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ABSTRACT

Piperlongumine (piplartinel) is a small molecule alkaloid that is receivingeimse interest due
to its antiproliferative and anticancer activiti&®e investigated the effects dfon tubulin and
microtubules. Using both an isolated tubulin assayd a combination of sedimentation and
Western blotting, we demonstrated tHatis a tubulin-destabilising agent. This result was
confirmed by immunofluorescence and confocal miwopy, which showed that microtubules in
MCF-7 breast cancer cells were depolymerised wreated withl. We synthesised a number of
analogues ol to explore structure-activity relationships. Compd 13 had the best cytotoxic
profile of this series, showing potent effects ntan breast carcinoma MCF-7 cells whilst
being relatively non-toxic to non-tumorigenic MCBélcells. These compounds will be further

developed as potential clinical candidates forttbatment of breast cancer.
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1. INTRODUCTION

Cancer is the uncontrolled growth and spread ofs.cénnually, 8.2 million deaths are
attributable to cancer, an estimated 13% of altldeorldwide, and breast cancer accounts for
over half a million of these. The total number efancases is expected to rise by 70% over the
next two decades [1]. The continuous developmenhed, cost-effective drug therapies is
crucial to increase the range of options availdablgatients, and to improve their long-term

prognosis.

Piperlongumine (also known as piplartide, Figure 1) is an alkaloid isolated from a numbkr o
Piper plant species, including the long pepper pRiger longumL. It has a large number of
reported uses in traditional medicine, and has detnated cytotoxic and antitumour activity [2].
In particular, it was found to be selectively toxtm cancer cells by increasing the level of
reactive oxygen species (ROS) and inducing apaptetl death, although the exact mechanisms
of action remain unclear [3]. Compourddhas been recently reported to be a direct STAT3
inhibitor [4], a proteasome inhibitor [5], to protecautophagy [6], and to modulate MB-and

NF-xB-regulated gene products [7].

Compoundl is a chalcone-type molecule, consisting of twagreystems linked by a-p-
unsaturated carbonyl chain. One of the rings isnatic and substituted with three methoxy
groups, while the second is a piperidinone-typg gantaining a conjugated alkene. Compound

1 is structurally similar to a number of known tubdlargeting antiproliferative compounds.



These include combretastatin A-#&) (and chalcone3 (Figure 1), both containing a
trimethoxyphenyl moiety [8]. An analogue &fwith a substituted pyridone ring,(Figure 1)
also displays potent antitubulin activity [9]. A bnd of compoundsl and 2 was recently
reported as a tubulin depolymerising agent [10]ngidering these results, we undertook to
investigate ifl has inherent tubulin- and microtubule-targetintjvéty in breast cancer cells. We
also synthesised a number of analogues tf investigate structure-activity relationshipstioé

trimethoxyphenyl group of on the antiproliferative potency in breast carusdis.

2. RESULTSand DISCUSSION

2.1. Chemistry

Previous research has examined the structure{gctelationships of the piperidinone ring bf
[11]. Hence, we sought to examine the effects oflilgong the trimethoxyphenyl ring. The
trimethoxyphenyl ring has repeatedly been showbecrucial for the tubulin-depolymerising
ability of a number of compounds, including coléhé; podophyllotoxin an@ [12-14]. These
trimethoxyphenyl-containing compounds bind at tbé&licine-binding site on tubulin, mainly
located in theg-subunit. A number of analogues bivith different substituents were chosen for
synthesis, in order to better understand the dmuttan of the trimethoxyphenyl ring to the
antiproliferative activity ofl. Synthesis was achieved in two stepsthe key intermediate 5,6-

dihydropyridin-2(1H)-one.

5,6-Dihydropyridin-2(H)-one @) was synthesised in two steps from but-3-en-1-amia N-
(but-3-en-1-yl)acrylamide5) (Scheme 1, stegsandii). Compoundl and seven analogues- (
13) were obtained in moderate yields via a one-paictien betweert and appropriately

substituted cinnamic acids, pre-activated with fayiachloride (Scheme 1, stefs andiv, 61-



72% yield)[15]. *"H NMR coupling constants (15-16 Hz) indicatettans configuration around
the lineara,p-unsaturated double bond. An X-ray crystallograptiedy of 12 confirmed the
structure, featuring a non-planar piperidinone ramgl a 3,4-dimethoxyaryl ring (Figure 2). The
length of the double bond in the lactam ring agmits the published structure fdr(1.329 A
compared to 1.322 A) [16]. The C-N bonds in thedacring are unequal with lengths of 1.482
A (C1-N6) compared to 1.390 A (C5-N6). The 3-methoand 4-methoxy groups are
approximately co-planar with the aromatic ring ¢ton angles 5.6 (2)° and 176.8 (13)°
respectively). The lineat,f-unsaturated double bond adopts the predittmus configuration,

with a bond length of 1.335 A (1.329 A reported)[16
2.2. Biochemistry
2.2.1. Cédll Viability

Compoundl was first tested for its effects on viability wd human cell lines, MCF-7 breast
cancer cells and Jurkat T-lymphocytes. The conagatr of 1 required to inhibit the growth of
MCF-7 and Jurkat cells by 50% @& was determined to be 1.2 £+ QuM and 1.4 + 0.3uM
respectively at 48 hr (Figure 3A). These are simtdapreviously reported values fdr(8 uM in
MCF-7 cells and M in Jurkat cells) [17, 18]. Cell viability resulfer 1 in a large number of

cancer cell lines have been determined and, inrgen€s, values range between 1-ibi [2].

ICs values for compoundg-13 were found to be between 3.4 and M in MCF-7 cancer
cells, with 7, 12 and 13 showing the best activity (kg values of 3.5, 3.7 and 3.4M
respectively)(Table 1). Mono-methoxylated compou8d8 and 10 showed decreased potency
indicating that one methoxy group is detrimentalatdiproliferative activity, regardless of its

position on the ring (2-, 3-, or 4-methoxy). Comgan of di-methoxylated compound& and



12 reveals that a 2,3-methoxy substitution patterpreferable to 1,3-methoxy (¥ values of
8.5 and 3.7uM respectively). These analogues were also assdssetbxicity using non-
tumorigenic MCF-10a mammary epithelial cell lineigifte 3B and Figure S1, Supporting
Information). None of the compounds had any effect viability of MCF-10a cells at a
concentration of 1M (24 and 48 hr) and minimal effects were note® aM (>90% viability
for all compounds at 24 hr, and >80% viability & Hr). The best selectivity at jgM was
observed for compounds 12 and13 (differences of 53, 46 and 48% in cell viability EHCF-
10a compared to MCF-7, respectively). Significaffea@s on MCF-10a cell viability were
observed at 1M, equal to the effect on MCF-7 viability in mosases. Treatment with (10
uM) caused a 90% reduction in cell viability. Thiglicates poor selectivity for cancer cells at
this concentration, with the exception of compoaBdCompound’ showed the highest toxicity
at 48 hr (Figure 3B). On the basis of combinedltesa MCF-7 and MCF-10a cells, compounds

12 and13 were identified as the best candidates for futieneelopment.

