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Abstract

Microtubules are considered as important targets of anticancer therapy. EAPB0503 and its
structural imidazo[1,2-a]quinoxaline derivatives are major microtubule-interfering agents
with potent anticancer activity. In this study, the synthesis of several new derivatives of
EAPBO0503 is described, and the anticancer efficacy of 13 novel derivatives on A375 human
melanoma cell line is reported. All new compounds show significant antiproliferative activity
with ICsp in the range of 0.077-122 pM against human melanoma cell line (A375). Direct
inhibition of tubulin polymerization assay in vitro is also assessed. Results show that
compounds 6b, 6e, 6g, and EAPB0503 highly inhibit tubulin polymerization with percentages
of inhibition of 99%, 98%, 90%, and 84% respectively. Structure-activity relationship studies
within the series are also discussed in line with molecular docking studies into the colchicine-
binding site of tubulin.

Keywords: antiproliferative activity; tubulin depolymerization; human melanoma cancer cell

line (A375); structure-activity relationship; molecular docking; imidazo[1,2-a]quinoxaline



1. Introduction

Microtubules are the key components of the cytoskeleton of eukaryotic cells and have an
important role in various cellular functions such as mitosis, exocytosis, and maintenance of
cellular morphology, active transport, cell shape and polarization." They play a critical role
in cell division by their involvement in the movement and attachment of the chromosomes
during various stages of mitosis. Therefore microtubule dynamics is an important target for
the development of anti-cancer agents.*®> Microtubules are composed of o/B tubulin
heterodimers, always in a state of equilibrium.** Microtubule targeting agents (MTA), drugs
that interfere with microtubule dynamic stability, are widely employed in the clinic to treat a
variety of cancers or are exploited as probes to gain insights into-microtubule structure and
function.**® MTAs are antimitotic agents which perturb not only mitosis but also arrest cells
during interphase. MTAs are known to interact with tubulin through at least four binding
sites: the laulimalide, taxane/epothilone, vinca alkaloid, and colchicine sites.*** Colchicine
binds to the intradimeric o-f interface of tubulin heterodimers contiguous to the GTP-binding

domain of the a-tubulin subunit ?°

and the tubulin-colchicine complex prevents further
polymerization of the microtubule. Such complex brings about a conformational change
which blocks the tubulin dimers from further addition and prevents the growth of the
microtubule by producing potent destabilization effects of microtubules, resulting in the
subsequent shutdown of existing tumor vasculature.**°

Efforts have been increasing for new compounds exhibiting inhibition of tubulin assembly
and disassembly -in order to induce anti-proliferative activities and treat a wide variety of
malignancies.*” %> The alteration of microtubule dynamics prevents cells division and
apoptosis of different human cancer lines including Multi Drug Resistant (MDR) cancer cell
lines#¥*°

Imidazoquinoxalines derivatives have been designed by our laboratory since 2004 using
different strategies of synthesis. Among these derivatives, EAPB0203 and EAPB0503
(Figure 1) have shown potent antitumor properties in vitro and in vivo against melanoma and
T-cell lymphomas.?®?® Preliminary studies have shown antitubuline activity for those two

derivatives.*
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Figure 1: Chemical structure of lead compounds.

Previous structure-activity relationship (SAR) studies with imidazoquinoxalines analogues
were reported.?®?" In continuation of previous work and in order to better study the possible
correlation between the antiproliferative effect of our derivatives on human melanoma cell
line and microtubule disruption, a new series of imidazoquinoxalines derivatives has been
designed. Their biological activities were determined on the human melanoma cancer cell line
A375 and possible correlations with their effect on tubulin polymerization were determined.
Complementary molecular modeling studies on the colchicine binding domains of tubulin
contribute to give new insights on structure activity relationships and possible development of

the series.

2. Results and discussion
2.1.Chemistry
2.1.1. Synthesis of EAPB0503 derivatives

EAPBO0503 and its derivatives have attracted our attention since 2004, due to their promising
high potential activity against different types of cancer. They have been synthesized using a
new strategy detailed previously.?®*’ Based on these encouraging first data on anticancer
activity, new imidazoquinoxaline derivatives were designed. They have been obtained using
the same strategy of synthesis. The advantage of this new synthetic method remains in the fact
that all considered imidazoquinoxalines can be obtained from the same and common
intermediate, the compound 1 (Scheme 1).The substitution for diversity is then performed at

the last steps of the synthesis. The use of microwave assistance allows to dramatically



optimize the time of reactions, purity of the intermediates, and global yields. It is also to be
noted that the synthesis of the parent compound 1 can also be optimized using microwave
assistance by treating the 4,5-lactame derivative precursor with phosphorus oxychloride and
N,N-diethylaniline in a sealed vial using a Biotage® initiator microwave synthesizer.
Nevertheless, the crude compound obtained still requires further purification on silica gel
column chromatography for the next steps of the synthetic scheme.

