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ABSTRACT

22 flavokawain derivatives (FKd) were obtained by one step syntheses in order to conduct a
SAR study to understand the structural requirements for optimum and selective cytotoxicity.
FKd and natural flavokawains A and B found into kava, a South Pacific traditional beverage,
were evaluated against nine cancer and one healthy cell lines. The targeted cell cycle phases as
wellas the effects on the induction of apoptosis and cell cycle protein levels were investigated.
Therapeutic improvements (more activity and selectivity) were achieved with FKd compared to
natural flavokawains and notably with the 2°,3,4°,6’-tetramethoxychalcone (FKd 19). FKd
induced a G1/S arrest on p53 wild-type cells and an M arrest on p53 mutant-type, via the up-
regulation of p21 and cyclin Bl proteins, followed by apoptosis. Moreover, FKd exhibited a
24h-effect on Akt/mTor normal cells versus a 48h-effect on Akt/mTor up-regulated cells. The
SAR study resulted in the conclusion that trimethoxy A-ring allowed the best compromise
between cytotoxicity and selectivity, as well as the substitution of the meta position on the B-

ring and the use of halogens substituents.
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1 These authors act as co-senior equivalent authors.



1. Introduction

Kava is a traditional psychotropic beverage made from the
rhizomes of Piper methysticum G. Forst, a cultivated shrub
indigenous to the South Pacific Islands. Previous epidemiological
studies have shown an inverse relationship between cancer
incidence and kava consumption. Indeed, very low incidences of
many cancers (lung and colorectal cancers) were observed in the
highest kava-drinking South Pacific Islands such as Fiji, Vanuatu
and Western Samoa. Moreover, an uncustomary gender ratio of
cancer incidences (more cancers in women than men) is observed
in these countries, while the percentage of men is higher than
women in the kava-drinking population.'”

Following these findings, phytochemical studies revealed that
the kavalactones and chalcones were the two main classes of
compounds found in the rhizome extracts. The three major
chalcones, flavokawains A, B and C, exhibited antitumoral
activities. Flavokawain A (FKA)*™"' has been described to have
in vitro and in vivo cytotoxic activities against several cancers
(bladder, breast, blood, ovary, uterus and cervix, lung, liver,
colon, kidney and nasopharynx) with differentiated activities
depending on the p53 status: G1/S arrest on p53 wild-type cells
mediated in part by p21 up-regulation, and G2/M arrest on p53-
mutant type cells mediated among other things by cyclin B1 up-
regulation. FKA is a potent inducer of apoptosis, though the
activation of caspase 3, which also halted the migration and
invasion process as well as angiogenesis. Flavokawain B
(FKB)>™'"'*2* has been described to exhibit both in vitro and in
vivo anticancer activity against bladder, blood, bone, colon, lung,
liver, ovarian, breast, cervical, nasopharyngeal, prostate, skin,
synovial and oral cancers. In one normal cell line interestingly,
FKB showed very minimal cytotoxic effect. FKB caused G2/M
or G1/S phase cell cycle arrest depending on the cancer cell lines.
The G2/M arrest was observed notably by reductions in the level
of cyclin Bland increases in the levels of p21 and p53. Apoptosis
induced by FKB resulted in the activation of the mitochondrial
apoptotic pathway, up regulation of apoptotic proteins as caspase
3 and down-regulation of anti-apoptotic markers. Moreover, FKB
is able to decrease the ability of migration and invasion of cancer
cells as well as angiogenesis. Flavokawain C (FKC)'**>**® has
an in vitro cytotoxic activity against bladder, liver, lung,
colorectal and blood cancer cell lines by induction of intrinsic
and extrinsic apoptosis via up-regulation of the levels of pro-
apoptotic proteins and-death receptors, and via down-regulation
of the levels of anti-apoptotic proteins. FKC caused G1/S phase
cell cycle arrest accompanied by a decrease of the expression of
phosphorylated Akt and an increase of the level of p21. Also, the
three natural FKA, B and C exert anti-inflammatory activities as
inhibition of nuclear factor kB pathways which can play a role in
anticancer activities.">" >’

Only these three flavokawains occur naturally in plants.
However, few syntheses have been performed to obtain
flavokawain derivative structures in order to improve a promising
cytotoxic activity of natural flavokawains. Previous studies have
described  structure-activities relationship of flavokawain
derivatives (FKd) on proteins involved in cancer development
(melanin, tyrosinase, glutathione, Nrf2, HIF-1, NF-kB, cancer
breast resistance protein, iNOS, interleukin-1) and on six cancer
cell lines (TK-10, MCF-7, HT-29, HepG2, HeLa, A549).>%%%

In this study, we investigated the in vitro cytotoxic effects of
twenty-two FKd of which 14 were tested for the first time for
their cytotoxic effects. Tests were performed on nine cancer cell
lines: HuH7 (hepatocellular carcinoma cells), CaCo-2 (colorectal
adenocarcinoma), MDA-MB-231 (breast adenocarcinoma),
HCT116 (colorectal carcinoma), PC3 (prostatic

adenocarcinoma), NCI-H727 (lung carcinoid), HaCaT (immortal
keratinocyte), MCF-7 (breast adenocarcinoma) and RL (Non-
Hodgkin’s lymphoma) of which eight were included in a SAR
study for the first time, and one normal human fibroblastic cell
line. The molecular pathway targeted by these compounds was
identified (targeted cell cycle phase, induction of apoptosis,
effects on p21 and cyclin Bl). The influence of the mutational
status of the cell lines on the cytotoxic activity of FKd was
confirmed in the case of p53 protein and highlighted in the case
of Akt/mTor pathway. A structure-activity relationship analysis
was performed in order to improve the structural requirements for
optimum activity.

2. Materials and methods
2.1. General procedures for synthesis of FKd

In 20 mL of MeOH, corresponding acetophenones (1.5 mmol,
2-hydroxy-4,6-dimethoxyacetophenone for compounds 1-10, and
2,4,6-trimethoxy-2-hydroxyacetophenone for compounds 11-22),
benzaldehyde derivatives (1.5 mmol) and NaOH (2.5 equivalent
of acetophenone) -were dissolved. The reaction mixture was
stirred at room temperature until the completion of the reaction
which was monitored by TLC. The excess of NaOH was
neutralized by addition of HCI 0.1M. Compounds 6, 7 and 19
were directly purified by Sephadex column chromatography. For
the others, MeOH was evaporated and the solid residue was
dissolved in CH,Cl, (50 mL) and washed with distilled water (3
x'50.mL). The organic phase was dried with MgSO,, filtered and
CH,Cl, was removed under vacuum. Finally, FKd were purified
by column chromatography or by crystallization in MeOH or
EtOAc. Purity of FKd reached at least 95%, as confirmed by
HPLC. All chemicals were purchased from Sigma-Aldrich
(Saint-Louis, MO, USA) and HPLC quality solvents from
Fischer Chemicals (Leicestershire, UK). Mass spectral (MS)
analysis was carried on a Bruecker Esquire HCT Ultra MS
instrument equipped with an electrospray ion source. High
resolution mass spectral (HRMS) analysis was carried on a
Waters SYNAPT G2 HDMS instrument equipped with an
atmospheric pressure ionization source. NMR analyses were
performed on a Bruecker Avance III spectrometer. Melting points
were determined on an Electrothermal 9100 apparatus.

