation condition but without ThT. After 48 h of incubation,
the content of the plate well was embedded in agarose, followed by imaging (Fig. 5.2D). We also
performed an end-point Congo red binding assay to validate the anti-fibrillisation activity of drugs,
particularly resveratrol and quercetin. A decreased Congo red absorbance in samples of R3Ag
assembled in the presence of drugs substantiated the anti-fibrillisation activity of drugs (Fig. 5.2E).
Overall, since ThT was added at the end of the aggregation assay for fluorescence microscopy
analysis and Congo red binding assay, our findings confirm that drugs impede B-sheet-rich

aggregates formation, and there is no interference of ThT to binding to R3 in the presence of drugs.
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Table 5.2. Comparison of ThT fluorescence reading from Fig.5.1C. The final (48" hour)
normalised ThT fluorescence values following aggregation of R3 peptides in the presence of
indicated drugs at a concentration of 1 um. Mean £+ SEM, drugs vs control, one-way ANOVA,
Dunnett's post hoc test.

%ThT fluoroscence (Normalised)
Mean+5SEM p-value summary

Control 74+3

Paclitaxel 35+2 0.002
Docetaxel 27+7 <0.001
Vincristine 607 0.386
Vinorelbine 73+10 >0.999
Cisplatin 3245 <0.001
Oxaliplatin 46+6 0.002
Carboplatin 69+10 0.149
Cyclophosphamide 84+15 0.422
5-flurouracil 56+6 0.247
Methotrexate 51+2 0.089
Fludarabine 60+9 0.432
Gemcitabine 63+11 0.641
Doxorubicin 31+6 <0.001
Daunorubicin 42+6 0.002
Bleomycin 70+7 0.976
Mitomycin C 61+8 0.353
Irinotecan 52+4 0.019
Etoposide 58+10 0.150
Mitoxanthrone 6045 0.232
Topotecan 56+3 0.058
Resveratrol 32+2 <0.001
Polydatin 59+7 0.054
Genistein 8912 0.071
Quercetin A41+5 <0.001
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Fig. 5.2. Dose-dependent effect of DMSO and drugs on R3 aggregation. (A) Graphs showing no effect of DMSO on R3 aggregation.
(B) R3 aggregation assay showed no interference of doxorubicin (10 uM) autofluorescence with the fluorescence of ThT binding to
R3Ag. Data in A and B are mean + SEM, n = 2. (C) AFM images showing the morphology of R3Ag after 48 h of aggregation in the
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after R3 aggregation and 48 h post aggregation in the presence of indicated drug concentrations. ThT was added after 48 h of aggregation,
followed by embedding in low-melting agarose before imaging. Scale bar: 500 um. (E) Congo red absorbance of R3 monomer and
R3Ag after 48 h of aggregation in the absence or presence of indicated drugs at 10 pM concentration. Congo red was added immediately
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R3 monomer, one-way ANOVA, Bonferroni's post hoc test.
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5.2 Inhibition of polymerisation of preformed R3 fibrils

Neurofibrillary tangles (NFTs) are formed in the advanced stages of the disease, whereas soluble
oligomers generated at early stages are more toxic tau species responsible for neuronal death®"?.
Therefore, we next determined whether drugs that inhibited monomeric R3 fibrillisation also
inhibited the growth of preformed R3 fibrils or dissociated them. R3 was first allowed to assemble
for 24 h in the absence of drugs and then polymerise into mature fibrils for 24 additional h in the
absence/presence of drugs. After 24 h of R3 aggregation, a highly heterogeneous morphological

mixture of smaller protofibrils and granular aggregates was shown by AFM analysis (Fig. 5.3A).

A gradual decrease in the ThT signal following the addition of drugs at the 24th h indicated the
dissociation of -sheet-rich structures (Fig. 5.3B). These findings were verified by AFM analysis
of samples collected 24 h after the addition of drugs. There was a complete dissociation of
protofibrils into globular structures by doxorubicin or a mixture of granules and short fibril-like
structures formed in the presence of paclitaxel, cisplatin, resveratrol, and quercetin (Fig. 5.3C).
Overall, these data indicate that disaggregation of preformed aggregates is more evident following

the addition of doxorubicin.
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Fig. 5.3. Inhibition of elongation of preformed R3Ag or protofilaments. (A) AFM images of
R3 (proto) fibrils formed after 24 and 48 h of aggregation under nonreducing conditions. (B)
Graphs showing the effect of drugs on the elongation of R3 (proto) fibrils. Vertical dotted lines
indicate the time at which the drugs were added. Mean + SEM, n=3 independent experiments.
**P <0.01 and *P <0.05 vs 0 uM (control), one-way ANOVA, Dunnett's post hoc test. (C) AFM
images of R3 fibril morphology after 24 h of incubation in the presence of indicated drugs at 10 pM
concentration. See the morphology of drug-untreated fibrils formed after 24 and 48 h of

aggregation in panel A.

89



5.3 Mechanisms of drug effect on R3 fibrillisation

Cysteine oxidation of wild-type tau results in the formation of disulfide-bonded dimers, and dimers
with intermolecular disulfide bonds are highly prone to aggregation than those with intramolecular

disulfide bonds?%.

Similar to wild-type three-repeat tau, R3 withholds a single cysteine residue and forms
intermolecular disulfide-bonded dimers!4?1°, We show that dimers are absent in monomeric
samples and only appear when R3 peptides are aggregated under a nonreducing condition
(Fig.5.4A). This dimer band completely disappears when aggregates are treated with 10% p-
mercaptoethanol before loading to gels (Fig. 5.4A). However, aggregating R3 under a reducing
condition (+heparin/+DTT) affected dimerisation as indicated by the decrease in the dimer band
(Fig. 5.4A, B). These data suggest that aggregating R3 peptide under reducing conditions inhibits
intermolecular disulfide-bonded dimerisation, like inhibiting three-repeat tau dimerisation?®. To
determine whether drugs inhibit R3 fibrillisation by affecting dimer formation, we analysed total
aggregates and pelleted fractions by nonreducing SDS/PAGE (Fig. 5.4C, D). The quantification
of dimer band intensity indicated that paclitaxel, doxorubicin, resveratrol and quercetin

significantly inhibited dimer formation (Fig. 5.4E, F).
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Fig. 5.4. Drug effect on R3 dimerisation. (A) Representative gel image showing the absence of
dimer bands in R3 monomers electrophoresed at two concentrations (5 and 40 uM) and a strong
dimerisation of 40 UM R3 under a nonreducing than reducing condition after 48 h of aggregation.
The addition of B-ME (B-mercaptoethanol) to R3Ag formed under nonreducing conditions before
gel loading abolishes the dimer band. n=3-4 independent experiments. M, marker. (B) A
comparison of dimer to monomer bands under nonreducing and reducing aggregation.
Mean+ SEM, n=3-4 independent experiments, ***P<0.001, two-tailed Student's t-test,
unpaired. (C, D) Gel images showing dimer bands in total (C) and pelleted (D) fractions following
R3 aggregation in the absence or presence of the shown drugs at the 10 uM concentration. M,
marker. (E, F) Quantification of dimer band intensities in total (E) and pelleted (F) fractions shown
in C and D. Mean = SEM, n =3 independent experiments, **P <0.01 and *P <0.05 vs R3, one-
way ANOVA, Dunnett's post hoc test.
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Fig. 5.5. Data on mutant R3 peptide aggregation. (A) Mutant R3 (R3mut) peptide does not
aggregate in the absence of heparin. Mean + SEM, n = 3. (B) Aggregation of R3mut peptide in the
absence or presence of indicated drugs at a 1 uM concentration under a nonreducing condition.
Mean + SEM, n = 3 independent experiments. (C) Comparison of the final ThT fluorescence at the
end of a 48 hour-aggregation assay shown in Panel B. Mean £ SEM, n =3, ***p < (0.001 vs R3mut,
oneway ANOVA, Dunnett’s post hoc test. (D) Gel images of total and pelleted fractions of
aggregated R3mut (R3mut) showing the absence of dimer bands in the absence or presence of the
indicated drugs (10 uM). M, marker. (E, F) Graphs showing the aggregation of R3mut peptide in
the absence, or (E) presence of 10 uM concentration of indicated drugs and (F) 50 uM and 100
UM quercetin under a nonreducing condition. Mean + SEM, n = 3.