2.2.2. Effect of Pre-treatment with Antioxidantson Cellular Viability

Compoundl has been reported as an agent that increasegvbledf ROS in cells [3]. To
investigate the potential effects of our analogidd8 on ROS levels in MCF-7 breast cancer
cells, we employed a viability assay in which celte pre-incubated with an antioxidant prior to
treatment with the compound of interest (FigureTd)s assay indicates potential involvement of
ROS in a compound’s mechanism of action. Two amdemts were used: N-acetyl cysteine
(NAC) and the vitamin E derivative Trolox (6-hydse®,5,7,8-tetramethylchroman-2-carboxylic
acid). The antioxidant concentrations used werevahto have no effect on cell viability. Trolox
(100 uM and 300uM) has been shown to be an effective antioxidaniibA-MB-231 breast

cancer cells and MIA PaCa-2 pancreatic cancer (s We also evaluated a number of known



tubulin-destabilising agents [colchicin@ and four chalcones14-17, Figure 5)]. These
compounds were chosen on the basis of structumalasity to 1 (all with the exception of
colchicine contain a linear double bond linking twing systems, one of which is substituted
with 2 or more methoxy groups), antiproliferativetgncy, and tubulin-targeting activity. These
chalcones were synthesised and characterised Hishpedb procedures (compourid [8], 15

[20], 16 [8], 17 [21]).

Firstly, the effects ofl and representative compoundsl?2 and13, alone and in combination
with NAC and Trolox were assessed. Pre-treatment tr with NAC has a dramatic protective
effect on MCF-7 cells at all concentrations of eimpounds tested (Figure 4). Viability
increases were generally greater than 50%, withhibleest increase of 73% (compoundl10
uM). No significant increases in cell viability wereted when cells were pre-treated with
Trolox. Similar results show that pre-treatmentwNAC but not Trolox has an effect on activity
of 1 [19]. CompoundLl is a relatively reactive compound, due to the tieaa:,-unsaturated
carbonyl system contained in the piperidinone ribdpas been shown to directly bind to NAC
(200 equiv. in Hepes buffer; 24 hr reaction)[19]dato the small-molecule thiol methyl
thioglycolate (3 equiv. in DMSO; 72 hr reaction)[11t is possible that this reaction occurs in
the agueous media of cell viability assay, thustiwating thea,-unsaturated carbonyl group of
1. This reaction is not possible with Trolox. Thengaconsiderations apply to analogued2
and 13. This is a potential reason for the different efeobserved with the two different

antioxidants. The differing concentrations of NA@lalrolox may also play a part.

Secondly, effects of antioxidant pre-treatment elh wability were assessed for known tubulin-
targeting compounds. Cells pre-treated with NACwath increased viability for all compounds

compared to cells that were not pre-treated (Fig)redighest increases were noted 20§100



nM; 22%) and chalcond4 (35%). Increases in viability were greater tharPol@or all
concentrations of the six compounds evaluated. |&mesults were obtained for a lower
concentration ofl6 and 17 (1 uM; data not shown). Cells pre-treated with Troldowed
slightly increased viability but effects were geadgr minimal (Figure 6). The highest increase in
viability was 11.4% for2 (10 uM). Viability was increased by less than 10% foalcbonesl4-

17.

The results from the viability assay of colchici@eand chalcone$4-17 indicate potential ROS
involvement in cancer cell death. This has not breported for2 or chalconed4-17 previously
and is worthy of further investigation. A number lafown tubulin-targeting agents also have
effects on reactive oxygen species in cells. Ra@it a microtubule-stabilising agent, has been
reported to generate ROS by activating plasma-manebrassociated NADPH oxidase
(NOX)[22]. Vinca alkaloids, clinically used micrdiule-destabilising agents, induce apoptosis
in lung adenocarcinoma cells via ROS accumulat@8.[Isothiocyanates known to induce
oxidative stress have subsequently been shown dwocéen degradation of cellular tubulin by
proteasomes [24]. An analogue of colchicine, Gikenvas reported as increasing ROS
production in pancreatic cancer cells and leukaerels but its structural modification led to
loss of its ability to depolymerise tubulin [25k appears that there is a link between ROS levels
and the behaviour of microtubules in cells. Givka advanced status @&fin phase Il clinical

trials, it is important to fully elucidate its celar effects [21].

2.2.3. Effects of Piperlongumine on the Cell Cycle and Apoptosis

Further biochemical work was carried out to expltre type of cell death induced Ay The
effects of1 on the cell cycle of MCF-7 cells were evaluatetbwF cytometric analysis of

propidium iodide stained cells demonstrated sinmgitais decreases in thgGz cell population
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[16 % and 15 % (24 hr), and 21 % and 19 % (48 ar)10 and 20uM respectively] and
increases in the 48\ cell population [13 %, 16 % and 12 % (24 hr)d&@ %, 15 % and 10 %
(48 hr) for 5, 10 and 20M respectively] (Figure 7A). There was a smalltistecally significant
increase in the percentage of apoptotic cells Gy®y) after 48 hr (10 and 20M of 1; 4.3 and

4.9% respectively).

Due to the increase in apoptotic cells, furthee@f ofl on anti-apoptotic proteins of the Bcl-2
protein family were investigated, namely Bcl-2 aMl-1. These proteins contribute to an
increased apoptotic threshold in cancer cells dod/&ells to survive in stressful environments.
Treatment withl (10 uM) caused downregulation of the expression of Barl Mcl-1 as
demonstrated by western blotting (Figure 7B). Egpi@n of Bcl-2 was downregulated at 48 hr,
whereas expression of Mcl-1 was evidenced aftehr7ZThese results are in agreement with
previous reports of-induced apoptosis in MCF-7 cells after 36 hr, ewiced by annexin V/PI
double-staining and PARP cleavage [26]. Compolradso reportedly induces both apoptosis
and necrosis in leukaemia cell lines [17], and apsip in Burkitt lymphoma cell lines [27],

prostate cancer cells [28], and triple-negativeabreancer cells [18].

Tubulin-destabilising agents often cause increasdidaccumulation in the £V phase, due to
defective mitotic checkpoints, as found fbrin MCF-7 cells above. A number of previous
studies have noted »B/ arrest upon treatment with, including in Chinese hamster lung
fibroblasts (V79),[29] OVCAR3 human ovarian cancetls [30] and PC-3 prostate carcinoma
cells [28]. This suggests thatmay potentially target tubulin. The structural gamty of 1 to a
number of known tubulin-destabilizing agents (Fegut) strengthens this hypothesis. To

investigate further, specific tubulin assays werdgrmed.