2.2. Structure characterization

Structure elucidations were down by comparison of "H and
BC spectrum with literature. All these NMR data are presented
in supplementary data (Material M1). FKd 6, 10, 14, 16, 19 and
21 were not previously identified by their NMR data (new or not
characterized). 'H and °C NMR data are given in the materials
and methods section. Key "H-"H COSY and HMBC are presented
in the supplementary data (Figure F1).

2.2.1. (E)-1-(2-hydroxy-4,6-dimethoxyphenyl)-3-
(4-methoxyphenyl)prop-2-en-1-one or
Flavokawain A (1)

Yellow crystals, Yield (Y): 98%, Melting point: (MP) 110°C.
'H and “C spectrum were consistent with literature.”® MS-ESI
m/z: Anal. Calc. for C,gH;s0s [M+H]" 315, found 315.

2.2.2. (E)-1-(2-hydroxy-4,6-dimethoxyphenyl)-3-
phenylprop-2-en-1-one or Flavokawain B (2)
Yellow crystals, Y: 38%, MP: 89°C. 'H and “C spectrum

were consistent with literature.®® MS-ESI m/z: Anal. Calc. for
C7H10,4 [M+H]" 285, found 285; [M-H] 283, found 283.

2.2.3. (E)-3-(4-chlorophenyl)-1-(2-hydroxy-4,6-
dimethoxyphenyl)prop-2-en-1-one (3)



Yellow crystals, Y: 24%, MP: 158-168°C. 'H and “C
spectrum were consistent with literature.” MS-ESI m/z: Anal.
Calc. for C{7H,504,C1 [M-H] 317 and 319, found 317 and 319.

2.2.4. (E)-3-(4-bromophenyl)-1-(2-hydroxy-4,6-
dimethoxyphenyl)prop-2-en-1-one (4)

Yellow crystals, Y: 17%, MP: 165°C. 'H and “C spectrum
were consistent with literature.®® MS-ESI m/z: Anal. Calc. for
C7H,50,Br [M+H]" 364 and 366, found 364 and 366; [M-H]
362 and 364, found 362 and 364.

2.2.5. (E)-3-(4-fluorophenyl-1-(2-hydroxy-4,6-
dimethoxyphenyl)prop-2-en-1-one (5)

Yellow crystals, Y: 27%, MP: 132°C. 'H and “C spectrum
were consistent with literature.®® MS-ESI m/z: Anal. Calc. for
C7H;504F [M-H] 301, found 301.

2.2.6. (E)-4-(3-(2-hydroxy-4,6-dimethoxyphenyl)-
3-oxoprop-1-en-1-yl)benzoic acid (6)

Yellow crystals, Y: 63%, MP: 250°C. 'H NMR (DMSO-d6,
600 MHz): & 3.81 (s, 3H, 4’-OCH;), 3.89 (s, 3H, 6’-OCHjy), 6.12
(d, J=2.2Hz, 1H, H-3"), 6.15 (d, J=2.2Hz, 1H, H-5°), 7.64 (d,
J=159Hz, 1H, H-B), 7.81 (d, J=15.9Hz, 1H, H-a), 7.82 (d,
J=8.2Hz, 2H, H-2,6), 7.98 (d, J=8.2Hz, 2H, H-3,5). °C NMR
(DMSO-d6, 600 MHz): & 55.85 (4’-OCH;), 56.41 (6’-OCHj,),
91.27(C-5"), 94.05(C- 3°), 106.55 (C-17), 128.62 (C-2,6), 129.84
(C-a), 130.06 (C-3,5), 132.06 (C-4), 139.06 (C-1), 140.79 (C-B),
162.10 (C-6), 165.54 (C-2’), 165.92 (C-4’), 167.01 (-COOH),
192.31 (-CO). 'H-"H COSY and HMBC analysis are presented in
figure S1. HRMS-ESI (+) m/z: Anal. Calc. for C;sH¢Os [M+H]"
329.1020, found 329.1020.

2.2.7. (E)-3-(4-(dimethylamino)phenyl)-1-(2-
hydroxy-4,6-dimethoxyphenyl)prop-2-en-1-one
)

Orange crystals, Y: 83%, MP: 153°C. 'H and C spectrum
were consistent with literature.” MS-ESI m/z:" Anal. Calc. for
CoH,,0,N [M+H]" 328, found 328; [M-H] 326, found 326.

2.2.8. (E)-1-(2-hydroxy-4,6-dimethoxyphenyl)-3-
(3-methoxyphenyl)prop-2-en-1-one (8)

Yellow crystals, Y: 66%, MP:100°C. 'H and "C spectrum
were consistent with literature.” MS-ESI m/z: Anal. Calc. for
CigH,505 [M+H]" 315, found 315; [M-H] 313, found 313.

2.2.9. (E)-1-(2-hydroxy-4,6-dimethoxyphenyl)-3-
(2-methoxyphenyl)prop-2-en-1-one (9)

Orange crystals, Y: 41%, MP: 113°C. 'H and "C spectrum
were consistent with literature.” MS-ESI m/z: Anal. Calc. for
Ci5H,505 [M+H]" 315, found 315; [M-H] 313, found 313.

2.2.10. (E)-1-(2-hydroxy-4,6-dimethoxyphenyl)-3-
(2-(methylthiophenyl)prop-2-en-1-one (10)

Orange crystals, Y: 91%, MP: 98°C. 'H NMR (CDCl;, 600
MHz): & 2.47 (s, 3H, 2-SCHj;) , 3.82 (s, 3H, 4’-OCHjy), 3.88 (s,
3H, 6’-OCHy), 5.94 (d, J=2.4Hz, 1H, H-5"), 6.09 (d, J=2.4Hz,
1H, H-3"), 7.19 (m, 1H, H-5), 7.32 (m, 2H, H-3,4), 7.59 (brd,
J=8.0Hz, 1H, H-6), 7.81 (d, J=15.6Hz, 1H, H-a), 8.24 (d,
J=15.6Hz, 1H, H-p). "C NMR (CDCls, 600 MHz): & 16.97 (2-
SCH;), 55.81 (4’-OCHj;), 56.09 (6’-OCHs), 91.44 (C-5), 94.00
(C-3"), 106.58 (C-1"), 125.77 (C-5), 127.53 (C-6), 127.69 (C-3),
129.47 (C-a), 130.23 (C-4), 135.16 (C-1), 139.48 (C-B), 140.10
(C-2), 162.72 (C-6"), 166.45 (C-4’), 168.65 (C-2"), 192.76 (-CO).
'H-'H COSY and HMBC analysis are presented in figure S1.
HRMS-ESI (+) m/z: Anal. Calc. for C;H;s0,S [M+H]
331.0999, found 331.1003.

2.2.11. (E)-3-(4-methoxyphenyl)-1-(2,4,6-
trimethoxyphenyl)prop-2-en-1-one (11)

Yellow crystals, Y: 89%, MP: 119°C. 'H and “C spectrum
were consistent with literature.** MS-ESI m/z: Anal. Calc. for
C19H2()O5 [M+H]+ 329, found 329.

