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Emerging experimental evidence suggests tau pathology spreads between
neuroanatomically connected brain regions in a prion-like manner in Alz-
heimer’s disease (AD). Tau seeding, the ability of prion-like tau to recruit
and misfold naive tau to generate new seeds, is detected early in human
AD brains before the development of major tau pathology. Many antitu-
mour drugs have been reported to confer protection against neurodegener-
ation, supporting the repurposing of approved and experimental or
investigational oncology drugs for AD therapy. In this study, we evaluated
whether antitumour drugs that abrogate the generation of seed-competent
aggregates of tau Repeat 3 (R3) domain peptides can prevent tau seeding
and toxicity in Tau-RD P301S FRET Biosensor cells and Caenorhabditis
elegans. We demonstrate that drugs that interact with the N-terminal VQI-
VYK or the C-terminal region housing the Cys322 prevent R3 dimerisa-
tion, abolishing the generation of prion-like R3 seeds. Preformed R3 seeds
(fibrils) capped with, or R3 seeds formed in the presence of VQIVYK- or
Cys322-targeting drugs have a reduced potency to cause aggregation of
naive tau in biosensor cells and protect worms from aggregate toxicity.
These findings indicate that VQIVYK- or Cys322-targeting drugs may act
as prophylactic agents against tau seeding.

Introduction

Intracytoplasmic neurofibrillary tau tangles and extra-
cellular plaques of amyloid-B (AB) are two histopatho-
logical characteristics of Alzheimer’s disease (AD). But
why does the disease progress rapidly in some typical
AD patients while the disease develops gradually over

Abbreviations

decades in others? Answers to this question may partly
come from the pathological tau species that develop
early in AD brains and spread between connected neu-
rons in a prion-like manner [1]. Circumstantial evi-
dence shows that pathological ‘tau seeds’ spread across

AD, Alzheimer's disease; AFM, atomic force microscopy; AB, amyloid-B; DMF, dimethylformamide; MD, molecular dynamics; NGM,
nematode growth medium; R3, repeat 3; R3Ags, R3 aggregates; ThT, thioflavin T.
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Antitumour drugs prevent tau seeding

the brain through synaptically connected neurons,
potentially contributing to AD pathogenesis [2-38].
Clinically, the presence of tau precedes significant grey
matter atrophy in AD brains, suggesting tau as a criti-
cal inducer of neurodegeneration [9]. Evidence from
tau PET imaging data also reveals that tau spreading
is not limited to just AD but also occur in normal age-
ing brains and that the presence of AP accelerates this
process [3].

The nucleation-dependent tau aggregation displays a
typical sigmoidal shape curve similar to AP aggregation
[10]. The nucleation phase involves the assembly of criti-
cal nuclei, to which monomeric units are added, driving
the assembly of oligomers. However, targeting oligomers
prevent oligomer-mediated neurotoxicity [11]. For exam-
ple, bexarotene-mediated blocking of primary nucleation
of AP inhibits oligomer generation and associated toxic-
ity [12]. In addition, there are indications that nucleation
events in tau aggregation may become active in AD at
early stages [10] and possibly tau seeding [2,5]. Thus,
interfering at the nucleation phase may block pathologi-
cal seed generation, such as blocking toxic A oligomers.

Two amyloid motifs, VQIINK in Repeat 2 and
VQIVYK in Repeat 3 (R3), present in the repeat
region, are critical for tau nucleation [10]. Peptide-like
inhibitors targeting a particular interface of VQIVYK
in AD patient-derived fibrils block seeding [13]. An
essential step in the nucleation phase that precedes
higher-molecular-weight or low-molecular-weight oli-
gomer formation is the dimerisation of tau through
disulfide bonding of cysteine residues [14]. Oxidation
of these cysteines results in small tau conformers rang-
ing from dimers to oligomers actively participating in
tau spreading [15]. Catechol that caps cysteine residues
impedes tau dimerisation and oligomer formation, pre-
venting neuronal death and brain dysfunctions in
P301L tau transgenic mice [16].

Several retrospective studies indicate that cancer sur-
vivors have a reduced risk of dementia and AD develop-
ment than individuals without cancer [17-20]. Whether
this inverse correlation is due to a common biological
mechanism shared between cancer and AD patients or
pharmacological interventions in cancer patients remains
debated [20-24]. The underlying mechanisms for the
reduced risk of AD in cancer survivors are primarily
unknown. Different drugs may target different pathways
to lower AD development [25], but evidence suggests that
chemotherapy reduce AD risk in cancer survivors [24—
27]. Given that chemotherapy preceded AD diagnosis in
cancer survivors in the retrospective studies [17-20], we
speculated that chemotherapy drugs abrogate the forma-
tion of tau seeds to prevent tau spreading and AD devel-
opment. We tested a panel of twenty approved and four
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experimental or investigational antitumour drugs to
identify inhibitors of tau nucleation, thereby abrogating
the generation of prion-like seeds and seeding. The
effects of selected drugs on the seeding of endogenous
tau by exogenous aggregates of tau Repeat 3 (R3)
domain peptides were studied using Tau-RD P301S
FRET Biosensor cells [26]. The in vivo toxicity of peptide
aggregates, with or without prior drug treatment, was
examined in Caenorhabditis elegans, which recognises
amyloidogenic proteins as toxic by inhibiting their feed-
ing behaviour.

Results

R3 aggregation and effects of antitumour drugs
on their fibrillisation

We first monitored the assembly of R3 peptides into fib-
rils under four aggregation conditions by thioflavin T
(ThT) binding assay to determine an optimal condition
for drug screening (Fig. 1A). R3 showed distinct beha-
viours under reducing (+heparin/+DTT) aggregation
conditions. The presence of dithiothreitol (DTT) affected
the assembly of R3 peptides even in the absence of hep-
arin. Our data and evidence from a previous study show
a differential effect of heparin and DTT on fibrillisation
kinetics of tau isoforms containing either Cys291 or
Cys322 residue [14]. Therefore, we decided to test drug
effects on peptide aggregation in the absence of DTT.
Moreover, DTT was also excluded from drug screening
to avoid possible false-positive results due to the oxida-
tion of Cys322 by hydrogen peroxide generated by redox
cycling compounds in the presence of reducing agents
[27]. Atomic force microscopy (AFM) analysis showed
R3 assembled into amyloidogenic fibrils 48 h after aggre-
gation (Fig. 1B).