2.24. Effects of Piperlongumine on Tubulin Polymerisation and Interaction with

Colchicine-Binding Site

The tubulin-targeting properties tbfwere firstly examined in vitro using isolated boitubulin
(Figure 8A). The effect of test compouriiand7 on tubulin polymerization was determined by
reading absorbance at 340 nm over 60 min, as ttentegf light-scattering by microtubules is
proportional to their degree of polymerisation [3Raclitaxel, a known microtubule-stabilising
agent, was used as a control and increased tHgpbhemer mass (Figure 8A). Depolymerisation
of tubulin and reduction in the final polymer masgas noted for the higher concentrationlof
(25 uM, Figure 8A). A similar but less pronounced effeas seen for compound (25 uM).
Compoundl was selected for further investigation in MCF-eédst cancer cells and Jurkat T-

lymphocytes.

A cellular assay based on sedimentation followedavbgtern blotting were used to examine the
effects ofl on tubulin polymerisation in both MCF-7 and Jurkells (Figure 8B). Polymerized
and depolymerized microtubules have different sbtids and localize preferentially in the
pellet or supernatant of lysed, centrifuged cektspectively [32]. Paclitaxel (a microtubule-
stabilising agent) and nocodazole (a microtubukgat®lising agent) were used as controls. As
expected, tubulin from nocodazole-treated cells dggmlymerized and detected almost wholly
in the supernatant, whereas tubulin from paclitéwesdted cells was polymerized and detected
solely in the pellet (Figure 8B). Tubulin from cetreated withl (10 uM) was found exclusively

in the supernatant, indicating complete depolynagion of tubulin (Figure 8B). Similar results
were obtained for M and 20uM concentrations of. Equal amounts of tubulin were detected
in the supernatants and pellets of cells treated WM of 1, indicating that this concentration

does not have an effect on tubulin polymerizatioMICF-7 and Jurkat cells (data not shown).



Finally, a second cellular assay to examine thecedfofl on the microtubule network of MCF-7
cells was carried out using immunofluorescence emafocal microscopy. Cells were again
treated with either paclitaxel, known microtubulesthbilising agen®, or 1. Vehicle-treated
cells displayed organised microtubule structureguiie 9). Cells treated with the microtubule-
stabilising agent paclitaxel exhibited characteristindling, whereas cells treated wilshowed
disruption of the microtubule network. Cells trehigith a higher concentration af (20 uM)
showed a disorganised microtubule structure, ctardisvith depolymerised tubulin. A lower
concentration of 1@M caused less depolymerisation, with some polyredrimicrotubules still
present (Figure 9). These results provide furthademce thatl is a direct microtubule-

destabilising agent.

Compoundl is structurally similar to a number of tubulin-dé&gmerising agents, including,
which bind to the colchicine-binding site on tulbulPotential binding ofl at the colchicine-
binding site was therefore investigated using a ledsell based assay. N,N’-Ethylene-
bis(iodoacetamide) (EBI) is an alkylating agent ttrass-links cysteine residues at positions 239
and 354 in the colchicine-binding site of tubuliorming ap-tubulin-EBI adduct. This adduct is
detectable by Western blotting as an immunoreadiased that migrates faster th@stubulin.
Microtubule-destabilising agents that bind at tbkelsicine-site, such & prevent the formation
of the-tubulin-EBI adduct [33]. MCF-7 cells were treatedh vehicle control2 (10 uM) or 1
(40 uM) for 2 h, followed by EBI for an additional 1.5(Rkigure 10). Control samples show the
presence of th@-tubulin-EBI adduct at a lower position, indicatititat EBI has cross-linked
Cys239 and Cys354 ofi-tubulin. Adduct formation was inhibited in cellseated with2,
confirming that2 binds to the colchicine-binding site, wherdadid not inhibit the formation of

the B-tubulin-EBI adduct. Similar results were foundHiT-29 cells (Figure 10). This indicates
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that 1 does not bind at the colchicine-site of tubulinislalso possible, due to the presence of
reactive a,-unsaturated groups, that compouhdtself could cross-link cysteine residues on
tubulin. It has a similar molecular weight to EBIL{ and 396 respectively) and so an adduct
betweenp-tubulin and1 would migrate a similar distance to that of-éubulin—EBI adduct.

Further work is required to determine where, and,Hointeracts with tubulin.
3. Conclusion

Piperlongumine (piplartine), a small molecule which has been receiving hutgrest of late,
has been shown for the first time to target tuhudyndestabilising microtubules in MCF-7 breast
cancer cells and Jurkat T-lymphocytes. This effe@s confirmed by in vitro tubulin
polymerisation, sedimentation and western blottiagd combined immunofluorescence and
confocal microscopy. A series of analogues Iofwere synthesised and evaluated for
antiproliferative activity, from which compount3 was identified as having the best toxicity
profile when comparing its effects on viabilityMiCF-7 breast cancer cells and non-tumorigenic
MCF-10a breast epithelial cells. It was also shdhat combretastatin A-42) and colchicine,
established tubulin-destabilising agents, may tafye stress response to ROS in MCF-7 breast
cancer cells. The results of this work are an irtgrdgrcontribution to further understanding the

intricate biochemical and biological mechanismaafon of1.
4. EXPERIMENTAL METHODS

All reagents were commercially available and wesediwithout further purification unless
otherwise indicated. Anhydrous dichloromethane whtained by distillation from calcium
hydride immediately prior to uséH and**C NMR spectra were obtained on a Bruker Avance

DPX 400 instrument at 2G, 400.13 MHz for'H spectra, 100.61 MHz fdfC spectra, in either
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CDCl;, CDsCOCD; or CD;0D (internal standard: TMS). HRMS for all final cppunds were
obtained on a Micromass Time of Flight mass spewtter (TOF) equipped with electrospray
ionization (ES) interface operated in positive iomode at the High Resolution Mass
Spectrometry Laboratory by Mr. Brian Talbot in t&ehool of Pharmacy, Trinity College
Dublin. TLC was performed using Merck Silica gel BDC aluminium sheets with fluorescent
indicator visualizing with UV light at 254nm. Flasthromatography was carried out using
standard silica gel 60 (230-400 mesh) obtained frgierck. All products isolated were
homogenous on TLC. The purity of the tested compgswmas determined by HPLC and, unless
otherwise stated, the purity level was >95%. Anedjthigh-performance liquid chromatography
(HPLC) was performed using a Waters 2487 Dual Wangth Absorbance detector, a Waters
1525 binary HPLC pump and a Waters 717plus Autosammphe column used was a Varian
Pursuit XRs C18 reverse phase 150 x 4.6mm chromagiby column. Samples were detected
using a wavelength of 254 nm. All samples wereyaeal using acetonitrile (70%): water (30%)

over 10 min and a flow rate of 1 mL/min.

