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Abstract: Tau protein has been described for several decades as a promoter of tubulin assembly into
microtubules. Dysregulation or alterations in Tau expression have been related to various brain
cancers, including the highly aggressive and lethal brain tumor glioblastoma multiform (GBM). In
this respect, Tau holds significant promise as a target for the development of novel therapies. Here,
we examined the structure-activity relationship of a new series of seventeen 2-aminothiazole-fused
to flavonoid hybrid compounds (TZF) on Tau binding, Tau fibrillation, and cellular effects on Tau-
expressing cancer cells. By spectrofluorometric approach, we found that two compounds, 2 and 9,
demonstrated high affinity for Tau and exhibited a strong propensity to inhibit Tau fibrillation. Then,
the biological activity of these compounds was evaluated on several Tau-expressing cells derived from
glioblastoma. The two lead compounds displayed a high anti-metabolic activity on cells related to an
increased fission of the mitochondria network. Moreover, we showed that both compounds induced
microtubule bundling within newly formed neurite-like protrusions, as well as with defection of cell
migration. Taken together, our results provide a strong experimental basis to develop new potent
molecules targeting Tau-expressing cancer cells, such as GBM.

Keywords: 2-aminothiazole; flavonoid; microtubule-associated protein Tau; glioblastoma; medicinal
chemistry

1. Introduction

In eukaryotic cells, the microtubule cytoskeleton constitutes a functional network es-
sential for cell division, motility, intracellular trafficking of organelles and macromolecules,
and cell morphogenesis. The primary significance of microtubules stems from their ver-
satile and remarkable dynamicity. This dynamic instability is characterized by rapid
stochastic transitions between growth and shortening, which result from the association
and dissociation of «f3-tubulin protein dimers with their ends [1]. Given their crucial
role in biological processes, microtubules have become a preferred target for numerous
compounds, commonly referred to as ‘antimitotic agents’ in chemotherapy.

Thiazole, a five-membered heterocyclic ligand containing sulfur and nitrogen atoms,
serves as an essential core scaffold in many medicinally important compounds that in-
clude but are not limited to clinically available anticancer compounds such as tiazofurin
(an inhibitor of inosine 5'-monophosphate dehydrogenase, a key factor in de novo GTP
biosynthesis) [2], dasatinib (a Ber-Abl tyrosine kinase inhibitor) [3], dabrafenib (an in-
hibitor of enzyme B-Raf) [4], and patellamide D (cytotoxicity against multidrug-resistant
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cancer) [5] (for more details, refer to [6]). More interestingly, it has been demonstrated
that the thiazole-containing drugs like epothilone and its derivatives possess noteworthy
microtubule inhibitory properties [7,8]. However, the administration of these compounds
to patients remains ineffective in the treatment of many cancers, including the highly
aggressive and lethal brain tumor glioblastoma multiform (GBM) [9-11]. These therapeutic
failures can be attributed to multiple factors, including the emergence of tumor resistance
to antimitotic agents. In order to overcome these challenges, an alternative approach could
involve the development of hybrid compounds which fuse the thiazole scaffold with new
drugs targeting microtubule-associated proteins, such as Tau protein.

Tau promotes the assembly and stabilization of microtubules [12-14]. In adults, there
are six predominant Tau isoforms, resulting from alternative splicing of mRNA of a single
gene MAPT, each with three or four microtubule-binding repeats located in the C-terminal
half of the protein, and with zero to two inserts located in the N-terminal portion [15]. Tau
protein expression was initially reported as being physiologically restricted to neurons,
in which its presence under hyperphosphorylated and aggregated states is toxic [16,17].
Subsequently, growing evidence has unveiled the role of Tau overexpression in a variety of
cancers such as GBM [18,19]. Additionally, we recently demonstrated that Tau contributes
significantly to the invasiveness and proliferation of GBM-derived U87 cells [20,21]. We
further argued that Tau protein could represent a new interesting anticancer target in
GBM [22]. Interestingly, molecules developed for Tau-related neurodegenerative diseases
could display anticancer potency, especially compounds containing the thiazole group
(see review of [23]). However, most studies describing new drugs focused on the disrup-
tion of cancer-related kinase proteins, not Tau protein itself [24-27]. The development of
new hybrid compounds specific to Tau protein is therefore a more attractive approach
to directly affect microtubules. In this regard, flavonoid derivatives, including flavonol
and flavone, constitute a substantial class of naturally occurring compounds with diverse
pharmacological properties such as antitumor, antibacterial, immune-stimulator, antifungal,
and antidiabetic activities in addition to anti-Tau fibrils properties [28-33]. For example,
Sonawane et al. recently showed in vitro that Baicalein inhibited formation of Tau fibrils
by enhancing the formation of SDS-stable oligomers [34]. More interestingly, the authors
also found using far-UV circular dichroism spectroscopy that this compound induces some
partial folding in the 3-sheet structure of Tau. Using atomic force microscopy and fluores-
cence microscopy, Kumar et al. demonstrated that quercetin inhibits Tau fibrillation [35].
Altogether, these results strongly suggest that some flavonoids can bind to Tau protein as
well as maintain Tau in a soluble form.

Given the specific interaction of some flavonoids with Tau as well as the anticancer
benefits of compounds with the thiazole group, we examined the structure-activity rela-
tionship of new seventeen 2-aminothiazole-flavonoid (TZF) hybrid derivatives (Figure 1;
patent No: WO2016083490A1), and then we further explored their mechanism of action in
cells. The resulting compounds underwent in vitro assessment to determine their binding
constants to Tau protein and their ability to dissolve Tau aggregates. We then examined
their anti-metabolic activity on multiple cell models expressing or not the Tau protein and
including four GBM-derived cells among other models [20]. Two lead compounds, 2 and 9,
displayed Tau-dependent biological effects towards microtubule network remodeling in
cells. Our findings revealed the potential of Tau-targeting TZF for the treatment of GBM
and other cancers characterized by Tau overexpression. Lastly, we proposed a binding
model for the interaction of the biologically active compounds with Tau.
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Figure 1. Basic chemical structure of the flavonoids, flavones, flavonols, quercetin, and thia-
zoloflavonoid derivatives investigated here.

2. Results
2.1. Thiazoloflavonoids Inhibit Human Full-Length Tau Aggregation into Filaments

The fluorescence emission measurement of the fibrillary cross-3-sheet dye, thioflavin
S (ThS), was employed to assess the extent of Tau filaments formation, as previously
described [36,37]. An in vitro ThS fluorescence assay was performed with two main
objectives: (1) to screen compounds with inhibitory effects on the assembly of Tau filaments,
and (2) to determine those capable of dissolving mature Tau filaments. As a preliminary
step, we monitored the progress of heparin-induced assembly of Tau filaments in solution
by measuring ThS fluorescence emission every hour for 15 h (Figure S1 in Supplementary
Materials File S2). The fluorescence intensity increased for the untreated Tau up till 8 h and
then remained stable, validating Tau aggregation into (3-sheet structure.

Next, time courses of Tau assembly were performed with quercetin (QCT), as well
as 2-aminothiazole-fused chromen-4-one derivatives 2-17 and one compound in which
the thiazole group was maintained detached from the A ring (compound 1) (0-100 pM).
For QCT (Figure 2A,B), the rate of Tau assembly as well as the final quantity of aggregates
were lower in the presence of the drug (curves (b—e), in panel A) compared to untreated
Tau (curve (a) corresponding to 2 uM Tau without ligand). Our data suggest an efficient
inhibition of Tau assembly by QCT at very low concentrations. Moreover, as shown in
Figure 2B, the extent of inhibition increased linearly with the ratio of the total ligand con-
centration to total Tau concentration until a plateau value corresponding to a full inhibition
of the filament formation was reached. Specifically, 17.3 uM of QCT was necessary to halve
the Tau assembly (see Table 1). In the presence of compound 1, 50% inhibition occurred at
92.0 uM of drugs (Figure 2C,D and Table 1). Our data indicate that compound 1 has a
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moderate effect on inhibition of Tau fibrillation in comparison with QCT, which could
be due to lower binding affinity constants to Tau. However, our data suggest for both
compounds an inhibition of Tau assembly by the binding of either a Tau-drug complex or
a drug molecule to the growing Tau oligomer.
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Figure 2. Inhibitory effects of quercetin (QCT) and compound (1) on the heparin-induced aggregation
of Tau. Time courses of the aggregates formation were performed in the presence of thioflavine
S (ThS) at 37 °C. The variation of ThS fluorescence emission vs. time was recorded at 520 nm
by spectrofluorometry (with excitation at 440 nm). Panels (A,C) show (curve a) Tau at 2 uM and
(curves b—e) aliquots of the same solution with 5 uM (b), 10 uM (c), 30 uM (d), 100 uM (e) of QCT
(panel (A)) and compound (1) (Panel (C)); Panels (B,D) show the percentage of aggregation inhibition
as a function of the ratio of the total drug concentration to total Tau concentration: QCT (Panel (B)),
compound (1) (Panel (D)); ‘ICsy” values in graphs represent the calculated concentration of compound
reducing of 50% of Tau aggregates (in pM).