First diversity on position 4 is obtained by substitution of the chlorine on compound 1 by the
appropriate amine under microwave heating to give compounds 2 and 3. The bromination on
position 1 of compounds 2 and 3 by N-bromosuccinimide under microwave conditions leads

to compound 4 and 5, respectively. In comparison to the initial synthetic procedure, %

steps
aand b (Scheme 1) as well as the step leading to the parent compound 1, have been optimized

using microwave irradiation instead of conventional heating.

Br.

I OGS -
/ 7 /

2 (R, = CH;-NH-) 4 (R, = CH;-NH-)

3 (Ry=NH,-) 5 (R, =NH,)

R4

\Z’\ N /N
XX~ L
>
Z N Ry
6a-6j, 7a 8,9

Scheme 1: Synthesis of EAPB0503 derivatives. a) EtOH, NH,CHjs in ethanol or NH,OH in water,
MW (180°C, 20 min); b) NBS, CHCIs, reflux 1h30; c¢) Suzuki-cross coupling (R;’-B(OH),),
Pd(PPhg),4, Na,CO3, DME, MW (140°C, 20 min); d) lodocyclohexane, DMF, reflux 16h.

A second step for diversity is obtained using different arylboronic acids in Suzuki-cross
coupling reactions. As expected, the palladium catalyzed substitution selectively occurs on the
bromo position to obtain compounds 6a to 6j, and 7a under microwave assistance (140°C, 20
min) with good to acceptable yields. The phenol derivatives 8 and 9 can be obtained by a
treatment of the methoxy compounds EAPBO0503 and 7a with iodocyclohexane under
conventional heating. Compounds 2 to 4, EAPB0503, 6a and 6b were described with their

analytical data in previous studies.?®?

2.2. Biological evaluation



2.2.1. In vitro cell growth inhibition

All compounds were tested for their cytotoxic effect on human melanoma cell line (A375),

our in vitro model used previously for screening,?®%

using EAPBO0503 as reference, which
showed previously an important cytotoxic activity comparing to fotemustine, clinically used
for human melanoma treatment.?®?® The screening results reported in Table 1 demonstrate
that all our new compounds showed significant antiproliferative activity with 1Csq in the range
of 0.077-122 pM against human melanoma cell line used. Compounds 6b, 6d, 6e, 6g, 7a and
8 were distinctly more potent from the other compounds. However, 6g was the only
compound presenting the highest significant antiproliferative activity in comparison to
EAPBO0503 (P=0.002<0.05). It displayed an 1Csy values about 0.077 uM, 3 time-folds more
potent than EAPB0203 (0.2 pM). Compound 6a showed the lowest cytotoxic activity
(P<0.05). Based on the cytotoxicity data, the structure-activity relationship (SAR) for these
new imidazoquinoxaline derivatives was examined. It is interesting to observe that the
compounds with a methoxy or hydroxy substitution at meta-position (7a, 8 and 9), and the
dimethoxy substitutions at 3,4 or 3,5 and 3,6 positions (6d, 6e, and 6f) on the phenyl ring (R1)
showed similar or slightly reduced activity on A375 cancer cell in comparison to EAPB0503.
Moderate decrease in activity than EAPB0503 was observed for the trimethoxy substituted
compounds (6h, 6i and 6j). The ortho-methoxy substitution (6a) showed an important
decrease in the cytotoxic activity. It is important to note that the 2-hydroxy-3-methoxy
compound (6g) presented the most important antiproliferative activity. These findings
conducted us to highlight that at least one methoxy or hydroxy substitution at meta-position

on the phenyl ring is recommended to maintain the cytotoxic activity of these derivatives.

2.2.2. In vitro effect on tubulin polymerization

To investigate whether the antiproliferative activities of these compounds were related or not
to the interaction with tubulin and in order to more investigate the mechanism of action of our
derivatives, we evaluated their capacity for binding and inhibiting tubulin polymerization.
For this issue, tubulin was purified from pig brain tissue according the protocol described in
the experimental part. Colchicine, a known natural antitubuline inhibitor, was used as

reference. The results on tubulin polymerization are illustrated in Table 1.

Table 1: Imidazoquinoxaline derivatives: general formula, 1Cs, values against A375 cells and effect
on tubulin polymerization inhibition.



