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Abstract: The 2-oxindole nucleus is the central core to blgvaew anticancer agents and its
substitution at the 3-position can effect antitunamtivity. Utilizing a pharmacophore
hybridization approach, a novel series of antipedditive agents was obtained by the
modification of the structure of 3-substituted-2Araole pharmacophore by the attachment of
the a-bromoacryloyl moiety, acting as a Michael acceptdrthe 5-position of 2-oxindole
framework. The impact of the substituent at theo8Hon of 2-oxindole core on the potency
and selectivity against a panel of seven diffe@ricer cell lines was examined. We found
that these hybrid molecules displayed potent awitfprative activity against a panel of four
cancer cell lines, with one- to double digit nantem®0% inhibitory concentrations (4¢). A
distinctive selective antiproliferative activity wabtained towards CCRF-CEM and RS4;11
leukemic cell lines. In order to study the possiolechanism of action, we observed that the
two most active compounds nam@&(E) and6(Z) strongly induce apoptosis that follow the
mitochondrial pathway. Interestingly a decreaseéntfcellular reduced glutathione content
(GSH) and reactive oxygen species (ROS) produatias detected in treated cells compared

with controls suggesting that these effects maibelved in their mechanism of action.

Keywords. 2-Oxindole derivatives, a-bromoacryloyl, Michael acceptorin vitro

antiproliferative activity, GSH depletion.

1. Introduction

The 2-oxindole nucleus is a promising pharmacoppogsent in a wide series of compounds
endowed of interesting biological properties asicantcer agents [1-7]. The fascinating

properties of molecules bearing the 3-substitutedi@dole scaffold has attracted the

attention of numerous researchers and 2-oxindolgugates with heterocycles such as
pyrrole and thiophene have been recognized asempiastic agents with a broad spectrum of
activity against many cancer cell lines [8-10]. Alevnumber of 3-[(substituted-tpyrrol-2-

yl)methylidenyl]-2-oxindole derivatives, such as S402 (a), SU 5416 or Semaxinitilf),
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SU 6668 {c) and Sunitinib 1d) [11], have demonstrated promising antitumor atytrend
identified as receptor tyrosine kinase (RTK) intobs (Chart 1) [12]. By the modification of
Sunitinib, Henise and Tauton identified an irreydes Never in mitosis gene A related
Kinase 2 (Nek2) inhibitor (I16: 920 nM) through the introduction of the electribgh
propiolamide moiety at the 5-position of 2-oxindoieg (compoundle) [13a]. Analysis of
the crystal structure of Nek2 in complex with Sumilg-like derivatives revealed that the 5-
position of the 2-oxindole nucleus was locatedlose proximity to Cys22 within the kinase
[13b], such that the Michael acceptor moiety mightalently interact with the residue.
Noteworthy, the oxindole in the central nucleusiidferent Akt pathway inhibitors [7]. Nesi
et al. have reported a series of 3,5-disubstit@tedtindole derivatives, in which the presence
of the thiophene ring characterized the most actorapound of the series. The 3-[(thiophen-
2-yl)methylidenyl]-2-oxindole analoguelf was identified as an inhibitor of Akt
phosphorylation and inhibited A549 cell prolifematiwith an 1Go of 0.66uM [14].
Thea-bromoacrylic acid is an alkylating moiety of lowamical reactivity and devoid of
cytotoxic effects (IG>120 UM against murine leukemia L1210 cells) [15]. Tle
bromoacryloyl moiety has provided the inspiration the design and development of several
covalently acting synthetic compounds. This cheinigaction was present in a series of
potent anticancer distamycin-like minor groove leirg] including PNU-166196 (brostallicin,
compound2), which was evaluated as first-line single agdmnsotherapy in patients with
advanced or metastatic soft tissue sarcoma [16, N@adays the research is primarily
focused on the usage of brostallicin in combinatiath other chemotherapeutic drugs to
target triple-negative breast cancer [18]. Regardihe chemical reactivity of the-
bromoacrylic moiety, we speculated that an intdaal biological nucleophile could perform
a first-step Michael attack on the double bond sy followed by a further reaction of the
alpha halogen to the carbonyl, leading to a bemahghtion or a second nucleophilic

substitution [15]. Several findings suggest thatHd8vels affect the antitumor activity of
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brostallicin, supporting the hypothesis concernthg ability of brostallicin to react with
GSH, giving a reactive compound able to bind DNA][1

The most common class of reactive functional grofgosselective alkylation of cysteine
residues within the ATP-binding domain of their &se targets are Michael acceptors [20]. In
view of the importance of 3-substituted-2-oxindageprivileged structures for the preparation
of anticancer agents [21-24], we decided to explloeesynthesis and biological evaluation of
novel molecular conjugates reported for the finshet and obtained by the structural
modification of 3-substituted-2-oxindole framewdhtough the insertion at its 5-position of
the a-bromoacryloylamido moiety, as a potential site abkylation with a nucleophilic
aminoacid residue within the kinase or with cellutaucleophiles such as glutathione. All
hybrid molecules were characterized by a commom-ksemoacryloylamido-2-oxindole
skeleton, anchored at its 3-position with two difet heterocycles (pyrrole and thiophene) by
an exocyclic double bond, to furnish pyrrol-2-8(Z)], 2’-thienyl [4(Z) and4(E)], 3'-thienyl
[5(Z2) and5(E)], the isomeric 3’-methylthien-2’-ylg(Z) and6(E)] and 5’-methylthien-2’-yl
[7(Z) and7(E)] derivatives reported in the Chart 2. For commb8@nthe Z-form was favored
due to the presence of an intramolecular hydrogerl bbetween the proton ldt1 position of
pyrrole ring and the oxygen atom of the carbonglugrat the C-2 position of 2-oxindole core
[12]. For all compounds4(7) with thiophene ring at the 3-position of 2-oxiteloaucleus, the
two E andZ isomers were obtained and separated by flash atography. For derivatives
and5, the 3-exocyclic double bond was linked at thedtid 3’-position of thiophene ring,
respectively, while analogu€ésand?7 were characterized by the presence of a methypgab
the 3’- and 5’-position, respectively, of the thigm-2-yl moiety. This study deals with (a) the
Structure-Activity Relationship (SAR) of the hybrmdmpounds3-7 against a panel of seven
different human cancer cells, (b) characterizatbrthe mechanism of action through their
evaluation of Nek2 inhibitory activity, (c) expldrman of the effects induced by selected lead-

compounds3(Z) and6(E) on apoptosis, mithocondrial depolarization anspeae-9 activation
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and finally (d) capability of derivative8(Z) and 6(E) to induce depletion of glutathione

(GSH) as well as Reactive Oxygen Species (ROS)uataah.

2. Chemistry

The designed ®bromoacryloylamido-3-substituted indolin-2-one idatives 3-7 were
synthesized according to the procedure reportedSéheme 1. 5-Nitro-3-substituted-2-
oxindole derivative$-12 were prepared by the Knoevenagel aldolic condemsaietween an
equimolar mixture of the appropriate aldehyde véthitro-2-oxindole in DMF at 80 °C in
the presence of a catalytic amount of piperidifjeT8@e pyrrole analogu@ and the 2’-thienyl
derivatives9, 11 and12 existed exclusively as thermodynamically stablisomer forms at
the C-3 exocyclic double bond, while the thien-B'derivative 10 (as a product of
condensation with thiophen-3-carboxaldehyde) wakaied as a mixture & andE isomers.
The 5-amino-2-oxindole derivativel3-17 were generated starting from the corresponding
analogues3-12 by reduction of the nitro group with iron and ammumm chloride in a
refluxing mixture of water and ethanol (1:4, v/WYhile for the pyrrole derivative3, the
corresponding amino analoguk®was isolated exclusively in theconfiguration, the purg
isomers of nitro derivative8, 11 and12 with 2-thienyl ring undergo partial isomerizatitm

E isomers during the reduction of the nitro group #re related amino analoguk$ 16 and
17, respectivelywere obtained as an inseparable mixture of EoéimdE isomer forms. The
5-amino-2-oxindole derivativeE3-18 were converted to the hybrid compouidds and19 by
condensation with o-bromoacrylic acid using 1-ethyl-3-[3-
(dimethylamino)propyl]carbodiimide hydrochloridedEI) in dimethylformamide.