Next, we explored the effect of 20 approved and four
experimental or investigational antitumour drugs on in
vitro aggregation of R3 (Table1). These drugs were
selected randomly on their availability in our laboratory.
The fibrillisation of peptides was first monitored in the
presence of drugs at a single concentration (1-um) by
ThT assay (Fig 1C). A comparison of the ThT fluores-
cence reading showed that paclitaxel, docetaxel, cis-
platin, oxaliplatin, doxorubicin, daunorubicin,
resveratrol and quercetin resulted in a significant
decrease (>50%) in ThT fluorescence at the 1 um tested
concentration compared to control reaction without
drugs (Table2). For subsequent in vitro studies, we
selected paclitaxel, cisplatin, doxorubicin, resveratrol
and quercetin and tested the effect of the five drugs on
peptide fibrillisation at two additional doses of 0.1 and
10 um. Whereas the effect of paclitaxel did not alter with
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Fig. 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. (D) AFM images showing the morphology of R3Ags after 48 h of aggregation in the presence of
indicated drugs at a concentration of 10 um. Scale bar: 2 um. (E) Congo red absorbance of R3 monomer and R3Ags after 48 h of aggregation
in the absence or presence of indicated drugs at 10 um concentration. Congo red was added immediately before reading the absorbance.
Data in A, C and E 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.

Table 1. List of antitumour drugs classified into six groups based on their primary mechanism of action.

Approved Preclinical/clinical
Group 1. Group 2. Group 3. Group 4. Group 5. Group 6.
Antitubulin agents Alkylating agents Antimetabolites Antibiotics Topoisomerase Antioxidants
Paclitaxel Cisplatin 5-fluorouracil Doxorubicin Irinotecan Resveratrol
Docetaxel Oxaliplatin Methotrexate Daunorubicin Etoposide Polydatin
Vincristine Carboplatin Fludarabine Bleomycin Mitoxantrone Lycopene
Vinorelbine Cyclophosphamide Gemcitabine Mitomycin C Topotecan Quercetin

the change in its concentration, cisplatin, doxoru-
bicin, resveratrol and quercetin were more effective at
10pum in inhibiting R3 fibrillisation (Fig. S1A).
DMSO as a drug solvent did not affect R3 fibrillisa-
tion at the tested drug concentrations (Fig. S1B), and
doxorubicin or daunorubicin-intrinsic fluorescence did
not interfere with ThT fluorescence in our assay con-
dition (Fig.S1C).

AFM analysis of R3 peptides 48 h after aggregation
in the presence of 10-um paclitaxel, cisplatin,

resveratrol and quercetin showed a complete absence
of fibril formation (Fig. 1D). In contrast, the forma-
tion of small granular to short fibril-like aggregates
was observed in the presence of doxorubicin (Fig. 1D).
Overall, these results suggest that paclitaxel, cisplatin,
doxorubicin, resveratrol and quercetin limited the con-
version 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
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Table 2. Comparison of ThT fluorescence reading from Fig. 1C.
The final (48™ hour) normalised ThT fluorescence values following
aggregation of R3 peptides in the presence of indicated drugs at a
concentration of 1um. Mean + SEM, drugs vs control, one-way
ANOVA, Dunnett's post hoc test. Not significant, ns.

%ThT fluorescence (normalised)

Mean + SEM P-values

Control 74+3

Paclitaxel 35+2 0.002
Docetaxel 27+7 <0.001
Vincristine 60+7 0.386
Vinorelbine 73+10 >0.999
Cisplatin 32+5 <0.001
Oxaliplatin 46+ 6 0.002
Carboplatin 69+ 10 0.149
Cyclophosphamide 84+ 15 0.422
5-fluorouracil 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
Mitoxantrone 60+5 0.232
Topotecan 56+ 3 0.058
Resveratrol 32+2 <0.001
Polydatin 59+7 0.054
Genistein 89+2 0.071
Quercetin 41+5 <0.001

reported to compete with ThT for amyloid binding
[28]. Therefore, we also confirmed the antifibrillisation
effects of drugs by an end-point fluorescence micro-
scopy analysis. R3 peptide was assembled in the
absence or presence of drugs under a proaggregation
condition but without ThT. After 48 h, the content of
the plate well was embedded in agarose, followed by
imaging (Fig. S1D). We also performed an end-point
Congo red binding assay to validate the antifibrillisa-
tion activity of drugs, particularly resveratrol and
quercetin. A decreased Congo red absorbance in sam-
ples of R3 aggregates (R3Ags) assembled in the pres-
ence of drugs substantiated the antifibrillisation
activity of drugs (Fig1E). Overall, since ThT was
added at the end of the aggregation assay for fluores-
cence microscopy analysis and Congo red binding
assay, our findings confirm that drugs inhibit the for-
mation of [-sheet-rich aggregates, and there is no
interference of ThT to binding to R3 in the presence
of drugs.

N. Annadurai et al.

Inhibition of polymerisation of preformed R3
fibrils

Neurofibrillary tangles (NFTs) are formed in the
advanced stages of the disease, whereas soluble oligo-
mers generated at early stages are more toxic tau spe-
cies responsible for neuronal death [29]. Therefore, we
next determined whether drugs that inhibited fibrillisa-
tion of monomeric R3 also inhibit the growth of pre-
formed R3 fibrils or dissociate them. R3 was first
allowed to assemble for 24h in the absence of drugs
and then polymerise into mature fibrils for 24 addi-
tional hours in the absence/presence of drugs.

After 24 h of R3 aggregation, AFM analysis showed
the presence of a mixture of smaller protofibrils and
granular aggregates, which were highly heterogeneous
in morphology (Fig.2A). A gradual decrease in ThT
signal following the addition of drugs at the 24" hour
indicated the dissociation of p-sheet-rich structures
(Fig. 2B). These findings were verified by AFM analy-
sis of samples collected 24h after the addition of
drugs. There was either a complete dissociation of
protofibrils into globular structures by doxorubicin or
the presence of a mixture of granules and short fibril-
like structures by paclitaxel, cisplatin, resveratrol and
quercetin (Fig. 2C). Overall, these data indicate that
disaggregation of preformed aggregates is more evident
following the addition of doxorubicin.