ICso” (LM) on A375°

% of tubulin
polymerization

inhibition
Compounds R1 R4 /DMSO 5uM ©
EAPB0503 3-OCH;3-CgHa- CH;-NH- 0.2+0.02 84.0 £ 3.2
6a 2-OCH3-CgHa- CH3-NH- 122 +25 0
6b 4-OCH3-CgHa- CH3-NH- 0.37+0.4 99.0+3.4
8 3-OH-CgH,- CH;5-NH- 1.25+0.18 0
7a 3-OCH;3-CgHa- H,N- 0.20+£0.0014 41.0+7.8
9 3-OH-CgH,- H,N- 2.4+0.6 11.33+6.3
6¢ 2,3-di-OCH;-CgH5- CH3-NH- 5.9+0.3 0
6d 3,4-di-OCH;-CgH5- CH3-NH- 0.3+0.003 63.0+8.0
6e 3,5-di-OCH;-CgH5- CH3-NH- 0.22 + 0.005 98.5+4.0
6f 2,5-di-OCH;-CgH5- CH3-NH- 1.20+£0.044 3.0+24
6g 2-OH-3-OCH3-CcHs-  CH3-NH- 0.077 £ 0.005 90.0+7.7
6h 2,3,4-tri-OCH3-CgHs-  CH3-NH- 1.50+0.30 0
6i 3,4,5-tri-OCH3-CgHy-  CH3-NH- 1.80+0.38 0
6j 2,4,6-tri-OCH3-CcH, ~ CH3-NH- 2.30+0.09 0
Colchicine 0.010 £ 0.002 52+5

ICso: compound concentration required for A375 growth inhibition by 50%; * Values are derived from three
independent experiments, the standard deviation are also noted; "A375 human melanoma cells. ¢ Values are
expressed in percentages, derived from three independent experiments and the SD are also calculated.

Compounds 6b, 6e, 6g, and EAPB0503 (at 5 uM) were highly effective in their ability to
inhibit tubulin assembly with percentages of inhibition values of 99%, 98%, 90% and 84%,
respectively. These compounds exhibited significant high potency on tubulin inhibition in
comparison with colchicine which demonstrated a percentage up to 52% of inhibition (P =
0.01, 0.01, 0.04, and 0.02 respectively < 0.05). The high effect on tubulin inhibition is
correlated with their potent antiproliferative effect on human melanoma cell line. This
reported data showed an important role of theses derivatives as antiproliferative and
antimitotic agents. Based on the structural analogy with colchicine, we decided to introduce
methoxy groups, presents on colchicine, on our compounds to improve their antitubulin
inhibition. Surprisingly, compounds (6a, 6h, 6i, and 6j) bearing three methoxy substitutions

did not show any inhibition of tubulin assembly.

2.2.3. EAPB0503, 6b and 6e causes G2/M cell-cycle arrest



Cellular DNA contents were determined by Flow cytometer analysis on cell treatment.
EAPB0503, 6b and 6e induced significant dose-dependent changes in the cell-cycle
distribution (Figure 2). Indeed, all 3 compounds induce a dramatic blockage in G2/M phase.
Those results were agreed to those of antitubulinic agents that usually caused a block of cells
in the G2/M phase of the cell cycle. In fact, their ability to inhibit tubulin assembly will avoid
the mitotic spindle formation and so the mitosis.
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Figure 2: EABP0503, 6b and 6e induce G2/M cell arrest on A375 cell Ime. (A) Effects of
EABP0503, 6b and 6e on the cell-cycle distribution on A375 cell line. Treated cells were stained with
Pl (25 pg/ml), and the cell-analysis was performed by a Gallios flow cytometer. (B) The G0/G1, S and
G2/M percentage measured in treated cells.

2.3. Molecular Modeling

In order to better precise and in line with SAR the tubulin affinity and selectivity of our
compounds, molecular docking simulations were determined with this series of compounds.
The 3D structures of all chemical compounds were generated using PRODRG interface.™

Molecular docking studies were performed using the GOLD software *? to examine a possible

8



binding mode of all compounds in the colchicine binding domains of tubulin. Colchicine
binds between the two chains (o and ) of tubulin making a hydrogen bond with Vall181 of
chain B* and a hydrogen bond with Thr353 of chain o connected with a water molecule
(Figure 3a). The tri-methoxyphenyl ring of colchicine is buried in a hydrophobic pocket of
chain o form by the side chain of residues Cys241, Leu242, Leu248, Ala250, Leu255, 1le318,
Ala354 and 11e378 (Figure 3a). The tropolone ring of colchicine is at the entrance of this
pocket and made Van der Walls interactions with the side chain of residues Leu255, Met259,
Ala316 and Lys352. Docking studies of all compounds into the colchicine site of tubulin
showed a good correlation with the inhibition of tubulin polymerization.  As an example,
compounds 6a, 6c¢, 6h, 6i and 6j could not be docked in this colchicine site and demonstrated
absence of tubulin polymerization inhibition. On the contrary, compounds EAPB0503, 6b,
6e, 6g and 7a could be docked in the colchicine site. Compound 6g with the highest activity
on A375 cells showed a good superimposition of the tropolone ring with the phenyl
substituted (Figure 3b-d) by making a hydrogen bond with Vall81 of chain B as the
colchicine. Imidazoquinoxaline ring made a hydrogen bond with residue Asn101 from chain
and Van der Wall interaction with Leu255, Met259, Ala316 and Lys352 from chain a.. These
finding suggested that compound 6g does not mimic the tri-methoxyphenyl ring of the
colchicine fitting into the hydrophobic pocket of chain o. This result can explain the inactivity
of compounds 6h, 6i and 6j bearing three methoxy groups on the phenyl ring due to clash
with Met259.