Table 1. Parameters of aggregation inhibition and equilibrium binding of quercetin (QCT) and
compounds (1-17) to Tau protein.

NH, NH, NH,

S%\N o} S"\< o s/\<

2-15 16-17
Inhibition of Equilibrium Binding Constants to Tau @
Compounds Ry R: Log P @ Aggregation
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QCT - - 1.68 173+ 0.6 24+0.6 0.12 £+ 0.04
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Table 1. Cont.

NH, NH,

4
4

[ ] ]
x>
(o} Ry N
2-15 16-17
Inhibition of Equilibrium Binding Constants to Tau @
Compounds Ry R, LogP @ Aggregation
ICsp (b,d] (uM) Kp (x10-¢ M) fa
1 - - 417 92.0+9.6 70+23 0.39 + 0.08

o
2 H ©/ \© 5.46 317+£73 47+£18 0.14 £0.10

3 H Ej 5.05 >100 nd nd
4 H Hac\/ode 428 9.7 402 24+08 0.12 + 0.01
o}
5 H HO{ 1.62 >100 64+ 15 0.38 + 0.01
(o]
6 H @ 3.85 90405 nd nd
F
7 H © 3.87 17.0 £2.9 59+ 16 021 + 0.02
F
8 H Q 3.89 150 +£12 nd nd
F
9 OH @ 3.55 222440 55+3.1 0.18 + 0.04
F
10 OH d 3.58 99+ 1.1 63+12 0200 + 0.04
F
1 OH /@( 3.60 >100 52+18 0.16 + 0.01
F
12 OH dw 3.44 124+12 47413 0.19 + 0.05
13 OCH; d 3.83 9.0+ 0.6 54425 021 + 0.02
F
14 OCHj3 (;( 3.85 11.7 +£20 42403 021 + 0.04
F
15 OCHj3 /@ 3.88 65+0.1 41+10 0.23 +0.03
F
o s
16 - ©/ @ 482 10.8 +2.2 50425 0.20 + 0.03
17 - ©\ /@ 485 >100 35+ 1.0 0.14 + 0.05
O

@: the octanol-water partition coefficient log P are predictive values of compounds hydrophobicity; ®: Drug
concentration that inhibits Tau aggregates by 50%; experiments were carried out in buffer A (25 mM of NaPij,
25 mM of NaCl, 0.5 mM of TCEP, 5% DMSO, pH = 6.9 adjusted with NaOH) at 25 °C; ©: all data are the
mean £ SD of three independent experiments; nd: not determined.

Various ring systems that are bio-isosteric to the phenyl ring B such as (1) were
introduced to the C ring, yielding in compounds 2-5 (Table 1). In this first series, the
2-aminothiazole group was fused to the A ring side on chromen-4-one heterocycle. As
a result, the inhibitory effect on Tau assembly was lost for compound 3, as well as for
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compound 5, where a carboxyl group substituted ring B (Table 1). On the other hand,
compound 2, with a diphenyl ether group, exhibited threefold greater potency in inhibit-
ing filaments formation compared to compound 1. Furthermore, 4, displaying an ethyl
benzoate group, emerged as the most active compound with 50% inhibition occurring at
9.7 uM of drugs. To complete this series, compound 16, in which O1 and C3 in ring C were
substituted by nitrogen atoms, displayed inhibitory activity threefold higher compared to
analog 1. Surprisingly, the structural analogue of 16, compound 17, did not elicit potent
activity on Tau fibrillation.

Prompted by our previously reported high antitumor activities of new 4-arylcoumarin
analogues with fluorine residues [38], we designed a second series of compounds (6-15)
in which fluorine was added in ortho (6, 9, 13), meta (7, 10, 14), or para (8, 11, 15) on the
ring B coupled to H- (6-8), OH- (9-11), or OCH3- (13-15) on R1 (Table 1). Most of these
compounds demonstrated high efficacy in inhibiting Tau assembly at tM concentrations,
except for compound 11 which did not have any effect. Therefore, our data strongly suggest
that fluorine residue on the phenyl ring B could bring a substantial inhibitory effect on
Tau assembly.

Moreover, we performed a qualitative study of the ability of QCT and compounds
1, 5, and 9 to dissolve preformed Tau aggregates (Figure 3). The outcomes revealed that
the ThS fluorescence kinetics demonstrated a drop in intensity over time in QCT-, 1-, and
9-treated reactions (curves b-c) as opposed to control, which showed steady fluorescence
throughout the incubation (curve a). As expected, no significant change of ThS fluorescence
intensity was measured for 5-treated Tau filaments, indicating the inability of compound 5
to dissolve Tau fibrils.
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Figure 3. Compounds QCT (panel (A)), (1) (panel (B)), (2) (panel (C)), and (9) (panel (E)) were able
to dissolve mature Tau aggregates, not compound (5) (panel (D)). Eight-hour time courses were
performed with ThS to monitor heparin-induced Tau aggregation by spectrofluorometry at 520 nm
(37 °C), then 10, 30, and 100 uM of compounds (curves b—d) were added to the ThS-labelled Tau
aggregates. A control was performed without compound (curve a).

In this new series of TZF derivatives, many compounds exhibit notable potency in
inhibiting Tau assembly as well as dissolving the preformed filaments. Furthermore, we
also demonstrated that a thiazole nucleus fused to chromen-4-one heterocycle can bring a
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superior inhibitory effect of Tau assembly compared to when it is detached, as is the case
for compounds 2 and 9. Altogether, our results indicate a potent interaction of compounds
to Tau protein. In the next step, we measured the binding kinetic parameters of these
compounds to examine their interaction mode with Tau protein.

2.2. Kinetics and Mechanism of Thiazoloflavonoids Binding to Tau Protein

Fluorescence spectroscopy is an invaluable tool to investigate interactions between
proteins and ligands, including quenching mechanism, and conformational change within
protein in the presence of small molecules [39,40]. To determine their binding mechanism,
the binding constants of all compounds were calculated. The existing studies show that
the intrinsic fluorescence of full-length Tau protein mainly comes from five tyrosine (Tyr§,
Tyr29, Tyr197, Tyr310, and Tyr394) and three phenylalanine (Phe8, Phe346, and Phe378).
Note that no tryptophan figures in the protein sequence. Moreover, Phe residues are not
excited due to low quantum yield. In contrast, Tyr residues have the strongest fluores-
cence intensity at the maximum emission wavelength of 303 nm and are most sensitive
to microenvironment changes, which indicate conformational changes upon compound
binding [41]. In our experimental conditions, Tau quenching was monitored between
280 and 500 nm, with an excitation at 275 nm. Figure 52 (in Supplementary Materials File S2)
exhibits the fluorescence spectra of the Tau—compound systems. The Tau fluorescence emis-
sion gradually decreased at 303 nm with the increasing concentrations of compounds (QCT,
(1-17)), indicating that these small molecules approached the Tyr residues of Tau near the
binding site. These changes suggest that QCT can quench the inner fluorescence of Tau and
clearly illustrate the interactions between the ligands.

When plotting the steady-state quenching data using the regular Stern—Volmer equa-
tion, no linear relationship was obtained. Such behavior may be caused by differences in
the accessibility of tyrosine residues. To understand the fluorescence quenching mechanism
of Tau with the compounds, we used the modified Stern—Volmer plot (Equation (8)) to
analyze the entire static quenching process. Binding parameters (the compound equilib-
rium dissociation constant (Kp) and the Tyr accessible fraction (f5)) are summarized in
Table 1 (right columns). The results of steady-state fluorescence experiments did indeed
show a strong compound dependence: for QCT, the equilibrium dissociation constant was
determined to be 2.4 + 0.6 x 107® M with f4 = 0.12 + 0.04, but for compound 1, it was
substantially higher, 7.0 £ 2.3 x 10~® M with fo = 0.39 & 0.08. The fact that QCT has
both a lower dissociation constant and a lower accessible fraction value indicates a higher
embedding in the Tau protein than compound 1.

Moreover, we calculated low dissociation constants and low accessible fractions for
compounds 2 and 4 (respectively, Kp = 4.7 & 1.8 x 107 M with f5 = 0.14 & 0.10; and
Kp =2.44 0.8 x 107® M with f5 =0.12 & 0.01). Similarly, compounds 16 and 17 also showed
low dissociation constant (respectively, Kp = 5.0 & 2.5 x 107® M with f5 = 0.20 4- 0.03; and
Kp =3.5 £ 1.0 x 107® M with f5 = 0.14 & 0.05). Both low Kp and fa values were also
calculated for the series of fluorinated TZFs (7, 9-15) (see Table 1). Our data indicated
similar binding modes with a low accessible fraction in Tau protein for all these ligands. In
contrast, compound 5 displayed an equilibrium dissociation constant of 6.4 & 1.5 x 107 M
with fo = 0.38 & 0.01, indicating low embedding of ligand in Tau protein. Note that for the
tested compounds 3, 6, and 8, a modified Stern—Volmer equation resulted in a nonlinear
plot, precluding the calculation of binding kinetic parameters. This may indicate a nonpolar
binding mechanism for these ligands.

