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ABSTRACT

We designed new 3-arylthio- and 3-aroyd-indole derivatives3-22 bearing a heterocyclic
ring at position 5, 6 or 7 of the indole nucleu$ieTo- and 7-heterocyclylHtindoles showed
potent inhibition of tubulin polymerization, bindjrof colchicine to tubulin and growth of MCF-
7 cancer cells. Compound8 and19 inhibited a panel of cancer cells and the NCI/ARRS
multidrug resistant cell line at low nanomolar cenications. Compountl3 at 50 nM induced
77% G2/M in HelLa cells, and at 20 nM caused 50%lstarrest of mitosis. As an inhibitor of
HepG2 cellJICso= 20 nM), 13 was 4-fold superior td9. CompoundL3 was a potent inhibitor
of the human U87MG glioblastoma cells at nanomotarcentrations, being nearly one order of
magnitude superior to previously reported arylthilmiles. The present results highlidi&as a

robust scaffold for the design of new anticancamasg)



1. Introduction

Microtubules (MTs) are hollow, cylindrical, filameus structures made of dimerizedand
B-tubulin  subunits and are characterized by a highiynamic equilibrium involving
polymerization, where tubulin dimers bind non-cevaly to a MT, and depolymerization to
tubulin dimers [1]. MTs regulate key cellular fuioets, such as cell growth and division,
intracellular trafficking, preservation of the aitefcture of the cell, and motility. Due to these
key roles, disrupting the dynamic equilibrium of M&t either the tubulin assembly or MT
disassembly level, results in a fatal cellular év@ancer cells are characterized by a high rate of
cell division: hence, the strategy of inducing cdéath through an interference with the
dynamics of MTs has proved successful for the aesigffective antitumor drugs [2-6].

MT binding agents fall into two main groups: (i)hibitors of tubulin polymerization,
including colchicine [7,8], combretastatin A-4 (C&A[9] (Chart 1), vincristine (VCR),
vinorelbine (VRB) and vinblastine (VBL); and (ii) ™ stabilizers, including taxoids and
epothilones. The stabilizers stimulate MT polymatian and stabilization at high
concentrations, whereas at lower concentration$itmesl (PTX) inhibits MT dynamics with
little effect on the proportion of tubulin in polyn [10]. Taxoids and epothilones bind at a
luminal site on thg-subunit [11,12following entry into the MT through pores in its MWEL3]
that are shaped by various tubulin subunits onMHfe surface. Some evidence indicates a
transient binding of MT stabilizers at a specifare site.

Despite considerable clinical successes [14,tttd, anticancer therapies based on tubulin
binding agents still have limitations perhaps doenulti-drug resistance (MDR), toxicity and
unwanted side effects [16,17]. Therefore, thera quest for new effective MT inhibitors with

fewer side effects to become components of impragitancer treatments [18,19].
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Chart 1. Structures of compounds-22.

Currently, there are no US Food and Drug Adminigtraapproved anticancer drugs on the
market binding at the colchicine site [20]. Comphi® other tubulin agents, these compounds (i)
have shown less transporter mediated drug resestamcpreclinical studies [21](i)) are
minimally affected by the overexpression ifl-tubulin [22], and (iii) have generally better
water solubility [9].

Improvements of activity of colchicine site bindiagents by replacement or introduction of
heterocyclic ring(s) to the parent scaffold haverbeeported [16,23,24]. Accordingly, as tubulin
polymerization inhibitors, 2-heterocyclyl-3-arylthilH-indole (2-HATI) derivatives were more

effective than the corresponding 2-aryl-3-aryltiild-indole counterparts in both the sulfur and



aroyl series [25]For example, 2-(thiophen-2-yl)-3-[(8',5-trimethoxyphenyl)thio]-H-indole
(2) inhibited tubulin assembly with an 4gof 0.74uM and MCF-7 cancer cell growth with an
ICs0 of 39 NnM [26]. Compound was superior to VRB, VBL, and PTX as an inhibitbrthe P-
glycoprotein (Pgp) overexpressing NCl/adriamycisiseant (ADR-RES) MDR cell line and
showed satisfactory metabolic stability. Recentlgiroduction of halogen or methoxy
substituent(s) at positions 4-7 of 3-arylthid-indoles (ATIs) bearing the phenyl at position 2
of the indole provided potent tubulin polymerizatiohibitors (for exampl@) [27].

Herein we report the synthesis of new indole déirea 3-22 bearing a five-membered
heterocyclic ring at position 5, 6 or 7 of the if@leing (Chart 1 and Table 1). Our findings
demonstrate that the new derivatives are poteitaartter agents, superior to the corresponding
reference derivativé [26]. Compound4.3 and19 inhibited the HT29, HCT116, HepG2, T98G,
U87MG, U343G and NCI/ADR-RES cell lines with d€values in the nanomolar range.
Compoundl3 was superior to the previously reported compoyfkas an inhibitor of HepG2

and glioblastoma cells.

2. Chemistry
2.1. Synthetic procedures

Arylthioindoles 3-7, 9, 11, 13, 15, 19 and 37 were prepared according to our previously
reported venting-while-heating microwave (MW)-ag=is procedure [28] by treating the
appropriate indole with bis(3,4,5-trimethoxyphedidulfide [29] in the presence of sodium
hydride in anhydrousl,N-dimethylformamide (DMF) at 130 °C for 2 min (120)\(6cheme 1).
Reaction of the indole with 3,4,5-trimethoxybenzolgloride in the presence of diethylaluminum
chloride in dichloromethane at -10 °C for 2 h fehred methanone 10, 12 and14. Derivatives

16-18 20-22 30-32 35 and36 were synthesized by a coupling reaction of the@muate indole



with the boronic derivative in the presence of (tlisenzylideneacetone)dipalladium(0)
(Pddbay), 2-dicyclohexylphosphino:®'-dimethoxybiphenyl (SPhos) and potassium phosphate
tribasicin 1-butanol at 100 °C for 15 h. A palladium(ll)edate (Pd(OAg)-catalyzed reaction of
5-iodo-H-indole @4) with 2-furanboronic or 2-thienylboronic acid ihet presence of tof
tolyl)phosphine (Rg-tol)s) and potassium phosphate tribasic in ethanol/teus 80 °C for 2 h
gave the corresponding heteroaryl indo?sand 29, respectively. MW-assisted treatment of
indole 24 with 3-furanboronic acid pinacol ester in the prese of Pd(OAg)and potassium
carbonate in methylpyrrolidone/water at 110 °CX6min (200 W) furnished 5-(furan-2-yl}-t
indole 28). Compound38 was prepared by MW-assisted Friedel-Crafts reaatio7-iodo-H-
indole @6) with 3,4,5-trimethoxybenzoyl chloride in the pease of anhydrous aluminum

chloride in 1,2-dichloroethane at 110 °C for 2 rfi60 W).
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Scheme 1.Synthesis of Compound3-22 and 27-37 Reagents and reaction conditions: (&, (29)
boronic derivate, Pd(OAg)P(o-tol)s, KsPQ,, EtOH/PhMe, 80 °C, 2 h, 73-87%; (88 3-furanboronic
acid pinacol ester, Pd(OA¢)K,COs, methylpyrrolidone/water, closed vessel, 200 WQ 2C, 15 min,
45%; (c) @-7, 9, 11, 13, 15, 1and37) bis(3,4,5-trimethoxyphenyl)disulfide, NaH, anhgds DMF,
closed vessel, 120 W, 130 °C, 2 min, 5-50%; &)10, 12, 1%(i) diethylaluminum chloride, Cil,, -78
°C, Ar stream;i() 3,4,5-trimethoxybenzoyl chloride, -10 °G 25 °C within 2 h, 14-69%; (el6-18, 20
22, 30-32 35 and36) boronic derivative, Pdba, SPhos, KPO,, BUOH, 100 °C, 15 h, 5-75%; (fB®)
3,4,5-trimethoxybenzoyl chloride, GEl,, anhydrous AIG| closed vessel, 150 W, 110 °C, 2 min, 51%.



Table 1
Inhibition of tubulin polymerization, growth of MGF human breast carcinoma cells, and colchicine
binding by compound3-22?