Mechanisms of drug effect on R3 fibrillisation

Cysteine oxidation of wild-type tau results in the forma-
tion of disulfide-bonded dimers, and dimers with inter-
molecular disulfide bonds are highly prone to
aggregation than those with intramolecular disulfide
bonds [14]. R3, similar to wild-type three-repeat tau [14],
contains a single cysteine residue and forms intermolecu-
lar disulfide-bonded dimers [30]. We show that dimers
are absent in monomeric samples and only appear when
R3 peptide is aggregated under a nonreducing condition
(Fig. 3A). This dimer band completely disappears when
aggregates are treated with 10% B-mercaptoethanol
before loading to gels (Fig. 3A). However, aggregating
R3 under a reducing condition (+heparin/+DTT)
affected dimerisation as indicated by the decrease in
dimer band (Fig. 3A,B). These data suggest that aggre-
gating R3 peptide under reducing conditions inhibits
intermolecular disulfide-bonded dimerisation, similar to
inhibiting three-repeat tau dimerisation [14]. To deter-
mine whether drugs inhibit R3 fibrillisation by affecting
dimer formation, we analysed total aggregates and pel-
leted fractions by nonreducing SDS/PAGE (Fig. 3C,D).
The quantification of dimer band intensity indicated that
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Fig. 2. Inhibition of elongation of preformed R3Ags or protofilaments. (A) AFM images of R3 (proto) fibrils formed after 24 and 48h 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 Oum
(control), one-way ANOVA, Dunnett's posthoc test. (C) AFM images of R3 fibril morphology after 24 h of incubation in the presence of
indicated drugs at 10 um concentration. See the morphology of drug-untreated fibrils formed after 24 and 48 h of aggregation in panel A.

paclitaxel, doxorubicin, resveratrol and quercetin signifi-
cantly inhibited dimer formation (Fig. 3E,F).

The Cys322 in R3 is essential for its dimerisation,
and the binding of drugs to this site blocks the forma-
tion of toxic tau species [14,16]. To determine whether
inhibition of R3 dimerisation was due to the binding of
drugs to Cys322, we used mutant R3 (R3mut) peptides
containing Ala instead of Cys at position 322. Aggre-
gating R3mut peptides under different aggregation con-
ditions indicated that the presence of heparin was
essential for aggregation (Fig.S2A), indicating that
Cys322, in addition to the hexapeptide sequence,
defines the self-aggregation of R3. The Cys-to-Ala sub-
stitution only affected the antiaggregation effect of
quercetin, but not other drugs (Fig. 3G; Fig S2B). Since
R3mut did not dimerise, no effect of drugs was evident
on dimerisation (Fig. S2C). The absence of quercetin
effect was also evident at a concentration of 10 pum
(Fig. S2D). However, oversaturating quercetin concen-
trations inhibited R3mut aggregation, presumably due
to nonspecific binding or because of DMSO (Fig. S2E).
DMSO was between 0.01% and 0.1% at 1-10 uM con-
centrations of all drugs (Fig. 3G; Fig. S2D), and 0.30%
and 0.60% at 50 and 100 um quercetin concentrations,
respectively (Fig. S2E).

Overall, these data indicate that quercetin interac-
tion with Cys322 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
Cys322 residue.

Molecular dynamics simulation of drug-peptide
interaction

To gain a deeper insight into the mechanism of antifib-
rillisation effects of drugs, we performed molecular
dynamics (MD) simulations. In the absence of drugs,
R3 monomers displayed high flexibility, in agreement
with its nonstructured nature. R3 dimer, in the
absence of any drugs, was less flexible and preferred
an extended B-sheet structure, housing the Cys residue
in the loop (Fig.4A). 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-terminal of R3 that har-
bours 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.4B), explaining
the absence of quercetin effect on mutant R3 peptide
aggregation (Fig. 3E).

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 R3Ags alone in Tau-RD
P301S FRET biosensor cells [26]. R3 monomers
did not induce seeding and were nontoxic to cells
(Fig. 5A-C). Next, we determined the effect of R3Ags
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Fig. 3. 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 R3Ags 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, ***f < 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 indicated drugs at the 10 pm
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. (G) Aggregation of R3mut
peptide in the absence or presence of indicated drugs at a 1um concentration under a nonreducing condition. Mean +SEM, n=3
independent experiments.

with and without sonication. We decided to check the
effect of sonicated R3Ags 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 [31].
Although R3Ags, in general, induced seeding, there
was no difference in seeding between cells treated with
nonsonicated or sonicated R3Ags (Fig. 5A,B). Further-
more, irrespective of sonication, R3Ags were nontoxic
to cells when treated for over 72 h (Fig. 5C).
Interestingly, although R3Ags were nontoxic, we
observed a significant reduction in the cell number
after 72h of cell treatment with aggregated but not
monomeric R3 (Fig. 5D). To check whether R3Ags

affected cell growth, we evaluated a time-dependent
change in the total cell number (Fig. 5E). Compared
with untreated control, there was a significant decrease
in the growth of cells treated with R3Ag (Fig. 5E).
Monomeric R3 did not affect cell number, and there
was no difference between the effect of nonsonicated
and sonicated R3Ags on cell number (Fig.5D,E).
Overall, these findings indicate that R3Ags, irrespec-
tive of sonication, do not cause cell death by disrupt-
ing 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
R3Ags premixed with or without Lipofectamine and
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Fig. 4. 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 p-strands. (B) Graphs show the frequency of paclitaxel contact with N-terminal, doxorubicin and
resveratrol with C-terminal, and quercetin with C-terminal and the loop housing Cys residue. Error bars represent standard deviations of con-
tact frequencies. Standard deviations were calculated with the block analysis for four separate blocks (n=4). Inset images show 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, Schrodinger, LLC (New York, NY, USA).

monitored them every 24 h for 72h by imaging (Fig.
5F). The data show a time-dependent increase in seed-
ing only in cells treated with R3Ags premixed with
Lipofectamine (Fig. 5Gi), and correspondingly, these
cells show reduced growth over time compared with
control cells (Fig. 5Gii). In contrast, cells treated with
R3Ags without premixing with Lipofectamine do not
show seeding or a decrease in growth (Fig. 5G). Over-
all, these results indicate that R3Ags 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 aggregation [32,33].

Drug treatment abrogates R3Ag-mediated
intracellular tau seeding

The propagation of tau pathology due to seed-
competent tau species precedes the formation of NFTs
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Fig. 5. Effect of R3Ag on seeding and viability. (A) Representative images showing the effect of R3 monomer and nonsonicated (—
sonication) and sonicated (+ sonication) R3Ags on seeding after 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 72h of cell treatment with monomeric R3 (monomer), and
nonsonicated (— sonication) and sonicated (+ sonication) R3Ags. (C) Cell viability quantified by trypan blue assay after treatment of cells with
R3 monomer and nonsonicated and sonicated R3Ags for 24-72 h. (D) 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 R3Ags. Data in B-E are mean 4+ SEM of 3-4 independent experiments, ***P < 0.001, **P<0.01 and *P<0.05
vs control, one-way ANOVA, Tukey's posthoc test. (F) Representative images showing a time-dependent effect of R3Ags premixed (+
Lipofectamine) or not premixed (— Lipofectamine) with Lipofectamine transfection reagent on cell density and seeding. Scale bar: 50 um.
(G) Time-dependent increase in seeding (Gi) and decrease in the number of Hoechst-stained cells (Gii) after cell treatment with R3Ags
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.