92



The C322 residue in R3 is essential for its dimerisation, and the binding of drugs to this site blocks
the formation of toxic tau species?'®??2, To determine whether inhibition of R3 dimerisation was
due to the binding of drugs to C322, we used mutant R3 (R3mut) peptides containing Ala instead
of Cys at position 322 (C322A). Aggregating R3mut peptides under different aggregation
conditions indicated that heparin was essential for aggregation (Fig. 5.5A), indicating that C322,
in addition to the hexapeptide sequence, defines the self-aggregation of R3. The Cys-to-Ala
substitution only affected the anti-aggregation effect of quercetin, but not other drugs (Fig. 5.5B,
C). Since R3mut did not dimerise, no effect of drugs was evident on dimerisation (Fig. 5.5D). The
absence of a quercetin effect was also evident at a concentration of 10 uM (Fig. 5.5E). However,
oversaturating quercetin concentrations inhibited R3mut aggregation, presumably due to
nonspecific binding or due to the effect of DMSO (Fig. 5.5F). DMSO was between 0.01% and
0.1% at 1-10 uM concentrations of all drugs (Fig. 5.5B, E), and 0.30% and 0.60% at 50 and
100 uM quercetin concentrations, respectively (Fig. 5.5F).

Overall, these data indicate that quercetin interaction with C322 residue results in the abrogation
of dimerisation and, consequently, fibrillisation of R3. The effect of paclitaxel, doxorubicin and

resveratrol on R3 dimerisation and fibrillisation results independently of C322 residue.
5.4 Molecular dynamics simulation of drug—peptide interaction

To gain a deeper insight into the mechanism of anti-fibrillisation effects of drugs, molecular
dynamics (MD) simulations were performed. In the absence of drugs, R3 monomers displayed
high flexibility, in agreement with their nonstructured nature. R3 dimer, in the absence of drugs,
was less flexible and preferred an extended B-sheet structure, housing the Cys residue in the loop
(Fig. 5.6A). In the presence of drugs, the dimer became less stable, which is evident by fewer
contacts formed between R3 chains and each drug bound to different regions of the R3 dimer.
Paclitaxel interacted directly with the N-terminus of R3 that harbours the aggregation-prone
sequence, VQIVYK. Whereas doxorubicin and resveratrol interacted mainly with the C-terminal
region, quercetin stayed in contact with C-terminal and Cys residue (Fig. 5.6B), explaining the

absence of quercetin effect on mutant R3 peptide aggregation (Figs. 5.5B, C, E and F).
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Fig. 5.6. Molecular dynamics simulation of drugs with R3 dimer. (A) A starting structure of
R3 dimer for MD simulations prepared from X-ray structure (PDB ID: 503L). Stripes represent
B-strands. (B) Graphs show the frequency of paclitaxel contact with the N-terminal, doxorubicin
and resveratrol with the C-terminal, and quercetin with the C-terminal and the loop housing Cys
residue. Error bars represent standard deviations of contact frequencies. Standard deviations were
calculated with the block analysis for four separate blocks (n=4). Inset images show the R3
surface (N-terminal part in blue and Cys in yellow) and drugs in sphere models. Reported
structures were generated using the PyMOL Molecular Graphics System, Version 2.0,
Schrédinger, LLC (New York, NY, USA).
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5.5 Exogenous R3Ag effect on intracellular Tau-RD seeding

Before investigating the effect of drugs on R3Ag-mediated seeding of intracellular tau, we first
examined the effect of R3 monomer or R3Ag alone in Tau-RD P301S FRET biosensor cells®®.
R3 monomers didnot induce seeding and were nontoxic to cells (Fig.5.7A-C). Next, we
determined the effect of R3Ag with and without sonication. We decided to check the effect of
sonicated R3Ag because a recent study showed that smaller soluble aggregates formed after
sonication of the fibrils of human Tau-441 have greater seeding activity than nonsonicated
fibrils®”3. There was no difference in seeding between cells treated with nonsonicated or sonicated
R3Ag (Fig. 5.7A, B). Furthermore, irrespective of sonication, R3Ag were nontoxic to cells when

treated for over 72 h (Fig. 5.7C).

Interestingly, although R3Ag were nontoxic, we observed a significant reduction in the cell
number after 72 h of cell treatment with aggregated but not monomeric R3 (Fig. 5.7D). To check
whether R3Ag affected cell growth, we evaluated a time-dependent change in the total cell number
(Fig. 5.7E). Compared with the untreated control, there was a significant decrease in the growth of
cells treated with R3Ag (Fig. 5.7E). Monomeric R3 did not affect the cell number. Furthermore,
there was no difference between the effect of nonsonicated and sonicated R3Ag on cell number
(Fig.5.7D, E). These findings indicate that R3Ag, irrespective of sonication, do not cause cell
death by disrupting the cell membrane integrity but induce seeding and significantly reduce cell

growth.

To determine whether the decrease in cell growth and seeding is related, we treated cells with
sonicated R3Ag premixed with or without Lipofectamine and monitored them every 24 h for 72 h
by imaging (Fig. 5.8A). The data show a time-dependent increase in seeding only in cells treated
with R3Ag premixed with Lipofectamine (Fig. 5.8Bi), and correspondingly, these cells show
reduced growth over time compared with control cells (Fig. 5.8Bii). In contrast, cells treated with
R3Ag without premixing with Lipofectamine do not show seeding or a decrease in growth (Fig.
5.8B). Overall, these results indicate that R3Ag do not disrupt the cell membrane and affect cell
viability but potentially cause alterations in metabolic activity and cell cycle due to cellular stress

from protein aggregation374375,
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Fig. 5.7. Effect of R3Ag on seeding and viability. (A) Representative images displaying the
effect of R3 monomer and nonsonicated (— sonication) and sonicated (+ sonication) R3Ag on
seeding post 72 h of treatment. Nuclei are stained blue with Hoechst-33342. Red arrows indicate
representative cells containing seeded intracellular Tau-RD aggregates, and white arrows indicate
representative cells without aggregated Tau-RD. Scale bar: 50 um. (B) Quantification of seeding
after 72 h of cell treatment with monomeric R3 (monomer), nonsonicated (— sonication) and
sonicated (+ sonication) R3Ag. (C) Cell viability was quantified by trypan blue assay after
treatment of cells with R3 monomer and nonsonicated and sonicated R3Ag for 24—72 h. (D) The
number of Hoechst-stained cells after 72 h of indicated treatment of cells. (E) Time-dependent
change in cell growth quantified by trypan blue assay following treatment of cells with R3
monomer and nonsonicated and sonicated R3Ag. Data in B—E are mean + SEM of 3—4 independent
experiments, ***P <0.001, **P<0.01 and *P<0.05 vs control, one-way ANOVA, Tukey's
post hoc test.
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of Hoechst-stained cells (Bii) after cell treatment with R3Ag premixed (+ Lipofectamine), but not
premixed (— Lipofectamine), with Lipofectamine or control. Data are mean+SEM of 3
independent experiments, ***P <0.001, **P <0.01 and *P <0.05 vs control in each time-point,

two-way ANOVA, Sidak's post hoc test.
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5.6 Drug treatment abrogates R3Ag-mediated intracellular tau seeding

Tau pathology propagation by seed-competent tau species precedes NFTs formation in AD34376,
Thus, we sought to determine whether pretreating exogenous R3Ags with drugs inhibits the native
tau seeding when introduced in biosensor cells. Fig. 5.9 displays a scheme wherein two sets of cell
treatments were carried out. In the first set (Fig. 5.91), R3Ags were first incubated (capped) with
drugs for 16 h, followed by sonication of capped R3Ags before treating cells, as described

previously®’’

. Alternatively, we first sonicated R3Ags and then capped them with drugs before
treating the cells (Fig. 5.9ii). In the second set, we treated cells directly with R3Ags formed in the

absence or presence of drugs, referred to as preinhibited R3Ags (Fig. 5.9iii).