MeQO OMe
MeO@
(D=
U
7R
3-22
Compd R X I1Cso*SD (M) ICso £ SD (M) (% + SD)
Tubulir? MCF-7 Inh. Colch. Bind!
3 5 (/Oj\ s 0.87 0.1 70 +10 81+1
4 5- 0@ s 18401 200 + 100 63+1
5 5- (/Sj\ s 1.3£0.09 150 + 70 76+2
6 5- s(j\ s 1.7+0.03 200 £0 72£3
7 6- (/OE\ s 0591 10+3 971
8 6- (/O\/l\\ c=0 0.76 +0.04 47+06 96£0.1
9 6- O@\ s 2.3+0.04 10 £0 90+ 2
10 6- O@\ c=0 0.61 +0.06 43£06 96£0.1
11 6- @ s 0.47 +0.05 6.0%1 95+1
12 6- @ c=0 0.38+0.1 9.6+0.6 96+0.8
13 6- S@ s 0.58 £ 0.06 45+1 97+0.3
14 6- S@ c=0 0.60 +0.04 1844 94+0.6
15 7- (/Oj\ s 0.64 +0.06 154 95£0.6



16 7- (/OE\ c=0 1.940.03 320 + 10 70+1
17 7- O@\ S 13+0.1 24£2 86+1
18 7- 0@ c=0 30£0.3 1300 £ 0 29406
19 7- (/Sj\ s 0.57 £ 0.03 20+1 89+1
20 7- (/81 c=0 2.640.04 550 + 70 48105
21 7- 8@\ s 1.3+0.01 38 £ 10 77£0.1
22 7- S@ c=0 6.2%1 1400 £ 100 N®
1 — — 0.74 +0.05 39 + 10 88 + 2
Colch. — — 3204 51 —
CcsA4 — — 1.0+0.1 13£3 98+ 0.6

2Experiments were performed in duplicate or trigkca

®Inhibition of tubulin polymerization. Tubulin was 20 uM in the assembly assay.

“Inhibition of growth of MCF-7 human breast carcirmgells.

4Inhibition of ["H]colchicine binding: tubulin,®H]colchicine, inhibitor at 1:5:HM.

°Nd, not done.

fcsa4 yielded 1G, of 0.65 + 0.03uM in the assay wittb-7, 10, 12, 15 and17, and IG, of 0.64 + 0.01
uM in the assay witl® and11, in which different tubulin preparations were used

3. Results and discussion
3.1. Inhibition of tubulin polymerization

We synthesized arylthioindole and aroylindole datilves3-22to explore the effects of five-
membered heterocyclic rings at position 5, 6 orf the indole nucleus (Table 1). Ten new
derivatives 8, 7, 8, 10-15 and 19) inhibited tubulin polymerization with I§ values at
submicromolar concentrations, six compounds5,(16, 17 and 21) were in the 1.62.0 uM

range, as compared with colchicine (G 3.2 uM) and CSA4 (IGy = 1.0 uM). With the



exception of9, the most potent tubulin polymerization inhibitofg, 8 and 10-14 were
characterized by the presence of the heterocyiclgc at position 6 of the indole; among others,
compound3, with the heterocyclic ring at position 5 of thelole, andl6, 17 and21, with the
heterocyclic ring at position 7, showedsj@alues <1.QuM. As tubulin assembly inhibitors, the
compounds bearing the furanyl-2-yl or the thiopReyl-ring were generally superior to the
corresponding furan-3yl-/thiophen-3-yl derivative®mpare3 with 4, 5 with 6, 7 with 9, 15
with 17, and19 with 21). Replacement of the sulfur bridging atom with dagbonyl group also
provided potent tubulin assembly inhibitors. Thegance of the heterocycle at position 7 of the
indole conferred significant differences of inhibit of tubulin polymerization among
arylylthio/aroyl derivatives (compatkbd with 16, 17 with 18, 19 with 20, and21 with 22), while
compound¥-14with the heterocycle at position 6 were almostigofent, excep® and10, with

12 (ICs5p = 0.38 uM) being the most potent tubulin polymerization ibitor among the new

compounds.

3.2. MCF-7 breast cancer cell growth

Several new indole derivatives inhibited the growtrhuman MCF-7 nonmetastatic breast
cancer epithelial cells with Kgvalues at nanomolar concentrations (Table 1).c8tra-activity
relationship (SAR) analysis show three distinctugrs (i) introduction of the heterocyclic ring at
position 5 of the indole had a relatively weak effen inhibition of MCF-7 cell growth, with
ICs5p values ranging from 7@B) to 200 nM 4, 6); (ii) compounds/-14, bearing the heterocyclic
ring at position 6 of the indole, all were highlgtpnt MCF-7 cell growth inhibitors, with kg
values ranging from 4.3L0) to 18 (4) nM, with five compounds8 and10-13 having single
digit nanomolar 1G, values; (iii) the indoles with the heterocyclepasition 7 showed different

behavior, depending on the bridging group: the tédoeyclyl-3-arylthio-H-indoles15, 17, 19



and21 (ICses ranging from 15 to 38 nM) were more than one ooflenagnitude superior to the
corresponding aroyl derivativds$, 18, 20 and22.

A SAR summary of tubulin polymerization inhibiti@nd inhibition of MCF-7 cell growth of
compounds3-22is depicted in Chart 2. It should be noted that$#ARs differ from those of the
2-phenyl-H-indoles [27]. Compound$8-6 with the heterocyclic ring at position 5 showed
moderate inhibition of MCF-7 cell growth; compountid4, bearing the heterocycle at position
6 of the indole, all were potent MCF-7 cell growtthibitors and showed comparables§C
values; derivatived5, 17, 19 and22, with the heterocyclic ring at position 7 and thefur atom
bridging the two aromatic ring systems, were sutistly superior to the corresponding aroyl

compoundsi6, 18, 20 and22).

3.3. Inhibition of the binding ofiH]colchicine to tubulin
Compounds3-22were also examined for potential inhibitiontb& binding of {H]colchicine

to tubulin (Table 1). Thirteen compound,5, 7-17, and 19 yielded >75% inhibition of the
binding reaction. Interestingly, all the indolesttwthe heterocycle at position 7 were strong
inhibitors of PH]colchicine binding, with7 and13 (97% inhibition) nearly as potent as CSA4
(98% inhibition). In general, good correlation beem fH]colchicine binding and MCF-7 cell
growth inhibition was observed: compounds whichibitad [PH]colchicine binding >90%,
inhibited the growth of the MCF-7 cancer cell witbses <15 nM; compounds with 80-90%
inhibition of [*H]colchicine binding inhibited the growth of the Mi&7 cancer cell line with
ICs0s in the range of 24-70 nM; except f@l, compounds with 70-80% inhibition of
[*H]colchicine binding inhibited the growth of the N&Z cancer cells with 1&s in the range of

150-350 nM.
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Chart 2. SAR summary for tubulin polymerization
inhibition (TPI) and MCF-7 cell growth inhibition
(CGI) by compound8-22

3.4. Molecular modeling studies

Compounds5, 13 and19, representative members of the heterocyclic switisins at position
5-, 6- or 7- of the indole nucleus, were docked ihie tubulin-DAMA-colchicine complex (PDB
code 1SAO0) [8] by following our previously reportpdbcedure [30]. The docking studies were
also performed for five newly available tubulin gl structures [31]The docking results in the
different tubulin structures revealed a consisteimding mode for compounds bearing the
heterocyclic ring at position 5-, 6- or 7- of thedole: (i) the 3,4,5-trimethoxyphenyl moiety
formed an H-bond with the Cys28Xkide chain and hydrophobic contacts with Le®48d
Leu253; (ii) the indole established hydrophobic contagith Asn258 and Met258; (iii) the
heterocyclic ring of6, 13 and 19 at position 5, 6 or 7 of the indole, respectivedyranged
hydrophobic interactions with Met2B9Lys353, Alal8m and Vall81ln the same cleft of the

colchicine site (Figs. 1 and 2).
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Fig. 1. Plants proposed binding mode for derivati@dgellow), 19 (pink) and21 (green) into the 1SAO
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Fig. 2. Plants proposed binding mode for derivatit8gleft panel) andL9 (right panel) for the studied tubulin
structures: 1SAO (green), 3HKC (cyan), 402B (maggnb5CAO (purple), 5CB4 (sky blue), 5LYJ (pink).
Residues involved in interactions are shown ak stiagrams. The tubulin polypeptide chains are show

ribbon cartoons. Residues and cartoon are from 1SAO



3.5. Inhibition of growth of glioblastoma T98G, W8% and U343MG cell lines

Treatments of T98G (human glioblastoma), U87MGntan glioblastoma-astrocytoma) and
U343MG (human glioblastoma-astrocytoma) cells vifittreasing concentrations &8 and 19
significantly inhibited cell growth in a dose-depenti manner (Table 2 and Figs. 1SD-3SD,
supplementary data). The gvalues were calculated taking into account thetiveacellular
doubling times [32,33] of 48 h for the T98G and WBJ cells and of 72 h for the U343MG
cells. Compoundl3 potently inhibited the glioblastoma cells at namltsn concentrations.
Arylthioindoles with the imidazol-1-yl or pyridin-§l heterocyclic ring at position 2 of the
indole were weaker inhibitors of glioblastoma U87M6&lls than werd 3 and19, even though

such compounds exhibited potent inhibition of theé 7 cancer cell growth [26].