in AD [2,26]. Therefore, we sought to determine and then capped them with drugs before treating cells
whether pretreating exogenous R3Ags with drugs inhi- (Fig. 6Aii). In the second set, we treated cells directly
bits the seeding of native tau when introduced in with R3Ags formed in the absence or presence of
biosensor cells. To this end, we performed two sets of drugs, referred to as preinhibited R3Ags (Fig. 6Aiii).

cell treatments as shown in the scheme in Fig. 6A. In We show that capping R3Ags with resveratrol and
the first set (Fig.6Ai), R3Ags were first incubated quercetin significantly abrogated seeding compared to
(capped) with drugs for 16 h, followed by sonication of cells treated with uncapped R3Ags (Fig 6B,C; unnor-
capped aggregates before treating cells, as described malised aggregate and cell number are in Fig. S3A,B).
previously [13]. Alternatively, we first sonicated R3Ags While capping with doxorubicin reduced seeding, the
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Fig. 6. Drug treatment abrogates seeding-competent R3Ag formation. (A) Schematic representation of the seeding experiments. (B)

Representative images show seeding post-72 h in untreated cells (control), and cells treated with R3Ags or R3Ags capped or preinhibited
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. (C, D)
Quantification of seeding following treatment of cells with R3Ag and drug-capped (C) or drug-preinhibited (D) R3Ags for 72 h. Data in C and
D are mean + SEM of n=4-5 independent experiments, ***P< 0.001, **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.
S3A, B. (E, F) Viability of cells measured by trypan blue (E) and MTT (F) assays following treatment with drug-untreated R3Ags and drug-
preinhibited R3Ags 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.

difference was insignificant (Fig 6C). Interestingly, son-
icating resveratrol or quercetin-capped R3Ag abolished
the protective effect conferred by the drugs on Tau-
RD seeding (FigS3C). Similarly, cells treated with
preinhibited R3Ags formed in the presence of pacli-
taxel, resveratrol and quercetin were significantly less
active in seeding the aggregation of Tau-RD in cells
(Fig. 6B,D). None of the drugs at their final concentra-
tions (paclitaxel 5nm, doxorubicin 50 nm, and resvera-
trol and quercetin 200 nm), when administered alone,

induced seeding (Fig. S3D) or affected the viability of
cells (Fig. S3E).

Our data from AFM analysis of drug-preinhibited
R3Ags after 48 h of aggregation assay had shown the
formation of a heterogeneous mixture of aggregates,
particularly in the presence of doxorubicin (Fig 1D).
To check whether these globular assemblies formed in
the presence of drugs are toxic, we treated cells with
preinhibited R3Ags for 72 h and analysed cell viability
by trypan blue exclusion and MTT assays. The trypan
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blue assay showed no change in viability following
treatment with R3Ag or preinhibited R3Ags (Fig. 6E),
indicating the absence of cell membrane perturbation.
However, preinhibited R3Ags could not reverse the
reduced cell growth compared with control cells (Fig.
S3F). Except for doxorubicin (50 nMm), none of the
other drugs at their final concentrations (paclitaxel 5
nM, and resveratrol and quercetin 200 nm) inhibited
cell growth compared with control cells (Fig. S3F).

Intriguingly, the MTT assay indicated a significant
reduction in viability upon cell treatment with R3Ags
and only preinhibited aggregates formed in the pres-
ence of quercetin improved viability compared with
R3Ag-treated cells (Fig. 6F). Except for doxorubicin,
paclitaxel, resveratrol and quercetin on their own did
not affect cell viability, as quantified by MTT assay
(Fig. S3G). These data indicate that although aggre-
gates do not disrupt the cell membrane, R3Ags 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 R3Ags.

So far, our data indicated that the tested drugs pre-
vent the formation of seeding-competent R3Ags in
vitro. To show whether drugs prevented seeding activ-
ity in cells, we pretreated cells with drugs for 2 and 24
h and then exposed them to either aggregation buffer
or R3Ags for an additional 24h (Fig. 7A). We show
that pretreating with all drugs for 2h (Fig.7B) or
paclitaxel, resveratrol and quercetin for 24 h (Fig. 7C)
protected cells against R3Ag-mediated seeding. The
quantification of the cell number by imaging indicated
no statistically significant effect of drugs or R3Ag
(Fig. S4).

Drugs protect C. elegans from R3Ags-mediated
toxicity

We used C. elegans as a versatile in vivo model to eval-
uate the toxicity of R3Ags with or without drug treat-
ment [35,36]. Drug-capped and drug-preinhibited
R3Ags were administered to worms for 2h, 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.8A). 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.S5). However, 2h
after the administration of R3Ags, but not monomeric
R3, a severe pharyngeal dysfunction was observed
compared to nematodes fed with vehicle (Fig.S5).
Interestingly, the pharyngeal impairment caused by

N. Annadurai et al.

R3Ags is transient, as indicated by the absence of toxi-
city 24h after administration (Fig.S5). These results
indicate that R3 monomers are nontoxic invitro in
cells (Fig. 5C) and in vivo in C. elegans.

Capping-preformed R3Ags with paclitaxel and quer-
cetin, but not resveratrol, significantly protected
worms from the toxicity of R3Ags scored 2 h after the
administration (Fig. 8B; Table 3). R3Ags formed in the
presence of paclitaxel, resveratrol or quercetin resulted
in less toxicity than R3Ags (Fig. 8C; Table 3). In both
capping and preinhibiting experiments, the effect of
drugs alone was also considered by feeding worms
with the final concentration of drugs. However, pacli-
taxel and resveratrol caused a minor but significant
reduction of the pharyngeal function in preinhibited
experiments (Fig. 8C); they exerted a significant protec-
tive effect against R3Ag toxicity (Table 3).

Although the above findings indicate that capping or
preinhibiting with drugs reverses the toxicity of R3Ags,
the mechanisms underlying this protection remained
unanswered. To this end, we first pretreated worms
with nontoxic concentrations of paclitaxel, resveratrol
and quercetin for 24 h and then administered them with
either aggregation buffer or R3Ags for 2 h, as shown in
the scheme (Fig. 8D). Similar to what was observed in
the previous experimental conditions, R3Ags signifi-
cantly reduced the pharyngeal pumping rate in worms
compared to those fed with aggregation buffer (Fig.
8E). 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. 8E; Table 3).