For hybrid moleculed-7, theE/Z isomers were separated by silica gel flash chrography
and the configuration of the exocyclic double b@tdhe 3-position of the 2-oxindole core
was assigned on results of NMR COSY and NOESY exgerts. In general-configurated
compounds showed a strong interaction (NOE effbetyveen the vinylic proton and the
hydrogen at the C-4 position of the 2-oxindole riwile this effect was not observed for the
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E-configurated compounds. For these latter isoneQE effect was observed between the
proton at the C-4 position of the benzene portibthe 2-oxindole nucleus and the proton(s)

or methyl on the thiophene ring.

3. Biological results and discussion.

3.1. In vitro antiproliferative activities.

Table 1 summarizes the antiproliferative effects tfe novel series of &-
bromoacryloylamido-3-substituted-2-oxindole dernives 3-7 against the proliferation of a
panel of seven different human cancer cells, ugiagpropiolamide analogue and the 5+-
bromoacryloylamido)-2-oxindole derivatii® as reference compounds. We found that most
of the new hybrid compounds displayed high antiferdtive activity towards a panel of
seven cancer cell lines, with one-digit to douhlgitchanomolar 1@, values. In general, the
two leukemia cell lines CCRF-CEM and RS4;11 wee itiost sensitive to the influence of
conjugates3-7, with compounds3(2), 6(Z) and 6(E) which were active in the single-digit
nanomolar range. Both the amino derivatiu@€67) and 15(E/Z) did not exhibittumor cell
growth inhibitory activity (IGo>10 uM), indicating that thea-bromoacryloyl moiety was
essential for the antiproliferative effects of teth compound$(2) and 4(Z2), respectively,
confirming the validity of molecular hybridizatiompproach. The 3’-methylthien-2’-yl
derivative 6 with Z-configuration B(Z)] resulted the most active compound of the series
against CCRF-CEM, RS4;11 and Hela, withsdGralues of 0.5, 0.4 and 420 nM,
respectively, resulting equipotent with the unsiilbgtd thien-2’-yl and 5’-methylthien-2’-yl
analoguegl(E) and7(E), respectively, against HL-60 cells.

Based on the biological data reported in the Tdblenany structure-activity relationships
(SARs) could be deduced. We have found that thenggt and selectivity of hybrid

compounds3-7 against the different cancer cell lines dependstlmn substituent and



configuration of the double bond at the C-3 positwd the 2-oxindole core, with the andZ-
isomers which displayed different antiproliferataetivities.

This suggests that the pyrrole substituent at thgosion of 2-oxindole system was
favourable for antiproliferative activity. The pgte derivative3(Z) resulted considerably
more potent against CCRF-CEM and RS4;11 cells, Witk values in the single digit
nanomolar range. The comparison between the twwlgyderivativesle and3(2) revealed
different potency trends depending on the elecitegtt the 5-position of the 2-oxindole core.
Thus, the propinamide derivativie resulted from 3- to 70-fold less potent than the
bromoacryloylamido counterpaBZ). The reduction of activity was more evident again
HL-60 and RS4;11 cell lines, with a 41- and 70-faddiuction of potency, respectively. By
comparison of compound®Z) and 3(Z), the electrophilica-bromoacryloyl moiety was
essential for a potent antiproliferative activig revealed by the sharply reduced activity of
the corresponding amino derivati8€z).

The 5-@-bromoacryloylamido)-2-oxindole derivativi® was from 2- to 220-fold less potent
than the corresponding 3tH-pyrrol-2’-yl)methylene) hybrid conjugat&(Z). This data
suggests that the hybridization of compou®dwith pyrrole-2-methylene unit, to generate
3(2), lead to an enhanced antiproliferative activityd afurther validate the concept that
anticancer activity can be increased by the hypaiitbn of two different pharmacophoric
functional groups.

With the exception of HT-29 cells, the bioisostaeplacement of pyrrole with 2’-thiophene
[compounds3(Z) and 4(Z), respectively] decreased potency from 1.5- tddl@-compared
with 3(Z) on six of the seven cancer cell lines, indicatingt pyrrole and thiophene are not
bioequivalent at the 3-position of the 2-oxindoiegr For the 2’-thienyl derivative, E-
isomer showed improved antiproliferative activitjtwrespect to th&-form against HL-60,
Jurkat and CCRF-CEM cell lines, with d&values of 15, 16 and 10 nM, respectively, while

the potency was reduced on RS4;11, HT-29 and MCREnter cells. Th& andZ isomers



were equipotent on HelLa cells. Comparing the tvgioisomeric thiophene derivativdsand

5, in general the 2’-thienyl derivatives were mogemt the 3’-thienyl counterpard(Z) vs.
5(Z) and4(E) vs.5(E)]. In comparing the two isomeric forms of the ti&'-yl derivative5
with each other, there was only minor differencéGgy values against CCRF-CEM, RS4;11,
HelLa and MCF-7 cells, except thansomer was 2-fold more active against the HL-6l0sce
while theE-isomer was 3-, 1.5- and 2- fold more active agalaskat, HeLa and HT-29 cells.
For the thien-3'-yl derivativés, comparing theZ- with the E-isomeric form, the latter was
more active against Jurkat and HT-29 cells, in @@Z-isomer was 2-fold more active than
E-isomer in HL-60 and HT-29 cells, while the two gqooands were equipotent against
RS4;11, HeLa and MCF-7 cells.

The data reported in the Table 1 indicated thastsuiion changes in the thiophene at the 3-
position of 2-oxindole nucleus triggered signifidgrchanges in the antiproliferative activity.
Comparing compounds which shared common geomethea-exocyclic double bond(g)
and5(2) vs.6(Z) and7(2), 4(E) and5(E) vs.6(E) and7(E), in general, the introduction of the
small methyl group at the 3'- or 5’-position of tteophene ring improved significantly the
antiproliferative activity, with single digit nanafar activity against CCRF-CEM cells. The
contribution of the methyl group on thiophene riogactivity [6(Z) vs. 7(Z), 6(E) vs. 7(E)]
was position dependent.

For theZ-isomer of 3’-methylthiophen-2’-yl derivativ® moving the methyl group from the
3’- to the 5'- position, to furnish derivativfZ), resulted in 1.5- to 125-fold of reduction in
antiproliferative activity against five of the seveancer cell lines, while the two compounds
were equipotent against MCF-7 cells, but compod) was 2-fold more active thab(2)
against HT-29 cells. By comparison of the two daties6 and7 which shared commoB-
geometry at the exocyclic double bond, the 3'-mktleyivative6 was from 4- to 5-fold less

potent than 5-methyl counterparton four of the seven cancer cell lines, while the



compounds were equipotent against CCRF-CEM and $HTédlls. Only in HL-60 cells,
compound? was 3-fold more potent thdhn

Compound7(Z) was from 2- to 9-fold fold less active than therrespondingE-isomer
against five of the seven cancer cell lines, withie difference betweek andZ-form was
minimal in HelLa cells. Only in MCF-7 cellZ;isomer was more potent th&asomer (1Go 3
and 4.4uM). An opposite effect was observed for the regioisric 3'-methylthiophen-2’-yl
derivative 6, where theZ-isomeric form had greater potency (from 1.5- tofdld) than
compound withE configuration against HL-60, Jurkat, CCRF-CEM aR&4;11 cells,
comparable activity against HeLa and MCF-7 celld &ss activity against HT-29 cells.
Derivative 6(Z) exhibited potent activity, with subnanomolarsd&alues against both the
CCRF-CEM and RS4;11 cell lines.

Comparing theE-isomers of 3'- and 5’-methythiophen-2’-yl deriwags 6 and 7, the 3'-
methyl derivative6(E) was 3-5-fold less active than 5’-methyl analo@(i€) against HL-60
cells, with a minimal difference in potency betwedble two derivatives in the CCRF-CEM,
MCF-7 and HT-29 cells, whilé(E) was more potent thaf(E) against Jurkat, RS4;11 and
HeLa cells. With the exception of HeLa, HT-29 an€€M7 cancer cells, compoundéE),
6(Z) and 6(E) were the most active derivatives in the serieshafphene analogue$7,
exhibiting 1G values in the single or double-digit nanomolargeagainst four of the seven
cancer cell lines. With the exception of both teemeric forms of thien-3'-yl derivative all
the conjugates prepared were more active tharefeeence compournite.