3.6. Inhibition of HT29, HCT116 and HepG2 cancelt growth

Compoundsl3 and 19 were evaluated as growth inhibitors of the humalh lmes HT29
(colon adenocarcinoma), HCT116 (colon carcinomay BlepG2 (hepatocellular carcinoma)
using PTX as reference compound (Table 2). CompoL&dnd19 showed strong inhibition of
the HT29 and HCT116 cell lines. As inhibitors oketiHepG2 cells13 and 19 were more

effective than PTX (16 = 2660 nM).

3.7. Inhibition of MV4-11, THP-1, A-549 and PC3l ¢ieles

Compoundsl3 and 19 were evaluated as inhibitors of MV4-11 (leukenaaute myeloid),
THP1 (leukemia, acute monocytic), A549 (lung camama) and PC3 (prostate carcinoma) cancer
cells. Compound.3 inhibited MV4-11, THP-1, A-549 and PC3 cells atgle digit nanomolar

concentration, whild9 was consistently less active (Table 2).



Table 2

Growth Inhibition of HT29, HCT116, HepG2, T98G, 8@, U343G, MV4-11, THP-1, A-549 and PC3 cells18/and19.2"

Compd IC50 £ SD (NM)
HT29 HCT116 HepG2 T98G U87MG U343G MV4-11 THP-1 5A9 PC3
13 10+1.4 21+15 20+1.1 26 +3.6 16 £2.0 3134 620 2+1 2+0.1 35+2
19 69+1.4 70+ 1.7 80+1.2 211 +20 96 + 14 15426 7016 202 58 +1 39+4

4Cytotoxic concentrations for the indicated celkbn cytostatic concentrations for A-549 and PCBcel
®Incubation time was 48 h; for U343G, MV4-11 and R@8s, incubation was 72 h.

3.8. MDR cell lines

Compoundsl3 and 19, representative of the 6- and 7-heterocyclyl seniespectively, were
compared with CSA4, VRB, VLB and PTX in the ovarigercinoma cell lines OVCAR-8 and
its cognate Pgp overexpressing line NCI/ADR-RES(@&). In contrast to CSA4, the standard
agents VRB, VLB and PTX showed weak inhibition loé tMDR line NCI/ADR-RES. The 1§
values ofl13 and19 for the MCF-7 cells, repeated in this study, relskech those obtained in the

studies summarized in Table 1.

Table 3

Growth Inhibition of the OVCAR-8 and NCI/ADR-RESIisxby
compoundsl3 and 19 and reference compounds CSA4, VRB,
VLB and PTX?

Compd IGo = SD (nM)
OVCAR-8 NCI/ADR_RES MCF-7
13 9.3%2 75+2 6.7+2
19 58 +8 34+8 55+7
CSA4 40+6 35+0.7 50+1
PTX 40+1 3100 + 600 5.5+0.7
VRB 300+0 5000 + 1000 Nd
VBL 15+7 200+0 Nd

Inhibition of growth of the indicated cell lines.
®Same value obtained in all experimefiid, not done.



3.9. Compound$3 and19 induce cell cycle arrest in the G2/M phase in Hek#s

We compared cell cycle progression in HelLa celjsosed to 20, 50 and 100 nM and19,
using 20 nM VBL as a reference compound (a conagatr that effectively arrests cells in
mitosis [27]) and DMSO as a control. Cells werated for 24 h to cover the average duration of
an entire cell cycle, then harvested, incubateti wrbpidium iodide (PI) and analyzed for their
genomic content by FACS analysis. Representatilteygele profiles are shown in Fig. 3A, left
panel; data from three experiments are quantifredhe graph in Fig. 3A, right panel. Both
molecules inhibited cell cycle progression in a eddependent manner but with different
effectiveness: treatment with 100 nM yielded a substantial fraction (over 71%) of thed c
population in the G2/M phase, whereas lower dosésno significant effect; compourd® was
already partly effective at 20 nM and induced sambsal G2/M arrest at 50 nM (77% arrest).

Immunofluorescence (IF) analysis &8 and 19-treated HelLa cell cultures confirmed that
treatment with 20 nM.3 (24 h) induced arrest in mitosis in over 50% ofcalls, similar to the
effect of VBL. The mitotic arrest was stable, amilyo15% of the cell population included
multinucleated cells, resulting from mitotic “slipge” and interphase re-entry with
unsegregated, or randomly segregating, chromosddmspoundl9 induced mitotic arrest with
lower effectiveness that3: (i) 100 nM 19 arrested 50% of the cell population in mitosis,
compared with 20 nML3 or VBL; (ii) the induction of mitotic arrest b§9 was not fully
sustained. The higher accumulation of cells in siéoobserved with 100 nM9 was
accompanied by induction of a relevant fractiono@ad 32%) of multinucleated cells: this
suggests that cells that reached mitosis arrestigdt@nsiently, and eventually resumed mitotic
progression with an inefficient mitotic apparatgenerating multinucleated cellular offspring

(Fig. 3B).
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Fig. 3. FACS analysis of the cell cycle and cell death in Helell populations treated withh3 or 19.
Panel Aleft: distribution of cells after a 24 h treatmevith 13 or 19 or VBL (DMSO as control). The
DNA content indicates the cell cycle phase (2C: &1; G2+M; intermediate values between 2C and 4C:
S phase). The panel shows a representative anafsiBe cell cycle phase distribution, arranged
according to the compound concentration (orztagis). In the lower two diagrams, 20 nM, greervesr

50 nM, red curves; 100 nM; blue curves. The prefileistrate thafl9 only induces 4C cell accumulation
when used at 100 nM, where#8 is fully effective at 50 nM. Panel A right: thestigrams show the
mean % valuez SD of 4C cells (G2+M phases) counted in 3 indepah@xperiments. Panel B: the
graph represents the frequency of mitotic figuiggey bars)and multinucleated cells (blue bars) in cell
populations treated for 24 h under the indicatewtmns, processed for immunofluorescence andescor
by microscopy. Between 300 and 650 cells were @surfor each condition in 2 independent
experiments. Panel GACS analysis of cell populations treated for 2dnider the indicated conditions
and stained with annexin V. MearSD values were calculated from three experiments.



We wondered whether cell cycle arrestit3/and19 was paralleled by cell death induction, as
is the case with classical MT-targeting drugs. ek treated for 24 h were incubated with
annexin V to identify cells with damaged plasma rbeames committed to death. Both
compounds activated cell death parallel to arrgstiell cycle progression; agaii9 was
effective when used at 100 nM, whereas 20 IAvas already partly effective and reached the
same death-inducing capacity as VBL at the 50 nked#&ig. 3C).

The tubulin inhibitory effects ol3 and 19 at the cytological level were evaluated by IF
analysis (Fig. 4). These assays provided a viseiadothstration of the differential effectiveness
of the two compunds. Compurd® at 20 or 50 nM induced a mixture of apparentlynmal; or
fragmented or multipolar spindles in variable pmjpms (examples are shown in Fig. 4A,
phenotypes are quantified in Fig. 4C); 100 da®llargely induced small formations of radially
arranged short microtubules that failed to elondébeled as “MT asters”, Fig. 4A, central
row). Compoundl3 had a more pronounced effect at all tested coratsms, and no cell
showed a normal or only weakly affected spindleerEwith 13 at 20 nM, most mitotic cells
displayed multipolar (Fig. 4B, top row) or fragmedtspindles (Fig. 4B, central row); at higher
concentration, 50 nM or abov&3 inhibited MT formation altogether, with sparseutib foci in
virtually all treated cells (Fig. 4B, bottom rowRRepresentative phenotypes are shown in Fig.

4A,B and quantified in Fig. 4C.
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Fig. 4. IF analysis of mitotic cells in HeLa cultures teshtwith 13 or 19. Panel A: representative
phenotypes induced b%9: all cells were arrested in prometaphase (compiaee configuration of
chromosomes in DAPI panels); the green channel stiogvextent of inhibition of tubulin polymerizatio

at increasing compound concentrations (indicatedthat right of the panels in nM). Panel B:
representative phenotypes induced 18 the DAPI panels show the prometaphase configuratif
chromosomes; the green channel shows the extémlibftion of tubulin polymerization at the indieat
concentrations. Panel C: Distribution of tubulirtadggical phenotypes under the indicated conditions
The histograms represent the frequency of the &elitphenotypes (n, 100 to 250 prometaphase-aitreste
cells per condition).