2.2.12. (E)-3-phenyl-1-(2,4,6-
trimethoxyphenyl)prop-2-en-1-one (12)

Yellow crystals, Y: 79%, MP: 63°C. 'H and “C spectrum
were consistent with literature.”’” MS-ESI m/z: Anal. Calc. for
CsH,50, [M+H]" 299, found 299.

2.2.13. (E)-3-(4-chlorophenyl)-1-(2,4,6-
trimethoxyphenyl)prop-2-en-1-one (13)

Yellow crystals, Y: 48%, MP: 130°C. 'H and “C spectrum
were consistent with literature.* MS-ESI m/z: Anal. Calc. for
C,5H;,0,Cl [M+H]" 333 and 335, found 333 and 335.

2.2.14. (E)-3-(4-bromophenyl)-1-(2,4,6-
trimethoxyphenyl)prop-2-en-1-one (14)

Yellow crystals, Y: 74%, MP: 116°C. 'H NMR (CDCls, 600
MHz): & 3.75 (s, 6H, 2°,6’-OCHz), 3.84 (s, 3H, 4’-OCHs), 6.14
(s, 2H, H-3",5"), 6.92 (d, J=16.2Hz, 1H, H-a), 7.28 (d, J=16,2Hz,
1H, H-B), 7.36 (d, J=8.5Hz, 2H, H-2,6), 7.47 (d, J=8.5Hz, 2H, H-
3,5). “C NMR (CDCls;, 600 MHz): & 56.11 (4’-OCHj;), 56.24
(2°,6’-OCHj3), 90.96 (C-3°,5), 111.96 (C-1°), 124.56 (C-4),
129.67 (C-a), 129.95 (C-2,6), 132.25 (C-3,5), 134.22 (C-1),
142.55 (C-P), 159.16 (C-2°,6"), 162.79 (C-4), 193.96 (-CO). 'H-
'H COSY and HMBC analysis are presented in figure SI.
HRMS-ESI" (+) m/z: Anal. Calc. for CygH;,0,Br [M+H]"
377.0383 and 379.0365, found 377.0386 and 379.0365.

2.2.15. (E)-3-(4-fluorophenyl)-1-(2,4,6-
trimethoxyphenyl)prop-2-en-1-one (15)
Yellow crystals, Y: 33%, MP: 109°C. 'H and "C spectrum

were consistent with literature.** MS-ESI m/z: Anal. Calc. for
CsH;;,0,F [M+H]" 317, found 317; [M-H] 315, found 315.

2.2.16. (E)-4-(3-0x0-3-(2,4,6-
trimethoxyphenyl)prop-1-en-1-yl)benzoic acid
(16)

Yellow crystals, Y: 100%, MP: 210°C. 'H NMR (CDCls, 600
MHz): § 3.77 (s, 6H, 2°,6’-OCH3), 3.85 (s, 3H, 4’-OCHjy), 6.14
(s, 2H, H-3",57), 7.03 (d, J=15.8Hz, 1H, H-B), 7.40 (d, J=15.8Hz,
1H, H-a), 7.59 (d, J=8.3Hz, 2H, H-2,6), 8.07 (d, J=8.3Hz, 2H, H-
3,5). °C NMR (CDCP’, 600 MHz): & 55.71 (4’-OCH3), 56.19
(2°,6’-OCH3;), 91.01 (C-3°,5%), 111.84 (C-1°), 128.45 (C-2,6),
130.37 (C-4), 130.84 (C-3,5), 131.52 (C-a), 140.52 (C-1), 141.91
(C-B), 159.32 (C-2°,6"), 162.97 (C-4’), 170.71 (-COOH), 193.69
(-CO). 'H-"H COSY and HMBC analysis are presented in figure
S1. HRMS-ESI (+) m/z: Anal. Calc. for C,sH;s0, [M+H]"
343.1176, found 343.1176.

2.2.17. (E)-3-(4-(dimethylamino)phenyl)-1-
(2,4,6-trimethoxyphenyl)prop-2-en-1-one (17)

Yellow crystals, Y: 100%, MP: 153°C. 'H and “C spectrum
were consistent with literature.”® MS-ESI m/z: Anal. Calc. for
Cy0H,;0,N [M+H]" 342, found 342.

2.2.18. (E)-3-(4-nitrophenyl)-1-(2,4,6-
trimethoxyphenyl)prop-2-en-1-one (18)

Brownish crystals, Y: 47%, MP: 159°C. 'H and "C spectrum
were consistent with literature.* MS-ESI m/z: Anal. Calc. for
C5H,06N [M+H]" 344, found 344.

2.2.19. (E)-3-(3-methoxyphenyl)-1-(2,4,6-
trimethoxyphenyl)prop-2-en-1-one (19)

Yellow crystals, Y: 72%, MP: 190°C. 'H NMR (CDCl;, 600
MHz): 6 3.75 (s, 6H, 2°,6’-OCHs;), 3.80 (s, 3H, 4’-OCH;), 3.84
(s, 3H, 3-OCH;), 6.14 (s, 2H, H-3°,5"), 6.90 (dd, J=8.1Hz,
J=2.3Hz, 1H, H-4), 6.92 (d, J=16.1Hz, 1H, H-a), 7.02 (brs, 1H,



H-2), 7.09 (brd, J=7.6Hz, 1H, H-6), 7.26 (brt, J=7.8Hz, 1H, H-5),
7.30 (d, J=16.1Hz, 1H, H-p). °C NMR (CDCl;, 600 MHz): &
55.53 (4’-OCH;), 55.69 (3-OCHs), 56.16 (2°,6’-OCH;), 90.96
(C-3,5"), 112.04 (C-17), 113.31 (C-2), 116.35 (C-4), 121.34 (C-
6), 129.55 (C-a), 129.99(C-5), 136.65 (C-1), 144.21 (C-p),
159.11 (C-27,6"), 160.07 (C-3), 162.68 (C-4"), 192.42 (-CO). 'H-
'H COSY and HMBC analysis are presented in figure S1.
HRMS-ESI (+) m/z: Anal. Calc. for CoH,,05 [M+H]" 329.1384,
found 329.1384.

2.2.20. (E)-3-(2-methoxyphenyl)-1-(2,4,6-
trimethoxyphenyl)prop-2-en-1-one (20)

Yellow crystals, Y: 17%, MP: 72°C. 'H and "“C spectrum
were consistent with literature.”* MS-ESI m/z: Anal. Calc. for
C1oHy005 [M+H]" 329, found 329.