Figure 3: Compound 6g in the colchicine binding pocket of tubulin chains o and . a. Structure of
tubulin with colchicine bound PDB 402B; b. Hydrogen bonds interaction between compound 6g and
tubulin (view from the top of the ligand); c. Superposition of compound 6g and colchicine (view from
the top). d. Superposition of compound 6g and colchicine (view from the side).; Color coding:
nitrogen atoms blue, oxygen atoms red, carbon atoms pale pink for tubulin chain o, carbon atoms
green for tubulin chain B, carbon atoms yellow for compound 6g and brown for colchicine; Hydrogen
bonds were showed by black dash-line, the distance was denoted by A; water molecule is shown as
non-bond sphere.

The results obtained from the docking simulations provided us a general binding mode that
was able to justify the biological activity of the compounds and gave some indication for

further rational improvement of imidazoquinoxaline derivatives.

3. Conclusion

A library of new heterocyclic compounds, imidazo[1,2-aJquinoxaline derivatives were
synthesized under microwave assistance. The total reaction time and the yield of the products
have been optimized comparing to the conventional heating. These new derivatives exhibited
remarkable antiproliferative effects on human melanoma cell lines (A375). Compound 6g
presented the most important antiproliferative activity. SAR studies showed that at least one
methoxy or hydroxy substitution at meta-position on the phenyl ring is mandatory to maintain

10



the cytotoxic activity of these derivatives. Compounds 6b, 6e, 6g, and EAPB0503, showed
potent inhibitions of the tubulin polymerization which are correlated to the antiproliferative
activities. Compound 69 is able to make a hydrogen bond with Vall81 of chain  as
colchicine and another hydrogen bond with residue Asn101 from chain  and Van der Wall
interaction with Leu255, Met259, Ala316 and Lys352 from chain a. On the basis of these
important properties, these derivatives can be promising leads in the development of

anticancer agents.

4. Experimental
4.1. Chemistry

All solvents and reagents were obtained from commercial sources and used without further
purification unless indicated otherwise. *H and *C NMR spectra were recorded using a
Bruker AC 400 or 300 spectrometer. Chemical shifts are reported in parts per million (ppm)
from the tetramethylsilane resonance in the indicated solvent. Coupling constants are reported
in Hertz (Hz), spectral splitting partners are designed as follow: (s) singlet, (br s) broad
singlet, (d) doublet, (dd) doublet of doublets (t) triplet, (td) triplet of doublets, (m) multiplet.
High Resolution Mass Spectra (HRMS) (ElectroSpray lonization method (ESI) and Q-Tof
high resolution) were recorded on Synapt G2-S (Waters) by the physical measure department
(IBMM, Montpellier, France). Column chromatography was performed on Aldrich silica gel
60 (230-400 mesh). The microwave organic synthesis was assisted by the Biotage® initiator
(Temperature range: 40 - 300°C; Pressure range: 0 — 30 bar; Power range: 0 - 400 W from
magnetron at 2.45 GHz).

4.1.1. Imidazo[1,2-a]quinoxalin-4-amine (3)
NH4OH of a 33% (w/v) aqueous solution (2.7 mL, 19.7 mmol) was added to a solution of 1
(0.500 g, 2.5 mmol) in acetonitrile (5 mL). The mixture was placed under microwave heating
at 180°C during 20 min. The solvent was removed under reduced pressure, and the residue
was dissolved in CH,Cl, (20 mL). The organic fraction was successively washed with
saturated NaCl solution (15 mL) and water (15 mL), dried (Na,SO,), and concentrated under
reduced pressure. The product was obtained (yield, 94 %) and used without purification. *H
NMR (300 MHz, DMSO-dg) &: 7.92 (d, 1H), 7.79 (d, 1H), 7.72 (m, 2H), 7.65 (m, 2H), 6.66

11



(br s, 2H); ** C NMR (300 MHz, DMSO-ds) & 142.49, 131.92, 129.26, 128.88, 127.58,
125.81, 125.26, 124.72, 114.26, 111.75.

4.1.2. 1-bromoimidazo[1,2-a]quinoxalin-4-amine (5)

A solution of 3 (1.25 g, 6.8 mmol) and N-bromosuccinimide (1.3 g, 7.5 mmol) in CHClI3 (200
mL) was heated under reflux for 1h30. The resulting solution was cooled, washed with 5%
sodium hydrogen carbonate (50 mL), dried with Na,SO, and concentrated under reduced
pressure. Yield 80%. 'H NMR (300 MHz, DMSO-ds) & 7.95 (d, 1H), 7.75 (m, 2H), 7.71 (m,
1H), 7.68 (m, 1H), 6.65 (br s, 2H); ** C NMR (300 MHz, DMSO-ds) & 142.20, 138.78,
129.66, 128.16, 127.17, 126.95, 126.18, 125.51, 113.98, 99.27. HRMS: m/z calcd for
C11H1oN4Br [M]+ 277.0089; Found 277.0088.