In summary, botil3 and 19 arrested cells in mitosis, with formation of a elgive mitotic

apparatus, yet the two compounds showed diffedegtiectiveness. CompountB induced the



inhibition of MT polymerization to a greater extehfin19, and it showed a full inhibitory effect
on tubulin polymerization in cells at 50 nM, comglale to the effect of VBL. Compounid
induced milder inhibition: it essentially affectéae mitotic spindle structural organization but
did not fully inhibit tubulin polymerization in cesl below 100 nM. The parallel observation that
13 was a more effective inducer of cell death th8mrorrelated with cellular data on microtubule

disruption and with inhibition offH]colchicine binding.

3.10. Effects of3 or 19 on viability of HepG2 cells

HepG2 cells were treated with different concentragiof13 or 19 and analyzed by the MTT
assay.Treatment with compountd for 48 h caused a dose-dependent decrease ofiaaility:
at 80 nM nearly 30% of cells displayed reduced ilitgbas compared to untreated cells (Fig.
4SD, panel A, supplementary data). The dose-depemterease of cell viability on treatment
with 13 became significanat 20 nM, nearly 40% of cells were affected (Fi§D4 panel B,
supplementary data). These experiments indicatechM019 and 20 nM13 are optimal
concentrations to induce significant modificatioims cell viability but, at the same time,
preserving a sufficient proportion of the cell plgtion to permit further analysis. At such
concentrations,13 and 19 caused a marked impairment of HepG2 cell growtkrad 48 h
treatment. The cell-cycle blocker g2’"*! was significantly up-regulated in HepG2 treated
cells at these doses. After 80 riMd (Fig. 5SD, panel A, supplementary data) or 20 1BfFig.
5SD, panel B, supplementary data) treatments, rérescript levels of pZP*"'3 assessed by

gRT-PCR, were increased by 1.5- and 3.9-fold, retspdy, as compared with untreated cells.

3.11. Evaluation of the drug-like propertiesi@fand19



Drug like properties of compounds3 and 19 were predicted through the most common
descriptors of drug-likeness (Table 4). Oral absonpaccording to Lipinski’'s rule of five [34]
and Veber’s rule [35] was estimated by FAF druyee[36]. We referred to the 3/75 rule (logP
> 3 and topological PSA < 75%A[37] to estimate compound toxicity. Derivativé8 and 19
properly fitted with both Lipinsky and Veber’s rglesuggesting a potential good absorption after
oral administration. Furthermore, a low likelihooflin vivo toxicological outcome was inferred

by the 3/75 rule (Fig. 5).

Table 4
Physico-chemical profiles of compounti3and19

Compd LogP® MW" LogSwW tPSA" HBA-HBD® RoF viof Vebef 3/78'

13 5.34 397.51 -5.58 97.02 5 1 good warning
19 5.37 397.51 -5.60 97.02 5 1 good warning

& Logarithm of the partition coefficient betwerwctanol and water computed by XLOGP3 method [38].
® Molecular weight.

¢ LogSw represents the logarithm of compound watkrbdlity computed by the ESOL method [39].

4 Molecular polar surface area, this parameter bas shown to correlate with human intestinal
absorption (<140) [40].

¢ Number H-bond acceptors and H-bond donors.

" Violation of the rule of five [34].

9Veber's rule matching [35].

" 3/75 rule matching [36].
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Fig. 5. Physico-chemical properties. Panel@ompoundsl3 and19 (blue lines) are compared with the
optimal light green area defined by Lipinski's na&five and Veber's rule. The computations inclsde
logP, molecular weight (MW), topological polar aacé area (tPSA), rotatable bonds (RotB), H-bond
acceptors and donors (HBA, HBD. The red area iteicéow oral bioavailability. Estimated physico-
chemical profiles of compounds and19 fall within the light green area. Panel B. Likedd of in vivo
toxicity according 3/75 rule [37]. tPSA is expredses a function of logP. Compounds located in éuk r
square are likely to cause toxicity. Estimated ditids of compound&3 and19 (blues point) fall within
the light green area.

4. Conclusions
We designed new 3-arylthio- and 3-aroyl-indole derivatives3-22 bearing a heterocyclic

ring at position 5, 6 or 7 of the indole nucleusnThew derivatives inhibited polymerization of



purified tubulin with 1G, values at submicromolar concentrations. Severhefrtew indole
derivatives inhibited the growth of MCF-7 cells WitCsy values<10 nM. Inhibition of cell
growth showed good correlation with inhibition oH]colchicine binding to tubulin. Two
representative highly potent members of the 6- @rteterocyclyl-H-indoles, 13 and 19,
inhibited an extensive panel of cancer cell linasluding the Pgp overexpressing NCI/ADR-
RES cell line, with nanomolar kg. In cell cycle analysis, compout8 became effective at 20
nM and induced 77% G2/M arrest at 50 nM, wherEasiccumulated 71% cells in the G2/M
phase at 100 nM. Compoud@® extensively inhibited cellular tubulin polymerikat at 50 nM,
and its activity was comparable to that of VBL. Gmund19 at 100 nM affected mitotic spindle
structural organization but did not fully inhibielkular tubulin polymerization. As inhibitors of
HepG2 cells,13 and19 (ICso values of 20 nM and 80 nM, respectively) wereiddily superior
to PTX. Compoundl3 was also a potent inhibitor of the U87MG gliobtamtn cell line at
nanomolar concentrations [41] being almost one romfemagnitude more active than the
previously reported arylthioindoles with the imid&-yl or pyridin-4-yl ring at position 2 of
the indole nucleus [26]. Analysis of the gene eggi@n levels of pZ#**Va™ the cell cycle
blocker, indicated that at sub-cytotoxic concemntreg 13 caused a decrease in cell growth with
strong up-regulation of p2P*"a?[42].

In conclusion, these new indoles are potent inbibibf tubulin polymerization and cancer
cell growth, including human liver carcinoma andbiglastoma cells. The introduction of the
heterocyclic ring at position 5, 6 or 7 of the 3435'-trimethoxyarylthio)-1H-indole and 3-
(3',4',5'-trimethoxyaroyl)-H-indole scaffold was a productive strategy for tesign of new

effective anticancer agents, with compour®las a robust lead agent. Based on SAR findings,



the synthesis of new analogues is in progressiiaboratory, and the results will be reported in

due course.

5. Experimental protocols
5.1. Chemistry

All reagents and solvents were handled accordinthéomaterial safety data sheet of the
supplier and were used as purchased without fugthefication. 5-Chloro-H-indole 3), 5-
iodo-1H-indole @4), 6-bromo-H-indole @5), 7-iodo-H-indole @6), 6-(thiophen-2-yl)-H-
indole 33) and 6-(thiophen-3-yl)Hi-indole @4) were commercially available. MW-assisted
reactions were performed on a CEM Discover SP singbde reactor equipped with an Explorer
72 autosampler, controlling the instrument setting$C-running CEM Synergy 1.60 software.
Closed vessel experiments were carried out in chpgé/-dedicated vials (10 mL) with a
cylindrical stirring bar (length 8 mm, diameter 3n Stirring, temperature, irradiation power,
maximum pressure (Pmax), pressure set point, timbheset point, delta pressure, PowerMAX
(simultaneous cooling-while-heating), ActiVent (sitlaneous venting-while-heating), and ramp
and hold times were set as indicated. Reaction ¢estyore was monitored by an external CEM
fiber optic temperature sensor. After completiorihaf reaction, the mixture was cooled to 25 °C
via air-jet cooling. Organic solutions were driee¢epanhydrous sodium sulfate. Evaporation of
solvents was carried out on a Bichi Rotavapor R-2d@ipped with a Bichi V-850 vacuum
controller and a Biuchi V-700 vacuum pump. Colummoaimatography was performed on
columns packed with silica gel from Macherey-Nag#—-230 mesh). Silica gel thin layer
chromatography (TLC) cards from Macherey-Nageldailgel precoated aluminum cards with
fluorescent indicator visualizable at 254 nm) wersed for TLC. Developed plates were

visualized with a Spectroline ENF 260C/FE UV appasaMelting points (mp) were determined



on a Stuart Scientific SMP1 apparatus and are vected. Infrared (IR) spectra were recorded
on a PerkinElmer Spectrum 100 FT-IR spectrophotemequipped with a universal attenuated
total reflectance accessory and IR data acquiretl @mocessed by PerkinElmer Spectrum
10.03.00.0069 software. Band position and absarpimges are given in ¢ Proton nuclear
magnetic resonancéH NMR) spectra were recorded with a Varian Merc(890 MHz) or a
Bruker Avance (400 MHz) spectrometer in the indddasolvent, and the corresponding fid files
were processed by MestreLab Research SL MestreReBl@vl-769 software. Chemical shifts
are expressed id units (ppm) from tetramethylsilane. Mass spectemenrecorded on a Bruker
Daltonics MicroTOF LC/MS mass spectrometer equippgth a positive ion ESI source.
Compound purity was checked by high pressure lighidmatography (HPLC). Purity of tested
compounds was found to be >95%. The HPLC systerd (iEbermo Fisher Scientific Inc.
Dionex UltiMate 3000) consisted of an SR-3000 solveack, a LPG-3400SD quaternary
analytical pump, a TCC-3000SD column compartmerdA®D-3000 diode array detector, and
an analytical manual injection valve with aj@20loop. Samples were dissolved in acetonitrile (1
mg/mL). HPLC analysis was performed by using a mwefFisher Scientific Inc. Acclaim 120
C18 column (5um, 4.6 mm x 250 mm) at 25 + 1 °C with an appropriablvent gradient
(acetonitrile/water), flow rate of 1.0 mL/min andrsal detector at 206, 230, 254 and 365 nm.
Chromatographic data were acquired and processedTh®rmo Fisher Scientific Inc.