Discussion

There is strong support for repurposing approved and
experimental or investigational oncology drugs for AD
therapy [37,38]. 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 hip-
pocampal activities, improving cognitive functions and
reducing dementia risk in older women [39]. Taxanes
restore the damaged microtubule networks caused by
tau loss of function, improving motor and cognitive
functions in AD transgenic mice [40]. Sunitinib has
antiacetylcholinesterase activity and attenuates cogni-
tive impairments in AD mice, similar to donepezil [41].
Bexarotene clears amyloids from AD mouse brains
[42], although, in later studies, it was not effective in
AD treatment or prevention [43]. Carmustine and ima-
tinib reduce the AP plaque burden by preventing
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Fig. 7. Drug pretreatment of cells prevents seeding by exogenous R3Ags. (A) Representative images showing pretreatment with paclitaxel,
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are stained blue with Hoechst-33342. Scale bar: 50 um. (B, C) Quantification of seeding after cell treatment with aggregation buffer
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altered processing of AB-precursor protein [44,45] and
AD-specific tau phosphorylation [45]. Similarly, lona-
farnib activates tau aggregate clearance via lysosomes,
reducing tau pathology and behavioural abnormalities
in AD mice [46].

We used peptides of R3 to test our hypothesis that
antitumour drugs may prevent the formation of prion-
like seeds by inhibiting the nucleation-dependent tau
aggregation. Our data revealed that the addition of
paclitaxel, docetaxel, cisplatin, doxorubicin, daunoru-
bicin, resveratrol and quercetin effectively inhibited the
invitro fibrillisation of R3 peptides into B-sheet-rich
aggregates (Fig. 1C; Fig.S1A). The antifibrillisation
effect of drugs was further validated by Congo red dye
and microscopic analysis of aggregates formed in the
presence of drugs (Fig. 1D,E; Fig. S1D). These valida-
tion studies also ruled out the plausibility that the
antifibrillisation effects of resveratrol and quercetin
were due to the competitive interaction with ThT for
binding to fibrils. In addition to inhibiting fibrillisa-
tion, these drugs also caused a complete-to-partial dis-
aggregation of preformed fibrils (Fig. 2). The ability of
drugs to disaggregate preformed fibrils is an important
feature given the presence of pre-existing aggregates in
the brain when patients are diagnosed with AD.

The antifibrillisation effect of paclitaxel, doxorubicin,
resveratrol, and quercetin resulted from the inhibition of
R3 dimerisation (Fig. 3C,D). Furthermore, we showed

that the presence of Cys in the R3 was essential for the
antifibrillisation effect of quercetin since R3mut, with a
Cys-to-Ala substitution, continued to aggregate in the
presence of optimal concentrations of quercetin (Fig. 3E;
Fig. S2C-E). These findings were substantiated by MD
simulation studies that showed the interaction of pacli-
taxel with the N-terminal VQIVYK sequence that plays
a prominent role in self-aggregation of R3 [10], and
quercetin with Cys residue, involved in peptide dimerisa-
tion [16] (Fig.4). Additionally, it appears that interac-
tion with the C-terminal of R3 by doxorubicin and
resveratrol also prevents dimerisation. Overall, the find-
ings suggest that the drugs potentially trap R3 mono-
mers or assembly-competent intermediate aggregates,
affecting the dynamic equilibrium of R3 fibrillation [47].

Previous studies have demonstrated that fibrils are
generally nontoxic to cells [48,49]; rather, oligomeric
forms affect viability by disrupting the cell membrane
[50]. In agreement, we show that R3Ags do not affect
the viability of cells by disruption of the cell mem-
brane (Fig. 5C). However, R3Ag-mediated seeding of
intracellular tau reduces the growth of the seeded cells
(Fig. 5E). The limited growth is related to the intracel-
lular accumulation of Tau-RD aggregates, as indicated
by the absence of seeding or cell growth inhibition in
cells treated with R3Ags in the absence of Lipofec-
tamine (Fig. 5G, green columns). Cells with intracellu-
lar NFTs or expressing aggregated proteins have been
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reported to have an aberrant cell cycle or proliferate
slowly than control cells [32,33].

Next, we demonstrated that the seeding compe-
tency of R3Ags is inhibited following capping with
resveratrol and quercetin (Fig. 6B,C). Further, R3Ags
formed in the presence of paclitaxel, resveratrol and
quercetin are significantly less competent in seeding
native Tau-RD (Fig.6B,D), and these preinhibited
R3Ags seem to have no additional effect on cell via-
bility (Fig.6E). However, although the drugs pre-
vented seeding by R3Ags, they could not revert the
limited cell growth (Fig. S3F). Interestingly, quercetin
reversed the effect of R3Ags on the metabolic activ-
ity and thus the viability of cells, as quantified by

the MTT assay (Fig.6F). Cells with tau pathology
display a senescence-like phenotype [32]. Given the
senolytic activity of quercetin [51], it could have
improved metabolic  functions, reversing the
senescence-like phenotype. However, future studies
are needed to test this speculation.

In addition to abrogating the formation of seeding-
competent fibril invitro (Fig. 6), the drugs also inhib-
ited the seeding activity in cells. This was indicated fol-
lowing pretreatment of cells with drugs followed by
exposure to seeding-competent R3Ags (Fig. 7), suggest-
ing that the drugs prevented the addition of monomers
(intracellular P301S) to seeds (R3Ags) possibly by
inhibiting template-assisted filament growth [34] that
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Table 3. P-value summary from Fig. 8. P-values of the interaction
obtained from the two-way ANOVA and Bonferroni's posthoc
analysis performed on data from the different experiments shown
in Fig. 6, proving the protective effect exerted by some drugs on
the R3Ag toxicity.

Two-way ANOVA interaction (P-values)

Drug- Drug-

capped preinhibited Drug pretreatment

R3Ag R3Ag before R3Ag
Paclitaxel <0.001 <0.001 0.039
Resveratrol  Not <0.001 0.002

significant
Quercetin 0.010 <0.001 <0.001

inhibited the aggregation of intracellular tau. Like
other amyloidogenic proteins, R3Ags also caused a
specific pharyngeal dysfunction in C.elegans (Fig.8).
This effect was reverted when the peptide was capped
or its aggregation preinhibited with paclitaxel, resvera-
trol or quercetin, indicating that these drugs can mask
residues relevant for the R3Ag proteotoxicity in in vivo
proteins [35]. Together with findings from invitro
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 A4, generation by bexarotene [12].

Alzheimer’s disease is a dual proteinopathy of tau
and AP proteins that act alone or in combination in
the process of neurodegeneration [3]. A deeper under-
standing of how pathogenic seeds form and drive dis-
tinct structural polymorphs in tau spreading may
reveal new insights for designing treatment strategies.
A study using P301S Tg mice has shown that the
intracellular and extracellular tau levels are related,
and low levels of extracellular tau may mediate tau
pathology [52]. Despite the 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
[Reviewed in Ref. 53]. Therefore, therapeutic interven-
tions, 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 brains of AD or suscepti-
ble patients and targeting these inclusions may prevent
or slow tau spreading.