We show that capping R3Ag with resveratrol and quercetin significantly abrogated seeding
compared to cells treated with uncapped R3Ag (Fig. 5.10A, B; unnormalised aggregate and the
cell number are in Fig. 5.11A, B). While capping with doxorubicin reduced seeding, the difference
was insignificant (Fig. 5.10B). Interestingly, sonicating resveratrol or quercetin-capped R3Ag
abolished the protective effect conferred by the drugs on Tau-RD seeding (Fig. 5.11C). Similarly,
cells treated with pre-inhibited R3Ag formed in the presence of paclitaxel, resveratrol and
quercetin were significantly less active in seeding the aggregation of Tau-RD in cells (Fig. 5.10A,
C). None of the drugs at their final concentrations (paclitaxel 5 nm, doxorubicin 50 nM, and
resveratrol and quercetin 200 nM), when administered alone, induced seeding (Fig. 5.12A) or
affected the viability of cells (Fig.5.12B). Our data from AFM analysis of drug-pre-inhibited
R3Ag after 48 h of aggregation assay had shown the formation of a heterogeneous mixture of

aggregates, particularly in the presence of doxorubicin (Fig. 5.2C).
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Fig. 5.10. Drug treatment abrogates seed-competent R3Ag formation. (A) Representative
images show seeding post-72 h in untreated cells (control) and cells treated with R3Ag or R3Ag
capped or pre-inhibited with the indicated drugs. Nuclei are stained blue with Hoechst-33342. Red
arrows indicate representative cells containing seeded intracellular Tau-RD aggregates, and white
arrows indicate representative cells without aggregated Tau-RD. Scale bar: 50 um. (B, C)
Quantification of seeding following treatment of cells with R3Ag and drug-capped (B) or drug-
pre-inhibited (C) R3Ag for 72h. Data in B and C are mean+ SEM of n=4-5 independent
experiments, ***P <(.001, **P <0.01 and *P <0.05 vs control; and ###P <0.001, ##P <0.01 and
#P <0.05 vs R3Ag, one-way ANOVA, Tukey’s post hoc test. Raw data showing unnormalised
aggregate and cell numbers are shown in Fig. 11A, B. (D, E) Viability of cells measured by trypan
blue (D) and MTT (E) assays following treatment with drug-untreated R3Ag and drug-pre-
inhibited R3Ag for 72 h. Data are mean £ SEM, n =3, ***P <(0.001 and **P <0.01 vs control; and
#P <0.05 vs R3Ag, one-way ANOVA, Tukey's post hoc test.
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Fig. 5.11. Raw data of seeding from Fig. 5.10. (A, B) Graphs showing the number of aggregates (A) and cells (B) 72 h after seeding
biosensor cells with R3Ag, drug-capped and drug-preinhibited R3Ag. (C) Seeding in cells treated with R3Ags first sonicated and then
capped with the indicated drugs. Data in A-C are mean £ SEM, n = 3-5 independent experiments, ***p < 0.001, **p < 0.01, *p < 0.05
vs Control; ###p <0.001, ##p < 0.01, #p < 0.05 vs R3Ag, one-way ANOVA, Tukey’s post hoc test.
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To check whether these globular assemblies formed in the presence of drugs are toxic, we treated
cells with pre-inhibited R3Ag for 72 h and analysed cell viability by trypan blue exclusion and
MTT assays. The trypan blue assay showed no change in viability following treatment with R3Ag
or pre-inhibited R3Ag (Fig.5.10D), indicating the absence of cell membrane perturbation.
However, pre-inhibited R3Ag could not reverse the reduced cell growth compared with control
cells (Fig.5.12C). Except for doxorubicin (50nM), none of the other drugs at their final
concentrations (5nM paclitaxel and 200 nM resveratrol and quercetin) inhibited cell growth

compared with control cells (Fig. 5.12C).

Intriguingly, the MTT assay indicated a significant reduction in viability upon cell treatment with
R3Ag and only pre-inhibited R3Ag formed in the presence of quercetin improved viability
compared with R3Ag-treated cells (Fig. 5.10E). Except for doxorubicin, paclitaxel, resveratrol,
and quercetin alone did not affect cell viability, as quantified by MTT assay (Fig. 5.12D). These
data indicate that although aggregates do not disrupt the cell membrane, R3Ag affect the metabolic
activity of cells, as indicated by the MTT assay. Quercetin abolished the formation of toxic R3
species and improved the viability of cells compared to cells treated with only R3Ag.

So far, our data indicated that the tested drugs prevent the formation of seeding-competent R3Ag
in vitro. To show whether drugs prevented seeding activity in cells, we pretreated cells either with
aggregation buffer (vehicle) (Fig. 5.12A) or drugs for 2 (Fig. 5.12B) and 24 h (Fig. 5.13A) and
then exposed them to either aggregation buffer or R3Ag for an additional 24 h. We show that
pretreating with all drugs for 2 h (Fig. 5.12C) or paclitaxel, resveratrol, and quercetin for 24 h
(Fig. 5.13B) protected cells against R3Ag-mediated seeding. The quantification of the cell number
by imaging indicated no statistically significant effect of drugs or R3Ag (Figs. 5.12D and 5.13C).
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Fig. 5.12. Raw data of drug-only effect from Fig. 5.10. (A, B) Drug-only effect on seeding and viability of cells. Seeding by R3Ag in
A is shown as a reference value. (C) Changes in the total cell number after treating cells with R3Ag, drug-preinhibted R3Ag or only
drugs. (D) Drug-only effect on cell viability quantified by MTT assay. Data in A-D are mean £ SEM, n = 3-5 independent experiments,
***p <0.001, **p < 0.01, *p <0.05 vs Control; ###p <0.001, ##p < 0.01, #p < 0.05 vs R3Ag, one-way ANOVA, Tukey’s post hoc test.

103



A venicle - R3Ag

Vehicle + R3Ag

B Paclitaxel + R3Ag Doxorubicin + R3Ag Resveratrol + R3Ag

[0-R3Ag M +R3Ag [0-R3Ag MW +R3Ag

13

Quercetin + R3Ag

O

C

#H#

I ] i e e
0.01 5000 l
0 ] ﬁ. rHI rHI ’LII r'—xl 0

Vehicle Paclitaxel Doxorubicin Resveratrol Quercetin

20000+

150004

8
6
4
2

% Seeding
# of Hoechst
-stained cells
8
8

Vehicle Pacitaxel Doxorubicin Resveratrol Quercetin

Fig. 5.13. Drug pretreatment (2 h) of cells prevents seeding by exogenous R3Ag. (A, B)
Representative images showing pretreatment with paclitaxel, doxorubicin, resveratrol or quercetin
for 2h (B), but not aggregation buffer (vehicle), protects cells from seeding by R3Ag. Nuclei are
stained blue with Hoechst-33342. Scale bar: 50 um. (C) Quantification of seeding after cell
treatment with aggregation buffer (vehicle), paclitaxel (1 nM), doxorubicin (10 nM), resveratrol
(200 nM) or quercetin (200 nM) for 2 h followed (red bars, + R3Ag) or not followed (white bars,
— R3Ag) by R3Ag. Data are mean+ SEM of n=3 independent experiments, ***P <0.001 vs
vehicle — R3Ag; *+*P <0.001 and **P <0.01 vs vehicle + R3Ag; and ###P <0.001, — R3Ag vs +
R3Ag, two-way ANOVA, Bonferroni’s post hoc test. (D) Graphs showing the changes in the
number of Hoechst-stained cells after pretreating cells with aggregation buffer (vehicle), paclitaxel
(2 nM), doxorubicin (10 nM), resveratrol (200 nM) or quercetin (200 nM) for either 2 h (red bars,
+R3Ag) or not followed (white bars, — R3Ag) by exposure to R3Ags. Data are mean + SEM of n

= 3 independent experiments.
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Fig. 5.14. Drug pretreatment (24 h) of cells prevents seeding by exogenous R3Ag. (A)
Representative images showing pretreatment with paclitaxel, doxorubicin, resveratrol or quercetin
for 24h protects cells from seeding by R3Ag. Nuclei are stained blue with Hoechst-33342. Scale
bar: 50 um. (B) Quantification of seeding after cell treatment with aggregation buffer (vehicle),
paclitaxel (1 nM), doxorubicin (10 nM), resveratrol (200 nM) or quercetin (200 nM) for 24 h
followed (red bars, + R3Ag) or not followed (white bars, — R3Ag) by R3Ag. Data are mean £+ SEM
of n=3 independent experiments, ***P <(.001 vs vehicle — R3Ag; P <0.001 and P <0.01 vs
vehicle + R3Ag; and ####P <0.001, — R3Ag vs + R3Ag, two-way ANOVA, Bonferroni’s post hoc
test. (C) Graphs showing the changes in the number of Hoechst-stained cells after pretreating cells
with aggregation buffer (vehicle), paclitaxel (1 nM), doxorubicin (10 nM), resveratrol (200 nM)
or quercetin (200 nM) for either 24 h (red bars, +R3Ag) or not followed (white bars, — R3Ag) by
exposure to R3Ags. Data are mean + SEM of n = 3 independent experiments.
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5.7 Drugs protect C. elegans from R3Ag-mediated toxicity

C. elegans as a versatile in vivo model used to evaluate the toxicity of R3Ag with or without drug
treatment3’®37°, Drug-capped and drug-pre-inhibited R3Ag was administered to worms for 2 h,
and the pharyngeal pumping was scored after an additional 2-24 h to determine whether the drug
treatment affected aggregate-mediated toxicity in vivo (Fig.5.14A). The administration of
aggregation buffer (vehicle) alone did not cause any modification of the pharyngeal motility
compared with worms fed with 1x phosphate-buffered saline (PBS; pH 7.4) (Fig. 5.14B).