General procedure for the Suzuki cross-coupling reaction %%

The Suzuki coupling of 4 (300 mg, 1.09 mmol) or 5 with the corresponding aryl boronic acid
in the presence of palladium catalyst Pd(PPhs), (60 mg), basic conditions Na,CO3 (250 mg),
DME (10 mL), H,O (5 mL) and under microwave assistance (140°C, 20 min) led to 6¢-6j and
7a. These compounds were purified by column chromatography on silica gel, leading to the

pure desired products.

4.1.3. 1-(2,3-dimethoxyphenyl)-N-methylimidazo[1,2-a]quinoxalin-4-amine (6c¢)
2,3-dimethoxyphenyl boronic acid (218 mg, 1.2 mmol). Yellow solid (66%). *H NMR (400
MHz, CDCls) & 7.80 (d, J = 8 Hz, 1H), 7.43 (s, 1H), 7.32-7.10 (m, 4H), 7.02-6.90 (m, 2H),
6.28 (br s, 1H), 3.95 (s, 3H), 3.55 (s, 3H), 3.28 (d, 3H). *C NMR (400 MHz, CDCl3) & ;
153.07, 148.16, 137.72, 133.95, 132.28, 126.91, 126.68, 126.17, 125.23, 124.32, 123.68,
122.68, 115.58, 114.26, 60.72, 55.98, 27.87. HRMS: m/z calcd for CigHi9N4O, [M]+
335.1508; Found 335.1510.

4.1.4. 1-(3,4-dimethoxyphenyl)-N-methylimidazo[1,2-a]quinoxalin-4-amine (6d)
3,4-dimethoxyphenyl boronic acid (218 mg, 1.2 mmol). Off white solid (30%). *H NMR (400
MHz, CDCls) & 7.87 (d, J = 8 Hz, 1H), 7.44 (s, 1H), 7.38-7.35 (m, 2H), 7.13-6.97 (m, 4H),
6.50 (br s, 1H), 3.96 (s, 3H), 4.02 (s, 3H), 3.89 (s, 3H), 3.37 (br s, 3H). *C NMR (400 MHz,
CDCls) 6. 149.99, 149.11, 148.28, 138.02, 133.66, 132.06, 130.73, 127.11, 125.82, 123.19,

12



122.81, 122.37, 115.98, 113.39, 111.28, 56.08, 56.03, 27.59. HRMS: m/z calcd for
Ci19H19N4O; [M]+ 335.1508; Found 335.1510.

4.1.5.1-(3,5-dimethoxyphenyl)-N-methylimidazo[1,2-a]quinoxalin-4-amine (6e)
3,5-dimethoxypheny! boronic acid (218 mg, 1.2 mmol). Yellow solid (40%). *H NMR (400
MHz, CDCls) & 7.79 (d, J = 8 Hz, 1H), 7.37-7.26 (m, 3H), 6.94 (td, 1H), 6.59-6.56 (m, 3H),
6.43 (br s, 1H), 3.75 (s, 6H), 3.29 (br s, 3H). *C NMR (400 MHz, CDCl;) & 161.05, 132.24,
126.64, 123.02, 116.33, 108.29, 55.58, 28.11. HRMS: m/z calcd for CigHisN4O, [M]+
335.1508; Found 335.1505.

4.1.6. 1-(2,5-dimethoxyphenyl)-N-methylimidazo[1,2-a]quinoxalin-4-amine (6f)
2,5-dimethoxyphenyl boronic acid (218 mg, 1.2 mmol). White solid (83%). *"H NMR (400
MHz, CDCly) & 7,86 (d, J = 4 Hz, 1H), 7,44 (s, 1H), 7,38-7,28 (m, 2H), 7,11-6,96 (m, 4H),
6,51 (br s, 1H), 3,85 (s, 3H), 3,58 (s, 3H), 3,37 (br s, 3H). *C NMR (400 MHz, CDCl) &
153.55, 152.34, 147.89, 132.25, 126.36, 122.72, 120.15, 117.63, 116.07, 115.54, 112.00,
55.89, 55.84, 28.08. HRMS: m/z calcd for C1gH19N4O, [M]+ 335.1508; Found 335.15009.