Antitumour drugs prevent tau seeding

Materials and methods

Chemicals and reagents

All chemicals, unless described otherwise, were purchased from
Sigma-Aldrich (St. Louis, MA, USA). Paclitaxel, vincristine
sulfate, bleomycin, resveratrol, polydatin, genistein and querce-
tin 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 (Table4). The drugs
directly from injection vials or 10-mm DMSO stocks were
reconstituted in 1x PBS (pH 7.2) to make fresh 1-mm interme-
diate stock before each experiment. The intermediate stock was
then used for making working stocks for all experiments. The
final concentration of solvent is listed in Table 4.

Peptide synthesis

R3 peptides were synthesised by solid-phase chemistry using
fluorenylmethyloxycarbonyl chloride group (Fmoc)-protected
amino acid, with Initiator+Alstra peptide synthesiser (Biotage,
Uppsala, Sweden) at 0.1 mm scale on TGA resin. Fmoc depro-
tection was performed automatically at room temperature by
treating the peptide/resin with 20% piperidine in DMF
(dimethylformamide) for 3 min, followed by another cycle of
10 min and 4x DMF washes. Amino acids were activated using
DIC (N,N'-diisopropylcarbodiimide) and Oxyma Pure, both at
0.5mwm in DMF. R3 peptides were cleaved from the resin with
TFA (trifluoroacetic acid): triisopropylsilane solution (95:5
vol/vol), precipitated and washed with cold diethyl ether. Purifi-
cation of crude peptides was carried out in reverse phase HPLC
using a semipreparative C4 column (Symmetry 300, Waters,
Milford, MA, USA), with mobile phases of 0.1% TFA in water
(eluent A)/0.08% TFA in acetonitrile (eluent B) and a linear
gradient from 5 up to 100% of eluent B in 60 min. The peaks
were collected and characterised by matrix-assisted laser des-
orption/ionisation time-of-flight (MALDI-TOF) mass spec-
trometry using an Applied Biosystems (ABI) 4800 MALDI-
TOF/TOF Analyzer (Foster City, CA, USA), operating in
reflector mode. Solutions containing the peptides with a purity
>95% were finally frozen and dried, and the powders were
stored at —20 °C until use. The Fmoc-amino acid and reagents
used for peptide synthesis were obtained from Sigma-Aldrich
company.

Lyophilised peptides were dissolved in a 0.22-um syringe
filter (Merck Millipore, Burlington, MA, USA)/sterilised
deionised water, aliquoted into smaller working stocks and
stored at —80°C. Each working stock underwent a maxi-
mum of 2 freeze-thaw cycles.

Aggregation assay and drug testing

The aggregation of R3 peptide was monitored by an
in vitro ThT binding assay. The peptide solution stored at
—80°C was thawed on ice and centrifuged at 11 300 g for
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Table 4. Source of antitumour drugs and solvent concentrations.

N. Annadurai et al.

Vehicle concentration (%) in drug dilutions

Intermediate (in

Final (in 1x PBS)
Actual concentration Conversion 1x PBS)
Source (mg-mL~") to mm 1mm 10pM  1pm 0.1 um
Paclitaxel Sigma-Aldrich (Cat. 8.54 10.00 10.00 0.100 0.010 0.001
No.: T7191)
Docetaxel University Hospital 10 12.38 8.08 0.080 0.008 0.001
Olomouc
Vincristine sulfate Sigma-Aldrich (Cat. 5 5.42 18.45 0.184 0.018 0.001
No.: V8879)
Vinorelbine tartrate University Hospital 10 12.84 7.78 0.080 0.008 0.001
Olomouc
Cisplatin University Hospital 1 3.33 30.03 0.300 0.030 0.003
Olomouc
Oxaliplatin University Hospital 5 12.58 7.95 0.080 0.008 0.001
Olomouc
Carboplatin University Hospital 10 26.94 3.72 0.040 0.004 <0.001
Olomouc
Cyclophosphamide University Hospital 20 76.60 1.31 0.010 0.001 <0.001
monohydrate Olomouc
5-Fluorouracil University Hospital 50 384.38 0.26 <0.001 <0.001 <0.001
Olomouc
Methotrexate University Hospital 50 110.04 0.91 0.010 0.001 <0.001
Olomouc
Fludarabine phosphate University Hospital 10 27.38 3.65 0.040 0.004 <0.001
Olomouc
Gemcitabine University Hospital 40 151.97 0.66 0.010 0.001 <0.001
Olomouc
Doxorubicin University Hospital 2 3.45 28.98 0.280 0.028 0.003
hydrochloride Olomouc
Daunorubicin University Hospital 5 9.48 10.55 0.110 0.011 0.001
hydrochloride Olomouc
Bleomycin Sigma-Aldrich (Cat. 10 7.06 14.16 0.141 0.014 0.001
No.: B7216)
Mitomycin C University Hospital 2 5.98 16.72 0.170 0.017 0.002
Olomouc
Irinotecan hydrochloride  University Hospital 20 29.54 3.39 0.030 0.003 <0.001
Trihydrate Olomouc
Etoposide University Hospital 20 33.98 2.94 0.029 0.003 <0.001
Olomouc
Mitoxantrone University Hospital 6 13.50 7.41 0.070 0.007 0.001
Olomouc
Topotecan hydrochloride  University Hospital 1 2.2 45.45 0.450 0.045 0.005
Olomouc
Resveratrol Sigma-Aldrich (Cat. 16.24 71.13 1.41 0.010 0.001 <0.001
No.: R5010)
Polydatin Sigma-Aldrich (Cat. 3.04 7.79 12.84 0.130 0.013 0.001
No.: 15721)
Genistein Sigma-Aldrich (Cat. 2.70 10.00 10.00 0.100 0.010 0.001
No.: G6649)
Quercetin Sigma-Aldrich (Cat. 4.70 15.55 6.43 0.060 0.006 0.001
No.: Q4951)
45s on a benchtop centrifuge. A reaction mixture contain- 100mMm NaCl, 1mm EDTA] in an ice-chilled 1.5-mL

ing 20 um peptide, 5pum heparin and 15um ThT was pre-
pared in peptide aggregation buffer [20 mm Tris (pH 7.4),

1942

Eppendorf tube. The reaction mixture was then dispensed
into a black, clear-bottom CellCarrier 384-well assay plate
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(PerkinElmer, Waltham, MA, USA), followed by sealing
the plate with a TopSeal-A PLUS Clear Adhesive Seal
(PerkinElmer) to prevent evaporation. Throughout sample
preparation, the reagents and assay plate were kept on ice.
Following the addition of reagents, the assay plate was
placed in an EnSpire Multimode Plate Reader (PerkinEl-
mer), with the temperature of the measurement chamber
set to 37°C. To prevent condensation in the sealed plate,
the upper heater temperature was set to 2 °C warmer than
the lower heater temperature. The plate reader was set to
maintain the assay plate under constant agitation (1000
rpm) during the resting period. The fluorescence of ThT
binding (Aexc = 460-490 nm, Aem = 500-550 nm) to aggre-
gated peptide was recorded every 5Smin up to 48h. For
normalised ThT fluorescence plots, the raw data (ThT fluo-
rescence) 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).