However, 2 h after the administration of R3Ag, but not monomeric R3, a severe pharyngeal
dysfunction was observed compared to nematodes fed with vehicle (Fig. 5.14B). Interestingly, the
pharyngeal impairment caused by R3Ag is transient, as indicated by the absence of toxicity 24 h
after administration (Fig. 5.14B). These results indicate that R3 monomers are nontoxic i vitro in
cells (Fig. 5.7C) and in vivo in C. elegans. Capping-preformed R3Ag with paclitaxel and quercetin,
but not resveratrol, significantly protected worms from pharyngeal dysfunctions scored 2 h post
R3Ag administration (Fig.5.15A; Table5.3). R3Ag formed in the presence of paclitaxel,
resveratrol, or quercetin resulted in less toxicity than R3Ag (Fig. 5.15B; Table 5.3).

In both capping and pre-inhibiting experiments, the effect of drugs alone was also considered by
feeding worms with the final concentration of drugs. However, paclitaxel and resveratrol caused a
minor but significant reduction of the pharyngeal function in pre-inhibited experiments

(Fig. 5.15B); they exerted a significant protective effect against R3Ag toxicity (Table 5.3).

Although the above findings indicate that capping or inhibiting with drugs reverses the toxicity of
R3Ag, the mechanisms underlying this protection remained unanswered. As depicted in scheme
Fig. 5.15A, worms were pretreated with nontoxic concentrations of paclitaxel, resveratrol and
quercetin for 24 h before administration with aggregation buffer or R3Ag for 2 h. Similar to
previous experimentation, R3Ag significantly reduced the pharyngeal pumping rate in worms
compared to those fed with aggregation buffer (Fig. 5.15B). Thus, the pretreatment of worms with
paclitaxel, resveratrol and quercetin for 24 h offered a significant protective effect, making worms

less susceptible to R3Ag toxicity (Fig. 5.15B; Table 5.3).
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Fig. 5.15. R3Ag causes pharyngeal impairment in C. elegans. (A) Schematic representation of
experimental set-up showing the feeding of C. elegans with R3Ag, drug-capped R3Ag or drug-
preinhibited R3Ag. (B) Data showing pharyngeal impairment is transient. Effect of 1x PBS (pH
7.4), aggregation buffer, monomeric R3 and R3Ag on the pharyngeal function of worms, scored 2
and 24 h after the administration. Mean + SEM of at least ten experimental values from 3
independent experiments (n = 30). ***p<0.001 vs Vehicle and Monomeric R3 at 2 h; ¢esp<0.001
vs R3Ag at 24 h, two-way ANOVA, Bonferroni's post hoc test.
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Fig. 5.16. Drug treatment reverses the toxicity of R3Ag in C. elegans. (A, B) Effect of R3Ag
administered alone (vehicle) and drug-capped R3Ag (A) or drug-pre-inhibited R3Ag with 5 nM
paclitaxel, 200 nM resveratrol or 200 nM quercetin (B) on pharyngeal function scored 2 h after
administration (red bars, + R3Ag). The effect of aggregation buffer (vehicle) and 5 nM paclitaxel,
200 nM resveratrol or 200 nM quercetin was also evaluated (white bars, — R3Ag). Data in A and
B are mean + SEM, n =30, ***P <0.001 and *P <0.05 vs vehicle — R3Ag; ***P <0.001, «sP <0.01
and *P <0.05 vs vehicle + R3Ag; and ###P < 0.001, ##P <0.01 and #P <0.05 — R3Ag vs + R3Ag,
two-way ANOVA, Bonferroni’s post hoc test.
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Two-way ANOVA Interaction (p-values)
Drug-capped I.:)ru.gj Drug-pretreatment
R3A preinhibited | =\ o ore R3A
¢ R3Ag g
Paclitaxel <0.001 <0.001 0.039
Resveratrol Not significant <0.001 0.002
Quercetin 0.010 <0.001 <0.001

Table 5.3. P-value summary from Fig. 5.16 and 5.17. P-values of the interaction obtained from
the two-way ANOVA and Bonferroni’s post hoc analysis performed on data from the different
experiments shown in Fig. 5.16 and 5.17, proving the protective effect exerted by some drugs on
the R3Ag toxicity.
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Fig. 5.17. Effect of drug pretreatment on R3Ag toxicity in C. elegans. (A) Schematic
representation of experimental set-up showing the pretreatment of worms for 24 h with drugs or
aggregation buffer (Vehicle) [1] followed by exposure to R3Ag for 2h [2] and scoring of
pharyngeal pumping post-2 h [3]. (E) Effect of aggregation buffer (vehicle), 5 nm paclitaxel,
200 nM resveratrol or 200 nM quercetin followed (red bars, + R3Ag) or not followed (white bars,
— R3Ag) by the administration of R3Ag on the pharyngeal pumping. Data in B is mean + SEM,
n=30, ***P <0.001 and *P <0.05 vs vehicle — R3Ag; ***P <0.001, **P <0.01 and *P <0.05 vs
vehicle + R3Ag; and ###P <0.001, ##P <0.01 and #P <0.05 — R3Ag vs + R3Ag, two-way
ANOVA, Bonferroni’s post hoc test.
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Discussion

We identified N-terminal hexapeptides- and Cys- in R2 and R3 as the minimal regions of tau
aggregation. Both R2 and R3 aggregates are also seed-competent. Targeting these R2 and R3
regions is vital for tau-based therapies for AD and other tauopathies. Thus, we used R3, a self-
aggregating tau peptide, for screening potential R3 aggregation inhibitors. For example, we

screened antitumour drugs for their effect on inhibiting R3 aggregation and prion-like seeding.

There is strong support for repurposing approved and experimental or investigational oncology
drugs for AD therapy3838!, Although the precise mechanisms remain elusive, different drugs may
target various pathways, consequently protecting neurons against degeneration. For example,
tamoxifen acts as an oestrogen-like agonist to enhance cholinergic and hippocampal activities,
improving cognitive functions and reducing dementia risk in older women®?. Taxanes restore the
damaged microtubule networks caused by tau loss of function, enhancing motor and cognitive
functions in AD transgenic mice®2. Sunitinib has antiacetylcholinesterase activity and attenuates
cognitive impairments in AD mice, similar to donepezil®®. Bexarotene clears amyloids from AD
mouse brains®4, although, in later studies, it was not effective in AD treatment or prevention3®,
Carmustine and imatinib reduce the AP plaque burden by preventing altered processing of A-
precursor protein and AD-specific tau phosphorylation®®38’_ Similarly, lonafarnib activates tau
aggregate clearance via lysosomes, reducing tau pathology and behavioural abnormalities in AD

mice388,

We used peptides of R3 to test our hypothesis that antitumour drugs may prevent the formation of
prion-like seeds by inhibiting nucleation-dependent tau aggregation. Our data revealed that adding
paclitaxel, docetaxel, cisplatin, doxorubicin, daunorubicin, resveratrol, and quercetin effectively
inhibited fibrillisation of R3 peptides invitro into P-sheet-rich aggregates (Fig.5.1C, D).
Furthermore, the anti-fibrillisation effect of drugs was validated further by Congo red dye and
microscopic analysis of aggregates formed in the presence of drugs (Fig. 5.2C and E; Fig. 5.2D).
These validation studies also ruled out the plausibility that the anti-fibrillisation effects of
resveratrol and quercetin were due to the competitive interaction with ThT for binding to fibrils.
Furthermore, in addition to inhibiting fibrillisation, these drugs also caused a complete-to-partial

disaggregation of preformed fibrils (Fig.5.3). The ability of drugs to disaggregate preformed
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fibrils is an important feature, given the presence of pre-existing aggregates in the brain when

patients are diagnosed with AD.