In our study, the modified Stern—Volmer equation was used to derive dissociation
constants and accessible fractions from steady-state fluorescence data. Our results revealed
the ability of compounds to bind to Tau protein. Indeed, these compounds exhibit low bind-
ing dissociation constants and low accessible fraction, indicating a significant embedded
moiety of compound in Tau protein. In contrast, compounds 1 and 5 showed higher kinetic
parameters, suggesting a substantially different mode of interaction with Tau. Our data
were consistent with the inhibitory activity of the same compounds against Tau aggregation.
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Hence, compounds could promote a soluble state of Tau protein. Next, we investigated the
effects of compounds on cell viability.

2.3. Biological Activity of Compounds with Ring B Substitution

It has been previously reported that flavonoid derivatives, such as QCT, displayed
anti-proliferative activity in numerous tumor cells [42—44]. We performed MTT assay to
determine the impact of QCT and compound 1 on cellular metabolic activity, an indicator
of cell viability, proliferation, and toxicity [45]. This approach was carried out on the
GBM cells (U87, U251, U138, and T98G), the neuroblastoma cell (SK-N-SH), and the colon
adenocarcinoma cell (Caco-2). The compounds QCT and 1 served as reference drugs
(Table 2). Surprisingly, we measured no effect of treatment with QCT in all cell models,
albeit its IC50 value for inhibition of Tau assembly in vitro. It is possible that membrane
permeability disturbed the passage of QCT into used cell lines, as supported by the low
predictive value of log P (Table 1). Overall, our data are consistent with previous studies
demonstrating that brain tumor cells are poorly sensitive to QCT treatment [46,47]. More
interestingly, we measured a reduced metabolic activity of GBM cells for compound 1 with
an IC5p value ranging between 4.2 £+ 0.7 uM and 22.4 £ 5.2 uM among the Tau-expressing
GBM cell models, against 33.2 4 13.3 uM in Caco-2 cells not expressing Tau protein. For
compound 1 which showed a low effect on Tau assembly inhibition, we cannot rule out an
indirect effect of the 2-aminothiazole moiety, as previously described in [48-50].

Table 2. Effects of QCT and compounds (1-17) on the viability of glioblastoma (U87, U251, U138, and
T98G), neuroblastoma (SK-N-SH), and colon adenocarcinoma (Caco-2) cell lines.

ICsg (a) (uM)

Compounds
us7 U251 U138 T98G SK-N-SH Caco-2

QCT >100 >100 >100 >100 nd >100
1 224 +52 6.7 +22 64+13 42 +0.7 nd 33.2 +13.3
2 1.9+0.7 1.7+ 0.5 2.3 +1.0 28+24 1.24+0.3 >100
3 >100 >100 >100 >100 >100 >100
4 >100 >100 >100 >100 >100 >100
5 >100 >100 >100 >100 >100 >100
6 26+13 1.3 +0.4 1.0+ 04 29 +0.7 nd nd
7 >100 >100 >100 >100 nd nd
8 >100 36+t1.1 102 £5.0 >100 nd nd
9 24+17 1.7+ 0.5 23+1.0 28+24 1.24+0.2 >100
10 26+15 1.0+04 09+04 1.5+0.7 nd nd
11 51+1.38 19+0.2 50+1.1 35+1.0 nd nd
12 41+34 nd nd 1.7+ 09 nd nd
13 79+34 1.7+ 0.1 1.5+ 0.3 92+1.2 nd nd
14 1.1+0.2 1.3+0.5 1.4 +0.2 2.7+05 nd nd
15 8.8+33 19+0.2 41+16 11.3+4.1 nd nd
16 >100 >100 >100 >100 nd nd
17 51+0.8 >100 >100 >100 >100 >100

@ Drug concentration that inhibits metabolic activity by 50% after cell incubation in culture media for 72 h. Data
are the mean + SEM of three independent experiments; nd: not determined.

The effects of the six 2-aminothiazole-fused chromen-4-one derivatives (2-5, 16, 17)
were also tested on different cell lines. In the series of compounds 2-5, the most active
compound on GBM and neuroblastoma cells was 2, with an ICs value up to 10-fold lower
than 1 in the U87 cell line. Our results indicate that 2-aminothiazole, when fused to flavone
heterocycles, brings a better anti-metabolic activity than when detached. However, when
the diphenyl ether group on ring C of 2 was replaced by the benzyl group (3), ethyl benzoate
group (4), or carboxyl group (5), biological effects were completely lost on all cell lines.
Furthermore, compounds 16 and 17, two structural analogues, did not elicit any activity
on all cells. Our results suggest that biological activity could be related to the electronic
properties of compounds, particularly considering the hydrophobic substituents on the
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C ring chromen-4-one, as indicated by the log p values (see Table 1 for values). Moreover,
the activity of 1 was exclusive to brain tumor cells, suggesting that Tau expression could be
a selective condition for the compound’s activity.

2.4. Biological Activity of Derivatives with a Fluorinated Substituent on Ring B

We secondly examined the biological effect of ten analogues with a fluorinated
ring B (6-15) by focusing our attention towards GBM-derived cell lines U87, U251, U138,
and T98G. Table 2 recapitulates the calculated ICs( values.

In the series where R1 is a hydrogen atom on ring C (6-8), the most active compound
was compound 6, with a fluorine in an ortho position on ring B. When the fluorine was
placed in the meta position as in 7, no effect was observed. Compound 8, with the fluorine
in a para position, exhibited a strong reduction in activity for U251 and U138 cells (respec-
tively, ICs59 = 3.6 = 1.1 uM and 10.2 & 5.0 pM) and null for U87 and T98G cells. For com-
pounds 9-12 with hydroxyl substituent on ring C, the biological activities were within the
uM range for all GBM cells. More interestingly, compound 12, lacking fluorine in ring B, still
significantly reduced the viability of U87 and T98G cells (respectively, IC59 = 4.1 £ 3.4 uM
and 1.7 + 0.9 uM), suggesting that hydrogen and fluorine on ring B confer similar electronic
properties to compounds. Moreover, when a methoxide group replaced the hydrogen on
ring C as in compounds 13-15, the biological activities were also in the pM range for all
cells, with efficacy of the compound 14 up to 6-fold higher than 13 and 15 (respectively,
1.1 4+ 0.2 uM in U87 cells, 1.3 £ 0.5 uM in U251 cells, 1.4 + 0.2 in U138 cells, and 2.7 + 0.5 uM
in T98G cells).

From these observations, the biological effects could be related to the electronic prop-
erties of substituents on both C and B rings. In this regard, our results revealed that
compounds with a hydroxyl group on C3 of ring C had high activity. Among hydroxylated
derivatives, those incorporating fluorine in the ortho and meta positions on the 2-phenyl
ring B induced the highest biological effect in both cell lines. For the other compounds, the
effect was moderate to negligible. Given the Tau binding properties of these compounds,
we investigated whether the anti-metabolic activity of compounds was associated with Tau
expression in cells.

2.5. The Biological Activity of Compounds 2 and 9 Depends on Tau Expression

We further measured the anti-metabolic activity of many compounds (2-5, 9-12, 16,
and 17) in two U87 cell models expressing (U87 shCTRL) or not (U87 shTau) the Tau
protein [20,21] (Table 3). In the series of 2-5 and 16 and 17, compound 2 displayed 3 times
higher the activity against U87 shCTRL cells compared to U87 shTau cells (respectively,
IC5p = 1.4 £ 0.5 uM and 4.7 £ 0.3 uM). This result strongly suggests that the biological
effect of 2 could be associated with Tau protein expression.

Table 3. Biological effects of derivatives on U87 shCTRL and U87 shTau cells derived from U87 cell
types, and expressing or not Tau protein, respectively, as described in [20].

ICsp @ (uM)
Compounds
U87 shCTRL U87 shTau
2 14+05 47 +03
3 >100 >100
4 >100 >100
5 >100 >100
9 1.6 £0.5 >100
10 1.2+04 14+0.6
11 03+02 04+04
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Table 3. Cont.

IC5 @ (uM)
Compounds
U87 shCTRL U87 shTau
12 0.6 +£0.1 0.5+0.3
16 >100 >100
17 >100 >100

@ Drug concentration that inhibits metabolic activity by 50% after cell incubation in culture media for 72 h. Data
are the mean + SEM of three independent experiments.

In the series of compounds 9-12, we measured the anti-metabolic activity of 9 in a
uM range for U87 shCTRL cell (IC50 = 1.6 = 0.5 uM) and no activity in U87 shTau cells.
Our data supported that the biological effect of 9 is associated with Tau expression in cells.
Further results showed that the re-expression of EGFP-Tau in U87 shTau cells restores
compound 9 activity to an IC50 value falling in the same range as that measured when
expressing free EGFP in U87 shCTRL cells (Table S1 in Supplementary Materials File S2). It
is worth noting that we verified the partial rescue of Tau expression in U87 shTau cells by
Western blotting, as previously described in [20].

Based on the results from the ring modifications described above, the two analogues 2
and 9 turned out to be the most active ring C and ring B substituents. The two compounds
displayed the highest activity, which was associated with Tau expression in GBM cell lines,
with ICsg values in the uM range. Next, these two compounds were selected for further
biological evaluation within the context of understanding their mechanisms of action.