4.1. N-(But-3-en-1-yl)acrylamide (5)(Ref. [15]). Triethylamine (2.95 mL, 21.12 mmol) was
added to a stirred solution of but-3-en-1-amingy(114.08 mmol) in DCM (20 mL) at 0 °C.
Acryloylchloride (1.2 equiv., 1.6 mL, 16.90 mmoljaw added and the mixture was allowed to
stir at room temperature for 3 hr. The reactiontarix was diluted with water, and then extracted
into DCM (2 x 10 mL). The solvent was removiedvacuoand the crude product was purified
by flash column chromatography on silica gel us@igCl,: methanol (9:1) to give a yellow
liquid (56% yield)."H NMR (CDCk) 6 2.26 (2 H, qJ=6.7 Hz), 3.36 (2 H, g}=6.7 Hz), 4.99 -
5.12 (2 H, m) 5.59 (1 H, dd=9.7, 1.0 Hz), 5.74 (1 H, ddiz17.1, 10.4, 6.7, 6.7 Hz), 6.11 (1 H,

dd,J=17.1, 10.4 Hz), 6.22 (1 H, dd=16.8, 1.5 Hz), 6.32 (1 H, s[br})’C NMR (CDC}) § 33.5,
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38.5, 117.0, 126.0, 130.9, 135.1, 165.7; HRMS (E@fg calcd for GH;;NO + H (M + H)™:

126.0913; found: 126.0911.

4.2. 5,6-Dihydropyridin-2(1H)-one (6)(Ref. [15]). Grubbs-Il catalyst (42 mg, 5 mol %) was
added to a solution & (0.125 g, 1 mmol) in anhydrous DCM (160 mL) anflwe=d for 6 hr
under inert conditions. The mixture was stirred &or additional 1 hr at room temperature in
open air to deactivate the catalyst. The reactiotture was filtered through celite, concentrated,
and the residue was purified by column chromatdgyam silica gel using hexane/EtOAc (1:1)
to give a brown liquid (52% yieldfH NMR (CDCLk) J 2.35-2.36 (2H, m), 3.43 (2H, td= 7.0,
2.5 Hz), 5.91 (1H, ddJ=10.0, 2.1 Hz), 6.65 (1H, di=10.0, 4.4 Hz)}*C NMR (CDCE) 6 23.8,
39.7, 124.8, 141.4, 166.1HRMS (ESI): m/z calcd for GH/,NO + Na (M + Naj: 120.0425;

found: 120.0419.
4.3. Synthesis of compounds 7-13.

General Method I: To a solution of cinnamic acid analogue (0.875abmin freshly distilled
THF (5 mL) was added triethylamine (0.10 mL). Poxalchloride (0.69 mmol) was added at -
20°C and the reaction mixture was stirred for 48.riio a solution 06 (1.05 mmol) in freshly
distilled THF (5 mL) was added n-BuLi (1.2 equat)-78°C under inert atmosphere conditions
and the reaction was stirred for 45 min. Then, dnldg prepared from the above step was added
and the reaction mixture was stirred for 1h. Thectien mixture was quenched with saturated
NH4Cl (2 mL), extracted with ethyl acetate ¥210 mL), the organic layer was separated and
washed with sat. NaCl (2 x 6 mL) and dried overyainbus NaSO,. The residue was evaporated
in vacuoto give a crude product which was finally purified column chromatography on silica

gel using hexane/EtOAc (6:4) as eluent to giveoyekolid piperlongumine analogue.
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4.3.1. 1-Cinnamoyl-5,6-dihydropyridin-2(1H)-one (7) was obtained frond and cinnamic acid
as a colourless oil (72% yieldd NMR (CDCk) § 2.45 - 2.52 (2 H, m) 4.05 (2 H, t, J=6.43 Hz)
6.05 (1 H, dt, J=9.85, 1.71 Hz) 6.92 - 6.98 (1 B, 86 - 7.39 (3 H, m) 7.57 - 7.61 (2 H, m)
7.76 (1 H, d, J=15.34 Hz)**C NMR (CDC}) & 24.79 (1 C, s) 41.60 (1 C, s) 121.84 (1 C, s)
125.83 (1 C, s) 128.32 (1 C, s) 128.74 (1 C, s).aBQL C, s) 135.07 (1 C, s) 143.59 (1 C, s)
145.44 (1 C, s) 165.78 (1 C, s) 168.96 (1 C, s)MIRESI): m/z calcd for GH;3NO, + Na (M

+ Na): 250.0838; found: 250.0845.

4.3.2. (E)-1-(3-(2-Methoxyphenyl)acryloyl)-5,6-dihydropyridin-2(1H)-one (8) was obtained
from 6 and 2-methoxycinnamic acid as a yellow oil (68%ld). '"H NMR (CDCk) & ppm 2.44 -
2.51 (2 H, m) 3.89 (3 H, s) 4.04 (2 H, t, J=6.53 BD5 (1 H, d, J=10.04 HZ) 6.89 - 6.99 (3 H,
m) 7.34 (1 H, t, J=7.78 Hz) 7.53 - 7.64 (2 H, m)B(1 H, d, J=15.56 Hz)**C NMR (CDCk) &
ppm 24.78 (1 C, s) 41.61 (1 C, s) 55.48 (1 C, .04 (1 C, s) 120.58 (1 C, s) 122.09 (1 C, s)
124.08 (1 C, s) 125.88 (1 C, s) 128.85 (1 C, s).2B{1 C, s) 138.96 (1 C, s) 145.28 (1 C, s)
158.45 (1 C, s) 165.77 (1 C, s) 169.39 (1 C, s)MSRESI): m/z calcd for GH1sNO; + Na(M

+ Na): 280.0944; found: 280.0951.
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4.3.3. (E)-1-(3-(3-Methoxyphenyl)acryloyl)-5,6-dihydropyridin-2(1H)-one (9) was obtained
from 6 and 3-methoxycinnamic acid as a colourless oit48Beld). 'H NMR (CDCk) & ppm
2.61-2.71 (2 H, m) 4.00 (3 H, d, J=2.51 Hz) 44726 (2 H, m) 6.22 (1 H, d, J=9.54 Hz) 7.05 -
7.16 (2H, m) 7.36 (1 H, d, J=6.53 Hz) 7.41 - 7(5®4, m) 7.66 (1 H, dd, J=16.06, 2.51 Hz) 7.84
- 7.94 (1 H, m)*C NMR (CDCE)  ppm 24.74 (1 C, s) 41.57 (1 C, s) 55.25 (1 C,19.99 (1
C,s) 116.01 (1 C, s) 121.03 (1 C, s) 122.05 ($)A,25.72 (1 C, s) 129.70 (1 C, s) 136.39 (1 C,
s) 143.48 (1 C, s) 145.53 (1 C, s) 159.75 (1 (66,75 (1 C, s) 168.90 (1 C, s); HRMS (ESI):

m/z calcd for GsH1sNO3; + Na (M + Na): 280.0944; found: 280.0960.