Chromeleon 6.80 SR15 Build 4656 software.

5.1.1. General procedure for the synthesis ofwdives3-7, 9, 11, 13, 15, 19 and 37. Example.
5-(Furan-2-yl)-3-((3,4,5-trimethoxyphenyl)thio)-liHdole (3)
A mixture of indole27 (183 mg, 1 mmol), bis(3,4,5-trimethoxyphenyl)dfglé [29] (438 mg,

1.1 mmol), and sodium hydride (88 mg, 2.2 mmol; 6@%mineral oil) in anhydrous DMF (3



mL) was placed into the MW cavity (closed vesseldmoPmax = 250 psi). Starting MW
irradiation of 120 W was used, the temperature gpeaimped from 25 to 130 °C, while rapidly
stirring and venting (pressure set point: 100 figies at set point: 100; delta pressure: 20 psi).
Once 130 °C was reached, taking about 1 min, taeticm mixture was held at this temperature
for 2 min. The mixture was diluted with water andracted with ethyl acetate. The organic layer
was washed with brine and dried. Removal of theesdl gave a residue that was purified by
column chromatography (silica gekhexane:ethyl acetate = 3:2 as eluent) to §v&22 mg,
yield 32%), mp 118-120 °C (from ethandit NMR (DMSO-ds, 400 MHz):6 3.98 (s, 9H), 6.82
(s, 2H), 6.95 (s, 1H), 7.22 (d,= 1.7 Hz, 1H), 7.93-7.96 (m, 2H), 8.07 (s, 1H), B(s, 1H), 8.22

(s, 1H), 12.20 ppm (br s, disappeared after tretméh D,O, 1H). IR:v 3448 cnt. MS (ESI):

382.4 (MH). CyH19NO,S(381.45).

5.1.2. 5-(Furan-3-yl)-3-((3,4,5-trimethoxyphenigiit)-1H-indole )

Synthesized a8 starting from28. Yield 20%, mp 125-130 °C (from ethanofd NMR
(DMSO-ds, 400 MHZz):6 3.57 (s, 3H), 3.59 (s, 6H), 6.44 (s, 2H), 6.8916(8, 1H), 7.45-7.47
(m, 2H), 7.61-7.65 (m, 1H), 7.70 (@= 1.7 Hz, 1H), 7.77 (s, 1H), 8.05-8.10 (m, 1H),7Olppm
(br s, disappeared after treatment withOD 1H). IR: v 3425 cnt. MS (ESI): 382.2 (MH).

CaiH19NO,S(381.45).

5.1.3. 5-(Thiophen-2-yl)-3-((3,4,5-trimethoxyphéiyo)-1H-indole &)

Synthesized a8 starting from29. Yield 31%, mp 115-120 °C (from ethanofH NMR
(CDCls, 400 MHz):5 3.69 (s, 6H), 3.78 (s, 3H), 6.44 (s, 2H), 7.0077(0\, 1H), 7.24 (ddJ =
2.9 and 7.1 Hz, 1H), 7.28 (s, 1H), 7.44 ds 8.5 Hz, 1H), 7.52 (d] = 2.6 Hz, 1H), 7.55-7.60
(m, 1H), 7.89 (s, 1H), 8.49 ppm (br s, disappeafeel treatment with BD, 1H). IR:v 3439 cm

1 MS (ESI): 398.4 (MH)). C,1H1gNO3S, (397.51).



5.1.4. 5-(Thiophen-3-yl)-3-((3,4,5-trimethoxyphéiyo)-1H-indole G)

Synthesized a8 starting from30. Yield 40%, mp 116-120 °C (from ethanofd NMR
(DMSO-ds, 400 MHz):6 3.57 (s, 3H), 3.58 (s, 6H), 6.44 (s, 2H), 7.4971H, 1H), 7.53 (s, 1H),
7.55 (d,J = 1.3 Hz, 1H), 7.59-7.62 (m, 1H), 7.72-7.74 (m,)2A79 (d,J = 2.4 Hz, 1H), 11.71
ppm (br s, disappeared after treatment wit®DLH). IR:v 3448 cnt. MS (ESI): 398.5 (MH).

CaiH19NO5S, (397.51).

5.1.5. 6-(Furan-2-yl)-3-((3,4,5-trimethoxyphenkiit)-1H-indole 7)

Synthesized a8 starting from31. Yield 44%, mp 164-169 °C (from ethanofH NMR
(DMSO-ds, 300 MHz):6 3.56 (s, 9H), 6.37 (s, 2H), 6.56-6.60 (m, 1H),55(8,J = 3.2 Hz, 1H),
7.45 (s, 2H), 7.70-7.74 (m, 3H), 11.74 ppm (brisappeared after treatment wita@ 1H). IR:

v 3179 crit. MS (ESI): 382.2 (MF)). Co1H1dNO,S(381.45).

5.1.6. 6-(Furan-3-yl)-3-((3,4,5-trimethoxyphenigiit)-1H-indole )

Synthesized a8 starting from32. Yield 4%, slurry."H NMR (DMSO-ds, 400 MHz):6 3.57
(s, 9H), 6.39 (s, 2H), 6.90-6.95 (m, 1H), 7.34-7(86 1H), 7.40-7.43 (m, 1H), 7.63 (s, 1H),
7.70-7.73 (m, 2H), 8.14 (s, 1H), 11.66 ppm (brisapdpeared after treatment with@ 1H). IR:

v 3401 cni. MS (ESI): 382.2 (MH). Co1H1oNO4S(381.45).

5.1.7. 6-(Thiophen-2-yl)-3-((3,4,5-trimethoxyphio)-1H-indole (1)

Synthesized a8 starting from33. Yield 50%, mp 158-161 °C (from ethanofd NMR
(DMSO-ds, 400 MHZz):5 3.58 (s, 3H), 3.59 (s, 6H), 6.41 (s, 2H), 7.1087(th, 1H), 7.41-7.43
(m, 1H), 7.44-7.48 (m, 3H), 7.70-7.72 (m, 1H), 7(821H), 11.74 ppm (br s, disappeared after

treatment with BO, 1H). IR:v 3372 cnit. MS (ESI): 398.3 (MH). CyH1gNOsS, (397.51).

5.1.8. 6-(Thiophen-3-yl)-3-((3,4,5-trimethoxyphigtyo)-1H-indole (3)



Synthesized a8 starting from39. Yield 30%, mp 188-190 °C (from ethanofH NMR
(DMSO-ds, 400 MHz):5 3.58 (s, 3H), 3.59 (s, 6H), 6.40 (s, 2H), 7-4577(%h, 2H), 7.52-7.57
(m, 1H), 7.60-7.64 (m, 1H), 7.76 (s, 1H), 7.79 18i), 7.77-7.81 (m, 1H), 11.72 ppm (br s,
disappeared after treatment with,) 1H). IR: v 3376 cnl. MS (ESI): 398.5 (MH).

CaiH19NO5S, (397.51).

5.1.9. 7-(Furan-2-yl)-3-((3,4,5-trimethoxyphenkii)-1H-indole (5)

Synthesized a3 starting from35. Yield 15%, mp 80-83 °C (from ethanotd NMR (DMSO-
ds, 400 MHZ):5 3.58 (s, 9H), 6.42 (s, 2H), 6.71-6.75 (m, 1H),677121 (m, 2H), 7.44-7.50 (m,
1H), 7.59-7.63 (m, 1H), 7.80-7.83 (m, 2H), 11.59mpfbr s, disappeared after treatment with

D,0, 1H). IR:v 3351 crit. MS (ESI): 382.2 (MF). CpH1NO,S(381.45).