The anti-fibrillisation effect of paclitaxel, doxorubicin, resveratrol, and quercetin resulted from the
inhibition of R3 dimerisation (Fig. 5.4C, D). Furthermore, we showed that the presence of Cys in
the R3 was essential for the anti-fibrillisation effect of quercetin since R3mut, with a Cys-to-Ala
substitution, continued to aggregate in the presence of optimal concentrations of quercetin
(Fig. 5.4E; Fig. 5.5C—F). These findings were validated by MD simulation studies that showed the
interaction of paclitaxel with the N-terminal VQIVYK sequence that plays a prominent role in
self-aggregation of R3, and quercetin with Cys residue, involved in peptide dimerisation?2238
(Fig. 5.6). Additionally, interaction with the C-terminal of R3 by doxorubicin and resveratrol
prevents dimerisation. The findings suggest that the drugs potentially trap R3 monomers or
assembly-competent intermediate aggregates, affecting the dynamic equilibrium of R3

fibrillation?’,

Previous studies have demonstrated that fibrils are generally nontoxic to cells®*°%: instead,
oligomeric forms affect viability by disrupting the cell membrane3®2. In agreement, we show that
R3Ag does not affect cell viability by cell membrane disruption of the cell membrane (Fig. 5.7C).
However, R3Ag-mediated seeding of intracellular tau reduces the growth of the seeded cells
(Fig. 5.7E). The limited growth is related to the intracellular accumulation of Tau-RD aggregates,
as indicated by the absence of seeding or cell growth inhibition in cells treated with R3Ag in the
absence of Lipofectamine (Fig. 5.8B, green columns). Cells with intracellular NFTs or expressing
aggregated proteins have been reported to have an aberrant cell cycle or proliferate more slowly

than control cells37437,

Next, we demonstrated that the seeding competency of R3Ag is inhibited following capping with
resveratrol and quercetin (Fig. 5.10A, B). Further, R3Ag formed in the presence of paclitaxel,
resveratrol, and quercetin are significantly less competent in seeding native Tau-RD (Fig. 5.10A,
C). These preinhibited R3Ag seem to have no additional effect on cell viability (Fig. 5.10D).
However, although the drugs prevented seeding by R3Ag, they could not revert the limited cell
growth (Fig. 5.12C). Interestingly, quercetin reversed the effect of R3Ag on the metabolic activity
and, thus, the viability of cells, as quantified by the MTT assay (Fig. 5.10E). Cells with tau

pathology display a senescence-like phenotype®”. Given the senolytic activity of quercetin, it
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could have improved metabolic functions, reversing the senescence-like phenotype. Though,

future studies are needed to test this speculation®3,

In addition to abrogating the formation of seeding-competent fibril in vitro (Fig. 5.10), the drugs
also inhibited the seeding activity. This was shown following the pretreatment of cells with drugs
followed by exposure to seeding-competent R3Ag (Fig. 5.13 and 5.14), suggesting that the drugs
prevented the addition of monomers (intracellular P301S) to seeds (R3Ag) possibly by inhibiting
template-assisted filament growth that inhibited the aggregation of intracellular tau. Like other
amyloidogenic proteins, R3Ag also caused a specific pharyngeal dysfunction in C. elegans®%*
(Fig.5.15,5.16 and 5.17). This effect was reverted when the peptide was capped or its aggregation
preinhibited with paclitaxel, resveratrol or quercetin, indicating that these drugs can mask residues
relevant for the R3Ag proteotoxicity in vivo proteins®’®. Together with findings from in vitro assay,
these data indicate that the drugs inhibited the primary nucleation of R3 fibrillisation that initiates
the production of toxic R3 species, a process similar to inhibiting toxic Ap42 generation by

bexarotene®®.

AD is a dual proteinopathy of tau and AP proteins that act alone or in combination in the process
of neurodegeneration®. A deeper understanding of how pathogenic seeds form and drive distinct
structural polymorphs in tau spreading may reveal new insights for designing treatment strategies.
A study using P301S Tg mice has shown that intracellular and extracellular tau levels are related,
and low extracellular tau may mediate tau pathology®®. Despite low concentrations, cells could
take up extracellular tau, inducing intracellular tau aggregation and spreading. Several forms of
pathogenic extracellular tau, either free or vesicle enclosed, are suspected of spreading tau
pathology*. Therefore, therapeutic interventions, such as immunotherapy or small molecules that
target extracellular tau, may halt disease progression. Like any model system, our study also has
its inherent weaknesses. Although we have used simple models in our study, our findings present
a rational approach for targeting the VQIVYK or cysteine that may block the nucleation-dependent
tau aggregation and prion seed generation. We conclude that earlier detection of seed-competent
tau inclusions in the brains of AD or susceptible patients and targeting these inclusions may

prevent or slow tau spreading.
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Chapter 6

Comparison of the clearance of intracellular aggregates in tau cell

models seeded with aggregates of tau repeat peptides
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Results

The data presented in this chapter have been performed by Narendran Annadurai in collaboration
with Jifi Hruby and Agata Kubickova from the Institute of Molecular and Translational Medicine,
Faculty of Medicine and Dentistry, Palacky University, Hnévotinska 5, 77900 Olomouc, Czech
Republic.

6.1 R2 and R3 fibrils affect autophagy in tau biosensor cells

The changes in the levels of autophagy-related proteins in tau biosensor cells were measured upon
seeding with R2/R3 fibrils. First, the autophagy induction was measured by quantifying the
LC3A/B I to Il conversion. R2 and R3 fibrils increased the p62 levels time-dependently (Fig. 6.1A,
B and Fig. 6.2A, B). The increased level of p62 corresponds to the failure of autophagy, as LC3A/B
| to Il conversion was reduced in tau biosensor cells only upon seeding with R2/R3 fibrils (Fig.
6.1A, B and Fig. 6.2A, B). No changes in LAMP1 levels were observed in cells seeded with either
R2 or R3 fibrils (Fig. 6.1A, B and Fig. 6.2A, B). The failure of autophagy induction in response
to the fibrils-induced proteotoxic stress related p62 levels defines the build-up of intracellular
aggregates in R2/R3 fibrils-seeded tau biosensor cells observed in our previous study 3°. Thus, we
decided to explore the ability of compounds on autophagy induction to reduce the build-up of

intracellular tau aggregates in tau biosensor cells.

6.2 Screening of autophagy-inducing compounds that reduce intracellular tau aggregation
in R3 fibrils

We selected a list of compounds studied for their autophagy-inducing ability (Table 6.1). Then,
using the MTT cell viability assay, we calculated the ICso and chose three non-cytotoxic
concentrations for treating R3 fibrils seeded tau biosensor cells (Fig. 6.3). We also included
autophagy inhibitors to further validate the role of autophagy on the clearance of intracellular tau
aggregates (Fig. 6.3; Tables 6.1, 3.2).
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Table 6.1 List of compounds and their mechanism of autophagy induction or inhibition.

Compound

Autophagy

activation/inhibition

Autophagy pathways

Resveratrol (RSV) \ Activation mTOR inhibition/AMPK activation 39

Epigallocatechin gallate Activation CaMKKfp/AMPK-mediated mechanism,

(EGCG) AMPK/mTOR 39839

L-Ascorbic acid (VITC) Activation AMPK activation

Quercetin (QCT) Activation AKT-mTOR pathway, LC3 turnover *®

Carbamazepine (CBZ) | Activation AMPK activation 401402

Artemisinin (ART) Activation AMPK pathway, PI3K-AKT-mTOR pathway 4%

— Increases expression of several autophagy genes,

Dexamethasone (DEX) Activation including ATG5, LC3, BECNL, and SQSTM1 404
. N Blocks binding of autophagosomes to lysosomes

Chloroguine (CQ) Inhibition (altering the acidic environment of lysosomes) 4%

Cycloheximide (CHX) Inhibition Protein synthesis inhibitors/ modulation of

mTORCL1 signaling 4%
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6.3 EGCG and RSV reduced intracellular tau aggregation in R3 fibrils seeded tau biosensor

cells

In this and previous studies, we showed that exogenous R3 fibrils induce intracellular tau
aggregation in tau biosensor cells (Fig. 6.4A)%73%, To study the effect of autophagy activators on
the clearance of intracellular aggregates, we treated cells with compounds for 12 h post 6 h
treatment with R3 fibrils. We found that EGCG (25, 50 and 100 uM) and RSV (10 and 20 pM)
significantly reduced the levels of intracellular aggregates (Fig. 6.4B and D). EGCG is more
effective than RSV at tested concentrations. As an autophagy inhibitor, CQ did not reduce

intracellular tau aggregation (Fig. 6.4C and D).
6.4 EGCG and RSV induced autophagy in R3 fibrils seeded tau biosensor cells