This study suggested that the two key pharmacopletements, namely tleebromoacryloyl
amido and the heterocycle as well as the configuraif the double bond at the 5- and 3-

positions of 2-oxindole skeleton are importantcbiave potent antiproliferative agents.



3.2 Cytotoxicity of compoun@§Z) and6(E) in peripheral blood lymphocytes (PBL)

To obtain a preliminary indication of the cytotoypotential of these derivatives in normal
human cells, two of the most active compoun8&)[ and 6(E)] were evaluatedn vitro
against peripheral blood lymphocytes (PBL) fromltigadonors. Compound¥(E) and6(2)
showed an Igy of 1.5 uM and 0.45 uM respectively, in quiescemhppnocytes (Table 2),
whereas in lymphocytes in an active phase of m@tfon induced by phytohematoagglutinin
(PHA) a mitogenic stimulus showed similar resultssihg an 1G, of 0.85 and 1.22 uM
respectively. Anyway these values are higher tlma dbserved against Jurkat and CCRF-
CEM lymphoblastic cell lines and the results intécthat these compounds have low toxicity
in normal cells in comparison to tumor cells, sy a potential for a good therapeutic

index.

3.3 Evaluation of Nek2 inhibitory activity

Since the introduction of the electrophilic propdagnide moiety at the 5-position of 2-
oxindole ring (e) produce compounds able to inhibit Nek2 [13a], evaluated if also our
new derivatives were able to inhibit the enzymeré&srence compounte was also runned.
As depicted in Figure 1 (panel A, the enzymatiavagt evaluated in the presence of test
compounds at the concentration of 1 uM, is redune@bout 50% only in the presence of
compound3(Z) and in well agreement with previous work alsalky13a], while all the other
derivatives present a weak activity (5-20% inhdn). These results suggest that apart
compound3(Z) in which a inhibition of the enzymatic activity conserved, although lower
respect to compounde, the introduction of thea-bromoacryloyl mojety causes the
disappearance of the inhibitory activity on theadsa.

In addition we also evaluated if the test compoumiiice variation of the cell cycle in
particular if they are able to delay mitotic exs showed in Figure 1 (Panel B) two of the
most active antiproliferative compoundt4) and6(E)] were analyzed after 24 h of treatment

in Hela cells. The result indicate that both conmmtsialong with the reference compoued
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induce only slight variation of the cell cycle. particular a decrease of G1 phase of about
20% was observed for compoung8¥) and6(E) at the highest concentration used (1 uM),

while the reference compoudd do not show any significant variations.

3.4 Compound38(E) and6(Z) induce apoptosis in both Jurkat and Hela cells

With the purpose to investigate the mode of celitdenduced by the new derivatives the
annexin-V assay was used in both HelLa and Jurkist treated with compound3(Z) and
6(E) at different concentrations. As depicted in Feg@r HelLa cells (Panels A and B), treated
with the two compounds at the concentration ofdh8 1 uM for 24 h or 48 h showed an
accumulation of annexin-V positive cells in compan with the control, in a concentration
and time-dependent manner, and this is indicativehe occurrence of apoptosis. In well
agreement with the antiproliferative potency foumdeukemic cells, both compounds induce
apoptosis in Jurkat cells (Panels C and D) bubatentration ten fold lower (100 nM) than

that used in HelLa cells.

3.5 Compound8(E) and6(Z) induce mitochondrial depolarization and casp8sactivation

in Hela cells

It is well known that an event recognized to beom@nt in apoptosis is the depolarization of
mitochondrial membrane due to mitochondrial pernigalransition (MPT) [25, 26]. Thus,
we determined whetheB(E) and 6(Z) induced an alteration of thenitochondrial
transmembrane potentiab). AP was monitored by flow cytometry using the dye
5,5',6,6’-tetrachloro-1,1’,3,3'-tetraethylbenzimi@carbocyanine (JC-1) [27]. As showed in
Figure 3 (Panels A and B), the two compounds indusggnificant depolarization starting
after 12-24 h of treatment indicative of mitochdatlpore opening. In particular the effect is
more evident in HeLa (panel A) cells respect tkaufpanel B), although in these last we

observed a marked depolarization already after aRtieatment.
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To further study the apoptotic pathway we analyttesl cleavage of caspase-9 an effector
caspase involved in inducing mitochondrial damagend apoptosis [28]. As showed in
Figure 3 (panel C) in HelLa cells treated with the tompounds, we observed the appearance

of cleaved fragment suggesting activation of cas{®as

3.6 Compound8(E) and6(Z) induce ROS production and GSH depletion

To better understand the mechanism of action oftélse compounds, we analyzed if they
induce ROS production. Both HeLa and Jurkat ceéige treated for 12 h and 24 h w8{E)
and 6(2), and the levels of intracellular ROS were momtbby flow cytometry with the
fluorescent probes, 2’,7’-dichlorodihydrofluoresteiiacetate ([ DCFDA) [29]. As shown in
Figure 4 (panels A and B), flow cytometric analysi®wed a modest increasetie DCF-
positive cells, in the first times of treatmentt Imcrease later with time in a manner similar
to what was observed with the mitochondrial potgntn particular the two compounds do
not present significant differences between thenve® that the mitochondrial membrane
depolarization has been associated with mitochahgmnoduction of ROS [30,31}hese
findings suggest that ROS, detected BPEFDA, could be produced as a consequence of
mitochondrial damage.

Since it is well known the chemical reactivity bet-bromoacrylic moiety toward biological
nucleophiles including reduced glutathione (GSHJ,32,33], we determined whether these
compounds caused a decrease in intracellular G&térb Therefore, we analyzed HelLa and
Jurkat cells for changes in their GSH levels, loyflcytometry using the fluorescent probe 5-
chloromethylfluorescein diacetate (CMFDA) [34]. ABown in Figure 4 (Panels C and D),
incubations with eitheB(Z) or 6(E) for 12 h and 24 h, reduced CMFDA fluorescencdyath
cell lines indicating GSH depletion.

Although intracellular GSH loss is an early featur¢he progression of cell death in response
to different apoptotic stimuli and because of itian as a primary intracellular antioxidant in

the cells, a reduction in intracellular GSH contergenerally believed to reflect generation of
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ROS [35]. Thus, to prove that ROS are involved e tmechanism of cell death of
compounds3(Z) and6(E) we analyzed cell viability in the presence ofdpkerol acetate
(TOC), and N-acetylcysteine (NAC), two well knowntiaxidant. As shown in Figure 5
NAC, but not TOC significantly protected HelLa cdilem the antiproliferative effect of the
two compounds increasing cell viability. This sustgethat ROS may be involved in the
antiproliferative effects observed wigiZ) and6(E).

We also investigated wheth&(Z) and 6(E) may induce DNA damage by examining the
expression of phosphorylated histone H2AX at Ser@B®2A.X) upon treatment in HelLa
cells.yH2A.X phosphorylation occurs after DNA double sttdsreak (DSB) induction, thus
identifying yH2A.X as an early sensitive indicator of DSBs [38$. shown in Figure 5, after
a 24 h treatment both compounds indugbl@A.X expression indicating that they induced

DNA damage probably by oxidative stress.

4. Conclusions

Molecular hybridization, which covalently combinge&o pharmacophores in a single
molecule, is an effective tool to design highlyiaetnovel entities. The-bromoacryloyl
moiety is an efficient and versatile electrophii@arhead that can be combined with a
recognition moiety to address specific enzymatigegh Several laboratories reported that the
2-oxindole is one of the most effective and newlyeeging scaffold that has been frequently
used as pharmacophore to generate molecules tlsgegs®es anticancer activity against
various human tumor cell lines. In this context amdontinuation of our previous works, the
insertion of aa-bromoacryloyl moiety at the 5-position of the Jstituted-2-oxindole
framework allowed a higher number of sequentiaérettions with cellular nucleophiles
which contribute significantly to the increased iprdliferative activity showed by these
hybrid molecules. The structure-activity relatioipsistudy highlights the importance of
generate hybrid structures from these two pharnfam®s, where biological activity was
achieved due to the effect of each entity in thequm structure resulted of the molecular
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hybridization. Our findings indicate the importance substituent at the 3-position of 2-
oxindole skeleton for activity and selectivity agsti different cancer cell lines. In general,
there was a trend that the antiproliferative atéigi of conjugate8-7 were somewhat more
pronounced against HL-60, Jurkat, CCRF-CEM and RE54s compared with HeLa, HT-29
and MCF-7 cancer cells. Specific effects seemedaty with the cell line tested. Thus,
compounds4(E), 6(2) and7(E) had the greatest activity on HL-60 ceW¥E) with Jurkat
cells, 6(Z2) with CCRF-CEM, RS4;11 and HelLa cellfZ) with HT-29 cells and3(Z) with
MCF-7.