The effect of antitumour drugs on peptide aggregation was
determined in a two-step screening assay, which included pep-
tide aggregation in the presence of drugs to identify active
inhibitors. To this end, the reaction mixture 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 R3Ags 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, I and 10 um). The addition
of drugs was performed in <15 min. After adding drugs, the
plate was replaced back into the plate reader, and the fluores-
cence of ThT binding to aggregates was monitored for an
additional 24 h.

In all aggregation assays with drugs, control wells received
an equal amount of aggregation buffer containing DMSO at a
percentage present in drugged wells. Unless otherwise men-
tioned, the final concentration of 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 treat-
ment experiments in the absence of ThT.

Coomassie gel staining

Peptide aggregates collected after the end of aggregation
assay were centrifuged at 21 000 g on a benchtop centrifuge
for 30 min at 4°C to pelleted insoluble fractions. In addi-
tion to noncentrifuged total fractions, the insoluble frac-
tions were mixed with NuPAGE™ LDS Sample Buffer
(Thermo Fisher Scientific, Waltham, CA, USA) without
reducing agent and boiled for Smin at 70 °C. The insoluble
fractions were mixed with 10% B-ME in LDS Sample Buf-
fer before boiling to denature disulfide bonds. The total
and insoluble fractions were electrophoresed using
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NuPAGE™ 4-12% Bis-Tris protein gels (Thermo Fisher
Scientific) at 200 V for 40 min at room temperature 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 staining solution (Bio-Rad, Hercules, CA, USA) for
12h at 4°C. Gels were destained by washing multiple times
in deionised water, and images of gels were acquired in a
ChemiDoc MP imaging system (Bio-Rad).

Atomic force microscopy, fluorescence imagining
and Congo red absorbance

For atomic force microscopy (AFM) analysis, collected
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 room temperature. The
mica discs were then washed 5x times with a 0.22-pm ster-
ile syringe filter (Merck Millipore)-sterilised deionised water
and dried for 10-15min at room temperature. The discs
were strapped on a glass slide using a transparent cello tape
to prevent the discs from moving during imaging on an
Olympus IX81/Veeco BioScope™ Catalyst™ Atomic Force
Microscope (Bruker, Billerica, CA, USA). The images were
acquired using a 10x objective under ambient conditions at
a scan rate of 0.7Hz (line per s) and a peak force ampli-
tude of 150 nm. Antimony-doped silicon cantilever probe
with a typical resonant frequency of 150 Hz and spring
constant of 5.1 Nm~! were employed, and acquired images
were processed in GWYDDION 2.40 freeware [54].

The formation of B-sheet-rich aggregates of peptides 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 (Sigma-Aldrich). The images of ThT-
stained aggregates were then captured on an Operetta™
high-content screening system (PerkinElmer) using a 2x
objective and 488-laser line (Aexc = 460490 nm, Aem =
500-550 nm). The captured images were processed using
Harmony High-Content Analysis Software (PerkinElmer).

To validate the antifibrillisation effect of drugs, 20 um
R3 was first allowed to fibrillise under a ThT-free proaggre-
gation condition in the absence or presence of drugs at 10
UM concentration in a Spectra 384-well assay plate (Perki-
nElmer). 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.

Preparation of models for molecular dynamics
simulation

Initial structures of monomeric and dimeric R3 peptide
(VQIVYKPVDLSKVTSKCGSLGNIHHKPGGGQ) were
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cut out from the known crystal structure of multilayered
human filament (PDB ID: 503L) [55]. The build models
were refined according to the native protein sequence (Uni-
Prot ID P10636) using Modeller 9.10 homology modelling
software to tackle a low resolution of the used X-ray struc-
ture [56]. Structures of paclitaxel, resveratrol and quercetin
were obtained by ab initio calculations [HF/6-31G(d)] as
implemented in GAussiaN 09 software [57]. Parameters for
molecular dynamics simulations were derived using stan-
dard RESP procedure using Antechamber from AMBER 11
package [58] to ensure compatibility with AMBER force
fields [59]. The initial structures of R3 with bound ligands
were obtained by molecular docking. Structures of pacli-
taxel, resveratrol and quercetin for docking were prepared
using MARVIN 5.10 (http://www.chemaxon.com). The auTo-
DOCK VINA program was used for docking ligands into the
grid box centred at the structure of R3 [60]. The models
were immersed in the rectangular box of at least 7x 7 x 7
nm, and solvated with TIP3P water models, and Na" and
CI™ counterions were added to mimic the physiological
concentration of 0.15mol-L™".

Molecular dynamics procedure

All simulations were carried out with AMBER16 software using
the GPU-PMEMD algorithm [58]. The ff14SB force field was
used for both drug and peptide [61]. All simulations were sub-
jected to 100 000 steps of steepest descent energy minimisation
followed by 5-ns-long thermalisation of solvent and ions. The
final production run was set to 1000 ns with a 2-fs-long time
step. Bonds involving hydrogens were restrained using the
SHAKE algorithm [62]. The temperature was kept constant at
310 K with Langevin dynamics with a collision frequency of 1
ps [63]. The constant pressure of 1 atm was maintained using
the Berendsen algorithm at isotropic position scaling [64].
Real-space electrostatics and van der Waals interactions were
computed up to 1.0-nm distance. Long-range interactions
were treated with the PME algorithm [65]. Periodic boundary
conditions were set in all directions, and analyses were per-
formed using the ‘cpptraj’ tool from Amberl6. Clustering
analysis was performed using a density-based DBSCAN clus-
tering method with a 0.9 A cut-off distance for forming clus-
ters [660]. Protein—drug contacts were calculated using the
‘nativecontacts’ tool implemented in ‘cpptraj” with a 5 A dis-
tance threshold.