4.3.4. (E)-1-(3-(4-M ethoxyphenyl)acryloyl)-5,6-dihydropyridin-2(1H)-one (10) was obtained
from 6 and 4-methoxycinnamic acid as a white powder (§#td). '"H NMR (CDCk) & 2.47 (2

H, d, J=5.52 Hz) 3.84 (3 H, s) 4.04 (2 H, t, J=6:53 6.05 (1 H, d, J=10.04 Hz) 6.87 - 6.97 (3
H, m) 7.42 (1 H, d, J=15.56 Hz) 7.55 (2 H, d, J88%) 7.74 (1 H, d, J=15.56 HZC NMR
(CDCl;) $ 24.80 (1 C, s) 41.61 (1 C, s) 55.34 (1 C, s) 19411C, s) 119.37 (1 C, s) 125.92 (1 C,
s) 127.83 (1 C, s) 130.03 (1 C, s) 143.63 (1 Q441 (1 C, s) 145.31 (1 C, s); HRMS (ESI):

m/z calcd for GsHisNO3 + Na (M + Na): 280.0944; found: 280.0951.
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4.35. (E)-1-(3-(2,4-Dimethoxyphenyl)acryloyl)-5,6-dihydropyridin-2(1H)-one (11) was
obtained from6 and 2,4-dimethoxycinnamic acid as a yellow oil%6gield). 'H NMR (CDClk)
8242 -2.49 (2H,m)3.87 (4H,s)3.84 (3H, YA(2 H, t, J=6.43 Hz) 6.01 - 6.06 (1 H, m)
6.44 (1 H, d, J=2.07 Hz) 6.49 (1 H, dd, J=8.508232) 6.88 - 6.95 (1 H, m) 7.46 - 7.57 (2 H,
m) 8.05 (1 H, d, J=15.76 HZ)*C NMR (CDC}) § 24.82 (1 C, s) 41.60 (1 C, s) 55.41 (1 C, s)
55.49 (1 C, s) 98.31 (1 C, s) 105.16 (1 C, s) 131BC, s) 119.55 (1 C, s) 126.02 (1 C, s)
130.33 (1 C, s) 139.23 (1 C, s) 145.02 (1 C, s).9591 C, s) 162.62 (1 C, s) 165.78 (1 C, s)
169.60 (1 C, s); HRMS (ESI): m/z calcd forgB17,NO; + Na (M + Na): 310.1050; found:

310.1044.

4.3.6. (E)-1-(3-(3,4-Dimethoxyphenyl)acryloyl)-5,6-dihydropyridin-2(1H)-one (12) was
obtained froms and 3,4-dimethoxycinnamic acid as a pale yellowger (64% yield)'H NMR
(CDCly) & 2.48 (2 H, tdd, J=6.48, 6.48, 4.25, 1.87 Hz) 3®H, d, J=2.07 Hz) 4.05 (2 H, t,
J=6.63 Hz) 6.05 (1 H, dt, J=9.74, 1.97 Hz) 6.864(1d, J=8.29 Hz) 6.94 (1 H, dt, J=9.85, 4.20
Hz) 7.11 (1 H, d, J=2.07 Hz) 7.17 (1 H, dd, J=8587 Hz) 7.42 (1 H, d, J=15.34 Hz) 7.73 (1
H, d, J=15.34 Hz)**C NMR (CDClL) § 24.80 (1 C, s) 41.61 (1 C, s) 55.88 (1 C, s) 55193, s)
109.89 (1 C, s) 110.93 (1 C, s) 119.54 (1 C, s).9221 C, s) 125.90 (1 C, s) 128.10 (1 C, s)
143.93 (1 C, s) 145.34 (1 C, s) 149.10 (1 C, s)a%Q1 C, s) 165.85 (1 C, s) 169.05 (1 C, s);

HRMS (ESI): m/z calcd for gH17/NO4 + Na (M + Na): 310.1050; found: 310.1043.
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4.3.7. (E)-1-(3-(2,4,5-Trimethoxyphenyl)acryloyl)-5,6-dihydropyridin-2(1H)-one (13) was
obtained fromé and 2,4,5-trimethoxycinnamic acid as a brightowlipowder (61% yield)'H
NMR (CDCk) & 2.47 (2 H, tdd, J=6.43, 6.43, 4.35, 1.87 Hz) B8, d, J=1.66 Hz) 3.93 (3 H,
s) 4.04 (2 H, t, J=6.43 Hz) 6.04 (1 H, dt, J=9.746 Hz) 6.50 (1 H, s) 6.92 (1 H, dt, J=9.74,
4.25 Hz) 7.10 (1 H, s) 7.46 (1 H, d, J=15.76 HAL1 H, d, J=15.76 Hz}*C NMR (CDCk) &
24.83 (1 C, s) 41.63 (1 C, s) 56.01 (1 C, s) 56146, s) 56.50 (1 C, s) 96.96 (1 C, s) 110.91 (1
C,s)115.85(1 C, s) 119.30 (1 C, s) 126.01 ($)@d,38.89 (1 C, s) 143.24 (1 C, s) 145.10 (1 C,
s) 152.04 (1 C, s) 154.08 (1 C, s) 165.84 (1 0,69.45 (1 C, s); HRMS (ESI): m/z calcd for

C17H19NOs + Na (M + Na): 340.1155; found: 340.1160.

4.4. Crystal Structure Report for Compound 12. A specimen of gH1/,NO,4, approximate
dimensions 0.050 mm x 0.140 mm x 0.300 mm, was fmdtie X-ray crystallographic analysis.
The X-ray intensity data were measured at 100(2@ihgs an Oxford Cryosystems low
temperature device using a MiTeGen micromount. BrukPEX software was used to correct
for Lorentz and polarization effects. A total of(B&ames were collected. The total exposure
time was 7.00 hours. The integration of the datagua monoclinic unit cell yielded a total of
20430 reflections to a maximufangle of 26.80° (0.79 A resolution), of which 294@re
independent (average redundancy 6.932, completen88$5%, Ry = 6.24%, Ry = 3.74%) and
2189 (74.28%) were greater than(2’).The final cell constants of a = 10.5660(8) A, b =
15.5439(12) A, ¢ = 8.4713(6) R,= 96.3752(17)°, volume = 1382.70(185, Are based upon the
refinement of the XYZ-centroids of reflections abd0c(l).Data were corrected for absorption
effects using the Multi-Scan method (SADABS). Th#ia of minimum to maximum apparent
transmission was 0.919. The calculated minimumraagimum transmission coefficients (based

on crystal size) are 0.6850 and 0.7454. CCDC d&ponsiumber: 1485303.
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The structure was solved and refined using the &r8@HELXTL Software Package, using the
space group R&, with Z = 4 for the formula unit, {H,7/NO4.The final anisotropic full-matrix
least-squares refinement oA With 192 variables converged at R1 = 4.30%, far tbserved
data and wR2 = 10.20% for all data. The goodneg#g-afas 1.045. The largest peak in the final
difference electron density synthesis was 0.18%°and the largest hole was -0.2903& with

an RMS deviation of 0.0587/8°%. On the basis of the final model, the calculatedsity was