2.6. Biological Activity of Compounds Involves No Change of Division and Death of Cells

It is well established that the disruption of microtubules alters diverse biological
processes in most cell types such as mitosis and cell death pathways; however, the in-
volvement of Tau in these processes is largely unknown. To understand the role of active
compounds 2 and 9 in this context, we examined the effect of these compounds on the
cell cycle progression of U87 shCTRL and U87 shTau cells. After 48 h of treatment with
compounds (10 uM), flow cytometry was used to quantify the percentage of cells in the
Gl1, S, and G2/M phases. In our experiments, the treatment conditions with the specific
antimitotic agent nocodazole (NOC; 1uM) were added as a positive control to our study.
Our data are presented in Figure S3 A (in Supplementary Materials File 52).

When U87 shCTRL and shTau cells were treated with NOC, the percentages of cells in
phases G1 (respectively, 10 &= 3% and 9 4= 7%) and G2/M (82 & 6% and 77 & 4%) were drasti-
cally higher than those of untreated cells (%G1 = 56 £ 2% and 69 £ 2%, %G2/M = 28 £ 3%
and 18 + 0.5%, respectively). As expected, the two cell types were blocked in the mitotic
phase in the presence of NOC. Moreover, treatment of cells with biological inactive com-
pound 5 had no effect on cycle phases ((%G1 = 53 & 4% and 62 £ 5%, %G2/M = 34 + 5%
and 25 =+ 1%, respectively). Note that this was true even when cells were treated with very
high concentrations of 5 (up to 150 uM). More surprisingly, no significant effect on cell
cycle progression was measured when the two cells were treated with active compounds 2
and 9. As a complementary approach, we performed a high-content image analysis of the
mitotic index on cells pre-incubated with compounds for 48 h (Figure S3B). As a result, we
quantified 1.92 & 0.79% and 2.5 & 0.41% of respectively untreated U87 shCTRL and shTau
cells in mitosis, indicating a similar proliferative activity for the two cell models.

As expected, when cells were treated with compound 5, no significant change of
the mitotic index (respectively, 2.47 & 0.19% and 3 & 0.39%) was measured compared to
untreated cells, whereas a drastic increase of mitotic indexes was measured for NOC-treated
cells (9.38 =+ 3.55% and 23.0 £ 4.01%). Furthermore, no significant variation of mitotic
indexes was observed for cells treated with compounds 2 and 9 compared to untreated
cells. Altogether, our data indicated that the biological activity of all tested compounds did
not involve cell cycle arrest.
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To further investigate the effects of compounds 2, 5, and 9 on apoptosis and necrosis,
we quantified, respectively, the expression of caspase 3 protein (Casp3), and the activity of
the free metabolic enzyme lactate-dehydrogenase (LDH) in the medium (see the Materials
and Methods section for details) (Figure S4 in Supplementary Materials File S52). As a
result, no change in the expression of Casp3 was measured for the two cell types after
48 h treatment with all compounds (Figure S4A). Our findings showed that the active
compounds 2 and 9 induce their biological effect through a caspase-independent process.
In addition, the analysis of LDH activity (Figure S4B) in cells treated for 24 h remained
similar to untreated cells regardless of the compound used. Once more, the activity of
compounds 2 and 9 did not lead to an increased number of cells undergoing necrosis.

Altogether, we showed that active compounds 2 and 9 did not change the distribution
of treated cells in G1, S, and G2/M phases. Contrary to usual antimitotic agents such
as NOC, our findings revealed that the anti-metabolic activity of compounds did not
disrupt cell division. Additionally, these compounds did not trigger the activation of cell
death pathways such as apoptosis and necrosis. Subsequently, we examined the impact of
compounds on autophagy and mitochondria networks.

2.7. Compounds Affect Moderately Autophagy Independently from Tau Expression

It is well-described that the intracellular degradative autophagy process occurs in
response to cell stress such as organelle damage, the presence of aberrant proteins, and
nutritional shortage [51]. To assess whether the active compounds impacted autophago-
some formation, we conducted Western blotting to examine the ratio of mature LC3-II to
immature LC3-I proteins in U87 shCTRL and shTau cells treated with compounds 2, 5,
and 9 (Figure 4A). The results indicated no statistically significant changes in ratios for
both cell types, indicating that compounds did not affect autophagosomes. To complete
these data, a pH-sensitive acridine orange probe was carried out to evaluate late autophagy
events such as the fusion of autophagosomes with acidic lysosomal vesicles. Live cells
were stained with acridine orange, and then fluorescence emission spectra were recorded
(Figure 4B). Following a treatment with compounds, a shift to blue emission was observed
for two treated cell types, suggesting a traffic disruption of autophagosomal vesicles. Our
findings revealed that compounds 2, 5, and 9 interfere with the autophagy processes in a
Tau-independent manner.

2.8. Compounds 2 and 9 Impair Mitochondria Network in Tau-Expressing Cells

The organization and dynamics of mitochondrial network are essential for sustaining
the bioenergetics functions of this organelle. Numerous natural compounds, including
flavonoids, were shown to modulate mitochondria activities [52,53]. Therefore, we further
investigated the effect of compounds on mitochondria within the two cell types. Immunos-
taining of citrate synthase was performed, alongside a labelling of actin networks, and
then the two morphologic parameters, elongation index of mitochondria and numbers of
branch junctions per mitochondria, were evaluated (Figure 4C,D). Our analysis showed
that compounds 2 and 9 induced a moderate decrease (—12.5%) in the elongation indexes
of mitochondria in U87 shCTRL cells. In addition, we observed a reduction of 1.8- and
1.6-fold in the number of branch junctions per mitochondria, respectively, for compounds
2 and 9. No effect of compound 5 was observed. Furthermore, none of the compounds
had an impact on the mitochondria networks of U87 shTau cells. Note that we verified
by Western blot that the amount of citrate synthase was constant for all experimental
conditions (Figure S5 in Supplementary Materials File S2). Figure 4E comprises a set of
representative images illustrating the mitochondria network reorganization after treatment
with 5 uM of compounds for 24 h in the two cell types. Our observations indicated that
mitochondria were both shorter and less branched when U87 shCTRL cells were treated
with compounds 2 and 9. Furthermore, many mitochondria were localized within a few
elongated protrusions labelled for actin networks (head arrow on images), suggesting that
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some fractionated mitochondria were translocated. On the other hand, no effect of three
compounds was observed in U87 shTau cells.
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Figure 4. Compounds (2) and (9) affect autophagy function machinery and alter mitochondrial
morphology. The cells are treated with 0.1% DMSO (condition “UN’, untreated), or 5 uM compounds
(2), (5), (9) for 48 h at 37 °C before analysis. (A) Quantities of autophagy LC3 proteins were analyzed
by Western blot of U87 shCTRL and U87 shTau cells: for each sample, the ratio of the amount
of mature (LC3-II) to immature (LC3-I) isoform was calculated as relative fold of the reference
value (with or without the compound); significant statistical differences were calculated using one-
way ANOVA with a post hoc Tukey-Kramer HSD test with (*) p < 0.01 from three independent
experiments; ns: non-significant. The inset in (A) shows representative examples of Western blot
used for quantification. (B) Fluorescence emission of acridine orange for U87 shCTRL (upper panel)
and U87 shTau (lower panel) cells: untreated (black spectra), and treated with compounds (2)
(blue spectra), (5) (green spectra), and (9) (red spectra); the spectra are the average data of three
independent experiments; Inset: residual fluorescence intensity of acridine orange between treated
and untreated conditions: negative fluorescence intensity values show a shift in spectra toward blue
wavelengths, indicating a neutral pH of the probe microenvironment. (C) Quantification of the
mitochondria elongation index in U87 shCTRL (full bars) and U87 shTau (hatched bars) cells:
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untreated (black bars), and treated with compounds (2) (blue bars), (5) (green bars), and (9) (red bars).
(D) Quantification of the average branch junctions in mitochondria of U87 shCTRL (full bars) and
U87 shTau (hatched bars) cells: untreated (black bars), and treated with compounds (2) (blue bars),
(5) (green bars), and (9) (red bars); for (C,D), significant statistical differences were calculated using
one-way ANOVA with a post hoc Tukey—Kramer HSD test with (*) p < 0.01 from three independent
experiments; ns: non-significant. (E) illustrates the distribution of mitochondria in U87 shCTRL
and shTau cells untreated); head arrows indicate mitochondria in a few long protrusions; Inset: the
dashed box shows a zoomed ROI of the mitochondria network; scale bar: 20 um.

Our data showed that compounds 2 and 9 impaired the fusion of mitochondria in U87
shCTRL cells. In addition, we observed many actin-rich protrusions, indicating that these
compounds could induce a strong remodeling of cytoskeletons. Next, we focused on the
impact of compounds on microtubule networks.