Cell culture

Tau-RD P301S FRET Biosensor cells were purchased from
ATCC (Manassas, VA, USA) and cultured in DMEM
(Gibco, Waltham, MA, USA) supplemented with 10% fetal
bovine serum (FBS; Capricorn Scientific GmbH, Ebsdorfer-
grund, Germany), 1 mm glutaMAX (Gibco) and 1x peni-
cillin—streptomycin solution (Gibco). Cells were maintained in
a standard humidified 5% CO,/atmospheric air incubator at
37 °C. The cells were routinely tested for bacterial, fungal and
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mycoplasma contaminations and authenticated biweekly or
monthly.

Cytotoxicity assay

R3 was assembled under a ThT-free proaggregation condition
in the absence/presence of drugs for 48 h. The untreated/prein-
hibited R3Ags were collected and diluted in 50 pL Opti-MEM
(Cat. # 11058021, Thermo Fisher Scientific) containing 1%
Lipofectamine LTX (Cat. # 15338100, Thermo Fisher Scien-
tific) and 0.5% Lipofectamine Plus (Cat. # 15338100, Thermo
Fisher Scientific). The mixture was incubated for 15min at
room temperature. 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
10° cells-mL~!. Cell viability was analysed after 72 h of treat-
ment using a standard MTT assay or trypan blue exclusion
assay. Cell viability and the cell number and viability by try-
pan blue assay were measured using a Vi-CELL™ XR Cell
Viability Analyser (Beckman Coulter, Brea, CA, USA) fol-
lowing the manufacturer’s instructions.

Tau seeding assay

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%*cellssmL™" in 100 pL of growth med-
ium. The next day, cells were treated with R3 monomers or
aggregates premixed in Lipofectamine LTX Plus transfec-
tion agent as described below for 72 h.

For seeding assay with drug-capped aggregates, 1 um fib-
rillar R3Ags were first incubated with 0.1 um paclitaxel, 1
um doxorubicin, and 4 um resveratrol and quercetin in deio-
nised water for 16h 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 [67], before adding to cells. Alterna-
tively, fibrillar R3Ags (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 ratio of 1:1 transfectant
to the growth medium. The drug concentrations for cap-
ping 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 [67]. The final concentration of R3Ags was 50
nM, whereas the concentration of paclitaxel was 5nm, that
of doxorubicin was 50nM, and those of resveratrol and
quercetin were 200 nMm.

For seeding assay with drug-preinhibited aggregates, 20
uM R3 peptide was first assembled in vitro in the presence
of 2 um paclitaxel, 20 um doxorubicin, and 80 um resvera-
trol and quercetin for 48 h. The aggregates formed R3Ags
were then diluted into an Opti-MEM to make intermediate
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stocks. Five microlitres of intermediate stock of preinhib-
ited R3Ags was then 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 R3Ags was
50 nM, whereas the concentration of paclitaxel was 5nm,
that of doxorubicin was 50nMm, and those of resveratrol
and quercetin were 200 nM.

For drug pretreatment seeding assay, cells were first pre-
treated with paclitaxel (1 nm), doxorubicin (10 nm), resvera-
trol (200 nm) and quercetin (200 nm) or just the aggregation
buffer for 2 and 24h at 37°C. Following drug treatment,
cells were washed twice with 1x PBS and then seeded with
sonicated R3Ags 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 sol-
vent (DMSO) per well was always <0.5%. Control cells
were treated with aggregation buffer containing only Lipo-
fectamine LTX Plus transfection agents. All treatments
were performed in triplicate per experimental plate, and the
experiments were repeated 3—5 independent times.

Quantification of cell number and seeding

Biosensor cells were stained with 10 um Hoechst-33342
nuclear dye (Invitrogen) for 10-15min at 37 °C in a humid-
ified incubator prior to imaging. The cells were then
washed twice with 1X PBS and replaced with fresh phenol
red-free growth medium. Cells were imaged on an Operet-
ta™ High-Content Screening 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 = 360400 nm, iem = 410-480nm) 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 deter-
mined by counting the number of intracellular CFP/YFP
Tau-RD aggregates using Harmony Image Analysis Soft-
ware (see Appendix S1). The number of aggregates was
then normalised to the total cell number per well, and pre-
sented as ‘normalised seeding’ in our study.

Caenorhabditis elegans studies

Bristol N2 nematodes were obtained from the C.elegans
Genetic Center (CGC, University of Minnesota, Min-
neapolis, MN, USA) and propagated at 20°C on solid
Nematode Growth Medium (NGM) seeded with E. coli
OP50 (CGC) for food as described previously [68]. The
effect of R3 monomer and R3Ags on pharyngeal behaviour
was investigated by feeding synchronised L3 worms (100
worms/100 uL.) with 50nM monomeric R3 or sonicated
R3Ags. Control worms were fed with 1X PBS (pH 7.4) or
peptide aggregation buffer (vehicle). Incubation of worms
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with R3 peptide was performed in the absence of E. coli to
avoid any potential interference between bacteria and the
protein. After 2h of incubation with orbital shaking at
20°C, worms were transferred onto NGM plates seeded
with OP50 E. coli. The pharyngeal pumping rate, measured
by counting the number of times the terminal bulb of the
pharynx contracted over a 1-min interval (pumps per min),
was scored after 2 and 24 h of feeding.

Synchronised L3 worms (100 worms/100 uL) were fed
with R3Ags alone, or R3Ags capped with paclitaxel, resver-
atrol or quercetin for 2h on orbital shaking at 20°C to
determine the effect of drug-capped R3Ags on pharyngeal
function. For determining the effect of preinhibited R3Ags,
worms (100 worms/100 pL) were fed with R3 peptides
aggregated in the absence or presence of drugs as described
in the previous sections. The final concentration of R3Ags
fed to the worm was 50 nMm, and the concentration of pacli-
taxel was 5nm, and concentrations of resveratrol and quer-
cetin were 200 nm. Control worms were fed with the drugs
alone or aggregation buffer (vehicle). At the end of incuba-
tion, worms were transferred onto NGM plates seeded with
OP50 E. coli, and the pharyngeal pumping rate was scored
2 and 24 h later.

Alternatively, synchronised L3 nematodes (100 worms/
100 pL) were fed with 1 nm paclitaxel, 200 nm resveratrol or
200 nM quercetin to determine whether the pretreatment of
worms with antitumour drugs can prevent the proteotoxic-
ity of R3Ags. After 2h on an orbital shaker at 20 °C,
worms were transferred onto NGM plates seeded with
OP50 E. coli containing the drug at the same concentration.
Control worms were transferred onto NGM plates seeded
with OP50 without any drugs. After 22h at 20°C, 50 nm
sonicated R3Ags or the same volume of peptide aggrega-
tion buffer were added to each plate, and the pharyngeal
pumping rate of worms was scored 2 h later.

Statistical analysis

All statistical analyses were performed using GRAPHPAD
PRISM SOFTWARE, and differences were considered significant
at P < 0.05.
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