4.1.7. 1-(2-hydroxy-3-methoxyphenyl)-N-methylimidazo[ 1,2-a]quinoxalin-4-amine (6g)
2-hydroxy-3-methoxypheny! boronic acid (201 mg, 1.2 mmol). White solid (9%). *H NMR
(300 MHz, CDCls) §:7.80 (br s, 1H), 7.41 (s, 1H), 7.36-7.26 (m, 2H), 7.06-6.93 (m, 4H),
6.35 (br s, 1H), 6.05 (br s, 1H), 3.96 (s, 3H), 3.27 (br s, 3H). *C NMR (300 MHz, CDCl5) &'
146.32, 143.50, 142.84, 139.57, 131.13, 130.76, 129.38, 129.02, 125.91, 124.90, 124.47,
121.72, 121.48, 117.99, 114.94, 108.52, 55.93, 29.30. HRMS: m/z calcd for C1gH17N4O, [M]+
321.1352; Found 321.1354.

4.1.8. 1-(3-methoxyphenyl)imidazo[1,2-a]quinoxalin-4-amine (7a)
5 (320 mg, 1.21 mmol), 3-methoxyphenyl boronic acid (370 mg, 2.4 mmol). Yield 79%. ‘H
NMR (300 MHz, CDCls) & 7.98 (s, 1H), 7.65 (m, 2H), 7.55 (m, 2H), 7.3 (m, 2H), 6.97 (m,
2H), 6.2 (br s, 2H), 3.52 (s, 3H). **C NMR (300 MHz, CDCl3) & 160.89, 143.10, 131.06,
130.68, 129.88, 129.73, 128.27, 127.39, 126.20, 125.02, 124.86, 119.97, 118.73, 115.08,
111.87, 108.79, 55.30. HRMS: m/z calcd for C17H15N4O [M]+ 291.1246; Found 291.1251.

4.1.9. N-methyl-1-(2,3,4-trimethoxyphenyl)imidazo[ 1,2-a]quinoxalin-4-amine (6h)
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2,3,4-trimethoxyphenyl boronic acid (365 mg, 2.17 mmol). Yellow solid (15%). *H NMR
(400 MHz, CDCls) &: 7.80 (br s, 1H), 7.35-7.19 (m, 3H), 7.05 (d, J = 8 Hz, 1H), 6.95-6.88 (m,
1H), 6.74 (d, J = 8 Hz, 1H), 3.91 (s, 3H), 3.85 (s, 3H), 3.53 (s, 3H), 3.30 (br s, 3H). *C NMR
(400 MHz, CDCl3) ¢: 154.61, 151.73, 146.64, 141.37, 131.13, 131.03, 125.31, 121.88,
114.49, 106.14, 60.05, 59.86, 55.12, 28.67. HRMS: m/z calcd for C»H2:N4O3 [M]+ 365.1614;
Found 365.1615.

4.1.10 N-methyl-1-(3,4,5-trimethoxyphenyl)imidazo[1,2-a]quinoxalin-4-amine (6i)
3,4,5-trimethoxyphenyl boronic acid (365 mg, 2.17 mmol). Yellow solid (28%). 'H NMR
(400 MHz, CDCls) & 7.76 (d, J = 8 Hz, 1H), 7.36 (s, 1H), 7.31-7.26 (m, 2H), 6.93 (td, 1H),
6.66 (s, 2H), 6.38 (br s, 1H), 3.90 (s, 3H), 3.78 (s, 6H), 3.26 (br's, 3H). *C NMR (400 MHz,
CDCls) 6. 153.54, 147.92, 138.99, 132.10, 128.34, 125.47, 122.73, 119.10, 116.15, 107.56,
61.12, 56.32, 27.97. HRMS: m/z calcd for C»H21N4O3 [M]+ 365.1614; Found 365.1616.

4.1.11. N-methyl-1-(2,4,6-trimethoxyphenyl)imidazo[ 1,2-a]quinoxalin-4-amine (6j)
2,4,6-trimethoxyphenyl boronic acid (365 mg, 2.17 mmol). Yellow solid (20%). *H NMR
(400 MHz, CDCls) & 7.70 (d, J = 8 Hz, 1H), 7.30-7.21 (m, 3H), 6.88 (td, 1H), 6.41 (br s, 1H),
6.18 (s, 2H), 3.86 (s, 3H), 3.56.(s, 6H), 3.22 (br s, 3H). *C NMR (400 MHz, CDCls) &
163.06, 160.18, 148.20, 132.16, 132.06, 126.41, 125.90, 122.62115.04, 114.45, 100.45, 90.78,
55.79, 55.53, 27.77. HRMS: m/z calcd for CyoH21N4O3 [M]+ 365.1614; Found 365.1613.

General procedure for the demethylation reaction

To EAPBO0503 and 7a under nitrogen atmosphere in anhydrous dimethylformamide,
iodocyclohexane was added to the mixture and the reactions were heated to reflux for 16 h.
Iced water (20 mL) was added to the residues and the products were extracted with CH,Cl, (3
x 30 mL). The combined organic extracts were washed with water (40 mL), dried (Na,SQOy,)
and concentrated to dryness under reduced pressure. The crude products were purified by
column chromatography on silica gel using C¢Hi,-EtOAC (50:50 v/v) as eluent, leading to
products, which were then taken into chloroform at 0°C, filtrated and washed with iced

chloroform, yielding to the pure compounds 8 and 9.