2.9. Compounds 2 and 9 Induce Migratory Defect Due to Remodeling of Microtubule Network in
Tau-Expressing Cells

We previously demonstrated that Tau governs the necessary remodeling of micro-
tubules for effective migration of GBM U87 cells [20]. Therefore, the impact of compounds
2 and 9 on the distribution of the microtubule network was investigated. As shown in
Figure 5A, the set of representative images illustrates the high microtubule network re-
organization after treatment with 5 pM of drugs for 24 h. In U87 shCTRL cells treated
with compounds 2 and 9, we observed that the microtubule networks were quite dense
in the cell body, and some elongated protrusions contained microtubule bundles (red
arrows in figures). In contrast, treatment with compound 5 induced no change in the
microtubule networks. Moreover, no significant effect of all compounds was observed
for treated U87 shTau cells. As Supplementary Materials, we verified with turbidity time
courses of in vitro Tau-promoted microtubule assembly in the presence of compounds that
the rate of assembly as well as the final amounts of microtubules were similar to the control
experiment (without compound) (Figure S6). Our data suggest an exclusive effect of the
compounds to Tau in cells. Two experimental conditions were designed to explore (1) the
effect of drug concentrations and (2) the effect of drug incubation time on the microtubule
cytoskeleton. For this purpose, we performed an indirect immunofluorescence staining of
the microtubule network in untreated or drug-treated U87 shCTRL and shTau cells. From
images collected by CLSM, the state of microtubule assembly was calculated as being the
ratio of the surface of the microtubule network to the total surface of cells.

To investigate the effect of drug concentration, the microtubule network was visualized
after a 24 h treatment with 0-20 uM of compounds 2, 5, and 9 (Figure 5B,C). In untreated
cells, it was determined that 39 & 5% of the cell surface was occupied by the fluorescent
microtubule network in both U87 shCTRL and shTau cells (Figure 6A). All these values
come close to the range of 31-41% of tubulin in microtubules in cultured tissue cells, as
previously determined by Ostlund et al. [54] and our team [38]. For compounds 2 and 9, a
higher quantity of labelled microtubules was evident after treatment with a concentration
of 1.25 uM (respectively, 42.2 &+ 6.7% and 45.2 + 4.6%) in U87 shCTRL and was more
apparent at 20 uM (respectively, 43.2 £ 9.3% and 49.5 £ 6.3%). When cells were treated
with compound 5, no effect was observed at equal concentrations. For drug-treated U87
shTau cells, we observed no change for all compounds whatever their concentrations.
All these data highlight the higher biological effect of compounds 2 and 9 vs. 5 in cells
expressing Tau protein.
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Figure 5. Compounds (2) and (9) induce a dose- and time-dependent remodeling of cytoplasmic
microtubule networks of glioblastoma U87 cells. The two U87 shCTRL (full bars) and shTau (hatched
bars) cells were incubated with compound (2) (blue bars), (5) (green bars), or (9) (red bars) at 37 °C,
fixed, and then labelled by indirect immunofluorescence of alpha-tubulin. The microtubule networks
are visualized by CLSM. (A) is representative of the results obtained with 0.1% DMSO (condition ‘UN’,
untreated), or with 5 uM of compounds (2-9) for 24 h; red arrows indicate few long protrusions with a
labelled microtubule; scale bar: 20 um. (B) Effect of concentration of compounds (0-20 uM); (C) Effect
of the incubation time with compounds on cytoplasmic networks; for (B,C), ratios of microtubules
on total cell surfaces (in%) are calculated for cells treated with compounds (2-9), all reported values
correspond to means =+ s.e.m. of 50 cells; significant statistical differences are calculated using the
Tukey-Kramer HSD test with * p < 0.05 between the value obtained for conditions ‘0 uM’ or ‘0 h” and
the others for each graph; n.s., not significant.
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Figure 6. Compounds (2) and (9) disrupt migration of glioblastoma U87 cells. Cells were seeded
at 103 cells/well on fibronectin pre-coated 24-well plates and then treated with DMSO (black bars),
1.4 uM of compound (2) (blue bars), or 1.6 uM of compound (9) (red bars) immediately preceding
live image acquisition for 5 h with an image recorded every 10 min. (A) Representative migration
paths of ten cells are reported by using position parameters: black line for untreated ("UN’) cells
(upper panels), blue line for cells treated with (2) (middle panels), red line for cells treated with (9)
(lower panels); (B) Migratory parameters were determined for cells as in A: velocity (upper panel),
mean distance to origin (middle) and directional persistence (lower) were calculated for shCTRL
cells expressing Tau (full bars) and shTau cells depleted for Tau (hatched bars). Data are expressed as
the mean £ s.e.m. of n = 80 cells and are representative of three independent experiments. ** p < 0.01;
n.s., not significant (one-way ANOVA with a post hoc Tukey—Kramer HSD test).

The effect of incubation time with compounds on the microtubule network was then
examined. For this, cells were incubated with 5 uM of compounds for 0-24 h at 37 °C
(Figure 6C). With compounds 2 and 9, the higher quantity of labelled microtubules was
effective at 2 h of incubation and maximal after 8 h for U87 shCTRL cells (respectively,
44.1 £+ 3.8% and 46.0 & 6.1%). On the other hand, compound 5 had no effect on micro-
tubule networks of U87 shCTRL cells. Moreover, we measured no change of microtubule
distribution for all compounds for drug-treated U87 shTau cells. Our results indicate that
compounds 2 and 9 are more active on cytoskeleton than compound 5 in U87 shCTRL cells.

Furthermore, we assessed the influence of compounds 2 and 9 on cell migration. For
this purpose, we performed a two-dimensional (2D) random motility assay on both cell
types using time-lapse video microscopy, as we previously described in [20]. The result of a
representative migration experiment (where the migration origin of each cell was defined at
x =0,y =0;n =5 cells) is shown in Figure 6A. As results, the motility of U87 shTau cells was
lower than that of U87 shCTRL cells (right panels). In addition, we analyzed the trajectory
obtained from the time-lapse recording of each 80 individual cells in order to calculate
migratory parameters such as velocity, distance to origin, and directional persistence (right
panels) during migration (Figure 6B). The U87 shTau cells exhibited a significant reduction
in both velocity (—32%) and distance to origin (—38%) compared to U87 shCTRL cells (bars
with solid colors). Moreover, we observed no change in directional persistence across cell
types. These results remain consistent with our previous data [20]. On the other hand,
when U87 shCTRL cells were treated with compounds 2 and 9, we respectively measured
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a 15 and 30% decrease in velocity, as well as a 25 and 43% decrease in distance to origin
(middle panel). Interestingly, these migratory parameters fell within the same range as
those observed for U87 shTau exposed to compounds. Note also that treated U87 shTau
cells displayed similar values of velocity, distance to origin, and directional persistence as
for untreated cells. Therefore, following compounds 2 and 9 treatment, our data remain
consistent with expected results for drugs that induce microtubule stabilization mediated
by Tau.

In conclusion, our data showed that compounds 2 and 9 induced microtubule remod-
eling in bundles in U87 shCTRL cells, concomitantly with impairment of cell migration. In
addition, our turbidimetry data indicate that the interaction of these compounds with Tau
does not change the microtubule-stabilizing function of the protein. Taken together, the
interaction of these compounds with Tau in cells could induce accumulation of the protein
along the length of microtubules, leading to a strong stabilization of the cytoskeleton.

3. Discussion

Tau, and its active role in the assembly of tubulin, were identified in the 1970s [12,13].
Indeed, it is well documented that Tau promotes assembly and stabilization of microtubules
both in vitro and in vivo [14,15,55]. In this way, we investigated the impact on Tau of a
new class of hybrid 2-aminothiazole-fused flavonoid derivatives. Using an in vitro ThS
fluorescence assay, we observed that many compounds such as 2 and 9 were able both to
inhibit heparin-induced Tau assembly and to dissolve mature Tau filaments. Moreover, we
demonstrated that these derivatives exhibit both low-binding dissociation constants and
low accessible fraction, indicating a significant embedded moiety of these compounds in
the Tau protein. Taken together, we could identify at least one potential binding site of
compounds with Tau, located at Tyr310 in the repeated domain 3 (R3) region. It is plausible
to think that compounds may interfere with 3-sheet secondary structure of the microtubule-
binding domains and/or the stacking of Tau molecules in PHFs. Notably, assembly studies
revealed that B-sheet formation in the first six residues of R2 (*?VQIINK??), and /or the first
six residues of R3 ((VQIVYK3!), is important for Tau protein filament formation [56-58].
Furthermore, recent cryo-EM studies by Zhang et al. have revealed various structures of
heparin-induced Tau filaments, with the predominant “snake” conformation representing
around 45% of the total four conformations of heparin-induced Tau filaments [59]. Taking this
cryo-EM structure (PDB code 6QJH), we performed in silico molecular docking of compound
9 with Tau (Figure S7 in Supplementary Materials File 52). Up to 150 poses were predicted,
and the one with the least energy at binding equilibrium displayed the planar structure of TZF
heterocycle close to tyrosine residue in the VQIVYK sequence of R3 (score: —6.73 kcal /mol;
cluster size: 2; illustrated in Figure S7 in Supplementary Materials File S2). Furthermore, we
observed that the fluorinated ring B was likely embedded between two successive rungs in
the Tau filament. This could result in potent steric hindrance for Tau assembly. Overall, it
has been reported that many VQIVYK inhibitors can block the heparin-induced assembly of
full-length Tau [60-62]. Recently, the Das’ team reported by AFM analysis that 10 uM QCT
abrogated R3 peptide fibrillation [63]. More interestingly, the authors demonstrated that QCT
was able to prevent seeding of endogenous Tau aggregates by exogenous seeds. Our model of
interaction between TZF derivatives with Tau protein is consistent with these findings.