Comparing the antiproliferative activities of conypolsle and3(Z), the propiolamide moiety
was less efficacious than tleebromoacryloylamido group as electrophile with buptal
nucleophiles. Importantlyle is an irreversible inhibitor of the Nek2 kinasdjexeas3(2) is
endowed with lower activity in the enzymatic adiviThus while the insertion of the
bromoacryloyl moiety dramatically reduced the intaby activity on this enzyme at the same
time significantly increase the cell growth inhdyig activity.

Preliminary studies devoted to the elucidation @chanism of action demonstrated that the
most potent hybrid compounds strongly induce apptthat follows the mitochondrial
pathway, as demonstrated by mitochondrial dep@taz and caspase-9 cleavage. More
precisely their activity seems to be related toletggn of intracellular GSH and consequent
imbalance in the antioxidant defense of the cdilat tead to ROS production [37]. If
intracellular GSH depletion occur through a direlsemical reaction or through interfering
with the enzymatic synthesis of GSH remains to btemhined. Considering that human
tumors often show increased GSH content comparedabtmal tissues, the interaction of
compounds3(E) and6(Z) with glutathione suggest that these molecules haaxe a potential
value for the treatment of cancers characterized cbystitutive or therapy-induced
overexpression of glutathione/glutathione-S-traaer (GST) levels. The potent anticancer

activity and synthetic accessibility strongly en@me further optimization of hybrid

14



compound3(2) as lead to develop more potent irreversible Niek2se inhibitors. Further,
we believe that with interesting vivo activity this series of new molecules is importand

should be pursued.
5. Experimental protocols
5.1. Chemistry

5.1.1. Materials and Methods

'H experiments were recorded on either a Bruker AC @r a Varian 400 Mercury Plus
spectrometer, while’®*C NMR spectra were recorded on Varian 400 Mercutys P
spectrometer. Chemical shiftd) @re given in ppm upfield from tetramethylsilareisternal
standard, and the spectra were recorded in apptepdeuterated solvents, as indicated.
Positive-ion electrospray ionization (ESI) masscsewere recorded on a double-focusing
Finnigan MAT 95 instrument with BE geometry. Medipoints (mp) were determined on a
Buchi-Tottoli apparatus and are uncorrected. Afidorcts reported showe# and**C NMR
spectra in agreement with the assigned structures. purity of tested compounds was
determined by combustion elemental analyses coedury the Microanalytical Laboratory
of the Chemistry Department of the University ofrfeea with a Yanagimoto MT-5 CHN
recorder elemental analyzer. All tested compounelslgd data consistent with a purity of at
least 95% as compared with the theoretical valB&mdard syringe techniques were used for
transferring dry solvents. Reaction courses andymbmixtures were routinely monitored by

TLC on silica gel (precoated2B4 Merck plates), and compounds were visualized with
agqueous KMnQ@. Flash chromatography was performed using 230#66h silica gel and

the indicated solvent system. Organic solutionsevagred over anhydrous B&O;.
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5.1.2. General procedure A for the synthesis ofpmamdss-12.

A reaction mixture of 5-nitroindolin-2-one (356 n®,mmol), the appropriate aldehyde (2.4
mmol, 1.2 equiv.) and piperidine (2L, 0.2 mmol, 0.1 equiv,) in DMF (5 mL) was stirrad
80 °C for 4h. The solvent was removed under redymedsure, the resulting residue was
suspended in ethyl ether (15 mL) and filtered,umish the target compound used without

any further purification for the next reaction.

5.1.2.1. (2)-3-((1H-pyrrol-2-yl)methylene)-5-nitnaiolin-2-one  §). Following general
procedure A, compoun®(Z) was isolated as a brown solid. Yield: 91%, mp-188 °C.'H-

NMR (200 MHz,ds-DMSO0) &: 6.43 (m, 1H), 6.97 (m, 1H), 7.03 (8.8 Hz, 1H), 7.47 (m,
1H), 8.06 (ddJ=8.8 and 2.6 Hz, 1H), 8.17 (s, 1H), 8.59 Jd2.2 Hz, 1H), 11.2 (bs, 1H),

13.15 (s, 1H). MS (ESI): [M+1}¥256.2.

5.1.2.2.  (Z)-5-Nitro-3-(thiophen-2-ylmethylene)itide2-one Q). Following general
procedure A, compouné(Z) was obtained as a brown solid. Yield: >95%, mga-243 °C.
'H-NMR (200 MHz,ds-DMS0) &: 7.01 (m, 1H), 7.03 (dJ=8.8 Hz, 1H), 7.47 (m, 1H), 8.03
(m, 2H), 8.17 (ddJ=8.8 and 2.4 Hz, 1H), 8.56 (s, 1H), 8.66 Jd2.2 Hz, 1H), 11.2 (bs, 1H).

MS (ESI): [M+1]'=273.3.

5.1.2.3. (Z)-and (E) isomer mixture of 5-nitro-Bifphen-3-ylmethylene)indolin-2-on&0j.
Following general procedure A, compoul@l (E/Z mixture) were obtained as a brown solid.
Yield: >95%, mp 226-232 °CH-NMR (200 MHz,ds-DMS0) &: 6.99 (d,J=8.8 Hz, 1H), 7.01
(m, 1H), 7.08 (dJ=8.8 Hz, 1H), 7.47 (m, 1H), 7.67 (m, 2H), 7.84 @hi), 8.12 (m, 2H), 8.18
(s, 1H), 8.28 (s, 1H), 8.51 (&:2.2 Hz, 1H), 8.65 (d}=2.2 Hz, 1H), 11.3 (bs, 2H). MS (ESI):

[M+1]"=273.4.

5.1.2.4. (2)-3-((3-Methylthiophen-2-yl)methylene)isoindolin-2-one  {1). Following

general procedure A, compouh#{Z) was obtained as a brown solid. Yield: 91%, mp 283
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IH-NMR (200 MHz,ds-DMSO) &: 2.58 (s, 3H), 7.01 (dI=8.6 Hz, 1H), 7.09 (dJ=5.0 Hz,
1H), 7.87 (dJ=5.0 Hz, 1H), 8.09 (dd}=8.6 and 2.2 Hz, 1H), 8.24 (s, 1H), 8.82Jd2.2 Hz,

1H), 10.8 (bs, 1H). MS (ESI): [M+13287.3.

5.1.2.5. (2)-3-((5-methylthiophen-2-yl)methylengjiboindolin-2-one  12). Following

general procedure A, compoudd(Z) was obtained as a purple solid. Yield: 92%, m@g-25
254 °C *H-NMR (200 MHz,ds-DMSO0) &: 2.56 (s, 3H), 7.03 (m, 2H), 7.81 (d, J=4.0 Hz)1H
8.11 (dd,J=8.6 and 2.2 Hz, 1H), 8.62 (d=2.2 Hz, 1H), 8.62 (dJ=2.2 Hz, 1H), 11.2 (bs,

1H). MS (ESI): [M+1]=287.3.