To show the effect of EGCG and RSV, mediated through the induction of autophagy, on the
reduction of intracellular tau aggregation, we measured the changes in LC3A/B 11/l conversion
and p62 and LAMP1 protein levels. Both EGCG and RSV treatments induced autophagy in tau
biosensor cells (Fig. 6.5A, B and C), but the maximum effect of EGCG on LC3A/B 1I/1 ratio was
noted at 100 uM concentration (Fig. 6.5A and B). With the induction of autophagy in EGCG- and
RSV-treated cells, there was a decrease in R3 fibrils-induced p62 levels (Fig. 6.5A, B and C).
EGCG at all three tested concentrations and RSV at 10 and 20 uM tested concentrations decreased
p62 level (Fig. 6.5A, B and C). In addition, the increase in LAMP1 was observed in 50 uM EGCG-
and 10 uM RSV-treated cells (Fig. 6.5A, B and C). These results confirm that both EGCG and
RSV induced autophagy that inhibited the buildup of intracellular tau aggregates in biosensor cells
seeded with R3 fibrils (Fig. 6.4B and D).
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Fig. 6.1. Time-dependent changes in the autophagy-related proteins in biosensor cells seeded
with R2 fibrils. (A) Representative Western blots and (B) quantitative analysis of the level of
LC3A/B, LAMP1 and p62 after introducing tau R2 fibrils in tau biosensor cells. Time in hours is
the time after the start of transfection with aggregates. Untreated (48 h) — Biosensor cells without
treatment; Monomer (48 h) — Biosensor cells treated with R2 monomers. Data is mean + SEM of
2 independent experiments.
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time after the start of transfection with aggregates. Untreated (48 h) — Biosensor cells without
treatment; Monomer (48 h) — Biosensor cells treated with R2 monomers. Data is mean + SEM of
2 independent experiments.
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Fig. 6.4. EGCG and RSV reduced intracellular tau aggregation in R3 fibrils seeded cells. (A,
B and D) Representative images showing the absence or presence of intracellular tau aggregates
(green fluorescent inclusions) in unseeded (untreated) cells or seeded with R3 fibrils (A) and the
effect of EGCG and RSV (B), but not CQ (C), treatment on reducing intracellular tau aggregates
(B). Scale bar: 50 pum. (D) Quantification of the % of intracellular seeding in the presence or
absence of EGCG and RSV in R3 fibrils seeded cells. Data is mean + SEM of 3 independent
experiments. *#p < 0.001; Untreated tau biosensor cells vs R3 fibrils seeded tau biosensor cells.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001, R3 fibrils-seeded tau cells vs EGCG, RSV
and CQ-treated cells, one-way ANOVA, Dunnett's posthoc test.
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6.5 CQ inhibited autophagy in R3 fibrils seeded tau biosensor cells

To confirm our results, we next treated cells with CQ at three concentrations (0.1, 1 and 2 puM),
resulting in significant inhibition of the conversion of LC3A/B I to Il (Fig. 6.6A and B). The levels
of p62 also increased in cells treated with 0.1 and 1 uM CQ (Fig. 6.6A and B). The level of LAMP1
increased at all tested CQ concentrations; however, this increase was not statistically significant
(Fig. 6.6A, B and C). These results indicated that inhibited autophagy did not reduce/inhibit
intracellular tau aggregation (Fig. 6.4B and C).

6.6 Effect of EGCG, RSV and CQ on triton-insoluble total and phosphorylated Ser262 tau

Our previous study showed an increase in total and phosphorylated Ser262 tau levels in the triton-
insoluble fraction of cells seeded with R3 fibrils®°, We show that EGCG reduced R3 fibrils
seeding (Fig. 6.4B and C) and significantly reduced triton-insoluble total and phosphorylated
Ser262 tau (Fig. 6.7A and C). Conversely, RSV treatment did not reduce the triton-insoluble total
tau (Fig. 6.7A) but significantly decreased the triton-insoluble phosphorylated Ser262 tau (Fig.
6.7C). However, CQ, on the other hand, increased the triton-insoluble total and phosphorylated
Ser262 tau levels (Fig. 6.7B and D).
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Discussion

Autophagy is a natural process involving aggregated protein clearance and worn-out organelles
from cells®”41% In most mammalian cells, autophagy is a general mechanism wherein its
induction involves clearing aggregated or misfolded proteins*'*#4 Compared to later-stage highly
ordered tau filaments, evidence from various studies relates toxicity to early tau mislocalisation,
oligomerisation and its solubility-associated changes?®#1>#6 Another pathological hallmark of
tauopathy is dysfunction of the autophagy-lysosomal pathway (ALP)*748  However, as
autophagy remains the primary route associated with the clearance of tau in healthy neurons, thus

consequences associated with autophagy impairment remain unclear!40419:420,

Furthermore, studies of abnormal ALP function in the brain of tauopathy patients and animal and
cellular models report that accumulation of autophagic vesicles, lysosomes, and tau correlates with
neuronal toxicity*' 421425 In these models, autophagy activators reduce misfolded and aggregated
protein levels, mitigating tau spreading and neuronal loss*!1426-430 sypporting autophagy
modulators' therapeutic potential*%412429  Therefore, early tau clearance may help our

understanding of disease aetiology and be a promising therapeutic strategy.

The relationship between tau degradation and the autophagy-lysosome system was unclear for a
long time. Chloroquine, a malarial drug, interrupts autophagy by preventing autophagosome fusion
with lysosomes rather than by perturbing the acidity or digestive function of lysosomes*®. A study
on chloroquine myopathy discovered that tau accumulated in rat muscle*®, implying that a
lysosome autophagy system can degrade tau. Tau propagation through neurons is essential for the
progress of tau-mediated neurodegeneration. Results from previous studies reported that tau is
acetylated by the lysine acetyltransferase p300/ CBP, and p300/CBP also controls the degradation
and toxicity of tau. However, abnormal upregulation of P300/CBP in tauopathies interrupts the
autophagy-lysosome pathway, leading to excessive tau secretion®2, In the mouse tauopathy model,
human and rodent neocortex culture, p300 inhibitor SMDC37892 increased autophagic flux and
reduced tau secretion. On the contrary, highly activated p300/CBP blocked the autophagic flux

and enhanced tau secretion in neurons*3,

Furthermore, Tang et al. reported that activation of mMTORCL1 leads to autophagy inactivation,

thereby promoting tau secretion in an exosome-independent manner into extracellular space in
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neuroblastoma cells*®

. Recent reports state that CMA blockade upregulated cell-to-cell
propagation in a rodent model of tauopathy*34. Conversely, autophagy inducers increased total and
phosphorylated tau secretion, which was reduced by Beclinl knockdown or autophagy inhibitors
in a hTau-overexpressing human neuroblastoma cell line**®. In addition, six isoforms of tau were

435 and thus the issue remains controversial. Limited

secreted in an autophagy-dependent manner
proteolysis of pathogenic proteins, namely a-synuclein, tau and polyglutamine proteins, is critical
for the pathogenesis of neurodegenerative diseases****%". The hallmark lesions of tauopathies,
including AD, are pathological neurofibrillary tangles composed of hyperphosphorylated
filamentous tau aggregates*®. Physiological tau is a highly soluble microtubule-associated protein
essential for microtubule assembly and stability*3®44°, A recent study utilising a cellular model of
AD-like tau aggregate induction by preformed tau fibrils found that tau aggregates induced in the
cells cleared by suppressing soluble-tau overexpression. In this study, the expression of
aggregation-prone mutant tau is regulated. The study further mentioned that the autophagy-
lysosome pathway partially mediates the tau aggregate clearance mechanisms. The ubiquitin-
proteasome system and the ALP are deficient in handling large tau aggregates**!. In AD brains,
abnormal accumulation of autophagosomes in neurons constituted the first sign of autophagy

deficits**2,

Under pathological conditions, the insoluble hyperphosphorylated tau aggregates get disseminated
in the brain, and the severity of the tauopathy correlates strongly with the tau aggregates
propagation, which is also visible in the clinical phenotypes of tauopathy patients***#4. These
insoluble tau aggregates and, more recently, the soluble pre-fibrillar tau species, like oligomeric
tau, contribute to neuronal degeneration and its dysfunction**%-449, Studies reported so far also
confirm impairment of the ALP system in primary tauopathy patients, demonstrating that
autophagy defects are a common feature of human tauopathies*®. Several strategies have been
discussed for inhibiting tau aggregation and clearing intracellular tau aggregates by compounds or
antibodies that disassemble the tau aggregates. Ubiquitin-proteasome systém*° is responsible for
soluble and short-lived proteins turnover, and the autophagy-lysosome pathway involves the
degradation of insoluble and long-lived proteins damaged by cellular organelles*. Studies carried
out in transgenic mice overexpressing mutant tau and cultured cells demonstrate that autophagy

induction by trehalose or rapamycin could ameliorate tau pathology*?%#°24%3, A recent study found
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that pathogenic P301L mutation inhibits tau degradation by autophagy, macroautophagy or

chaperone-mediated autophagy.