2.2.21. (E)-3-(2-(methylthio)phenyl)-1-(2,4,6-
trimethoxyphenyl)prop-2-en-1-one (21)

Yellow crystals, Y: 27%, MP: 80°C. 'H NMR (CDCl;, 600
MHz): 6 2.39 (s, 3H, 2-SCH3), 3.75 (s, 6H, 2°,6’-OCHj), 3.84 (s,
3H, 4’-OCHs), 6.15 (s, 2H, H-3",5"), 6.84 (d, J=15.7Hz, 1H, H-
a), 7.16 (brt, J=7.2Hz, 1H, H-5), 7.27 (m, 1H, H-3), 7.29 (m, 1H,
H-4), 7.57 (brd, J=7.8Hz, 1H, H-6), 7.83 (d, J=15.7Hz, 1H, H-B).
BC NMR (CDCl;, 600 MHz): & 16.78 (2-SCH3), 55.99 (4’-
OCHj), 56.13 (2°,6’-OCH;), 90.90 (C-3’,5"), 111.75 (C-17),
125.84 (C-5), 127.43 (C-6), 127.61 (C-3), 130.33 (C-4), 130.87
(C-a), 134.57 (C-1), 139.55 (C-2), 141.67 (C-B), 158.99 (C-
2°,6%), 162.57 (C-4), 194.81 (-CO). 'H-'H COSY and HMBC
analysis are presented in figure 1. HRMS-ESI (+) m/z: Anal.
Calc. for CsH04S [M+H]" 345.1155, found 345.1145.

2.2.22. (E)-3-(4-hydroxyphenyl)-1-(2,4,6-
trimethoxyphenyl)prop-2-en-1-one (22)

Yellow crystals, Y: 79%, MP: 111°C. 'H and "“C spectrum
were consistent with literature.** ESI (m/z) 315 [M+H]', 313 [M-
HY.

2.3. Chemicals

Hoescht 33342 reagent was purchased from Sigma-Aldrich
(Saint-Louis, MO, USA) as were formaldehyde, triton X-100,
McCoy’s, EMEM and RPMI. Bromodeoxyuridine (BrdU) was
purchased from Amersham (Buckinghamshire, UK), BrdU
primary antibody from Abcam (Cambridge, UK), phosphohistone
H3 (PHH3) antibody from Millipore (Molsheim, FR) as normal
goat serum and active caspase 3 (CASP3), cyclin Bl antibody
from NovusBio (Denver, CO, USA). Secondary coupled-
fluorophore antibodies were purchased from KPL (Gaithersburg,
MD, USA). Roscovitin and Pi103, PBS and DMEM, L-glutamine
were purchased from Gibco (Carlsbad, CA, USA). Foetal Bovine
Serum (FBS) was purchased from GE Healthcare (Little
Chalfont, UK) and penicillin-streptomycin  from Life
technologies (Carlsbad, CA, USA) as p21 primary antibody and
propidium iodide (PI). YO-PRO"-1 was purchased from
Molecular Probes (Eugene, OR, USA).

2.4. Cell culture

Skin diploid fibroblastic cells were purchased from
BIOPREDIC International Company (Rennes, FR). HuH7, Caco-
2, MDA-MB-231, HCT116, PC3, HaCaT, NCI-H727, MCF-7
and RL cell lines were obtained from the ECACC collection
(Porton, UK). Cells were grown according to ECACC
recommendations in DMEM for HuH7, MDA-MB-231, HaCaT
and fibroblast, in EMEM for CaCo-2 and MCF-7, in McCoy’s
for HCT116 and in RPMI for PC3, NCI-H727 and RL at 37°C
and 5% CO,. All culture mediums were added with 10% of FBS,
1% of penicillin-streptomycin and 2 mM L-glutamine.

2.5. Cell viability assay

Compounds were solubilized in DMSO at a concentration of
50 mM. These solutions were then diluted with medium to the
desired concentration while maintaining a DMSO final
concentration at less than 0.25%. Cell viability assays were
performed in two phases: a preliminary screening at a unique
dose of each compound (final well concentration 50 uM) and for
the interesting compounds (percentage of viability < 50%), an
ICs, determination test with increasing concentrations of each
compound (final well concentrations 0.21 uM — 0.62 puM — 1.85
UM —5.56 uM — 16.67 uM — 50 uM).

Cells were plated in 96 wells at a number of 4000 cells/well
except for HCT116 and MCF-7 cell lines. for which 2000
cells/well were plated because of their quick growth (twice as
fast), and for RL cell line for which 20000 cells/well were plated
because of their five times slower growth. Twenty-four hours
after seeding, cells were exposed to each compound. After 48h of
treatment, cells were washed in PBS and fixed in cooled 95%
ethanol/5% acetic acid orin 4% paraformaldehyde (60 pL during
24 minutes), except for RL cell line. Then, the nuclei were
stained with Hoechst 33342 (dilution 1/1000, 1 hour). Image
acquisitions and analysis were performed in 80 puL of PBS using
a Cellomics ArrayScan VTI/HCS Reader (ThermoScientific). For
RL cell line, cells were let to settle out 15 minutes at 32°C and
5% CO, before image acquisition. The survival percentages were
calculated as the number of cells after compound treatment over
the number of cells after DMSO treatment. According to dose-
response curves, the ICs, values were determined graphically, as
described by the NCI.*!

2.6. PHH3 antibody labeling

After fixation, cells were co-stained with Hoescht dye and
primary antibody phospho-histone H3 (Ser10) (dilution 1/5000, 2
hours), and then with secondary coupled-fluorophore antibody
detecting primary antibody (dilution 1/500, 1 hour). The mitotic
index was calculated as the number of mitotic cells, identified by
the PHH3-positive staining over the total Hoechst positive cells.

2.7. BrdU incorporation

Before fixation, BrdU was added to the culture medium for 90
minutes at 37°C and 5% CO, (dilution 1/1000 during 30
minutes). After fixation, cells were co-stained with Hoescht dye
and BrdU primary antibody (dilution 1/200, 2 hours) and then
with secondary coupled-fluorophore antibody detecting primary
antibody (dilution 1/500, 1 hour). The percentage of proliferating
cells was calculated by the amount of BrdU positive cells over
the total Hoechst positive cells.

2.8. p21, active CASP3 and cyclin B1 antibody labeling

After fixation, cells were permeabilized and saturated by 5%
normal goat serum and 0.1% triton X-100 solution (50 pL during
25 minutes). After fixation, cells were co-stained with Hoescht
dye and primary antibody (2 hours at 37°C) p21 (dilution 1/800)
or active CASP3 (dilution 1/750) or cyclin Bl (dilution 1/200)
and then with secondary coupled-fluorophore antibody detecting
primary antibody (dilution 1/500, 1 hour). The percentages of
labeled cells were calculated as the number of cells, identified by
the primary antibody-positive staining over the total Hoechst
positive cells.

2.9. YoPro and PI
Before fixation, Hoescht dye (dilution 1/4000), YoPro

(dilution 1/5000) and PI (dilution 1/1/1000) were added to the
culture medium for 30 minutes at 37°C and 5% CO,. The



percentage of early apoptotic cells was calculated by the amount
of YoPro-positive cells over the total Hoechst positive cells and
the percentage of late apoptotic and necrotic cells was calculated
by the amount of PI-positive cells over the total Hoechst positive
cells.