5.1.10. 7-(Thiophen-2-yl)-3-((3,4,5-trimethoxypyigihio)-1H-indole (9)

Synthesized a8 starting from36. Yield 29%, mp 153-155 °C (from ethanofd NMR
(DMSO-ds, 300 MHz):6 3.56 (s, 3H), 3.58 (s, 6H), 6.43 (s, 2H), 7.14 &,5.8 Hz, 1H), 7.24 (t,
J=3.8 Hz, 1H), 7.32 (d] = 5.5 Hz, 1H), 7.46 (d] = 5.9 Hz, 1H), 7.56 (d] = 2.7 Hz, 1H), 7.64
(d,J=3.8 Hz, 1H), 7.76 (s, 1H), 11.57 ppm (br s, pEzared after treatment withO, 1H). IR:

v 3322 critt. MS (ESI): 398.4 (MF)). Co1H1NOsS, (397.51).

5.1.11. 7-lodo-3-((3,4,5-trimethoxyphenyl)thio)-1H-indo&¥

Synthesized a8 starting from26. Yield 27%, mp 100-103 °C (from ethanofd NMR
(DMSO-ds, 400 MHz):6 3.56 (s, 3H), 3.57 (s, 6H), 6.40 (s, 2H), 6.9, 7.6 Hz, 1H), 7.46
(d,J=7.8 Hz, 1H), 7.58 (d) = 7.4 Hz, 1H), 7.77 (s, 1H), 11.61 ppm (br s, pdiszared after

treatment with BO, 1H). IR:v 3270 cni.



5.1.12. General procedure for the synthesis oivdéves8, 10, 12 and14. Example. (6-(Furan-
2-yl)-1H-indol-3-y1)(3,4,5-trimethoxyphenyl)methaeo@).

Diethylaluminum chloride (120 mg, 1 mmol; 1.0 M hrexanes) was added to a -78 °C
solution of indole31 (183 mg, 1 mmol) in dichloromethane (2.5 mL). Thaction mixture was
warmed to -10 °C, and 3,4,5-trimethoxybenzoyl ddier(276 mg, 1.2 mmol) was added. The
reaction mixture was stirred for 2 h, and the terapee rose to 25 °C. Water and chloroform
were added, and the layers were separated. Thaiongaase was washed with brine, dried and
filtered. Evaporation of the solvent gave a resitha was purified by column chromatography
(silica gel,n-hexane:acetone = 7:3 as eluent) to B3 mg, yield 14%), mp 190-195 °C (from
ethanol)."H NMR (DMSO-ds, 400 MHz):5 3.75 (s, 3H), 3.85 (s, 6H), 6.58-6.62 (m, 1H),86.8
6.92 (m, 1H), 7.10 (s, 2H), 7.61 (d#i= 1.4 and 8.4 Hz, 1H), 7.74-7.78 (m, 2H), 8.131¢d),
8.20-8.24 (m, 1H), 12.11 ppm (br s, disappearest afeatment with BD, 1H). IR:v 1573 and

3192 cni. MS (ESI): 378.4 (MH). CoH1gNOs (377.40).

5.1.13. (6-(Furan-3-yl)-1H-indol-3-yl)(3,4,5-trethoxyphenyl)methanon0j

Synthesized a$ starting from32. Yield 17%, mp 180-185 °C (from ethanofd NMR
(DMSO-ds, 300 MHz):5 3.75 (s, 3H), 3.85 (s, 6H), 6.95-6.98 (m, 1H),97(6, 2H), 7.50-7.55
(m, 1H), 7.66 (s, 1H), 7.75 @,= 1.4 Hz, 1H), 8.07 (s, 1H), 8.18-8.20 (m, 2H),a®ppm (br s,
disappeared after treatment with@ 1H). IR:v 1576 and 3238 cth MS (ESI): 378.4 (MH).

CaH1NOs (377.40).

5.1.14. (6-(Thiophen-2-yl)-1H-indol-3-yl)(3,4 Batethoxyphenyl)methanon&?)
Synthesized a8 starting from33. Yield 68%, mp 200-205 °C (from ethanofd NMR
(DMSO-dg, 300 MHz):6 3.75 (s, 3H), 3.85 (s, 6H), 7.09 (s, 2H), 7.1407(&, 1H), 7.45-7.50

(m, 2H), 7.56 (ddJ = 1.5 and 8.3 Hz, 1H), 7.73-7.76 (m, 1H), 8.121¢3), 8.23 (d,J = 8.2 Hz,



1H), 12.04 ppm (br s, disappeared after treatmétht 20, 1H). IR:v 1575 and 3219 cih MS

(ESI): 394.4 (MH). CooH1NO, S (393.46).

5.1.15. (6-(Thiophen-3-yl)-1H-indol-3-y1)(3,4,5rrethoxyphenyl)methanon®4j

Synthesized a$ starting from34. Yield 69%, mp 188-192 °C (from ethanofd NMR
(DMSO-ds, 400 MHz):6 3.74 (s, 3H), 3.84 (s, 6H), 7.08 (s, 2H), 7.6057(f, 3H), 7.72-7.76
(m, 1H), 7.82-7.85 (m, 1H), 8.10 (s, 1H), 8.22Jd&; 8.3 Hz, 1H), 12.05 ppm (br s, disappeared
after treatment with gD, 1H). IR:v 1733 and 3113 cth MS (ESI): 394.2 (MH). C,;H1oNO4 S

(393.46).

5.1.16. General procedure for the synthesis oifvdérves16-18, 20-22, 30-32, 35 and36. (7-
(Furan-2-yl)-1H-indol-3-yl)(3,4,5-trimethoxyphenylgthanonelp).

A mixture of derivative38 (437 mg, 1 mmol), tris(dibenzylideneacetone)dgudilim(0) (20
mg, 0.022 mmol), 2-dicyclohexylphosphing&*dimethoxybiphenyl (3.2 mg, 0.008 mmol) and
potassium phosphate tribagd85 mg, 2.05 mmol) was degassed for 20 min. 14Bte2.2 mL)
and a solution of 2-furanylboronic acid MIDA estéR-(furan-2-yl)-6-methyl-1,3,6,2-
dioxazaborocane-4,8-dione) (334 mg, 1.5 mmol) engame solvent (4.4 mL) were added. The
reaction mixture was heated at 100 °C for 15 heAfooling, the mixture was treated dropwise
with 1 N HCI and extracted with ethyl acetate. Tnganic layer was washed with brine, dried
and filtered. Evaporation of the solvent gave aidies that was purified by column
chromatography (silica geh-hexane:acetone = 2:1 as eluent) to di6g124 mg, yield 33%),
mp 221-224 °C (from ethanoljH NMR (DMSO-ds, 400 MHz):6 3.76 (s, 3H), 3.85 (s, 6H),
6.71-6.75 (m, 1H), 7.12 (s, 2H), 7.15 (= 3.4 Hz, 1H), 7.31 ( = 7.7 Hz, 1H), 7.63 (dd] =

1.1 and 7.5 Hz, 1H), 7.80-7.85 (m, 1H), 7.98 (s),18423 (dd,J = 1.1 and 8.0 Hz, 1H), 11.85



ppm (br s, disappeared after treatment witd®D1H). IR:v 1623 and 3427 cth MS (ESI):

378.3 (MH). CooH19NOs (377.40).

5.1.17. 7-(Furan-3-yl)-3-((3,4,5-trimethoxyphenyl)thio)-liHdole (17)

Synthesized a$6 from 37 and furan-3-boronic acid pinacol ester. Yield 588, 156-160 °C
(from ethanol)H NMR (DMSO-ds, 400 MHz):5 3.57 (s, 3H), 3.58 (s, 6H), 6.42 (s, 2H), 7.04
(m, 1H), 7.15 (tJ = 7.7 Hz, 1H), 7.40 (m, 2H), 7.78 (s, 1H), 7.85)( 1.8 Hz, 1H), 8.31 (] =
1.3 Hz, 1H), 11.39 ppm (br s, disappeared aftatiment with DO, 1H). IR:v 3318 cnt. MS

(ESI): 382.4 (MH). Co1H1oNO,S (381.45).

5.1.18. (7-(Furan-3-yl)-1H-indol-3-y1)(3,4,5-trimethoxyphgimethanone 1)

Synthesized a6 starting from38 and furan-3-boronic acid pinacol ester. Yield 46%@
215-220 °C (from ethanolfH NMR (DMSO-ds, 400 MHz):6 3.76 (s, 3H), 3.85 (s, 6H), 7.00-
7.05 (m, 1H), 7.11 (s, 2H), 7.29 Jt= 7.9 Hz, 1H), 7.42 (dd = 1.1 and 7.4 Hz, 1H), 7.86 &=
1.8 Hz, 1H), 7.97 (s, 1H), 8.21 (d#i= 1.2 and 8.0 Hz, 1H), 8.25-8.30 (m, 1H), 11.76{pr s,
disappeared after treatment with@ 1H). IR:v 1568 and 3285 cth MS (ESI): 378.4 (MH).