4.1.12. 3-(4-methylamino)imidazo[1,2-a]quinoxalin-1-yl)phenol (8)
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EAPBO0503 (200 mg, 0.64 mmol), dimethylformamide (2 mL), iodocyclohexane (3.3 mmol,
0.424 mL). Yield 22% 'H NMR (300 MHz, MeOD) §: 9.84 (br s, 2H), 7.78 (dd, 1H), 7.62
(dd, 1H), 7.4 (m, 2H), 7.35 (m, 1H), 7.29 (m, 2H), 6.85 (m, 2H), 3.25 (s, 3H), *C NMR (300
MHz, CDCls) ¢ : 160.07, 142.83, 139.57, 131.46, 131.13, 130.35, 129.59, 129.02, 126.92,
124.90, 124.47, 122.10, 117.66, 114.96, 114.43, 112.32, 29.32. HRMS: m/z caled for
C17H15N4O [M]+ 291.1246; Found 291.1245.

4.1.13. 3-(4-amino)imidazo[1,2-a]quinoxalin-1-yl)phenol (9)
7a (200 mg, 0.689 mmol), dimethylformamide (5 mL), iodocyclohexane (8.26 mmol, 1.00
mL). Yield 17%. *H NMR (300 MHz, MeOD) §: 9.88 (br s, 3H), 7.55 (m, 2H), 7.45 (m, 2H),
7.32 (m, 2H), 7.20 (s, 1H), 6.98 (m, 2H). **C NMR (300 MHz, CDCls) §: 160.07, 143.10,
131.58, 131.06, 130.35, 129.35, 129.97, 129.97, 129.73, 126.78, 126.20, 125.02, 124.85,
119.97, 118.37, 115.08, 114.43, 113.03. HRMS: m/z calcd for Ci6H13N,O [M]+ 277.1089;
Found 277.1093.

4.2. Biological evaluation

4.2.1. Materials and reagents:
Compounds and reactants-used in this study were bought from Sigma-Aldrich (Saint-Qentin
Fallavier, France). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
isopropyl alcohol.and chlorhydric acid were obtained from Merck (Darmstadt, Germany). All
other reagents were of analytical grade and were obtained from commercial sources.
Statistical analysis for the values was performed using t-test and P values are calculated.

Probably values of less than 0.05 were considered statistically significant.

4.2.2. Cell lines and culture techniques.
Melanoma human cancer cell line (A375) was obtained from American Type Culture
Collection (Rockville, Md., USA). Cells were cultured in RPMI medium containing RPMI-
1640 (LONZA, Basel, Switzerland), supplemented with 10% heat-inactived (56°C) foetal
bovine serum (FBS) (Gibco, Waltham, MA, USA), 2 mM L-glutamine, 100 1U/ml penicillin
G sodium, 100 pg/ml streptomycin sulphate and 0.25 pg/ml amphotericin B. Cells were

maintained in a humidified atmosphere of 5% CO; in air at 37 °C.

15



4.2.3. Cytotoxicity Assay.
Previously to the experiments, the number of cells by well, the doubling time and the MTT
concentration have been optimized. In all the experiments, A375 were seeded at a final
concentration of 5000 cells/well in 96-well microtiter plates and allowed to attach overnight.
After 20-24 hours incubation, the medium was aspirated carefully from the plates using a
sterile Pasteur pipette, and cells were exposed i) to vehicle controls (1% DMSQO/culture
medium and culture medium alone), ii) to EAPB0503, of 10 to 10™° pM, diluted in the
culture medium, and iii) to the synthesized compounds (10-10° uM) dissolved in a mixture
1% DMSO/culture medium (v/v). After 96 h of incubation, 10 pl of MTT solution in PBS (5
mg/ml, phosphate-buffer saline pH 7.3) were added to each well and the wells were incubated
at 37 °C for 4 h. This colorimetric assay is based on the ability of live and metabolically
unimpaired tumor-cell targets to reduce MTT to a blue formazan product. At the end of the
incubation period, the supernatant was carefully aspirated, then, 100 ul of a mixture of
isopropyl alcohol and 1 M hydrochloric acid (96/4, v/v) were added to each well. After 10
min of incubation and vigorous shaking to solubilize formazan crystals, the optical density
was measured at 570 nm in a microculture plate reader (Dynatech MR 5000, France). For
each assay, at least three experiments were performed in triplicate. The individual cell line
growth curves confirmed all tumor lines in control medium remained in the log phase of cell
growth 96 h after plating. Cell survival was expressed as percent of vehicle control. The 1Cs
values defined as the concentrations of drugs which produced 50% cell growth inhibition;

50% reduction of absorbance, were estimated from the sigmoidal dose-response curves.