3. Results
3.1. Synthesis

Twenty-two FKd were synthesized by base catalyzed Claisen-
Schmidt condensation from selected benzaldehydes and
acetophenones according to the general synthetic procedure given
in figure 1. FKd were categorized into two series according to
their substitutions on ring A. The first series corresponded to
chalcones with the natural 2-hydroxy-4,6-dimethoyphenyl A-ring
moiety (compounds 1-10) where compounds 1 and 2 are
respectively FKA and FKB. The last natural FKd, FKC, could
not be synthesized by the same procedure and was not included
in this study. The second series had a 2,4,6-trimethoxyphenyl A-
ring (compounds 11-22). Pharmacomodulations on the B-ring
consisted of the introduction of halogens (F, Cl, Br), donating

groups (OH, OCHj3;, SCH3, N(CHjs),) and withdrawing groups in
different positions (NO,, COOH). All synthesized compounds are
listed in figure 2.

3.2. Cytotoxic activities against cancer cell lines

3.2.1. Cell viability assay

Cell viabilities of normal human fibroblasts and nine cancer
cell lines (HuH7, CaCo-2, MDA-MB-231, HCT116, PC3, NCI-
H727, HaCaT, MCF-7 and RL) in the presence of FKd at a single
dose of 50 uM were evaluated. The percentages of cell survival
(PS) after treatment by FKd were determined (Table S1,
supplementary data). For FKd inducing a PS < 50%,
quantifications of the activities were performed by determining
their ICsy. This value corresponded to the concentration of a
given compound inducing a PS equal to 50%. Results are shown
in table 1; in pale grey, FKd showing an ICs, < 10 uM and in
dark grey, FKd showing an ICs5p <5 uM.

Figures 2a and 2b give the example of roscovitine and
compound 19 treatments-on HCT116 cell line compared to
DMSO treatment (control).

Table 1. ICs + SD of strongly and very strongly active compounds (uM). FKd showing a ICsy <10 uM are in pale grey and those showing a ICso < 5 uM are in

dark grey. Results are the mean + SD from three independent experiments.

FKd  HuH7 CaCo2  MDA-MB231 HCTI6 PC3 NCI-H727  HaCaT MCF-7 RL Fibro
Rosco 154+74 129+55 168+7.9 8§+4.1  165+75 >20 167483  102+13  [0O=i4 0 >20
Pi-103  >20 >20 76+13 | >20 13.3+3.5 >20
2 15911 199425 163-02 75409 O91+15 113:39  13.6+24 155+27 82+0.6 >20
5 >20 92407  >20 124+4 132401 >20 >20 88+0.7 5432 >20
8 15615  112%2 132408 77406 73401 148+12 104408  103+0.7 9+2 >20
9 >20 10205 >20 92408 96+07 11+05 109+1.5  105+19 10.1£0.6 >20
10 166422 (9.6+24 >20 10£14 8706 9+19 105404 15911 89415 >20
12 155:1 |58+1  129+12 69+07 51204 114:17 72203  94%19 69023 >20
13 127417 (5716 8205 54405 58402 6+13 76405  75+1 65413 >20
14 13941 | 68+07 11.1+06 62404 71403 113+17 9404 9.5+1.2 83422 >20
15 146408 (55403 107409 62+1 55404 55+21  76+06  77+12 641 >20

18 49%13 26£03 3301 27403 25803 41402 28404 5£06 34203 73207

19 89+08 [39£04 87:08 (43404 31:02 82+3.1 53+0.5 94414 59407 >20
20 9832 45405 | 13:24 8.1+0.4 87£06 8911 9+2 82409
21 141£18 88+21 99+0.1 68+05 76+01 87+13 77402 93406 8309 >20

Compounds 2, 5, 8-10, 12-15, 18-21 revealed a strong activity
against five to nine cancer cell lines (ICsy < 20 uM). Compound
18 exhibited the strongest activity (ICs, ranging from 2.5 to 5.0
uM) followed by compound 19 (ICs, ranging from 3.1 to 9.4
uM), 20, 13 and 15 (ICs, ranging respectively from 4.0 to 13 uM,
from 5.4 to 12.7 pM and from 5.5 to 14.6 uM). Compounds 1, 3,
4,6,7, 11, 16,17 and 22 revealed no or weak activities (ICsy >
20 uM) and were excluded of the end of this study. Although the
majority of FKd exhibited no or weak activity against healthy
cells, compounds 18 and 20 also revealed activity against
fibroblasts (ICsp of 7.3 and 8.2 uM, respectively). Only FKd with
strong and very strong activities were kept for further
investigations, as well as one inactive compound (4) as negative
control.

Compounds of the second series with a trimethoxy A-ring (11-
22) exhibited higher cytotoxicity than those of the first series (1-
10). As shown in figure 3, the percentage of interesting FKd (ICs,
<20 uM) was higher for the second series (67%) than for the first
series (38%), and the highly active FKd (ICso < 5 uM) were only
present in the second series (13%). Moreover, when comparing
the two compounds with the same B-ring, the one belonging to
the second series was always more active than the one belonging

to the first series. For example with the 3-methoxy B ring,
compound 8 of the first series was more active on each cancer
cell line than compound 19 of the second. Concerning the
cytotoxic activities depending of the cancer cell lines, compounds
of the first series exhibited weak cytotoxicities against HuH7,
and MDA-MB-231 cell lines. Both series exhibited weak
cytotoxicities against normal fibroblasts which is interesting in
terms of safety profile in the drug development goal.

3.2.2. Selectivity index (SI).
For each interesting FKd (ICs, <20 uM) and each cancer cell
line, SI values were calculated according to the following

1C 50 fibroblasts

formula: (Table 2).** As the SI demonstrates

1C 5(cancer cells

the contrast of a compound’s activity between cancer cells and
normal fibroblastic cells, the greater the SI value is, the more
selective it is for cancer cells. An SI value of less than 2 indicated
general toxicity of the compound.” In table 2, are depicted in
grey the selective compounds, i.e. compounds with an SI value
superior to 2.



ICsy of FKd on fibroblats were determined precisely when they
were inferior to 50 uM. Thus, the determination of SI were done
by taking an ICs, on fibroblasts of 50 uM and by added a
superior sign when the precise ICs, were not known.

Even if the percentage of selective FKd was the same in the two
series (82%), the second series only exhibited high selective FKd
(ST > 10, figure 4). Moreover the average SI was higher for the
second series (4.7) than for the first (3.2). Compounds of the first
series were globally unselective for HuH7 and MDA-MB-231
cell lines. Compound 19 showed the higher SI (16.1) and the

higher average SI (8.4) for cancer cells compared to normal
fibroblastic cells. Compounds 12 and 14-15 showed an average
SI for cancer cells superior to 5 (5.9, 6.6 and 6.7, respectively).
Compounds 20 showed the lower average SI (1.2) followed by
compound 18 (2.1), and the natural FKB 2 (2.4). The FKd 20 and
18 with their strong activities on healthy cells and their non-
selectivities for cancer cells were considered as not interesting in
term of therapeutic development and were so removed for the
next experiments of our study.