5.1.3. General procedure B for the synthesis ofpmmdsl3-18.

To a suspension of 5-nitro-3-substituted-2-oxindalerivatives 8-12 or commercially
available 5-nitroindolin-2-one (1 mmol) in a mix¢uof ethanol and water (10 mL, 4:1 v/v)
was added iron powder (560 mg. 10 mmol, 10 eq@md NHCI (134 mg, 2.5 mmol, 2.5
equiv.). The mixture was refluxed for 2 h, cooled diltered through Celite. The filtrate was
diluted with water (5 mL) and extracted with dicldmethane (3 x 10 mL). The combined
organic layers were washed with water (10 mL) andeb(10 mL), dried over anhydrous
N&SO, and concentrated under reduced pressure. The aesldue was purified by

crystallization with ethyl ether

5.1.3.1. (2)-3-((1H-pyrrol-2-yl)methylene)-5-aminoindolingie (3). Following general
procedure B, compount3(Z) was isolated as a red solid. Yield: 58%, mp 188-2C.*H-
NMR (200 MHz,de-DMSO0) &: 4.66 (bs, 2H), 6.29 (m, 1H), 6.41 (d&8.0 and 1.2 Hz, 1H),
6.54 (d,J=8.0 Hz, 1H), 6.79 (m, 2H), 7.28 (&1.2 Hz, 1H), 7.44 (s, 1H), 10.4 (s, 1H), 13.4
(s, 1H).13C NMR (100 MHz,ds-DMSO) 6: 168.97, 143.42, 129.97, 129.48, 125.70, 125.07,

124.96, 119.58, 118.09, 113.23, 111.09, 109.91,740MS (ESI): [M+1]=226.2.
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5.1.3.2.(Z) and (E) isomer mixture of 5-amino-3-(thiophegh2iethylene)indolin-2-onel4).
Following general procedure B, the mixture of thwe isomers Z) and E) was obtained as a
brown solid. Yield: 65%, mp 180-182 °&H-NMR (200 MHz,ds-DMSO0) &: 4.70 (bs, 4H),
6.44 (d,J=8.0 Hz, 1H), 6.54 (m, 2H), 6.59 (&8.0 Hz, 1H), 6.87 (s, 1H), 7.18 (2.0 Hz,
1H), 7.27 (t,J=2.0 Hz, 1H), 7.63 (dJ=1.4 Hz, 1H), 7.74 (dJ=1.4 Hz, 1H), 7.81 (bs, 2H),
7.87 (d,J=1.4 Hz, 1H), 7.95 (dJ=2.2 Hz, 1H), 8.01 (dJ=2.2 Hz, 1H), 10.1 (bs, 2H),. MS

(ESI): [M+1]'=243.3.

5.1.3.3.(2) and (E) isomer mixtutre of 5-amino-3-(thiopH&gtmethylene)indolin-2-one
(15). Following general procedure B, the mixture of thwe isomersZ) and E) was obtained
as a red solid. Yield: 58%, mp 64-66 %€-NMR (200 MHz,ds-DMSO0) &: 4.75 (bs, 4H),
6.48 (m, 3H), 6.60 (dJ=8.0 Hz, 1H), 6.86 (d}=1.4 Hz, 1H), 7.12 (d}=2.0 Hz, 1H), 7.49 (d,
J=8.0 Hz, 1H), 7.51 (s, 1H), 7.58 (m, 2H), 7.71, @B.0 and 2.4 Hz, 1H), 8.06 (&1.4 Hz,
1H), 8.09 (m, 1H), 8.80 (dJ=2.4 Hz, 1H),10.1 (bs, 1H), 10.2 (bs, 1H). MS (ESI)

[M+1]*=243.3.

5.1.3.4.(Z) and (E) isomers of 5-amino-3-((3-methylthiop2eyl)methylene)indolin-2-one
(16). Following general procedure B, the mixture of thwe isomersZ) and E) was obtained
as a yellow oil. Yield: 62%'H-NMR (200 MHz, d;-DMSO0) &: 2.38 (s, 3H). 2.40 (s, 3H).
4.77 (bs, 4H), 6.52 (m, 4H), 6.96 (@2.0 Hz, 1H), 7.05 (dJ=5.2 Hz, 1H), 7.14 (dJ=5.2

Hz, 1H), 7.49 (dJ=2.0 Hz, 1H), 7.63 (dJ=6.0 Hz, 2H), 7.71 (dJ=4.6 Hz, 1H), 7.84 (d,

J=5.4 Hz, 1H), 10.1 (bs, 1H), 10.2 (s, 1H). MS (E@¥+1]'=287.3.

5.1.3.5.(Z) and (E) isomers of 5-amino-3-((5-methylthiop2eyl)methylene)indolin-2-one
(17). Following general procedure B, the mixture of thwe isomersZ) and E) was obtained
as a brown solid. Yield: 65%, mp 180-182 %8:-NMR (200 MHz, ds-DMSO) &: 2.58 (s,
3H). 2.59 (s, 3H). 4.66 (bs, 2H), 4.80 (bs, 2H¥26(d,J=2.0 Hz, 1H), 6.46 (d}=2.0 Hz, 1H),
6.51 (m, 1H), 6.52 (d}=3.4 Hz, 1H), 6.55 (d)=3.4 Hz, 1H), 6.61 (s, 1H), 6.86 (#3.4 Hz,
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1H), 6.91 (ddJ=8.6 and 2.2 Hz, 1H), 7.02 (dd&=8.6 and 2.2 Hz, 1H), 7.52 (d=3.4 Hz,

1H), 7.57 (dd,)=8.6 and 2.2 Hz, 1H), 7.70 (m, 1H), 10.1 (bs, M% (ESI): [M+1]'=287.3.

5.1.3.6. 5-Aminoindolin-2-one 18). Following general procedure B, starting from the
commercially available 5-nitroindolin-2-one, therr@sponding 5-aminoindolin-2-orid8 was
isolated as a brown solid. Yield: 78%, mp 137-188 'H-NMR (200 MHz, ds-DMSO) &:
3.31 (s, 2H). 4.75 (bs, 2H), 6.32 (d&:8.6 and 2.2 Hz, 1H), 6.48 (m, 2H), 9.93 (bs, 1%

(ESI): [M+1]'=149.2.

5.1.4. General procedure C for the synthesis ofpmumds3-7 and 19.

To an ice-cooled solution of amino derivati@ 18 (1.00 mmol) in dry DMF (5.0 mL) were
added a mixture of EDCI (383 mg, 2.00 mmol) antdiromoacrylic acid (2.00 mmol, 306
mg). The reaction mixture was stirred at room terajpee for 18 h and then concentrated
under reduced pressure. The residue was dissolitddawmixture of CHCI, (15 mL) and
water (5 mL), and the organic phase was washed lwitte (5 mL), dried over N8O, and
evaporated to drynesm vacuo. The resulting crude residue was purified by column

chromatography on silica gel.

5.1.4.1. (Z)-N-(3-((1H-pyrrol-2-yl)methylene)-2-axdolin-5-yl)-2-bromoacrylamide 3j.
Following general procedure C, after workup as deed previously, the residue was
purified by flash chromatography on silica gel gsiight petroleum ether: EtOAc 1:1 as
eluent, affording compoun&Z) as an orange solid. Yield: 56%, mp 219-221 #GNMR
(400 MHz, ds-DMSO) &: 6.29 (d,J=3.2 Hz, 1H), 6.35 (ddJ=1.8 and 1.2 Hz, 1H), 6.75 (d,
J=3.2 Hz, 1H), 6.84 (dJ=8.4 Hz, 1H), 6.90 (d)=1.8 Hz, 1H), 7.27 (ddJ=8.4 and 2.0 Hz,
1H), 7.37 (d,J=1.2 Hz, 1H), 7.66 (s, 1H), 7.92 (#2.0 Hz, 1H), 10.1 (s, 1H), 10.9 (s, 1H),
13.3 (s, 1H).13C NMR (100 MHz,ds-DMSO) &: 109.30, 111.40, 111.97, 116.52, 120.25,

120.75, 125.07, 125.18, 125.48, 125.87, 126.39,382932.02, 135.74, 160.59, 169.21. MS
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(ESN): [M]"=358.09, [M+2]=360.20. Anal. (GH1:BrN;O;) C, H, N. Anal. calcd for

Ci16H12BrNzOs. C, 53.65; H, 3.38; N, 11.73; found: C, 53.483:21; N, 11.58.

5.1.4.2. (Z)-2-Bromo-N-(2-ox0-3-(thiophen-2-yImé&thg)indolin-5-yl)acrylamide 4) and
(E)-2-bromo-N-(2-oxo0-3-(thiophen-2-ylmethylene)iimi®-yl)acrylamide 4). Following
general procedure C, after workup as describediqusly, the residue was purified by
gradient flash chromatography on silica gel usin@Ac-light petroleum ether from 4:6 to
1.1 as eluent, affording compour(k) (EtOAc-light petroleum ether 4:6) addE) (EtOAc-
light petroleum ether 1:1).