Further in-cell studies were conducted in order to establish a relationship between
the rings B and C modifications and the biological activity of compounds 2-17 across
various cell lines. Among the molecules tested, analogues 2 and 9 drew our attention
for their pM anti-metabolic activity correlating with the level of Tau expression in the
cell. Further evidence for this relationship was derived from the recovery of the activity
of compound 9 after the re-expression of the protein in our Tau-depleted cell clone U87
shTau. After ruling out the possibilities of an impact of compounds on both cell cycle and
apoptosis/necrosis pathways, we further explored the compound-mediated disruption of
autophagy, a cell death mechanism that remains enigmatic regarding tumor cells [64,65].
In our study, a qualitative assay with a fluorescent pH-sensitive acridine orange probe
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was performed to evaluate the formation of autolysosomal vesicles. Autolysosomes are
a late step in the autophagy pathway corresponding to the fusion of autophagosomes
with acidic lysosome vesicles [64]. Here, all tested compounds induced a shift to blue of
acridine orange fluorescence emission in two cell types, indicating a neutral pH of the probe
microenvironment. Altogether, our observations suggest that TZFs disturb the autophagy
process, independently from Tau expression.

Considering the antioxidant properties of the flavonoid heterocycle, we examined the
impact of compounds on mitochondria. Analysis of mitochondrial morphology showed
that treated U87 shCTRL cells have significantly fewer branches per mitochondrial network,
as well as a relevant increase in mitochondria fission (Figure 4). No change was observed
for U87 shTau cells. Our analysis indicates that these compounds improve abnormal
Tau-induced mitochondrial dysfunction. Mitochondrial activity is essential for organelle
biogenesis and thereby for the sufficient supply of cytosolic ATP-particularly important
for tumor cells with high energy demands like GBM cells. Defective mitochondria can
be removed by mitochondrial autophagy, a process known as mitophagy, which can be
initiated when the mitochondrial membrane potential dissipates due to functional impair-
ment. This depolarization activates the Parkin/PINK1 pathway, leading to mitochondrion
removal [66,67]. In this way, Cummins et al. have identified in N2a neuroblastoma cells the
underlying pathomechanism, wherein Tau accumulation aberrantly interacts with Parkin
in the cytosol, preventing it from proper translocation to defective mitochondria [68]. It is
tempting to think that the binding of our compounds to Tau improves the inhibitory effect
of the protein on mitophagy. Moreover, it has been recently reported that the ubiquitous
Tau-related microtubule-associated protein 4 (MAP4) can bias the bidirectional transport of
mitochondria toward the microtubule minus-ends [69]. Interestingly, these authors also
demonstrated that MAP4 achieves this bias by tethering the cargo to the microtubules,
allowing it to impair the force generation of the plus-end motor kinesin-1. In our study, our
observations revealed that compounds 2 and 9 induce an abnormal distribution of mito-
chondria in protrusions of U87 shCTRL cells, suggesting that Tau-decorated microtubules
could impair kinesin-based transport of damaged mitochondria.

Besides, we demonstrated that treatment with compounds 2 and 9 mainly affected
velocities and distances to origin in U87 shCTRL cells, two migratory parameters that we
previously reported to be enhanced by Tau expression [20,21]. Indeed, we proved that Tau
protein governs the remodeling of microtubule and actin networks for the retraction of the
tail of U87 cells, which is necessary for effective migration [20]. Hence, we examined the
status of the microtubule network in cells treated with these compounds. Our main obser-
vations revealed microtubule remodeling into bundles at newly formed protrusions in U87
shCTRL cells. Moreover, we showed that this effect was dependent on both concentration
and incubation time. Many studies reported that an accumulation of Tau in the cell induces
the formation of neurite-like protrusions [70-73]. Altogether, our data are consistent with
increased Tau-mediated stabilization of microtubules.

In conclusion, seventeen 2-aminothiazole-flavonoid hybrid derivatives were synthe-
sized, and structure activity relationships were derived from our findings. Among these,
two compounds stood out: 2-amino-7-(3-phenoxyphenyl)-9H-chromeno [6,5-d]thiazol-
9-one (compound 2) and 2-amino-7-(2-fluorophenyl)-9H-chromeno [6,5-d]thiazol-9-one
(compound 9). Both of each show a high inhibitory activity of Tau fibrillation, coupled with
a biological effect that was consistent with Tau expression in GBM cells. Notably, these
compounds could lead to an accumulation of Tau in cells which was concomitant with both
a reduced motility of cells and mitochondria impairment. All data correlate well with Tau
accumulation governing a remodeling of the microtubule network. Our results provide
a strong experimental basis to develop new potent molecules for Tau-related therapies
such as cancer and neurodegenerative diseases. Further work with these compounds
may include testing them for other biological activities, given that the TZF skeleton is a
privileged structure.
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4. Materials and Methods
4.1. Chemistry

Unless otherwise specified, all chemicals were purchased from commercial suppliers
and directly used as received without additional purification. Column chromatography was
carried out with silica gel (200-300 mesh) to purify products, using proper solvents as the
eluent system. NMR spectra were recorded at 300 MHz for 1H NMR spectra and 75 MHz
for 13C NMR spectra by spectrometer (Advance 300 spectrometer, Bruker, Wissembourg,
France). Chemical shifts are quoted in parts per million referenced to the appropriate
solvent peak (\H NMR: CDCl; 7.26 ppm, DMSO-dg 2.49 ppm, 3C NMR: CDCl; 77.0 ppm,
DMSO-dg 39.5 ppm). The following abbreviations were used to describe peak splitting
patterns when appropriate: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet.
Mass spectra were performed on a spectrometer operating on ESI-TOF. The synthetic
process and full characterization data of compounds 1-17 are depicted in Scheme 1 and
Supplementary Materials File S1, respectively.
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Scheme 1. Synthesis of thiazoloflavonoid derivatives. Reagents and conditions: (a) thiourea, EtOH,
rt overnight. (b) (AcO),, reflux, 1 h. (c) aldehyde, MeOH, LiOH, MWTI (140 °C, 300 W, 20 min).
(d) R1 = H, DMSO/I, MWI (120 °C, 300 W, 20 min). (e) Rl = OH, NaOH/H;0,, r.t.,, 24 h.
(f) R1 = OMe, DMS, Acetone/K,CO;3, 60 °C, 6 h. (g) KSCN, AcOH, Bry, r.t,, 2 h. (h) aldehyde,
DMF/ZnCly, r.t. 1 h. (i) H2, Pd/C, EtOH.

4.2. Biology
4.2.1. Cell Culture and Transfection Protocol

All cell lines were purchased from ATCC, Gaithersburg, MD, USA. Cells from hu-
man glioblastoma (clones U87 wt, HTB-14; U118, HTB-15; U251, HTB-12; U138, HTB-16),
neuroblastoma (clone SK-N-SH, HTB-11), and colorectal adenocarcinoma (clone Caco-2,
HTB-37) were routinely grown at 37 °C in a humidified atmosphere containing 5% CO5.
Cells were maintained by regular passages in complete media supplemented with 10% FBS,
2mM of L-glutamine, 100 U/mL of penicillin, and 50 U/mL of streptomycin (Invitrogen,
Paris, France). For U87 wt, U251, U138, and SK-N-SH cells, the medium consisted of EMEM
(Lonza, Levallois Perret, France). U118 and Caco-2 lines were maintained in DMEM. The
U87 wt-derived lines, U87 shCTRL, and U87 shTau2 cells were continuously maintained
in complete EMEM medium supplemented with 0.4 pug/mL of puromycin. The shRNA
sequences and the protocol of clone selection and Tau downregulation were previously
described in [20]. For Tau expression rescue, the U87 shCTRL and U87 shTau cells were
seeded two days prior to experiments at 4.10° cells per 60 mm dish in 6 mL of complete
medium. Cells were transfected using LipofectAmine 2000 according to Invitrogen instruc-
tions and 8 ug EGFP-free plasmid constructs (for U87 shCTRL) and EGFP-hTau40 plasmid
constructs (for U87 shTau) [74] were used in total. One day prior to experiments, all cells
were plated in a 96-well microtiter plate to prepare for viability assays. Cells were free from
mycoplasma as determined by mycoalert tests (Lonza).
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4.2.2. Cell Viability Assay

Cells harvested from sub-confluent monolayers were seeded at 15,000 cells per mL
in a 96-well microtiter plate (Cambridge Technology, Labége, France) and cultured for
24 h under standard conditions. Standard medium was then replaced by fresh medium
containing no drugs or compounds at different concentrations. The surviving cells were
quantified after 72 h by the MTT assay, according to the manufacturer’s instructions. Briefly,
20 pL of 3-(4,5-diMethylThiazol-2-yl)-2,5diphenyl Tetrazolium bromide (MTT) solution at
5mg.mL~! was added to cells for 3 h at 37 °C. The supernatant was discarded and replaced
by 100 pL of dimethyl sulfoxide to dissolve formazan crystals. The absorbance was then
read at 600 nm by spectrophotometry. For all concentrations of a given compound, cell
viability was expressed as the percentage of the ratio between the mean absorbance of
treated cells and the mean absorbance of untreated cells. Three independent experiments
were performed, and the data were expressed as percentage of survival (using the untreated
cells as 100%) and subjected to statistical analysis (n = 3). The IC5y was calculated using the
Chou and Talalay method [75].