In contrast, risk-associated A152T tau mutation directs the tau to distinct autophagy-mediated
degradation pathways. As most of the tau mutation markedly reduced the degradation of defective
tau at a different phase, finding or activating better pathogenic tau degradation pathways is
essential >4, However, it is unclear whether autophagy involves basal degradation of insoluble tau
without pharmacological activation. Inhibition of the autophagy-lysosome pathway has been

shown to induce tau deposition*>>-

, as the effect of tau aggregation on the autophagy-lysosome
pathway has not been well studied. A recent study also shows that both normal and pathological
tau is secreted in an autophagy-dependent manner. A recent study found that spleen tyrosine kinase
(SYK) blocks the autophagy degradation of tau in vitro and in vivo, and SYK activation occurs
upstream of the mTOR pathway. The pharmacological inhibition or knockdown of SYK increased
the autophagic degradation of tau®®8. Therefore, it is crucial to determine whether pathways are
getting activated or inactivated due to autophagic degradation failure of pathogenic tau. In our
study, we want to discuss how the exogenous tau peptides aggregate seeded intracellular tau
aggregates dysregulate the innate cellular mechanisms, including the lysosome-autophagy
pathway or activate cellular degradation mechanisms as an effective strategy to eliminate the

intracellular tau aggregates in Tau RD P301S FRET biosensor cells.

In our study, we want to discuss how the exogenous tau peptides aggregate seeded intracellular
tau aggregates dysregulate the innate cellular mechanisms, including the lysosome-autophagy
pathway or activate cellular degradation mechanisms as an effective strategy to eliminate the
intracellular tau aggregates in tau biosensor cells. We have found that both R2 and R3 fibrils can
induce proteotoxic stress and reduce autophagy in tau cells. The increased levels of p62 correspond
to autophagy inhibition, which defines the failure of autophagy flux in tau biosensor cells seeded
with R2/R3 fibrils*°. We used R3 fibrils seeded tau biosensor cells for studying the effect of
compounds with known autophagy-inducing function and also selected autophagy inhibitors

(Table 6.1) to study their effect on the level of intracellular tau aggregates.

Overall, we found that EGCG and RSV significantly reduced intracellular tau aggregation and
induced autophagy. Among other tested compounds, VITC, QCT, CBZ, and ART reduced

intracellular tau aggregation compared to untreated R3 fibrils seeded tau biosensor cells. However,
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the reduction in intracellular tau aggregation by these compounds (QCT, CBZ and ART) was not
statistically significant, although VITC at 25 pM significantly reduced intracellular tau
aggregation (data not shown). We believe that the ability of both EGCG and RSV to reduce
intracellular tau aggregation is not only because of autophagy but also because of their ability to
inhibit tau aggregation and seeding“®4%!, We have also shown that CQ treatment inhibited
autophagy, thus inhibiting autophagic clearance of intracellular tau aggregates. From our study,
we have also shown that compounds that induce autophagy can also reduce the triton-insoluble
phosphorylated Ser262 tau, as our previous study explored that the hyperphosphorylation precedes
the formation of intracellular tau aggregation®°. Thus, our study provided information on how an

autophagy-lysosomal pathway can be targeted for clearing intracellular tau aggregates in cells.
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Chapter 7

General Discussion
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General Discussion

Neurodegenerative tauopathies, including AD, are classified based on tau aggregation and the
distinct composition of intracellular filaments with tau isoforms. Structural analysis of core
filaments by Cryo-EM revealed a similar core area but with diverse conformations. The structural
and conformations differences among the polymorphic tau fibrils of different tauopathies, with the
effect of non-protein cofactors on tau aggregation, affect the stability and propagation of tau
aggregates. Thus, it is crucial to identify and characterise tau regions critical for differential
aggregation and conversion from inert to prion-like aggregates. Microtubule-binding domain plays
a crucial role in tau aggregation in physiological and pathological conditions. The shorter R2 and
R3 regions in the microtubule-binding domain share an aggregation potential similar to full-length
tau protein. The N-terminal hexapeptides in R2 (VQIVYK) and R3 (VQIINK) aggregate in vitro
into B-sheet rich fibrils, but these aggregates do not have prion-like properties. By utilising
peptides of individual repeats (R1, R2, R3, and R4) in the microtubule-binding domain, we have
shown that R2 and R3 assemble into prion-like aggregates or fibrils. On the other hand, R1 and
R4 peptides are neither aggregates nor form seed-competent aggregates under defined
physiological conditions. Though R2 aggregates faster than R3, no difference in intracellular
seeding ability was observed, suggesting that differential aggregation rate does not influence the

seeding potency of R2 and R3 seeds.

R3 but not R2 aggregates assemble into fibrils in the absence of heparin ( a physiological
condition), even though both R2 and R3 share similar N-terminal hexapeptide sequences and
KXGS motifs containing cysteine residue. These data explain that R3 may be the minimal region
that behaves as nuclei for pathological seed generation under physiological conditions. In contrast,
R2 may need polyanionic cofactors to generate pathogenic seeds that may contribute to the later
stages of the tau aggregation process. This finding is important because the latest evidence suggests
that brain RNA may result in pathological tau strains and may contribute to the propagation of tau
pathology in AD*®2. When there is a cysteine to alanine mutation in the C-terminal region, R3
aggregates only in the presence of heparin and is seed-competent. Thus, cysteine residue at the
KXGS motif of R3 might play an essential role in tau seed formation under pathological
conditions. We also found that R2 and R3 monomers are not seed-competent, and only R2 and R3

aggregates seed the aggregation of intracellular tau. Therefore, there is also a need to analyse and
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characterise the seed-competent species of the mixture of R2 and R3 aggregates, as seed-

competent aggregates may contain dimers, oligomers and fibrils, including monomers.

Next, we explored the effect of exogenous aggregates of tau repeat peptides on the solubility and
phosphorylation changes of intracellular seeded tau in cell models, as mechanisms associated with
seeding are not yet known in detail. Our study found that AD-specific phosphorylations and
oligomerisation are observed in cell models expressing mutant P301S and ON4R (P301L) tau.
Exogenous R2 or R3 fibrils-induced seeding enhanced insolubility of abnormally phosphorylated
intracellular tau. These findings suggest that phosphorylation is one factor contributing to the
aggregation of intracellular seeded tau. In addition, the seed-competent intracellular inclusions
with pathological phosphorylations resulted from the failure of cell clearance mechanisms and
phosphatase functions that define the ageing-associated molecular mechanisms observed in AD

and other tauopathies.

Next, we targeted the minimal regions (VQIVYK and cysteine) of self-aggregating R3 with small
molecules to abolish the seed-competency of R3 aggregates by inhibiting nucleation-dependent
aggregation in tau P301S biosensor cells, thus inhibiting the prion-like seeding of R3 aggregates.
Our study found that drugs like paclitaxel, docetaxel, cisplatin, doxorubicin, daunorubicin,
resveratrol, and quercetin effectively inhibited the formation of f-sheet-rich aggregation and
fibrillisation in vitro. We confirmed the anti-fibrillisation effect of paclitaxel, doxorubicin,
resveratrol, and quercetin resulting from the inhibition of R3 dimerisation. In addition, these drugs
also were able to disaggregate the preformed fibrils. The ability of drugs to inhibit fibrillisation
and disaggregation is essential as patients diagnosed with AD have pre-existing aggregates in their

brains.

Furthermore, we also showed that the interaction of paclitaxel with the N-terminal VQIVYK
hexapeptide and quercetin with cysteine of R3 causes inhibition of R3 fibrillisation and
dimerisation. In addition, we also showed the interaction of resveratrol and doxorubicin with the
C-terminal of R3, thus preventing dimerisation. These findings suggest that drugs that can trap R3
monomers, preventing them from forming R3 aggregation nuclei or assembly-competent
intermediate dimers or oligomers, affect R3 fibrillisation. Next, we showed that R3 aggregates
capped (treated) with resveratrol or quercetin and R3 aggregates formed in the presence of

paclitaxel, resveratrol, and quercetin are less-seed competent in seeding intracellular tau in cells.
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In addition to abolishing the seed-competency of R3 aggregates, the drugs also conferred some
protection against aggregate toxicity in cells pretreated with drugs before exposing them to R3
aggregates. These data prove that these drugs can prevent template-assisted filament growth. In
addition, paclitaxel, resveratrol and quercetin pre-inhibition/capping reverted the R3 aggregates-
induced pharyngeal dysfunction in C. elegans. These findings indicate that the drugs inhibited the
primary nucleation of R3 firbillisation, thus preventing the generation of seed-competent toxic R3
species. In addition, this study also presents a rational approach for targeting the VQIVYK or
cysteine that may block the nucleation-dependent tau aggregation and prion seed generation.