CaH1gNOs (377.40).

5.1.19. (7-(Thiophen-2-yl)-1H-indol-3-yl)(3,4,5Arethoxyphenyl)methanon20j

Synthesized a46 starting from38 and 2-thienylboronic acid. Yield 6%, mp 209-211 °C
(from ethanol)!H NMR (DMSO-ds, 400 MHz):6 3.76 (s, 3H), 3.85 (s, 6H), 7.11 (s, 2H), 7.28-
7.33 (m, 2H), 7.38 (dd] = 1.2 and 7.4 Hz, 1H), 7.56 (d#i= 1.2 and 3.6 Hz, 1H), 7.68 (d#i=
1.1 and 5.1 Hz, 1H), 7.95 (s, 1H), 8.25 (dd= 1.2 and 7.9 Hz, 1H), 11.94 ppm (br s,
disappeared after treatment with@ 1H). IR:v 1573 and 3263 cth MS (ESI): 394.4 (MH).

CaaH19NO4S (393.46).



5.1.20. 7-(Thiophen-3-yl)-3-((3,4,5-trimethoxypyighio)-1H-indole 1)

Synthesized a46 starting from37 and 3-thienylboronic acid. Yield 75%, mp 147-18D °
(from ethanol)!H NMR (DMSO-ds, 400 MHz):6 3.57 (s, 3H), 3.58 (s, 6H), 6.43 (s, 2H), 7.15
(t, J= 7.8 Hz, 1H), 7.35 (dd} = 1.1 and 7.4 Hz, 1H), 7.44 (d#i= 1.1 and 7.9 Hz, 1H), 7.54 (dd,
J=1.4 and 5.0 Hz, 1H), 7.70-7.75 (m, 2H), 7.8057(61, 1H), 11.52 ppm (br s, disappeared

after treatment with BD, 1H). IR:v 3327 cnt. MS (ESI): 398.4 (MH). C;1H1gNOsS, (397.51).

5.1.21. (7-(Thiophen-3-yl)-1H-indol-3-y1)(3,4,5Arethoxyphenyl)methanonzj

Synthesized a6 starting from38 and 3-thienylboronic acid. Yield 5%, slurid NMR
(DMSO-ds, 400 MHz):5 3.76 (s, 3H), 3.84 (s, 6H), 7.10 (s, 2H), 7.3Q & 7.8 Hz, 1H), 7.40
(dd,J = 1.1 and 7.4 Hz, 1H), 7.52 (d#i= 1.3 and 5.0 Hz, 1H), 7.70-7.75 (m, 1H), 7.80-7186
1H), 7.93 (s, 1H), 8.23 (dd,= 1.1 and 7.8 Hz, 1H), 11.86 ppm (br s, disapmkafeer treatment

with D,0, 1H). IR:v 1580 and 2925 cih MS (ESI): 394.4 (MH). CosH1oNO,S (393.46).

5.1.22. 5-(Thiophen-3-yl)-1H-indol&Q)
Synthesized a%6 starting from23 and 3-thienylboronic acid. Yield 40%, mp 80-83{ffom

n-hexane), lit. 80-82 °C [43].

5.1.23. 6-(Furan-2-yl)-1H-indole3().

Synthesized a%6 starting from25 and furan-2-boronic acid MIDA ester. Yield 19%, 9@
96 °C (fromn-hexane)*H NMR (DMSO-ds, 400 MHz):5 6.38-6.42 (m, 1H), 6.50-6.56 (m, 1H),
6.81 (dd,J = 0.8 and 3.4 Hz, 1H), 7.32-7.36 (m, 2H), 7.55J¢& 8.3 Hz, 1H), 7.69-7.71 (m,

2H), 11.17 ppm (br s, disappeared after treatméthtD¢O, 1H). IR:v 3388 cn.

5.1.24. 6-(Furan-3-yl)-1H-indole3p)



Synthesized a$6 starting from25 and furan-3-boronic acid MIDA ester. Yield 7%, mhp5-
158 °C (fromn-hexane).*H NMR (DMSO-ds, 400 MHz):d 6.37-6.40 (m, 1H), 6.90-6.95 (m,
1H), 7.25 (ddJ = 1.6 and 8.2 Hz, 1H), 7.30-7.32 (m, 1H), 7.5087(®, 2H), 7.77 (t) = 1.8 Hz,
1H), 8.08-8.12 (m, 1H), 11.07 ppm (br s, disappeafeer treatment with D, 1H). IR:v 3384

cm™.

5.1.25. 7-(Furan-2-yl)-1H-indole3p)
Synthesized a$6 starting from26 and 2-furanylboronic acid MIDA ester. Yield 21% as

oil [44].

5.1.26. 7-(Thiophen-2-yl)-1H-indol8&)

Synthesized a6 starting from26 and 2-thienylboronic acid. Yield 67% as an oil][45

5.1.27. General procedure for the synthesis oivdéres27 and 29. Example. 5-(Furan-2-yl)-
1H-indole @7)

A mixture of 24 (243 mg, 1 mmol), 2-furanboronic acid (223 mg, gal), palladium(ll)
acetate (11 mg, 0.05 mmol), titolyl)phosphine (30 mg g, 0.1 mmol), potassium gpiate
tribasic (745 mg, 3.5 mmol) in ethanol (10 mL) aalliene (5 mL) was heated at 80 °C for 2 h.
After cooling, the reaction mixture was diluted hvid saturated aqueous solution of sodium
hydrogen carbonate and extracted with ethyl aceldte organic layer was washed with brine,
dried and filtered. Evaporation of the solvent gaveesidue that was purified by column
chromatography (silica geh-hexane:ethyl acetate = 5:1 as eluent) to @vg159 mg, yield

87%), mp 108-110 °C (from ethanol), lit. 110-111 °C

5.1.28. 5-(Thiophen-2-yl)-1H-indol&q)



Synthesized a7 starting from 2-thienylboronic acid. Yield 73%, ny9-51 °C (fromn-

hexane), lit. 53-54 °C [46].

5.1.29. Synthesis of 5-(furan-2-yl)-1H-inda8)(

A mixture of 24 (243 mg, 1 mmol), 3-furanboronic acid pinacol e¢853 mg, 1.3 mmol),
potassium carbonate (179 mg, 1.3 mmol) in methytpiglone (2 mL) and water (0.15 mL) was
degassed for 15 min. Palladium(ll) acetate (30 3 mmol) was added, and the reaction
mixture was placed into the MW cavity (closed véssede, Pmax = 250 psi). Starting MW
irradiation of 200 W was used, the temperature deaimped from 25 to 110 °C. Once this was
reached, taking around 2 min, the mixture was la¢lthis temperature for 15 min with rapid
stirring. The reaction mixture was diluted with watand extracted with ethyl acetate. The
organic layer was washed with brine, dried ancer@dtl. Evaporation of the solvent gave a
residue that was purified by column chromatografdilica gel,n-hexane:ethyl acetate = 5:1 as

eluent) to give28 (82 mg, yield 45%) mp 89-90 °C (fromhexane), lit. 89-91 °C [47].

5.1.30. Synthesis of 7-iodo-1H-indol-3-yl)(3,4jBethoxyphenyl)methanongg)

A mixture of26 (243 mg, 1 mmol), 3,4,5-trimethoxybenzoyl chlori@30 mg, 1 mmol) and
anhydrous aluminum chloride (133 mg, 1 mmol) in-di¢hloroethane (2 mL) was placed into
the MW cavity (closed vessel mode, Pmax = 250 @sptarting MW irradiation of 150 W was
used, the temperature being ramped from 25 to Cl@ith rapid stirring. Once 110 °C was
reached, taking around 1 min, the reaction mixtuas held at this temperature for 2 min, diluted
with water, treated with 1 N HCI and extracted watiloroform. The organic layer was washed
with brine, dried and filtered. Evaporation of teelvent gave a residue that was purified by
column chromatography (silica gekhexane:ethyl acetate = 1:1 as eluent) to §®€223 mg,

yield 51%, mp 148-153 °C (from ethandif NMR (DMSO-ds, 400 MHz):8 3.76 (s, 3H), 3.85



(s, 6H), 7.04 (tJ = 7,6 Hz, 1H), 7.09 (s, 2H), 7.66 (d#l= 1.0 and 7.6 Hz, 1H), 7,98 (s, 1H),
8.23 (dd,J = 1.0 and 7.96 Hz, 1H), 11.86 ppm (br s, disapmkafeer treatment with £D, 1H).