4.2.3. Tau and Tubulin Purification

The full-length human Tau (hTau40) was expressed in a transformed E. coli BL21 (DE3)
strain and purified as described previously [76]. Lyophilized Tau was stored at —80 °C and
directly resuspended in the appropriate buffer before use. Tau concentration was measured
at 280 nm using an extinction coefficient of 7700 M~! cm .

Tubulin was extracted and purified from lamb brains by Weisenberg procedure con-
sisting of ammonium sulfate fractionation and ion exchange chromatography as previously
described [76]. Tubulin was stored in a sucrose buffer in liquid nitrogen. Before use, tubulin
is equilibrated by passing it through cold sephadex G-25 columns pre-equilibrated with
20 mM of NaPi pH 6.5, 1 mM of TCEP, and 10~% M of GTP. Tubulin concentration was
determined spectrophotometrically at 275 nm using a molar extinction coefficient equal to
109,000 M~! em~! in 6 M of guanidine hydrochloride.

4.2.4. Turbidimetry for In Vitro Tubulin Polymerization

The polymerization of tubulin was monitored by measuring the apparent absorbance
at 350 nm using a Beckman DU 7400 spectrophotometer at 37 °C. Tubulin at a final con-
centration of 10 uM was mixed with compounds at the indicated concentration and imme-
diately placed into the spectrometer chamber. When the signal was stable, Tau at a final
concentration of 5 uM was added to induce microtubule formation. Measurements were
continued until turbidity values reached a plateau.

4.2.5. Tau Oligomerization Inhibition Assay

Tau oligomerization inhibition assay was performed at 37 °C in 96-well plates by
monitoring thioflavin-S fluorescence at 520 nm after excitation at 440 nm using a microplate
reader (POLARstar Omega system, BMG Labtech, Paris, France). The Tau oligomerization
process was induced by heparin. A 2 uM quantity of Tau was mixed with 0.75 uM of
heparin, 5 uM of thioflavin S, and compounds at the indicated concentration in buffer A
(25 mM of NaPi, 25 mM of NaCl, 0.5 mM of TCEP, 5% DMSO, pH = 6.9 adjusted with NaOH)
and immediately placed into the plate reader. Measurements were taken each 15 min for
8.75 h or until a plateau was reached. The plates were shaken at 200 rpm for 10 s before
each measurement. The real value of fluorescence at the plateau was determined using
SciDAVis v1.23 software. Data were fitted to the SciDAVis built-in ExpGrowth equation by
means of nonlinear least-squares regression analysis.

Y=Yy +A X exp(x/t) 1)

The unscaled Levenberg-Marquardt algorithm was used, and initial values were given
to Yo, A, and t. The final Y, value of the model corresponds to the plateau value. The
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plateau values were then used to calculate the Tau oligomerization inhibition percentage.
The ICsp for each compound was calculated from the scatter plot of Tau oligomerization
inhibition (in percentage) as a function of 1og10 of compound concentration. The ICs value
(in uM) thus corresponds to ten raised to the power of the slope of the trendline of the plot.

4.2.6. Fluorescence Quenching and Binding Parameters

Fluorescence measurements were performed with a Horiba Jobin Yvon FluoroMax-3
spectrofluorometer. Tau (5 pM) was titrated with compounds (0-100 uM) in buffer B
(20 mM of NaPi, 1 mM of TCEP, 5% DMSO and pH = 6.8). For experiments, the excita-
tion wavelength was fixed at 275 nm, and the emission spectra were recorded between
280 nm and 500 nm at room temperature. The inner filter effects were corrected according
to Lakowicz [77] as follows:

F =Fops X exp{(Aem + Aex)/2} 2)

where F,s and F are the observed and corrected fluorescence values at the emission
wavelength of 303 nm. Acx and A, are the absorptions at the excitation and emission
wavelengths, respectively, calculated with A = €.1.C, in which ¢ is the extinction coefficient
of Tau, | is the path length of cuvette, and C is Tau concentration.

We measured fluorescence quenching when Tau was complexed to compounds. Then,
we applied the Stern-Volmer equation to determine the dependence between variations of
fluorescence intensity of Tau and the concentration of quenchers (all tested compounds),

as follows:
Fo/F=1+K][Q] (3)

where F is the initial fluorescence intensity of Tau recorded at 303 nm without compound,
Q the concentration of compound (in M), K the associative constant (in M~1).

In our condition, we observed no linearity of plots between the ratios Fy/F and [Q].
We supposed that quenched Tau fluorophores were constituted of two accessible (Fp,) and
buried (Fgp,) populations. The total fluorescence in the absence of quencher (Fy) is given by:

Fo = Foa + Fop 4)

where 0 refers to the fluorescence intensity in the absence of quencher.
In the presence of quencher, we defined fa as the fraction of the initial fluorescence of
Tau accessible to compounds:

fa = FOa/(FOa + 1:Ob) (5)

Therefore, the intensity of the accessible fraction (f,) is decreased according to the
Stern—Volmer equation, whereas the buried fraction is not quenched, as given by:

F={Foa/(1 + K[Q])} + Fop (6)
Then, subtraction of Equations (6) and (4) yields:
AF =Fo — F = Foa x {K.[Q]/(1 + K.[Q])} @)
At last, inversion of Equation (7) followed by division into Equation (4) yields:
Fo/AF = {1/(fa. K.[Q])} + 1/fa ®)

We applied this modified form of the Stern—Volmer equation to graphically deter-
mine the values of f, and K. For our experiments, we plotted Fy/AF against 1/[Q], then
we determined the fa value at the point of intersection with the y-axis, while the slope
represented (f,K) 1.
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Then, the dissociation constants Kp (in M) from Tau were calculated for all compounds,
as follows:
Kp=1/K )

4.2.7. Cell Cycle and Mitosis Index

Measurements of cell cycle from DNA content were performed by flow cytometry as
described before [38]. Briefly, 4.10° cells in exponential growth were seeded in 6-well plates.
After 24 h, they were treated with 10 uM of compounds for 48 h. Nocodazole was used as a
positive control with a concentration of 1 uM. The trypsinized cells were harvested and
then centrifuged (1200 rpm, 5 min, at room temperature). The cell pellet was resuspended
in1mL of PBS1x at4 °C, and then an extra 4 mL of cold PBS was added to wash the pellet.
Cells were then centrifuged again (1200 rpm, 5 min, at 4 °C). To fixate the cells, the pellet
was resuspended in 100 pL of cold 70% ethanol, then an additional 900 puL. was added
and cells were incubated for 30 min at —20 °C. After that, 9 mL of cold PBS was added,
and cells were centrifuged (2000 rpm, 5 min, at 4 °C) to remove ethanol. The cell pellet
was then resuspended in the staining mix containing 50 pg.mL~! of propidium iodide
(Molecular Probes, Paris, France) and 100 pg.mL’1 of RNAse A (Sigma-Aldrich, Saint-
Quentin-Fallavier, France) in PBS for 20 min at room temperature in darkness. Samples
were analyzed on a Beckman-Coulter—Gallios flow cytometer using the Kaluza for Gallios
Acquisition v1.0 software. Propidium iodide was excited at 488 nm, and fluorescence
was analyzed at 620 nm on channel FL-3. For the analysis, there is considerable overlap
between early S phase and G1 and between late S phase and G2/M due to broadening of
the distribution caused by variability in the staining of the cells and instrumental variability.
Therefore, the percentages of cells in the sub-G1, G1, S, and G2/M phases of the cell cycle
were calculated using the Watson et al. algorithm for cell cycle analysis in Kaluza for
Gallios Analysis v2.1 software [78]. The software automatically adjusted gates based on
PI median fluorescence intensity of the cells and their frequency among total cells. The
number of cells in each phase was divided by the total number of analyzed cells, and the
values were reported as percentage of the total cells for each cell cycle phase.

For scoring mitotic indexes, an automated high-content screening confocal microscopy
approach was employed to identify cells undergoing mitosis from a large population
of cells. For this, cells nuclei were stained with DAPI. Briefly, fibronectin-coated clear-
glass-bottom black 96-well imaging plates were seeded with 100 uL of cell suspension
(60,000 Cell.mL’l) in each well, with both U87 shCTRL and U87 ShTau cell lines. Cells were
treated with 5-times ICsg of compounds for 48 h, then they were fixated inside the palates
with 4% formaldehyde (in PBS pH 7.4) for 20 min at room temperature, permeabilized with
PBS-Triton X-100 0.5% for 10 min at room temperature. DNA was then stained with DAPI
(10 pg.mL~1) for 5 min at room temperature and in the darkness. After being washed,
cells were kept in PBS at 4 °C and imaged while in PBS. Automated confocal microscopy
was carried out using an Opera Phenix (PerkinElmer) high-content screening microscope
using a 20x Air/0.4 NA air objective. For each condition, 6 wells were prepared and a total
of 61 fields were acquired for each well. Image analysis was performed using Harmony
high-content analysis v4.8 software and PhenoLOGIC Machine Learning technology, which
uses a learn-by-example approach. As a first step, nuclei were segmented and multiple
parameters for these nuclei were calculated using Harmony v4.8 software building blocks.
After training, PhenoLOGIC Machine Learning then selects the best parameters to detect
nuclei undergoing the M phase of mitosis. From this, the mitotic index of each condition
was calculated by dividing the number of cells undergoing mitosis over the total number
of cells.