4.2.4 Anvitro tubulin polymerization analysis
Tubulin was prepared from pig brain according to the purification procedure described by
Williams and Lee®. To evaluate the effect of the compounds on tubulin assembly in vitro,
tubulin polymerization was monitored turbidimetrically at 350 nm with a MC2
spectrophotometer (Safas, Monaco) equipped with a thermal-jacketed cuvette holder. The
reaction mixture was prepared at 0 °C, and contained PEM (Pipes 0.1M, EGTA 2mM, MgSO,
1mM pH 6.9) buffer, 25% glycerol (v/v), 1 mM GTP, MgSO,4 5mM, and 12 uM tubulin. GTP
and tubulin were added at the very last minute. EAPBO0503, its derivatives and colchicine
stock solutions were diluted in DMSO to the desired concentration, and 2 pL of the
compound solution was added to the medium (final concentration: 5 uM). The same volume
of DMSO alone was used for negative control. The final volume of the sample was 200 L.

The reaction was started by placing the cuvette in the spectrophotometer cell compartment
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thermostated at 37 °C. Ice was added 45 minutes later to initiate depolymerization to check
for signal specificity.

4.2.5. Flow cytometric analysis

The cell cycle distribution was monitored by flow cytometric analysis as previously described
by Brons et al*® . A375 cells were harvested after treatment with EABP0503, 6e or 6b for
24hh, washed with PBS and were spun down (400g, 5 min at 4°C), the supernatant was
discarded, and the pellet placed on ice for 10 min. Subsequently 900 pl of an ice-cold
hypotonic Pl solution (221, containing 25 pg/ml Propidium iodure (Sigma), 0.1% w/v tri-
sodium citrate dihydrate (Sigma, St louis), 10% v/v RNA-se A solution (Sigma, St. Louis)
and 0.1% v/v Triton X-100 in distilled water, was added. Cells were kept overnight on ice and
analyzed for DNA content. The stained cells were performed by a Gallios 10
photomultiplicators (Beckman coulter) in Montpellier Rio Imaging facilities (MRI platform,
Montpellier, France). The cell cycle distribution was analyzed using KALUZA flow analysis

software (Beckman coulter). For each experiment, 20 000 events per sample were recorded.

4.2.6. Molecular docking analysis
The molecular modeling studies were performed with GOLD.** The crystal structure of
tubulin complexed with colchicine (PDB 402B) *" was retrieved from the RCSB Protein Data
Bank. The binding sphere with a radius of 25.0A was defined with residue Leu255 as the
binding site. All .compounds were drawn with PRODRG ' and protonated using BABEL.
Finally, they were docked into the binding site using the GOLD * protocol with the default
settings. The pictures were generated by the program PYMOL.*
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List of captions

Figure 1: Chemical structure of lead compounds.

Scheme 1: Synthesis of EAPB0503 derivatives. a) EtOH, NH,CHj3 in ethanol or NH,OH .in
water, MW (180°C, 20 min); b) NBS, CHCls, reflux 1h30; c) Suzuki-cross coupling (R1’-
B(OH),), Pd(PPhs3)4, Na,CO3, DME, MW (140°C, 20 min); d) lodocyclohexane, DMF,; reflux
16h.

Table 1: Imidazoquinoxalines derivatives: General formula, 1Cso values against A375 cells
and effect on tubulin polymerization inhibition.

Figure 2: EABP0503, 6b and 6e induce G2/M cell arrest on A375 cell line. (A) Effects of
EABP0503, 6b and 6e on the cell-cycle distribution on A375 cell line. Treated cells were
stained with P1 (25 pg/ml), and the cell-analysis was performed by a Gallios flow cytometer.
(B) The GO/G1, S and G2/M percentage measured in treated cells.

Figure 3: Compound 6g in the colchicine binding pocket of tubulin chains o and B. a.
Structure of tubulin with colchicine bound PDB 402B; b. Hydrogen bonds interaction
between compound 6g and tubulin (view from the top of the ligand); ¢ Superposition of
compound 6g and colchicine (view from the top). d. Superposition of compound 6g and
colchicine (view from the side).; Color coding: nitrogen atoms blue, oxygen atoms red,
carbon atoms pale pink for tubulin chain o, carbon atoms green for tubulin chain 8, carbon
atoms yellow for compound 6g and brown for colchicine; Hydrogen bonds were showed by
black dash-line, the distance was denoted by A; water molecule is shown as non-bond sphere.
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Graphical abstract

69 (R1: 2-OH-3-OCHj;-CsHs-, Rs: CH3-NH-)
1C50 A375 = 0.077 uM
Tubulin inhibition: 90%

Superposition of 6g and colchicine
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