1.380 g/cm and F (000), 608 e

4.5. Céll culture. MCF-7 cells were obtained from the ECACC and waeruced in Minimum
Essential Media with GlutaMAX™-| (Gibco) supplemedtwith heat-inactivated foetal bovine
serum (10%) (Gibco), penicillin/streptomycin 50001l (1%) (Gibco) and non-essential amino
acids (1%) (Sigma). Jurkat cells were cultured IAMR 1640 with GlutaMAX™-] (Gibco)
supplemented with heat-inactivated foetal bovine rume (10%) (Gibco) and
penicillin/streptomycin 5000 U/mL (1%) (Gibco). Geilvere maintained at 37 °C in 95% air/5%

CO..

MCF-10a cells were obtained as a kind gift from Busan McDonnell, UCD School of
Chemical and Bioprocess Engineering and were adtur Dulbecco's Modified Eagle Medium:
Nutrient Mixture F-12 (DMEM/F12; Gibco) supplemedteith 5% horse serum (Invitrogen), 20
ng/mL epidermal growth factor (Merck Millipore), ®ug/mL hydrocortisone (Sigma), 100
ng/mL cholera toxin (Sigma), 1@/mL insulin (Sigma), and penicillin/streptomycia@ U/mL

(1%)(Gibco).

4.6. Cell viability studies. Cells were seeded in 96-well plates at a densi8.®# 10 cells/mL

(200 pL/well). After 24 h, cells were treated with a velei control [0.1% (v/v) ethanol] or a

18



range of drug concentrations. Plates were incubiaied8 h at 37 °C in 5% COAlamarBlue
(20 pL) (Invitrogen) was added 5 h prior to the endpahthe assay. Fluorescence was read
using the Spectramax Gemini plate reader with atioit at 544 nm and emission at 590 nm.
Blank fluorescence values were obtained from webstaining only media (20@L) and
alamarBlue (20uL), and were subtracted from the values obtainedtlie other wells. The
percentage cell viability was calculated for eachgdconcentration from EBL{Flcontroj Flest iS

the fluorescence intensity of the drug and.fgb is the fluorescence intensity of the control.
Experiments were performed in sextuplicate on timdependent occasions for determination of

the mean values reported.

4.7. Cell cycle analysis by propidium iodide staining and flow cytometry. Cells were seeded
in T25 flasks at a density of 1 x“1€ells/mL (5 x 16 cells/flask). After 24 hr, cells were treated
with a vehicle control [0.1% (v/v) ethanol] or cooynd1 (5, 10 or 2QuM). After treatment for
the appropriate time, cell media was removed alid were trypsinised. Cell media, trypsinised
cells and PBS washings were combined and centdfag80@ for 10 min. The supernatant was
discarded and cells were resuspended in ice-cold B0OuL). Fixing agent [ice-cold 70%
ethanol in PBS (2 mL)] was added slowly while gentbrtexing and cell suspensions were
stored at — 20 °C for 24 hr. PBS (2 mL) and FBSil(p were added and cell suspensions were
centrifuged at 80§ for 10 min. The supernatant was carefully remoweal cells were
resuspended in BD FACSflow (4Q4.). Ribonuclease A (1 mg/mL; 2pL) and propidium
iodide (1 mg/mL; 75uL) were added and the mixtures were incubatederdtrk at 37 °C for 30
min. Samples were analysed using filter FL-2 on Bi2 Accuri C6 flow cytometer (BD

Biosciences). Data collection was gated to exckelkilar debris and cell aggregates. At least

19



10,000 cells per sample were analysed. Data wdgsaaausing BD CellQuest™. Experiments

were performed on three independent occasionsefermination of the mean values reported.

4.8. Tubulin Polymerization. Tubulin polymerisation was carried out using anagsgit
supplied by Cytoskeleton [Tubulin polymerization $&ssay using >97% pure porcine tubulin,
OD-based (BK004P)], based on the principal thditlig scattered by microtubules to an extent
that is proportional to the concentration of theenoiubule polymer. Compounds that interact
with tubulin alter its polymerisation, and this che detected using a spectrophotometer. The
absorbance at 340 nm at 37°C is monitored. Theyasaa performed as described in version 2.2

of the tubulin polymerisation assay kit manual [31]

4.9. Sedimentation assay and western blotting (tubulin polymerisation). Tubulin
depolymerization was quantified by using a modifieersion of a previously documented
method.[32] MCF-7 cells were seeded in 6-well @4tk x 16 cells/well) and then treated with
vehicle [0.1% ethanol (v/v)] or indicated concetitmas of compoundl (1, 10, 20 uM),
paclitaxel (1 pM) or nocodazole (1 uM) for 4 houtells were harvested into MT-preserving
buffer (0.1 M PIPES (pH 6.9), 2 M glycerol, 5 mM Kb, 2 mM EGTA, 0.5% Triton X-100,
and protease inhibitors (Roche Diagnostics Ltd, Wkipplemented with 4M paclitaxel to
maintain stability of assembled microtubules duriisglation. The supernatant containing
unpolymerised tubulin was clarified by centrifugati(20,00@Q for 45 min) and separated from
the pellet containing polymerized tubulin. The pelvas washed once in MT-preserving buffer
before being denatured in PARP buffer (300(62.5 mM Tris-HCI, pH 6.8, 25% glycerol, 2%
SDS, 0.01% bromophenol blue, 6M urea). Samples stered at -80 °C. Before use 1M DTT
(20 pL) was added to both the supernatant andtseliaples. 2X Laemmli buffer (180 pL)(62.5

mM Tris-HCI, pH 6.8, 6 M urea, 2% SDS, 10% glycerahd 0.01% bromphenol blue) was
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added to the supernatants. All samples were baiiekd0 °C for 3 min and loaded equally (30
plg protein). Proteins were separated on 12% SDSEHPAEIs and transferred onto PVDF
membranes (Millipore). Membranes were blocked inrid6-dry fat milk/ TBST for 1 h, anti-
tubulin primary antibody (1:2500) (Millipore) for 2 and anti-mouse HRP-conjugated secondary
antibody (1:2500) (Promega) for 1 h at RT. All Blatere probed with anti-GAPDH antibody
(1:5000) (Millipore) to confirm equal loading. Petts were detected using chemiluminescent
western blot detection (Clarity Western ECL sulis}réBio Rad) on the ChemiDoc MP System

(Bio Rad). Experiments were performed on threepedeent occasions.