Table 2. Selectivity indices of interesting compounds (ICsp < 20 pM). SI > 1 if compounds are more selective for cancer cells than fibroblasts, SI < 1 if
compounds are more selective for fibroblasts than cancer cells, and SI = 1 if there is similar effect of the compound on cancer cells and fibroblasts. FKd showing
a SI > 2 are in pale grey and those showing a SI > 10 are in dark grey. ICsy of FKd on fibroblasts weren’t calculated precisely when they were superior to 50 pM.
Thus, the determination of SI were done by taking an ICs, on fibroblasts of 50 uM and by added a superior sign when the precise ICsy were not known.

FKd HuH?7 CaCo-2 MDA-MD-231 HCT116 PC3 NCI-H727 HaCaT RL MCF-7
Rosco 6.4 76 58 122 5.9 - 59 N
Pi-103 - >12.5 - >6.4 >33 - >7.1 > 8.6 >1.9
2 1.7 27 1.6 3.5 2.9 23 1.9 32 1.7

5 - >5.4 - >4 >3.8 - - >5.4 >5.7
8 1.8 24 2 3.5 37 1.8 2.6 3 2.6
9 - 3.6 - 4 3.8 33 33 3.6 3.5
10 22 3.8 - 3.6 4.1 4 34 4.1 23
12 >32 >8.6 >39 >72 >98 >44 > 6.9 >72 >53
13 2.2 4.9 34 5.1 4.8 4.6 3.6 3.8 3.7
14 >3.6 >7.4 >45 >8.1 >7 >44 >5.6 >6 >53
15 >34 >9.1 >47 >8.1 >9.1 >9.1 > 6.6 >7.8 >6.5
18 1.5 2.8 22 27 2.9 1.8 2.6 2.1 1.5
19 >5.6 >12.8 >5.7 >11.6 >16.1 >6.1 >9.4 >8.5 >53
20 0.8 1.8 0.6 2 1 2.1 0.9 0.9 0.9
21 23 3.6 32 4.7 42 37 4.1 3.8 34

3.2.3. Cellular death induced by FKd.

Apoptosis induced by FKd was studied at the concentration of
2 x ICsy of each FKd on four cancer cell lines: two p53 wild-type
(HCT116 and MCF-7) and two p53 mutant-type (PC3 and MDA-
MB-231). Apoptosis was evaluated by the incorporation of two
markers, due to the increasing cell permeability during cellular
death. YoPro was incorporated during early apoptosis and
propidium iodide (PI) during late apoptosis. Cells were then co-
stained with Hoescht fluorescent dye and the percentages of cell
death were calculated according to the following formula:

number of specificlabelled cells (PIor YoProdye) 100
X

number of cells(Hoechst dye)

Figure 5 gives the fold inductions of early (pale grey) and late
(dark grey) apoptosis for the interesting FKd after 24h (left
histogram) and 48h (right histogram) of treatments on the
remaining cells. All the interesting FKd induced an increase in
cell death but with variable kinetics.

Indeed for HCT116 and PC3 cells, the induction of cellular death
was significant after 48h of treatment whilst for MDA-MB-231
and MCF-7 cells this was significant only after 24h. As negative
control, inactive compound (4) showed no significant up-
regulation of cellular death. For each interesting FKd, the fold
induction of early apoptosis was higher than the fold induction of
late apoptosis, except for the MDA-MB-231 cell line for which
the inverse phenomenon was observed. For HCT116 and MCF-7,
FKd of the first series had a higher average fold induction of
cellular death than FKd of the second series. However, FKd of
the second series had a higher average fold induction of cellular
death for PC3 and MDA-MB-231 cells.

Apoptosis is regulated by the cleavage of the caspase-3
protein (CASP3). The CASP3 antibody is a universal marker for
apoptosis by detecting cleaved CASP3. To confirm the up-
regulation of apoptosis by FKd, cancer cells were labeled with
Hoechst fluorescent dye and the CASP3 antibody except for the
MCF-7 cell line that is CASP3 deficient.* The results found with
the CASP3 assays (Figure 6) confirmed the results found with
YoPro/PI test.

3.3. FKd mechanisms of action.

The FKd mechanisms of action on cancer cells were
investigated using fluorescence and immunofluorescence. First,
elucidation of the targeted cell cycle phases was done by
measuring the percentage of cells in the S and M phase on
adherent cancer cell lines. Then, the induction of cellular death as
well as the levels of two cell cycle proteins (p21 and cyclin B1)
were investigated on four cancer cell lines MDA-MB-231, MCF-
7, HCT116 and PC3, selected according to their different p53 and
Akt/mTor status. All the FKd were tested at a concentration of
ICs5y or/and 2 x ICs, in order to observed the effect of FKd
without killing all the cells to obtain significant results.

3.3.1. Mitotic index (MI) or percentage of cells in
the M phase.

During mitosis, the DNA condensation process is regulated by
the phosphorylation of histone H3, a DNA associated nuclear
protein. The phosphor-histone H3 antibody (PHH3) is a universal
marker for mitosis by detecting the phosphorylated histone.
Cancer cells were labelled with Hoechst fluorescent dye and the
PHH3 antibody and the MI values were calculated according to
the following formula:



number of specificlabelled cells (fluorophore-coupled PHH3 antibody) 2100

number of cells (Hoechst dye)

An increase in MI compared to the control meant that cells
entered into mitosis but were blocked before the end of the
division. Therefore, compounds’ action occurred during the M
phase before the M checkpoint. A decrease of MI compared to
the control meant that the cells did not enter into the M phase and
consequently the compounds’ action occurred before the
beginning of the M phase.

Table 3 summarizes the MI for each interesting FKd at two
different concentrations (C; = ICso = 10 uM; C, = 2 x ICsy = 25
uM). Figure 2c gives the example of roscovitine and compound
19 treatments on HCT116 cell line compared to DMSO treatment
(control). All FKd treatments led to an increase of MI for CaCo-
2, PC3 (except compound 2) and MDA-MB-231 cell lines. For
NCI-H727 and HCT116 (except compound 9) cell lines, all FKd
treatments led to a decrease of MI. For the HuH7 and HaCaT cell
lines, second series FKd treatments led to an increase of MI.

Table 3. Mitotic index (MI) and percentage of proliferating cells (%S) after treatment by strongly and very strongly active compounds at two concentrations (C,
~1Csp =10 pM and C; = 2 x ICsp = 25 uM) and observed variations (A) compared to control (DMSO at final concentration for FKd). “+” if MI or %S is higher