4.2.8. Measurement of Autophagy by Spectrofluorometry

Briefly, 2.10° cells in exponential growth were seeded in 6-well plates. After 24 h, they
were treated with 5 pM of compounds for 48 h. Trypsinized cells were harvested, counted,
and then centrifuged (1200 rpm, 5 min, at RT). The cells pellet was resuspended in 2 mL of
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acridine orange diluted in complete culture media to a final concentration of 1 ug/mL and
incubated for 15 min in the dark. Cells were then collected by centrifugation (1200 rpm,
5 min, at RT). The cells pellet was resuspended in PBS to a suspension concentration of
2.10° cells/mL. The suspension was transferred to a quartz cuvette, and then fluorescence
emission of acridine orange was measured with a FluoroMax-3 spectrofluorometer (Horiba
Jobin Yvon, Palaisseau, France) (excitation at 490 nm).

4.2.9. Immunofluorescence of Mitochondria and Microtubules

For indirect immunofluorescence of mitochondria, 10* cells were plated on cover glass
and incubated for 24 h with compounds. Cells were then fixed in 4% formaldehyde (in
PBS pH 7.4) for 20 min at RT, permeabilized with PBS-Triton X-100 0.5% for 10 min at RT.
Immunostaining was carried out overnight at 4 °C with a primary anti-citrate synthase
antibody (dilution 1:400 in PBS-BSA 3%; SC390693; SantaCruz Biotechnologies, Heidelberg,
Germany). The following day, the cells were washed then incubated with anti-mouse
secondary antibody (dilution 1:800 in PBS-BSA 3%; A-11029; Invitrogen) and TRITC-
phalloidin (dilution 1:2500 in PBS-BSA 3%; P1951; Sigma-Aldrich, Saint-Quentin-Fallavier,
France) for 1 h at RT in the dark. For the microtubule network, the same protocol for
mitochondria labeling was carried out by replacing with primary anti-o-tubulin antibody
(dilution 1:400 in PBS-BSA 1% from a 1 mg/mL solution; monoclonal antibody, clone
DM1A, Sigma-Aldrich, Saint-Quentin-Fallavier, France). Next, cells were washed in PBS
and cover glasses were mounted with a drop of ProLong® anti-fade solution (Invitrogen).
Mitochondria and cytoskeletons were imaged using a confocal laser scanning microscope
(CLSM) Leica SP5 with a Leica inverted microscope, equipped with a Plan-Apochromat
63 x oil immersion objective (NA = 1.4). Each image was recorded with the CLSM’s spectral
mode selecting specific domains of the emission spectrum. The Alexafluor488 and FITC
fluorophores were excited at 488 nm with an argon laser, and fluorescence emission was
collected between 496 nm and 535 nm. The TRITC fluorophore was excited at 543 nm
with a helium—neon laser, and fluorescence was collected between 560 and 620 nm. The
public-domain Fiji v1.54f software was used for image analysis.

4.2.10. Analysis of Mitochondria and Microtubule Networks in Cells

The analyses of mitochondria and microtubule networks were performed using, re-
spectively, the ‘Mitochondria analyzer’ plugin for Fiji v1.54f software and the method
described in our earlier work [38]. Briefly, a series of images were transferred to the soft-
ware and corrected for background fluorescence intensity contribution. Next, the surface of
50 single cells was measured by considering the cell shape as the boundary of labelling of
actin or a-tubulin cytoskeletons (respectively for measurement on mitochondria or micro-
tubules). Then, the mitochondria elongation and mean branch junction per mitochondria
parameters, and the surface of the microtubule network, were measured by performing
systematically the Otsu method to reduce all gray-level images to binary images. Note that
the Otsu plugin in Image] is an algorithm which searches for the threshold minimizing the
intra-class variance of pixel intensities, defined as a weighted sum of variances of the two
classes; the local set is a circular region of interest, and the central pixel is tested against the
Otsu threshold found for that region [79,80]. Moreover, the ratios of microtubules on cell
surfaces were calculated as percentages.

4.2.11. Western Blotting

Cells were lysed with freshly made RIPA buffer derivative (4.3 mL of TBS 1x, 50 uL
of SDS 10%, 10 puL of EDTA 0.5 M, 500 pL of Triton 10x, and 1% inhibitors of protease and
phosphatase). After 30 min of lysis at 4 °C under agitation, lysates were centrifuged at
10,000 g for 10 min at 4 °C. Equivalent amounts of proteins from the supernatant fraction
were subjected to Western blot analysis. Protein samples were loaded (40 pg/lane) and sep-
arated on 10 or 12% sodium dodecyl sulfate-polyacrylamide gels. The separated proteins
were transferred onto nitrocellulose blotting membrane using the Bio-Rad transfer system.
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Before blocking, the blots were stained with Ponceau red to visualize transfer efficiency.
The membranes were incubated with blocking solution (5% milk and 0.05% Tween 20 in
TBS1x) for 1 h and then incubated overnight with the proper primary antibodies. The
membranes were then washed 3 times with a TBST (TBS plus 0.05% Tween 20) solution
and incubated with peroxidase-conjugated secondary antibodies for 1 h. The membranes
were again washed 3 times with TBST and one time with PBS and revealed using the
Immobilon® Western Chemiluminescent HRP substrate and visualized using a G-Box imag-
ing system (Syngene). The band intensity was quantified using the Image] v1.50g software.
The following primary antibodies were used: anti-citrate synthase (5C390693; SantaCruz
Biotechnologies), anti-LC3 (3868T, cell signaling), anti Casp3 (9662, cell signaling), anti-
[-actin (sc-47778, SantaCruz Biotechnologies), anti-GAPDH (G8795; Sigma Aldrich). The
HRP-coupled secondary antibodies were purchased from Cell Signaling Technology. The
band intensity was quantified using the NIH Image] v1.50g software.

4.2.12. In Vitro 2D Cell Motility Assays and Analysis

Cell motility was recorded by time-lapse videomicroscopy, as previously described [20].
Briefly, cells were trypsinized and then seeded on Fibronectin pre-coated 24-well plates at
10* cells per well and allowed to adhere at 37 °C for 2 h in a 5% CO, incubator. The cells
were briefly rinsed in imaging medium (EMEM containing 10% FBS) to remove unattached
cells before imaging. For conditions using compounds, agents were added to cells 15 min
before launching the recording of the time-lapse series. Next, the plates were placed on
an inverted wide-field Nikon microscope equipped with a 10 air objective (NA = 0.3) at
37 °C in 5% CO,. For all conditions, 61 frames of four fields were acquired using a CCD
camera (Coolsnap HQ camera, Photometrics, Tucson, AZ, USA) driven by NIS elements
AR 2.30 software (Nikon, Heidelberg, Germany). Migration tracks (n = 60-80 cells) were
used to calculate total migration distance, distance to origin, velocity, and directional per-
sistence of cell migration. Velocity was calculated as the total migration distance divided
by 600 (600 min is total time of experiment). The distance to origin was determined as the
net translocation between the initial and the final position. Directional persistence was
calculated as the ratio of the distance to origin to that of the total distance migration.

4.2.13. Molecular Modeling

The ArgusLab 4.0.1 software was used to construct and optimize the binding of
compound (9) to Tau protein with the semi-empirical AM1 method. The cryo-EM structure
of snake Tau conformation in PHFs (Protein Data Bank [PDB] 6QJH) was used in this study.
The ligand was superimposed on the tyrosine residue of the sequence 3°VQIVYK3!! of the
Tau protein. A total of 150 poses of the ligand were generated, and equilibrium binding
energies ranged between —0.15 kcal/mol and —6.73 kcal/mol.

4.2.14. Statistical Analysis

Biological data are presented as mean =+ s.e.m., while data obtained from proteins
in solution are presented as mean + SD, based on results from at least three independent
experiments for all collected data. For cell cycle and mitosis index analysis, the statistical
significances of data were analyzed using a nonparametric Mann-Whitney test. Asterisks
indicate significance level vs. control (*) p < 0.05. For analysis of cell migration and
immunofluorescence microscopy of the microtubule network, multiple comparisons were
done using one-way ANOVA with a post hoc Tukey—Kramer HSD test, and differences
were considered as statistically significant with (**) p < 0.01. For quantifications of Western
blots, a nonparametric Mann-Whitney test was used to compare independent samples,
with differences statistically significant with (*) p < 0.05.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms242015050/s1, References [81-84] are cited in the Supple-
mentary Materials.
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