4.10. Evaluation of expression levels of anti-apoptotic proteins Bcl-2 and Mcl-1. MCF-7
cells were seeded at a density of 5 % délIs/flask in T25 flasks. After 48 or 72 hr, whatell
lysates were prepared from untreated cells or ¢edited with vehicle control [ethanol (0.1%
v/v)] or compoundL (10 uM). Cells were harvested in RIPA buffer supplemdniéth protease
inhibitors (Roche Diagnostics), phosphatase inbibitcocktail 2 (Sigma-Aldrich) and
phosphatase inhibitor cocktail 3 (Sigma-Aldrichyjual quantities of protein (as determined by a
BCA assay) were resolved by SDS-PAGE (12%) folloviegdtransfer to PVDF membranes.
Membranes were blocked in 5% non-dry fat milk/TBBT 1 hr. Membranes were incubated in
the relevant primary antibodies at 4 °C overnigidshed, incubated in horseradish peroxidase
conjugated secondary antibody for 1 hr at rt, amshed again. Enhanced chemiluminescence
was used for detection of protein expression. Westdot analysis was performed using
antibodies directed against Mcl-1 (1:1000) (Millipp or Bcl-2 (1:500) (Millipore) followed by
incubation with a horseradish peroxidase-conjugateiitmouse antibody (1:1000) (Promega,
Madison, WI, USA). All blots were probed with a@APDH antibody (1:5000) (Millipore) to

confirm equal loading. Proteins were detected usimgmiluminescent western blot detection
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(Clarity Western ECL substrate) (Bio Rad) on thee@iboc MP System (Bio Rad).

Experiments were performed on three independerasimas.

4.11. Immunofluorescence and confocal microscopy. Confocal microscopy was used to study
the effects of drug treatment on MCF-7 cytoskeletéor immunofluorescence, MCF-7 cells
were seeded at 1 x 2@ells/mL on eight chamber glass slides (BD Biascis). Cells were
either untreated or treated with vehicle [1 % ethgw/v)], paclitaxel (1uM), compound? (100
nM) or compoundL (10 or 20uM) for 16 h. Following treatment cells were genthashed in
PBS, fixed for 20 min with 4 % paraformaldehyddPiBS and permeabilised in 0.5 % Triton X-
100. Following washes in PBS containing 0.1 % Tw@@BST), cells were blocked in 5 %
bovine serum albumin diluted in PBST. Cells werentincubated with mouse monoclonal anti-
a-tubulin—FITC antibody (clone DM1A) (Sigma) (1:10&r 2 hr at rt. Following washes in
PBST, cells were incubated with Alexa Fluor 488 @y450) for 1 hr at rt. Following washes in
PBST, the cells were mounted in Ultra Cruz Mounfihgdia (Santa Cruz Biotechnology, Santa
Cruz, CA) containing 4,6-diamino-2-phenolindol dilhgchloride (DAPI). Images were
captured by Leica SP8 confocal microscopy with &application suite X software. All images
in each experiment were collected on the same diag udentical parameters. Experiments were

performed on three independent occasions.

4.12. Colchicine-binding site assay. MCF-7 cells were seeded at a density of 1 %ckis/well
in 6-well plates and incubated overnight. Cellsevieeated with vehicle control [ethanol (0.1 %
vIVv)], colchicine, compoun@ or compoundL (all 20 uM) for 2 h. After this time, selected wells
were treated witiN,N’-ethylene-bis(iodoacetamide) (EBI) (Santa Cruz Ribtelogy) for 1.5 h.

Following treatment, cells were twice washed witle-cold PBS and lysed by addition of
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Laemmli buffer. Samples were separated by SDS-PAasferred to polyvinylidene difluoride

membranes and probed wfkubulin antibodies (Sigma-Aldrich).

4.13. Cedll viability assay including pre-treatment with N-acetyl cysteine or Trolox. N-Acetyl
cysteine (Sigma) was dissolved in sterile waterO(b@M). Trolox (Sigma) was dissolved in
ethanol (1 mM). Fresh solutions were prepared &@hesxperiment. MCF-7 cells were seeded in
96-well plates at a density of 2.5 x*klls/mL. After 23 h, cells were pre-treated WHAC or
Trolox (2 uL) for 1 hr. The remainder of the assay was cardetias described for the ‘Cell

viability assay’ (above).
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Supplementary material. Effects of compounds 7-13 on the viability of MCRlGuman

mammary epithelial cells.
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TABLES

Table 1. Effects of compound 1 and analogues 7-13 on viability of MCF-7 breast cancer

cells

IC
50
Compound R, R, R, R,
(nM)
R O O
R, N @
R3
R4
7 H H H H 3.5+0.8
8 OCH3 H H H 9.6+2.8
9 H OCH3 H H 7.5+1.8
10 H H OCH3 H 8.2+0.1
11 OCH3 H OCH3 H 85+1.0
12 H OCH3 OCH3 H 3.7x£0.5
13 OCH3 H OCH3 OCH3 3405
PL H OCH, | OCH, |OCH, | 1.2+0.6
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Figure 1. Structures of piperlongumine, combr etastatin A-4 and analogues.
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Figure 2. Molecular structure of compound 12 with atomic displacement parameter s shown

at 50% probability. CCDC deposition number: 1485303.
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Figure 3A. Compound 1 decreases cell viability of Jurkat and MCF-7 cancer cells. Cells
were grown in 96-well plates and treated with coomabl at 0.1-2QuM for 48 h. Cell viability
was expressed as a percentage of vehicle contifwhriel 1% (v/v)] and was measured by
alamarBlue assay (average of three independentrimygégs). Figure 3B, C. Effects of
compounds 7 and 13 on the viability of MCF10a human mammary epithelial cells. Cells
were treated with compound(B) or 13 (C)(1, 5, 10 and 2@M) for 48 hr. Cell viability was
expressed as a percentage of vehicle control [etlH&a (v/v)] and was measured by alamarBlue
assay (average of three independent experimentspnApaired two-tailed t-test was used to test

for statistical significance (p < 0.05;***, p< 0.001)
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Figure 4. Effect of antioxidant pre-treatment on viability of MCF-7 cells treated with

compound 1 or analogues. MCF-7 cells were seeded at a density of 2.5 %cHlis/ ml in 96

well plates and left overnight to adhere. Cellsevéren pre-treated with NAC (1 mM) or Trolox