after compound treatment than control, “-* if MI or %S is lower after compound treatment than control and “0” reflects no difference between compound and
control treatments
e HuH7 Caco2 MDA-MB-231 |HCTI16 PC3 NCI-H727 | HaCaT
ML %S A |MI_ %S A |MI_ %S A |MI %S A |MI__%S A |MI %S A|MI %S A
DMSO |22 44 36 524 21 422 23 684 25 408 11 403 |26 523
G 03 16 17 45 05 27 12 25 13 17 - 1.7 26
Rosco o1 o 1o a6 o 25 Tloe 17 1o 3 O o 3 T
Pi- G- - E I 1963 o4 6 - & 09 20
103 G- - 09 20 - 18 63 01 12 4 05 12
Ci 22 55 07 42 52 54 1 37 42 35 08 39 - |34 50
2 ol17 30 % 193 40 es a0 loe 28 T2 20 T lo27 kloe 2
al- - 63 49 - 12 59 29 37 __48 -
S ol- - a8 30 O] . 07 28 sz 34 O -
alie 56 144 31 42 54 12 30 44 39 12 35 - |26 49
8 Glor ss T ler 3 lse 38 oz 37 T loa 94 Tlor 14 klon s
al- - 68 46 - 12 4 29 36 1 4 =31 49
? ol - s 37 O 18 27 Y7224 Oos 14 kg4 20
0 cf23 s0 e so - 08 52 |44 35 M09 43 {31 51
G533 37 219 37 - 13 28 76 31 04 12 /|78 30
12 C |85 45 387 38 20 37 2 19 18 24 13 34 - |183 18
Glos 07 O3 24 700132 23 Pog 260 T2 17 T lo2 as slod on
13 Cloo 33 325 39 27 39 32 18 1215 08 40 - |156 26
Glor os ™12 15 s 210 o Tlor o2 loa o klor o
4 C 104 46 30.7 36 15 42 28 68 25 35 139 =19 24
Glor o2 M 14 1o lsa a4 Tlos es o 04 oz e slo 03
15 C |47 44 32 39 2 43 13 23 146 27 1131 =107 20
Gliz 11 M a2 13 P las 0 T oa 07 Tlos 04 Tloa as Llo o0s
19 ¢ 123 40 368 31 25 43 45 20 276 23 17 37 =175 19
Gl 03 Mlas 6 lss 12 L2 06 o3 090 loa sa1ok|or o
20 C |65 37 293 36 18 48 0.6 25 12.1 30 135 - |189 24
+0 +- +- - - -
Clo4 03 42 22 132 16 04 05 03 0 o 3 o1 o

Not determined for MCF-7 and RL cell lines

3.3.2. Percentage of cells in the S phase.

Cells were grown with bromodeoxyuridine (BrdU), a
thymidine analogue that is incorporated in cells during DNA
synthesis (S phase). Cancer cells were labelled with Hoechst
fluorescent dye and BrdU antibody and the percentages of cells
in the S phase were calculated according to the following
formula:

number of specificlabelled cells(fluorophore - coupled BrdU antibody) 100
X

number of cells (Hoechst dye)

An increase of the percentage of cells in the S phase compared
to the control indicated that cells entered into DNA synthesis but
were blocked before the end of the replication. Therefore, the
compounds’ action occurred during the S phase before the G2/M
checkpoint. A decrease of the percentage of cells in the S phase
compared to control indicated that cells did not enter into the S
phase indicating that the compounds’ action occurred before the
G1/S checkpoint.

Table 3 summarizes the percentage of cells in the DNA
synthesis phase for each interesting FKd at two different
concentrations (C; = ICso = 10 uM; C, = 2 X ICs5 = 25 puM).
Figure 2d gives the example of roscovitine and compound 19
treatments on the HCTI116 cell line compared to DMSO
treatment (control).

No interesting compound led to an increase of the percentage
of cells in the S phase. All interesting FKd led to a decrease of
the number of cells in DNA synthesis for the HCT116, HaCaT
and NCI-H727 cell lines. The percentage of cells in the DNA
synthesis phase was unchanged for compounds of the second
series for HuH7 but was decreased for other cancer cell lines.

3.3.3. Targeted cell cycle phase.

To elucidate the phase of the cell cycle targeted by the FKd,
we compared the percentages of cells in the S and M phases
between control and compounds after 48h-treatments. Table 3
summarizes all the observed variations (column A). Figure 2e
gives the determination keys based on these variations through



the example of roscovitine and compound 19 treatments on the
HCT116 cell line compared to DMSO treatment (control) and
table 4 summarizes the phases of the cell cycle targeted by the
FKd.

All interesting FKd had a blocking action during mitosis for
CaCo-2, MDA-MD-231, PC3 (except compound 2), HaCaT and
HuH7 (except compounds 2 and 8) cell lines. All interesting FKd
had a blocking action on the G1/S checkpoint for HCT116 and
NCI-H727.

Table 4. Targeted cell cycle phases. Depending on the variation of the mitotic
index and the percentage of cells after compound treatments compared to
control (table 3), according to figure 2e

G

e = e 8
- £ & £ = - O
= Z g 5 E g z &
Rosco  G1/S GlI/S GI1/S G1/S G2/M - GI1/S
Pi-103 Gl1/S - G2/M G1/S - G1/S
2 G1/S M M G1/S G1/S GI1/S GI1/S
5 - M - G1/S M - -
8 G1/S M M G1/S M GI1/S GI1/S
9 - M G1/S M GI1/S M
10 M M - G1/S M G1/S M
12 - M M G1/S M GI1/S M
13 M M M G1/S M GI1/S M
14 M M M G1/S M GI1/S M
15 M M M G1/S M GI1/S M
19 M M M G1/S M GI1/S M
21 M M M G1/S M GI1/S M

Not determined for MCF-7 and RL cell lines

3.3.4. FKd increasedthe level of p21 in p53 wild-
type cancer cells.

The effects of exposure to FKd on the cell cycle regulatory
molecule p21 were then examined after 48h of treatment at the
concentration of 2 x ICs, by p2l antibody labelling. The
percentages of p21 positive cells were calculated according to the
following formula:

number of specificlabelled cells(fluorophore - coupled p2 1antibody) 100
X

number of cells (Hoechst dye)

The p21 protein was not detected in the p53-mutant type cell
line (data not shown) but was detected in the p53 wild-type
HCT116 and MCF-7 cancer cell lines (Figure 7). Treatment of
p53 wild-type cancer cells with interesting FKd induced an up-
regulation of p21 protein expression with a weak effect of the
compounds of the first series on MCF-7 cells, and inactive
compound (4) showed no significant up-regulation of p21 protein
level. Interesting FKd had more effects on the p21 protein on the
HCTI116 cancer cell line than MCF-7 cells (fold inductions
higher for HCT116 than MCF-7) but, this could be explained by
the kinetics. Indeed, the induction of apoptosis on MCF-7 by

FKd was visible after 24h-treatment; consequently, the effect of
FKd on p21 should be approximately 24h after treatment. After
48h of treatment, which was the observation time, the level of
p21 positive cells could already be decreasing and therefore the
fold inductions of p21 could already be decreasing too.

3.3.5. Level of cyclin B1 increased by FKd.

The effects of exposure to FKd on the cell cycle regulatory
molecule cyclin Bl were examined by a cyclin Bl antibody
labelling after 18h- and 48h-treatments (Figure 8). The
percentages of cyclin B1 positive cells were calculated according
to the following formula:

number of specificlabelled cells(fluorophore-coupledcyclin Blantibody) £100

number of cells (Hoechst dye)

Up-regulations of cyclin B1 were detected for the fourth tested
cell lines: HCT116, MCF-7, MDA-MB-231 and PC3, still with
variable kinetics and with a weak effect on MCF-7 for FKd of the
first series. Indeed, for the HCTI116 and PC3 cells, the
percentages of cyclin Bl cells were significant after 48h of
treatment unlike MDA-MB-231 and MCF-7 cells, for which the
percentages of cyclin Bl cells were significant after only 18h-
treatment. Simultaneously inactive compound (4) showed no
significant increasing of the percentage of cyclin B1 cells.