IR: v 1577 and 3112 cih

5.2. Molecular Modeling Studies

All molecular modeling studies were performed oMacPro dual 2.66GHz Xeon running
Ubuntu 14LTS. The tubulin structures were downlabdgom the PDB data bank
(http://www.rcsb.org/), PDB code: 1SA0 [30], 402A8], 402B [48], 5CA0 [8], 5CB4 [8],
5LYJ [49] and 3HKC [50]. Ligand structures were prepared Withestro [51].Proteins were
prepared by the protein preparation wizard [6R]Maestro. The docking simulations were
performed using Plants [53] and Autodock [54]. esghown in the manuscript were prepared

with Pymol [55].

5.3. Biological assays
5.3.1. Tubulin assembly

The reaction mixtures contained 0.8 M monosodiuataghate (pH 6.6 with HCl in a 2 M
stock solution), 1@M tubulin, 4% (v/v) DMSO, and varying concentratsoof drug. Following
a 15 min preincubation at 30 °C, samples wereathitin ice, GTP to 0.4 mM was added, and
turbidity development was followed at 350 nm in @emperature-controlled recording
spectrophotometer for 20 min at 30 °C. The extémeaction was measured. Full experimental

details were previously reported [56].

5.3.2. PH]Colchicine binding assay
The reaction mixtures contained 1.8l tubulin, 5.0uM [*H]colchicine, and 5.@M inhibitor

and were incubated for 10 min at 37 °C. Completaildewere described previously [57].



5.3.3. Cell cultures

Cell lines were obtained from the American Type t@ Collection (ATCC), unless
otherwise specified. MCF-7 breast carcinoma, OVCHRand NCI/ADR-RES cells were
obtained from the National Cancer Institute drugesoing laboratory. U87MG and U343MG
cell lines were obtained from the National Insttdiobr Cancer Research of Genoa (Italy) and
Cell Lines Service GmbH (Germany), respectivelyl ééll lines, except as indicated, were
grown in Dulbecco’s modified Eagle’s medium (DMEB)pplemented with 10% fetal bovine
serum (FBS), 20 mM HEPES, 100 U/mL penicillin, 16@/mL streptomycin, and 1% L-
glutamine; specific requirements include the addiof glucose (4.5 g/L for HT29 and HCT116
cells; 1 g/L for HepG2). Cell lines were cultured3¥ °C in 5% CQ95% air in a humidified
incubator. Treatments were initiated 24 h aftel se¢ding using compouri8 or 19 diluted in
0.1% DMSO, the indicated reference compound, oP6ODRMSO vehicle, for 24-72 h as
indicated. T98G and U87MG cells were cultured inMRAnedium and minimum essential
medium Eagle, respectively, supplemented with 1086,F2 mM L-glutamine, 100 U/mL
penicillin, 100 mg/mL streptomycin and 1% non-es$sg@mmino acids at 37 °C in 5% GOhe
U343MG cells were cultured in minimum essential medEagle with 2 mM L-glutamine and
Earle’s BSS adjusted to contain 1.5 mg/mL sodiucaffionate and supplemented with 10%
FBS, 100 U/mL penicillin, 100 mg/mL streptomycifpInon-essential amino acids and 1.0 mM

sodium pyruvate at 37 °C in 5% @O

5.3.4. Cell viability assays
The methodology for the evaluation of the growthhafman MCF-7 breast carcinoma,
OVCAR-8, and NCI/ADR-RES cells, obtained from thatidnal Cancer Institute drug screening

laboratory, was previously described, except theliscwere grown for 96 h for Kg



determinations [58]Cell viability of HT29, HCT116 and HepG2 cells wastermined using the
MTT colorimetric assay. HT29, HepG2 and HCT116<elkere seeded into 24-well plates to a
density of 15x18mL in each well. After 24 h of growth to allow athment of cells to the
wells, test compounds were added at 20-320 nMr Aeh of growth and removal of the culture
medium, 500uL/well of PBS containing 50@M MTT was added. Cell cultures were further
incubated at 37 °C for 2 h in the dark. The sohgiavere then gently aspirated from each well,
and the formazan crystals within the cells weresaliged in propan-2-ol and 0.04 N HCI (200
uL). Optical densities were read at 550 nm using altiskan Spectrum Thermo Electron
Corporation reader. The results were expressed asl&tve to vehicle-treated control (0.1%
DMSO), and IGy values were calculated by nonlinear regressiorysisa(GraphPad Prism
statistics software). The effect of the treatmeithwompounddl3 or 19 on the T98G, U87MG
and U343MG cell lines was estimated using the aoletric MTS conversion assay, as
previously reported’ After compound incubations, the MTS reagent wadedd and the
absorbance at 590 nm was measured by a microglatker (Wallac, Victor 2, 1420 Multilabel
Counter, PerkinElmer). The percentage of prolifatatcells after compound exposure was
calculated with respect to control cells (100%)e effect of treatment with compounti3or 19

on MV4-11, THP-1, A-549 and PC3 cell was determibgdCellTiter-Fluor™ (Promega cod.
G6082). The cells were seeded in 96 multiwell glee the indicated densities (MV-4: 5000
cells/50 pL/well; THP-1: 2000 cells/50 pL/well; A843500 cells/50 pL/well; MDA-MB-231:
3500 cells/50 pL/well; PC-3: 2000 cells/50 pL/wey h after plating, compouri8 or 19 was
added to the cells, and the effect on cell prddifien was determined after 72 h by the CellTiter-

Fluor™ assay. After adding the reagents to theptatks, the cells were incubated for 90 min at



37 °C, and the fluorescent signal was read by uai@CAN reader. The Kgand G, results

were obtained by analysis with GraphPad Prism asghy Explorer software.

5.3.5. Statistical analyses

Graph-Pad Prism 5 software (Graph-Pad Software $agy Diego, CA) was used for data
analysis and graphic presentations. Statisticalyaisawas performed by non-linear regression
fitting; sigmoidal-dose response curves were paréat using the log(inhibitor) vs response
analyses. The I§ value and the maximal efficacy of compounds inhitimg cell viability (E

max) were derived.

5.3.6. Immunofluorescence and microscopy

After treatment, HelLa cells directly grown on deepoly-L-lysine (Sigma P4832) coated
coverslips were fixed in methanol for 6 min at -ZD and processed for IF using mouse
tubulin antibody (Sigma clone B-5-1-2, 1:3000 doa) followed by FITC-conjugatecnti-
mouse secondary antibody (Jackson Immunoreseatobrai@ries). Slides were counterstained
with 0.05ug/mL DAPI (Sigma) and mounted in Vectashield (VectdF-processed cells were
examined under an epifluorescence Nikon Eclipsevdth a QICAM Fast 1394 (QImaging)
camera and using the NIS-Elements AR 4.0 softwidileoq). Single cell images were routinely

taken using immersion oil 100x objectives with N&.1

5.3.7. Flow cytometric analysis

Cell cycle phase distribution was analyzed aftesulration with Pl (Sigma P4170). All
parameters (FS, SS and FL-3) were acquired ineadiamplification scale. Cell aggregates were
gated out on the bi-parametric graph FL-3 lin/ra@ell death was analyzed using annexin V-

FITC (Immunological Sciences, IK-11120). Cell saagplvere analyzed in a Coulter Epics XL



cytofluorometer (Beckman Coulter) equipped with EXB2 ADC software. Data from at least

10.000 cells per sample were acquired and processed Win MDI software.

5.3.8. RNA extraction, reverse transcription apdlftime polymerase chain reaction analysis
Total cellular RNA was processed, and 1 pg of tBdA was retro-transcribed. The cDNA
was used to perform a real-time PCR using“p?¥'2™ and GAPDH primers as indicated in
Table 1S, Supporting Information. For p?i”wafl and GAPDH genes, the following protocols
were used for the PCRs: initialization at 95 °C3Janin, followed by 40 cycles of 95 °C for 10 s,
60 °C for 10 s, 72 °C for 10 s. The melting prograas 95 °C for 5 s, 65 °C for 1 min and 97 °C
for 10 s. The rate of temperature increase was/4, ¥d fluorescence data were continuously
acquired. The relative amounts of target genes wermalized to GAPDH expression by Light

Cycler® 480 Software version 1.5 (Roche Diagno¥tising the 2AACt method.
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Research Highlights

3-Arylthio- and 3-aroyl-1H-indoles bearing a heterocyclic ring were synthesized.
The 6- and 7-heterocyclyl-1H-indoles are potent anticancer agents.

Compounds 13 and 19 inhibit MDR cell line at low nanomolar concentrations.
Compound 13 is a potent inhibitor of the human U87MG glioblastoma cells.

Compound 13 causes 50% stable arrest of mitosisin HeL acells.