Compound 4(Z). Yellow solid. Yield: 43%, mp 186-188 °¢H-NMR (400 MHz,ds-DMSO)

3. 6.29 (d,J=2.8 Hz, 1H), 6.76 (dJ=2.8 Hz, 1H), 6.82 (d}=8.4 Hz, 1H), 7.22 (ddJ=5.2 and
3.6 Hz, 1H), 7.30 (ddJ=8.4 and 2.0 Hz, 1H), 7.89 (5.2 Hz, 1H), 7.97 (m, 2H), 8.05 (s,
1H), 10.2 (s, 1H), 10.6 (s, 1HY’C NMR (100 MHz,ds-DMSO) &: 109.25, 113.18, 121.39,
121.99, 124.23, 125.16, 125.59, 127.41, 128.45,7531134.63, 137.14, 137.30, 138.08,
160.64, 167.35. MS (ESI): [M#375.19, [M+2]=377.17. Anal. calcd for gH1:BrN,0,S. C,
51.21; H, 2.95; N, 7.47; found: C, 51.03; H, 2.R§;7.35.

Compound 4(E). Yellow solid. Yield: 21%, mp 167-169 °¢H-NMR (400 MHz,ds-DMSO)

3. 6.29 (d,J=3.2 Hz, 1H), 6.73 (dJ=3.2 Hz, 1H), 6.87 (dJ=8.0 Hz, 1H), 7.32 (ddJ=5.2 and
3.6 Hz, 1H), 7.46 (ddJ=8.0 and 2.0 Hz, 1H), 7.79 (s, 1H), 7.83 Jd3.6 Hz, 1H), 8.05 (d,
J=5.2 Hz, 1H), 8.64 (dJ=2.0 Hz, 1H), 10.3 (s, 1H), 10.6 (s, 1HJC NMR (100 MHz,ds-
DMSO) 6: 109.68, 116.22, 120.58, 122.45, 123.24, 125.05,54, 127.50, 128.69, 132.09,
132.35, 136.08, 136.98, 139.14, 160.82, 169.23.(ESl): [M]'=375.31, [M+2]=377.17.

Anal. calcd for GeH11BrN-O,S. C, 51.21; H, 2.95; N, 7.47; found: C, 50.982H38: N, 7.28.

5.1.4.3. (Z)-2-Bromo-N-(2-ox0-3-(thiophen-3-yImé&thg)indolin-5-yl)acrylamide §) and
(E)-2-bromo-N-(2-oxo-3-(thiophen-3-ylmethylene)ilma®-yl)acrylamide  §). Following

general procedure C, after workup as describediqusly, the residue was purified by
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gradient flash chromatography on silica gel usin@Ac-light petroleum ether from 4:6 to
1.1 as eluent, affording compoub(¥Z) (EtOAc-light petroleum ether 4:6) aigE) (EtOAc-
light petroleum ether 1:1).

Compound 5(Z). Yellow solid. Yield: 24%, mp 204-206 °¢H-NMR (400 MHz,ds-DMSO)

3. 6.29 (d,J=2.8 Hz, 1H), 6.75 (dJ=2.8 Hz, 1H), 6.80 (dJ}=8.4 Hz, 1H), 7.31 (ddJ=8.0 and
2.0 Hz, 1H), 7.62 (dd}=4.8 and 2.8 Hz, 1H), 7.78 (s, 1H), 7.95 §d2.0 Hz, 1H), 8.15 (d,
J=5.2 Hz, 1H), 8.86 (dJ=2.8 Hz, 1H), 10.2 (s, 1H), 10.6 (s, 1HjC NMR (100 MHz,ds-
DMSO) é: 109.72, 113.61, 122.57, 124.51, 125.23, 125.@8,14, 126.59, 129.79, 131.79,
132.37, 134.23, 136.78, 137.82, 161.18, 167.87.(ESl): [M]'=375.31, [M+2]=377.29.
Anal. calcd for GeH11BrN2O.S. C, 51.21; H, 2.95; N, 7.47; found: C, 50.962t81; N, 7.30.
Compound 5(E). Orange solid. Yield: 36%, mp 185-187 9%€-NMR (400 MHz,ds-DMSO)

3. 6.27 (d,J=2.8 Hz, 1H), 6.69 (dJ=2.8 Hz, 1H), 6.85 (dJ=8.4 Hz, 1H), 7.49 (ddJ=8.4 and
1.6 Hz, 1H), 7.56 (ddJ=5.2 and 1.2 Hz, 1H), 7.58 (s, 1H), 7.76 (m, 1HL68m, 2H), 10.2
(s, 1H), 10.6 (s, 1H)**C NMR (100 MHz,ds-DMSO) &: 110.18, 116.38, 121.48, 122.94,
125.57, 126.05, 126.15, 127.99, 129.13, 130.20,0P31132.53, 136.08, 139.71, 161.29,
169.65. MS (ESI): [M]=375.31, [M+2]=377.29. Anal. calcd for gH1:BrN,O,S. C, 51.21;

H, 2.95: N, 7.47; found: C, 51.02; H, 2.77; N, 7.32

5.1.4.4. (Z)-2-Bromo-N-(3-((3-methylthiophen-2-yjhylene)-2-oxoindolin-5-yl)acrylamide
(6) and (E)-2-bromo-N-(3-((3-methylthiophen-2-yl)m@éme)-2-oxoindolin-5-yl)acrylamide
(6). Following general procedure C, after workup as diesd previously, the residue was
purified by gradient flash chromatography on silgel using EtOAc-light petroleum ether
from 4:6 to 1:1 as eluent, affording compous(@) (EtOAc-light petroleum ether 4:6) and
6(E) (EtOAc-light petroleum ether 1:1).

Compound 6(Z). Yellow solid. Yield: 38%, mp 206-208 °¢H-NMR (400 MHz,ds-DMSO)

3: 2.49 (s, 3H), 6.29 (d]=3.2 Hz, 1H), 6.76 (d)}=3.2 Hz, 1H), 6.81 (d]=8.0 Hz, 1H), 7.09
(d, J=5.2 Hz, 1H), 7.39 (dd]=8.4 and 2.0 Hz, 1H), 7.79 (&5.2 Hz, 1H), 7.82 (s, 1H), 7.92
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(d, J=2.0 Hz, 1H), 10.1 (s, 1H), 10.6 (s, 1HJC NMR (100 MHz,ds-DMSO) &: 15.14,
109.63, 113.57, 120.80, 122.34, 124.62, 125.07,7125126.17, 130.65, 131.33, 132.23,
133.13, 137.67, 146.46, 161.15, 167.93. MS (EM)7£398.17, [M+2]=400.22. Anal. calcd
for C;7H13BrN,O,S. C, 52.45; H, 3.37; N, 7.20; found: C, 52.283H,8; N, 7.02.

Compound 6(E). Orange solid. Yield: 33%, mp 189-191 %E-NMR (400 MHz,ds-DMSO)

5: 2.42 (s, 3H), 6.28 (dI=2.8 Hz, 1H), 6.72 (dJ=2.8 Hz, 1H), 6.86 (dJ=8.4 Hz, 1H), 7.18
(d, J=4.8 Hz, 1H), 7.44 (dJ=8.4 and 2.0 Hz, 1H), 7.76 (s, 1H), 7.95 Jd4.8 Hz, 1H), 8.62
(d, J=2.0 Hz, 1H), 10.3 (s, 1H), 10.6 (s, 1AC NMR (100 MHz, CDG)) &: 15.07, 110.13,
116.94, 121.16, 122.96, 123.32, 125.60, 126.05,1%26130.53, 131.15, 131.81, 132.53,
139.63, 145.38, 161.33, 169.86. MS (ESI): [¥§98.17, [M+2]=400.22. Anal. calcd for

C17H13BrN2O,S. C, 52.45; H, 3.37; N, 7.20; found: C, 52.333t22; N, 7.01.

5.1.4.5. (Z2)-2-Bromo-N-(3-((5-methylthiophen-2-yjhylene)-2-oxoindolin-5-yl)acrylamide
(7) and (E)-2-bromo-N-(3-((5-methylthiophen-2-yl)mgéme)-2-oxoindolin-5-yl)acrylamide
(7). Following general procedure C, after workup as dieed previously, the residue was
purified by gradient flash chromatography on silgel using EtOAc-light petroleum ether
from 4:6 to 1:1 as eluent, affording compour(@) (EtOAc-light petroleum ether 4:6) and
7(E) (EtOAc-light petroleum ether 1:1).