Since we found the seeding potential of R2 and R3 fibrils in our previous study, we wanted to
explore the mechanisms associated with the clearance of intracellular aggregates in tau biosensor
cells seeded with aggregates of tau repeat peptides. From the time-dependent tau seeding assay,
we found that exogenous R2 fibrils need less time in seeding intracellular tau aggregation than R3.
Next, we elucidated the autophagy failure in tau cells upon seeding with R2 and R3 fibrils time-
dependently. First, we found that both R2 and R3 fibrils-mediated seeding increased the p62 levels
in response to the increased build-up of intracellular tau aggregates. Next, R2 and R3 fibrils
reduced the autophagy marker LC3-11 to-I ratio. In addition, there is increased lysosomal activity
in cells seeded with R2 and R3 fibrils. These data indicate a failure in autophagy initiation and
autophagy flux in tau biosensor cells, which failed to clear intracellular tau aggregates. Thus, we
elucidated the mechanisms of autophagy induction on the clearance of intracellular tau aggregates.
We have shown that autophagy inducers such as EGCG, RSV and VITC reduced intracellular tau
aggregation in R3-seeded tau biosensor cells. We next confirmed the autophagy induction through
increased LC3-I1 to-I ratio and decreased p62 levels corresponding to the reduced intracellular tau
aggregates. We also found that CQ, an autophagy inhibitor, did not reduce intracellular tau
aggregation. We have also confirmed that CQ did not induce autophagy and thus failed to induce
the clearance of intracellular tau aggregates. As we found in our previous study, the seeding
process involves the build-up of intracellular phosphorylated tau aggregates. Therefore, we
checked the insoluble total and phosphorylated tau levels in the EGCG, RSV and CQ-treated R3-
seeded biosensor cells. We found that EGCG reduced both triton-insoluble total and
phosphorylated Ser262 tau. RSV treatment reduced phosphorylated Ser262 tau, and CQ treatment
did not affect the triton-insoluble total and phosphorylated Ser262 tau levels.
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Altogether, evidence from these studies supports the importance of targeting N-terminal
hexapeptides or cysteines of R2 or R3 and enhancing cell clearance mechanisms for developing

tau-targeted therapies.
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Appendix

Aggregation buffer
20 mM Tris, pH 7.4, 100 MM NaCl, 1 mM EDTA

Dissolve appropriate amounts of the abovementioned chemicals in deionised water (eight-tenths
of the final volume, e.g., 800 mL), adjust pH to 7.4 with 1 M NaOH and add deionised water to
the final volume (e.g., to 1000 mL). Filter using a 0.22 um sterile syringe filter. Store at 4 °C.

SDS gel composition

Ingredients 8% 10% 12% 4%

(for 10 mL) resolving gel | resolving gel | resolving gel | stacking gel
H.O (mL) 4.6 3.8 3.2 5.95

30% Acrylamide (mL) 2.6 3.4 4 1.34

1.5 M Tris-HCI (pH 8.8) (mL) | 2.6 2.6 2.6

0.5 M Tris-HCI (pH 6.8) mL 2.5

10% (w/v) SDS (mL) 0.1 0.1 0.1 0.1

10% (wWiv) ammonium | 0.1 0.1 0.1 0.1
persulfate (APS) (mL)

TEMED (mL) 0.01 0.01 0.01 0.01

RIPA lysis buffer

150 mM NacCl, 0.5% sodium deoxycholate, 0.1% SDS (sodium dodecyl sulphate), 50 mM Tris-
HCI, pH 8.0 supplemented with protease (Roche, Cat. # 04693116001) and phosphatase inhibitors
(Roche, Cat. # 04906837001).

Triton X-100 cell fractionation buffer

1x Tris-Buffered Saline (TBS) containing 0.05% Triton X-100 supplemented with protease
(Roche, Cat. # 04693116001) and phosphatase inhibitors (Roche, Cat. # 04906837001).

5x SDS sample buffer

Bromophenol blue (0.25 %), Glycerol (50 %), SDS (sodium dodecyl sulfate; 10 %), Tris-Cl (0.25
M, pH 6.8), B-Mercaptoethanol (10 %).

1x SDS running buffer

25 mM Tris base, 190 mM glycine and 0.1% SDS, Check the pH and adjust to 8.3. Makeup to
1000 mL with deionised water.

Gel fixation solution

50% methanol (v/v) and 10% acetic acid (v/v) in deionised water.
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Western Blot Wet Transfer buffer (1x)

100 mL of 10x blotting buffer (Bio-rad, Cat. #1610771); 200 mL 100% methanol (working
concentration 20%); Makeup to 1000 mL with deionised water.

Trans-Blot Turbo Transfer buffer (1x)

200 mL of 5x transfer buffer (Bio-rad, Cat. #10026938); with 600 ml of deionised water and 200
ml of ethanol (working concentration 20%).

10x TBS
200 mM Tris Base, 1500 mM NaCl, Adjust pH to 7.6. Makeup to 1000 mL with deionised water.
Ix TBST

100 mL of 10x TBS with 1 mL of 0.1% Tween® 20 Detergent; Makeup to 1000 mL with deionised
water.

Blocking buffer

5% BSA (bovine serum albumin; Add to TBST buffer (1x TBS + 0.1% Tween® 20 Detergent).
Mix well and filter.
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Materials (Instruments and equipment)

Centrifuges

Name Company

Eppendorf Centrifuge 5810R Eppendorf, Germany

ROTINA 420R Schoeller, Czech Republic
Spectrophotometers

Name Company

Enspire multimode plate reader PerkinElmer, USA

Cary 60 UV-Vis Spectrophotometer Agilent Technologies, USA

Microscopes

Name Company

Inverted Phase contrast tissue culture | Olympus Corporation, Japan
microscope (OLYMPUS 1X51)
AXIO Observer.D1 fluorescence Microscope | Carl Zeiss AG, Germany

Cell Voyager CVV7000S microscope Yokogawa, Japan

Operetta™ High-Content Imaging System PerkinElmer, USA

ZEISS Cell Observer SD Spinning Disk | Carl Zeiss AG, German, Germany
Confocal Microscope

Cell culture equipment

Name Company
Vi-CELL™ XR Cell Viability Analyzer Beckman Coulter, USA
Herasafe KS Class Il biological safety cabinet | Thermo Electron LED GmbH, Germany
Heracell VIOS 160i CO> Incubator Thermo Fisher Scientific, USA
Others
Name Company
Trans-Blot Turbo Transfer System Bio-Rad, USA
ChemiDoc XRS+ System Bio-Rad, USA
iBlot™ 2 Gel Transfer Device Invitrogen by Thermo Fisher Scientific, USA
Unimax 1010 Shaker & Mixer Heidolph, Germany
Vortex-Genie 2 mixer Scientific Industries, USA
Roller mixers (Stuart SRT9) Cole-Parmer®, UK
Bio TDB-100, Dry block thermostat Biosan, Latvia

158



New Brunswick Ultra-low Temperature freezer
(Innova® U725)

Eppendorf, Germany

Fridge/Freezer

Liebherr, Germany

Ice flaking machine

FRIGOPRO, Czech Republic

Laminar flow for bacterial inoculation (Herasafe
KS Class Il biological safety cabinet)

Thermo Electron LED GmbH, Germany

Weighing balance (Scaltec SBC 21)

SCALTEC
Germany

INSTRUMENTS  GmbH,

pH meter (WTW™ inoLab™ 7110)

Xylem Analytics Germany Sales GmbH &
Co. KG, Germany

Mica disc Ted Pella Inc, USA

Gel apparatus for SDS-PAGE (Mini- | Bio-Rad, USA

PROTEAN® Tetra system)

PVDF membrane (0.2 pm), Nitrocellulose | Bio-Rad, USA

Membrane (0.2 um)

Well plates (6,12,24, 96) TPP  Techno Plastic Products AG,
Switzerland

Well plates (CellCarrier 96/384-well plate)

PerkinElmer, USA

Water bath

Memmert GmbH + Co. KG, Germany

Multidrop™ Combi Reagent Dispenser

Thermo Fisher Scientific, USA

Cup Horn (for sonication)

Qsonica L.L.C, USA

Branson 450 Digital Sonifier

Process Equipment & Supply Inc., USA

Glassware

SCHOTT AG, Germany

Microcentrifuge tubes 1.5 mL

Eppendorf, Germany

Conical Tubes 15 mL and 50 mL TPP  Techno Plastic Products AG,
Switzerland

Pipette (0.1-2.5, 10, 20, 100, 200, 1000, 5000 | Eppendorf, Germany

pL)

Multichannel Pipettes (0.5-10, 5-50, 10-100, | Eppendorf, Germany

50-300 pL)

Syringe filters (0.2 um, 0.45 pm), Filtermax | TPP  Techno Plastic Products AG,

rapid bottle-top filter (capacity 500 mL) Switzerland

MSH-300, Magnetic Stirrer with hot plate

Biosan, Latvia
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