(100uM) for 1 hr, followed by either compournt (A), compound7 (B), compoundl2 (C) or

compoundl3 (D) at the indicated concentrations for 48 hr.|@&bility was expressed as a

percentage of vehicle control [ethanol 1% (v/v)][dawas measured by alamarBlue assay

(average of three independent experiments).
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Figure5. Tubulin-depolymerising chalcones evaluated for effects on ROS
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Figure 6. Effect of antioxidant pre-treatment on viability of MCF-7 cells treated with
tubulin-depolymerising agents. MCF-7 cells were seeded at a density of 2.5 %cHElls/ ml in

96 well plates and left overnight to adhere. Celeye then pre-treated with NAC (1 mM) or
Trolox (10uM) for 1 hr, followed by either colchicine, compal®, or compound4 (10 uM),

15 (10 uM), 16 (10 uM), 17 (10 uM) for 48 hr. Cell viability was expressed as acesitage of
vehicle control [ethanol 1% (v/v)] and was measubgdalamarBlue assay (average of three

independent experiments).
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Figure 7.A. Effects of compound 1 on the cell cycle and apoptosisin MCF-7 cells. Cells were

treated with either vehicle [V, 0.1% ethanol (v/i\gpmpoundL (5, 10 or 2QuM) for 24 or 48 hr.

Cells were then fixed, stained with Pl, and anadytag flow cytometry. Cell cycle analysis was

performed on histograms of gated counts per DNA @f¢.2-A). The number of cells with <2N

(sub-G), 2N (&Gy), and 4N (G/M) DNA content was determined with CellQuest saite:

Values represent the mean = S.E.M. for three sepamgperiments. Statistical analysis was

performed using one-way ANOVA followed by Dunnettisultiple comparison test; (*p <

0.05;**, p < 0.01; ***, p < 0.001).B. Compound 1 downregulates the expression of anti-

apoptotic proteins Bcl-2 and Mcl-1. MCF-7 cells were treated with 1M of compound1l.

Untreated (UT) and vehicle (EtOH, 0.1 % v/v) cotgravere also examined. After the required
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time (24 or 48 hr) cells were harvested and sepdiay SDS PAGE. The membrane was probed
with anti-Bcl-2 or anti-Mcl-1 antibodies and traestd to PVDF membrane. The membrane was
then re-probed for GAPDH as loading control. Resw@te representative of three separate

experiments.

37



0.254 M

0.204

[ ]
&
[ ]
[ 3
®
[ ]
a 0151
= . Vehicle (EtOH)
0104 o e 110 uM)
@ ® 1(25uM)
0.054 e 7 (25 M)
° ® Paclitaxel (10 uM)
’.’.w—':' v T T T T 1
0 10 20 30 40 50 60
Time (mins)
Pellet Supernatant
V  Pacli Noco 1 V Pacli Noco 1
— — -—— — Tubulin
MCF-7
— D ey GAPDH
T — -_— — — Tubulin
Jurkat
— S — GAPDH

Figure 8. Compound 1 induces depolymerization of tubulin in vitro and in MCF-7 cells. A.
Effect of compound4 and7 on in vitro tubulin polymerisation. Purified boertubulin and GTP
were mixed in a 96-well plate at 3Z. Ethanol (1% v/v) was used as a vehicle confrbk

effect on tubulin assembly was monitored in a Spetax 340PC spectrophotometer at 340 nm

at 30 s intervals for 60 min at 3. The results represent the mean for three separat
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experiments performed in duplicate. B. The effdct@ampoundl on microtubule dynamics in
MCF-7 breast cancer cells and Jurkat T-lymphocytas examined by a sedimentation assay
and western blotting. Cells were treated with viehj8.1% ethanol (v/v)]1 (10 uM), paclitaxel

or nocodazole ({@M) for 4 hr before being lysed in MT preserving teuf Depolymerized and
polymerized fractions were separated by centrifogaand collected as supernatant and pellet
fractions respectively. Samples were separated éstesn blotting and probed with anti-
tubulin antibody [1:1000] and anti-mouse secondaribody [1:1000]. GAPDH was used as a

loading control [1:1000]. Results are represengatiithree separate experiments.
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Figure 9. Compound 1 depolymerises the microtubule network of MCF-7 breast cancer
cells. Cells were treated with vehicle control [1% etHawév)], paclitaxel (1uM), compound?
(200 nM) or compound (10 or 20uM) for 16 h. Cells were fixed in 4% paraformaldebyahd
stained with mouse monoclonal anttubulin—FITC antibody (clone DM1A) (green), Alexa
Fluor 488 dye and counterstained with DAPI (bluehages were captured by Leica SP8
confocal microscopy with Leica application suite 30ftware. Representative confocal
micrographs of three separate experiments are shSeale bar: 3QM (top images); 1QuM

(bottom images).

40



Vehicle Compound2  Compound 1

EBI - + - + - +

GG KOG hsiad _—... — ’ “"‘-..‘_L MCE-7

EE kDa deeeeeeees -“-_ ..... -“ HT-29

Figure 10. Effects of compound 1 on the inhibition of the bisthioalkylation of Cys239 and
Cys3%4 of g-tubulin by N,N’-ethylene-bis(iodoacetamide) (EBI) in MCF-7 and HT-29 cells.
MCF-7 and HT-29 cells were treated with vehicletooinethanol 0.1% (v/v)]2 (10 uM) or 1
(40 uM) for 2 h; selected samples were then treated &Bhfor an additional 1.5 h. Cells were
harvested, lysed and analysed using sedimentatidnVestern blotting fof-tubulin andp-
tubulin-EBI adduct. Results are indicative of thresparate experiments, performed

independently.
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SCHEMES
Scheme 1. Synthesis of compound 1 and analogues 7-13°
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7. R1=R2=R3=R4=H 11: R2=R4=H; R1=R3=OCH3

8: R2=R3=R4=H; R1=OCH3 12: R1=R4=H; R2=R3=OCH3
9 R1=R3=R4=H; R2=OCH3 13: R2=H; R1=R3=R4=OCH3
10: R1=R2=R4=H; R3=OCH31I R1=H; R2=R3=R4=OCH3

4i) CH,CHCOCI, NE§ , DCM, 0 °C to rt, 3 hr, 56%; (ii) Grubbs cataly&"® generation),
DCM, reflux, 6 hr, 52%; (iii) N& THF, -20°C, 45 min; (iv) n-BuLi, THF, -78°C, 45mm

anhydride addition, 1 hr, 61-72%
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HIGHLIGHTS

» Effects of piperlongumine (piplartine) in breast cancer cells are investigated
* Wedemonstrate that piperlongumine is a microtubul e-destabilising agent
» Structure-activity relationships of the trimethoxyaromatic ring are presented

* Weaso show potentia involvement of reactive oxygen speciesin combretastatin A-
4-induced cell death