Compound 7(Z). Orange solid. Yield: 52%, mp 216-218 %E6l-NMR (400 MHz,ds-DMSO)

3. 2.48 (s, 3H), 6.29 (d}=3.2 Hz, 1H), 6.75 (d}=3.2 Hz, 1H), 6.80 (d}=8.0 Hz, 1H), 6.95
(dd, J=4.0 and 2.8 Hz, 1H), 7.27 (d#8.0 and 2.0 Hz, 1H), 7.76 (&4.0 Hz, 1H), 7.92 (m,
2H), 10.1 (s, 1H), 10.6 (s, 1H}*C NMR (100 MHz, CDG)) &: 15.92, 109.66, 113.44,
120.46, 122.14, 124.95, 125.72, 126.10, 126.81,3629132.21, 135.83, 137.60, 139.39,
149.64, 161.14, 167.96. MS (ESI): [MB98.31, [M+2]=400.20. Anal. calcd for
Ci17H13BrN2O5S. C, 52.45; H, 3.37; N, 7.20; found: C, 52.293H,6; N, 6.98.

Compound 7(E). Orange solid. Yield: 24%, mp 208-210 %E-NMR (400 MHz,ds-DMSO)

3: 2.50 (s, 3H), 6.29 (d]=2.8 Hz, 1H), 6.73 (d)}=2.8 Hz, 1H), 6.86 (d]=8.0 Hz, 1H), 7.05
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(dd,J=3.6 and 1.6 Hz, 1H), 7.48 (d#8.0 and 2.0 Hz, 1H), 7.66 (6:3.6 Hz, 1H), 7.69 (s,
1H), 8.52 (d, J=2.0 Hz, 1H), 10.3 (s, 1H), 10.61(d). *C NMR (100 MHz,ds-DMSO) &:
16.09, 110.09, 116.57, 121.29, 122.42, 122.79,6IR5126.05, 128.08, 128.34, 132.53,
135.62, 137.26, 139.46, 147.47, 161.39, 169.88. (HSI): [M]"=398.31, [M+2]=400.20.

Anal. calcd for GH13BrN-O,S. C, 52.45; H, 3.37; N, 7.20; found: C, 52.333H,5;: N, 7.03.

5.1.4.6. 2-Bromo-N-(2-oxoindolin-5-yl)acrylamidi). Following general procedure C, after
workup as described previously, the residue wasigdirby flash chromatography on silica
gel using light petroleum ether: EtOAc 6:4 as etuaffording compound9 as a colour
cream solid. Yield: 73%, mp 194-195 °%-NMR (400 MHz, dg-DMSO) &: 3.48 (s, 2H),
6.26 (d,J=2.8 Hz, 1H), 6.69 (dJ=2.8 Hz, 1H), 6.75 (dJ=8.4 Hz, 1H), 7.38 (dJ=8.4 Hz,
1H), 7.51 (s, 1H), 10.2 (s, 1H), 10.4 (s, 1FC NMR (100 MHz,ds-DMSO) &: 35.90,
108.72, 117.64, 119.97, 125.13, 125.35, 125.96,083240.15, 160.61, 176.22. MS (ESI):
[M]*=281.3, [M+2]=283.3. Anal. calcd for GHoBrN,O,. C, 47.00; H, 3.23; N, 9.97; found:

C, 46.81; H, 3.15; N, 9.78.

5.2. Biological assays

5.2.1. Cell growth conditions and antiproliferatigesay

Human T-leukemia (CCRF-CEM and Jurkat) and humadeuBemia (RS4;11) and human
promielocytic leukemia (HL-60) cells were grown RPMI-1640 medium (Gibco, Milano,
Italy). Breast adenocarcinoma (MCF-7), human cepaxcinoma (HelLa), and human colon
adenocarcinoma (HT-29) cells were grown in DMEM ied (Gibco, Milano, Italy), all
supplemented with 115 units/mL penicillin G (Gibai)ano, Italy), 115:¢g/mL streptomycin
(Invitrogen, Milano, Italy), and 10% fetal bovineram (Invitrogen, Milano, Italy). Stock
solutions (10 mM) of the different compounds web¢amed by dissolving them in DMSO.
Individual wells of a 96-well tissue culture midtet plate were inoculated with 1QQ. of

complete medium containing 8 x°1¢ells. The plates were incubated at 37 °C in aitiified
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5% CGQ incubator overnigth prior to the experiments. Afteedium removal, 100L of fresh
medium containing the test compound at differemtcentrations was added to each well in
triplicate and incubated at 37 °C for 72 h. Celdbility was assayed by the (3-(4, 5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brod& test as previously described [38].
Some experiments were also performed in the presehDL-a-tocopherol acetate (TOC) or
N-acetyl-L-cysteine (NAC), all purchased from Sigldrich (Milano, Italy).

Peripheral blood lymphocytes (PBL) from healthy ol@en were obtained from human
peripheral blood (leucocyte rich plasma- buffy eyafrom healthy volunteers using the
Lymphoprep (Fresenius KABI Norge AS) gradient dgnsentrifugation.

Buffy coats were obtained from the Blood Transfas®ervice, Azienda Ospedaliera of
Padova and provided at this institution for resegarposes. Therefore, no informed consent
was further needed. In addition, buffy coats werevided without identifiers. The
experimental procedures were carried out in stigcordance with approved guidelines.

After extensive washing, cells were resuspende@ X110 cells/mL) in RPMI-1640 with
10% FBS and incubated overnight. For cytotoxicitglaations in proliferating PBL cultures,
non-adherent cells were resuspended at 5°xcé&lls/mL in growth medium, containing 2.5
ng/mL PHA (Irvine Scientific). Different concentratis of the test compounds were added,
and viability was determined 72 h later by the M@Bt. For cytotoxicity evaluations in
resting PBL cultures, non-adherent cells were msuged (5 x 10cells/mL) and treated for

72 h with the test compounds, as described above.

5.2.2. Nek2 kinase activity assay.
Kinase assay was performeding the bioluminescent ADP-GIb kinase assay (Promega,
Milano Italy), following manufacturer’'s instructisn Assay was performed with the test

compounds at the final concentration of 1.uM
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5.2.3. Flow Cytometric Analysis of Cell Cycle Distition.

5 x 10 HeLa or Jurkat cells were treated with differemneentrations of the test compounds
for 24 h. After the incubation period, the cellsreveollected, centrifuged, and fixed with ice-
cold ethanol (70%). The cells were then treatedh Wisis buffer containing RNase A and
0.1% Triton X-100 and then stained with Pl. Samplese analyzed on a Cytomic FC500
flow cytometer (Beckman Coulter). DNA histogramsrav@nalyzed using MultiCycle for

Windows (Phoenix Flow Systems).

5.2.4. Apoptosis Assay.

Cell death was determined by flow cytometry of €@lbuble stained with annexin V/FITC
and PIl. The Coulter Cytomics FC500 (Beckman Coule&s used to measure the surface
exposure of PS on apoptotic cells according tontiaaufacturer’s instructions (Annexin-V

Fluos, Roche Diagnostics).

5.2.5. Western Blot Analysis.

HeLa cells were incubated in the presence of tesipounds and after different times, were
collected, centrifuged, and washed two times wethaold phosphate buffered saline (PBS).
The pellet was then resuspended in lysis buffeterAhe cells were lysed on ice for 30 min,
lysates were centrifuged at 15000 x g at 4 °C fomiin. The protein concentration in the
supernatant was determined using the BCA protegsayaseagents (Pierce, Italy). Equal
amounts of protein (1Qlg) were resolved using sodium dodecyl sulfate-poigamide gel
electrophoresis (SDS-PAGE) (7.5-15% acrylamide )gatsd transferred to Immobilon-P
membrane (Millipore, Milano, Italy). Membranes wdnecked with a bovine serum albumin
(BSA) solution (BSA 3%, Tween 0.1% in PBS), the nbeames being gently rotated for two
hours at room temperature. Membranes were therbated overnight at 4 °C with primary
antibodies against caspase-9, gH2AX (Cell Signaling), of}-actin (Sigma-Aldrich) for 2 h

at room temperature. Membranes were next incubaidd peroxidase labeled secondary
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antibodies for 60 min. All membranes were visuainsing ECL Select (GE Healthcare) and
images were acquired using an Uvitec-Alliance imggystem (Uvitec, Cambridge, UK). To
ensure equal protein loading, each membrane waspetk and reprobed with arfitactin
antibody. Quantitative analysis of western blot wasformed by Image J software and the

results were normalized factin.

5.2.6. Assessment of mitochondrial changes and@asiction.

The mitochondrial membrane potential was measuréth ¥he lipophilic cation JC-1

(Molecular Probes, Eugene, OR, USA), while the podidn of ROS was followed by flow

cytometry using the fluorescent dye,[MCFDA (Molecular Probes), as previously

described[39].

5.2.7. Detection of the intracellular GSH content.

Cellular GSH levels were analyzed using CMFDA (Mwoiler Probes) [40]. Cells were
treated with the test compound for different tim€eglls were harvested, centrifuged and
incubated in the presence of a solution of 5 uM C©MFat 37 °C for 30 min. Cytoplasmic
esterases convert non-fluorescent CMFDA to fluees®-chloromethylfluorescein, which

can then react with GSH. Fluorescence intensitydessrmined by flow cytometry.
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Table 1. In vitro cell growth inhibitory effects of compounds7, 19 andle

ICs0°(NM)

Compd = HL-60  Jurkat CCRF-CEM RS4;11  Hela HT-29 MCF-7
3(Z)  140:60 11050 31 1+04  500+200 800+200  700+100
4Z)  230£90  210+90 35+1 2+1 17002400  240+80  1700+600
4(E) 1546 16+7 1045 30+10 1800500 5500+110®300+150
5(Z) 350420 19030 4+1 190+10 35004900 60060  2800+400
5(E) 770240 5619 6+0.6 190+8  2600+110 310+80 2100120
6(2) 1345 304 0.5¢0.1  0.4+0.09 420+100 1200+600 2600610
6(E) 393 40+10 0.9+0.5 4+1  450+200  330+80  2300+1000
7(2) 24+6  360+160 94 50+20 1600+600 560+50 3000700
7(E) 1247 150460 1+0.5 20+10  2000+800 300+100  4400+600

19 35049  1100+330 220+20 220+07 4500+500 4400+600 3300+1300

le 5800+700 340+60 50+10 70+20  4400+200 2300+60 3700+100

8Cs= compound concentration required to inhibit turoelt proliferation by 50%. Data are expressed as th
mean * SE from the dose-response curves of attle@st independent experiments carried out ini¢aps.
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Table 2. Cytotoxicity of 3(Z) and6(E) for human peripheral blood lymphocytes (PBL)

ICs0 (M) °
32) 5(E)
PBLrestingb 1.5+0.39 0.45+0.068
a PBLppa° 0.83+0.04 1.22+0.35

Compound concentration required to reduce cell gramhibition by 50%.
® PBL not stimulated with PHA.

¢ PBL stimulated with PHA.

Values are the mean + SEM for two separate expetsne
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Figure Legends

Chart 1. Structure of 3,5-disubstituted-2-oxindole derivaivia-f and PNU-166196 or

Brostallicin @).

Chart 1. Structure of 5a-bromoacryloylamido-3-substituted-2-oxindole hybdierivatives3-

7.

Scheme 1. Reagents. a: Appropriate aldehyde, piperidine (cat.), DMF, 8D, 3 h;b: Fe,

NH,4CI, EtOH-water, reflux, 2h¢: a-bromoacrylic acid, EDCI, HOBt, DMF, rt, 18 h.

Figure 1. Panel A. Inhibition of Nek2 enzymatic activity byst compounds at the
concentration of 1 pM. Data are represented assne@EM of two independent experiments
performed in duplicate. Panel B. Percentage ofdeleach phase of the cell cycle in HeLa cells
treated with compound¥Z), 6(E) andle at the indicated concentrations for 24 h. Cellsewe
fixed and labeled with Pl and analyzed by flow cy&iry as described in the experimental

section.

Figure 2. Flow cytometric analysis of apoptotic cells aftexatment of HeLa (Panels A and
B) and Jurkat cells (Panels C and D) with compoud@ and 6(E) at the indicated
concentrations after incubation for 24 (Panels & @hor 48 h (Panels B and O)he cells were
harvested and labeled with annexin-V-FITC and Rl amalyzed by flow cytometry. Data are

represented as means + SEM of three independemiraepts.

Figure 3. Assessment of mitochondrial membrane potentd,{) following treatment of
HelLa cells (Panel A) and Jurkat cells (Panel B)hwibmpounds3(Z) and 6(E) at the
indicated concentrations. Cells were stained witklJat the indicated times and analyzed by
flow cytometry to measure dissipation of mitochoaldpotential. Panel C. Representative

western blot analysis of caspase-9 expression laHells after 24 h of treatment with the
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indicated compounds at the indicated concentratiBasel D. Quantification of western blot

was performed by ImageJ software. Data are exptessenean+SD of two different gels.

Figure 4. ROS production in Hela (Panel A) and Jurkat c@flanel B). Cells were treated
with 3(E) and6(Z) and at the indicated times stained witsD@FDA and analyzed by flow
cytometry to measure ROS production. Compo8{&y and6(Z) induced GSH depletion in
HeLa (Panel C) and Jurkat cells (Panel D). Celleeviated with the indicated concentration
of compounds and after 12-24 h incubations, this ggtre stained with the fluorescent probe
CMFDA and analyzed by flow cytometry. Data représeaanst S.E.M. of three independent

experiments.

Figure 5. A. Effect of ROS scavengers on cell death inducg@dmpounds3(Z) and 6(E).
HelLa cells were treated with the two compounds.@fM for 48 h in the presence of NAC
(100 uM) and TOC (100 uM). Cell viability was meesii by Annexin-V assay. Data are
represented as means = S.E.M. for three indeperalgrdriments. *p<0.05 vs compound
alone. B. Representative western blot analysiyH#A.X expression in HelLa cells after
treatment for 24 h witt3(Z2) and 6(E) at the indicated concentrations. C. Quantificatidn
western blots was performed by ImageJ softwarea Ba¢ expressed as meanzSD of two

different gels.
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Chart 1.

7\ SU 5402 (1a), Ry=(CH,),CO,H, Rg=CH; Rg=Rs=H
Rs / N""Rs  SUS5416 (1b), Ry=Rs=CHg, Ry=Rs=H
SU 6668 (1C), R3'=R5'=CH3‘ R4'=(CH2)2002H, R5=H
Sunitinib (1d), Ry=Rg=CHs_Rs=(C,Hs)N(CH,),NHCO, Rg=F

/) /
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PNU-166196 or Brostallicin (2)
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4(2)

7(2)

Chart 2

3(2)
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b
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19 (73%) 14(Z) and 14(E); X=S, Ry=Rs=H (65%)

16(2) and 16(E); X=S, R3=CHj, Rg=H (62%)

17(2) and 17(E); X=S, Ry=H, Rs=CH; (65%)

J ‘
R3' —
Br 2/1 i Q\S
/J\H/H / X" "Ry )\H/ N 4 o
e} or O N

0,

3(2); X=NH, Ry=Rg=H (56%) ggg ((%‘éf};))
4(Z); X=S, Ry=Rg=H (43%)

4(E); X=S, R3=Rg=H (21%)

6(2); X=S, R3=CHa, Rg=H (38%)

6(E); X=S, Ry3=CHj,, Rg=H (33%)

7(2); X=S, Ry=H, Rg=CHj (52%)

7(E); X=S, Ry=H, Rs=CH3 (24%)

Scheme 1. Reagents. a: Appropriate aldehyde, piperidine (cat.), DMF,€Q 3 h;b: Fe,
NH,4CI, EtOH-water, reflux, 2h¢: a-bromoacrylic acid, EDCI, HOBt, DMF, rt, 18 h.
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Highlights

® Novel hybrids between Michael acceptor and 3-substituted-2-oxindole framework were reported

as potential antitumor agents.|

® Hybrid compounds 3-7 displayed high antiproliferative activity.

® Compounds 3(E) and 6(2Z) strongly induced apoptosis that followed the mitochondrial pathway

® Their activity seemsto be related to depletion of intracellular GSH that lead to ROS production.]