4. Discussion

Twenty-two FKd were synthesized and evaluated in vitro for
their effects against nine cancer cell lines and normal human
fibroblasts. The targeted cell cycle phases as well as the FKd
effects on the induction of cell death and cell cycle proteins
levels were investigated for the strongly and the very strongly
active FKd. Firstly, an analysis of the activities and selectivities
was done to highlight the therapeutic improvement by some FKd
compared to natural FKA and FKB. Second, an analysis of the
mechanisms of action was conducted to improve the
comprehension of FKd effects on different types of cancer cells.
Finally, a structure-activity relationship analysis was performed
to understand the structural requirements for optimum activity.

4.1. Therapeutic improvements.

On one hand, FKA showed weak activity against cancer cell
lines. On the other hand, FKB was active against all the tested
cancer cell lines and particularly against CaCo-2, HCT116, PC3
and RL with ICsy < 10 pM. These results were consistent with
previous published data. Moreover, we were able to highlight the
non-selectivity of FKB for cancer cells.

In previous studies, compounds 3, 5, 7-9, 11, 13, 17, 18, 20
and 22 were included in structure-activity relationship studies
related to anti-cancer activities. Consistent with our results,
compounds 3, 5, 7-9, 11 (except on HepG2 cancer cell line), 17
and 22 showed weak activities, **>*** while compounds 13,
18 and 20 showed strong activities.” In addition, therapeutic
improvements were achieved with FKd of the second series
which were indeed more active and also more selective against
cancer cells compared to natural FKA and FKB. Compound 19
revealed the best compromise between strong activity and high
selectivity, followed by compound 15. Other FKd, notably
compound 18 and 20, were very cytotoxic but presented very low
selectivity indices. No further investigation has been conducted
on this compound because of its high cytotoxicity against healthy
cells making it unattractive for drug development.

4.2. Mechanisms of action.



FKd could target several molecular pathways and we showed
in this study that FKd could either block the cell cycle in G1/S or
in mitosis. This feature is found for all FKd except for FKB.
Therefore FKd have different mechanisms of action depending
on the cell type, but not of their molecular structure. Thus, FKd
blocked the cell cycle in G1/S or in mitosis according to the p53
status of the cells. For p53 wild-type cancer cells (HCT116 and
MCEF-7), FKd activated the p53-p21“*" pathway and induced a
cell cycle arrest in G1/S followed by apoptosis.® For the p53
mutant-type cancer cell lines (MDA-MB-231 and PC3), FKd
induced a cell cycle arrest during mitosis leading to cytotoxic
activity with cellular death. Tang & al, in 2008 highlighted these
two mechanisms of action on different cancer cell lines. Indeed
they showed that FKA induced a cell cycle arrest in G1/S on p53
wild-type cancer cell lines (RT4) and in G2/M on p53 mutant-
type cancer cell lines (T24, UMUC3, TCCSUP, 5637, HT1376
and HT1197).” Our method used to determine the targeted cell
cycle phases was different and more exploratory than the
previous studies and this can explain the different results found,
in particular our possibility to differentiate arrests in G2/M and
M phases. In the same way, previous studies showed that FKB
induced a G2/M cell cycle arrest on p53 mutant-type cell
lines™'*'*'* and induced a G2/M cell cycle arrest also on p53
wild-type cancer cells, notably a G2/M cycle arrest on p53 wild-
type HCT116 cancer cells, but the used concentrations were very
high: 25 (= 3 x ICs) and 50 uM (= 6 x ICs), leading to kill too
many cells to obtain significant results.”"*'” These results
supported by ours confirmed that FKB is not specific to one
target and can act differently depending on cancer cells,
concentrations or time of exposure. The FKd, especially those of
the second series, were more specific to one target and induced
G1/S arrest on the p53 wild-type cancer cell lines and M arrest on
the p53 mutant-type; except for the p5S3 mutant-type NCI-H727
cancer cell line on which FKd induced a G1/S cell cycle arrest.
This can be explained by a partial remaining activity of the
truncated p53 protein.*’

FKd had variable kinetics of action according to the Akt/mTor
status of the cells.”®* For the cells with an over-expression of
this signaling pathway (HCT116 and PC3), FKd were active after
48h of treatment. For the cells with a normal expression of this
signaling pathway (MDA-MB-231 and MCF-7), FKd were active
only after 24h of treatment. The difference of intensity observed
for the induction of cyclin B1 and p21 can probably be explained
by this difference of kinetics between the cancer cell lines and
between the FKd themselves.

The G1/S arrest for p53-wild type cancer cells was mediated
by the up-regulation of cyclin B1 and p21 proteins. p21 is known
to be a nucleus CDK inhibitor, responsible for cell cycle arrest in
G1/S. The up-regulation of the Akt/mTor pathway can interfere
with the inhibitory activity of p21 by phosphorylating and
transporting it into the cytoplasm.” When we compared the p53-
wild type cancer cell lines, HCT116 and MCF-7, we observed
that the fold induction and the percentage of p21 positive cells as
well as the delay of effects were higher in HCT116 cells and
might be explained by the up-regulation of the Akt/mTor
pathway. The arrest during mitosis for p53-mutant type cancer
cells was mediated by the up-regulation of cyclin B1. In a same
way, up-regulation of Akt/mTor seems to delay the activities and
decreases the sensitivities. Indeed, when we compared the p53-
mutant type cancer cell lines PC3 and MDA-MB-231, we
observed that the fold induction and the percentage of p2l
positive cells as well as the delay of effects were higher in MDA-
MB-231 cells up-regulating the Akt/mTor pathway.

4.3. Structure-activity relationships.

Two series of molecules with several pharmacomodulations
on both aromatic rings were synthesized with among them the
natural leads from kava roots: FKA 1 and FKB 2. All these
molecules were compared with cytotoxic tests to determine the
structural requirements for FKd to inhibit cell growth and to
induce cellular death in cancer cells, leading to candidates for
anticancer drug development. The summary of SAR is given in
figure 9.

First of all, structure-activity relationships (SAR) were
investigated by modification of the A-ring: a 2-hydroxy-4,6-
dimethoxy moiety for the first series and a 2,4,6-trimethoxy
moiety for the second series. FKd of the second series were more
active and more selective than those of the first series for each
single B-ring, except for compound 20 that was less selective
than compound 9 due to its toxicity against fibroblasts. The
presence of a hydroxyl group on the ortho position on the A-ring
caused the stabilization of FKd by the formation of a 6-atom ring
due to an H-bond between the hydrogen of the hydroxyl and the
oxygen of the ketone group. In the second series, there was no H-
bond stabilizing the FKd; structures were then more flexible.
This feature could allow a better integration within the active
site(s) targeted by FKd. In the literature, other modification
increasing the flexibility of chalcones has been tried. Indeed, the
double bond between the two rings A and B were removed
leading to a drastic increase of the flexibility of the molecule but
resulting in a significant decrease of the activity.” It can be noted
that FKd of the first series showed a greater diversity of targeted
cell cycle phases. Indeed for one cancer cell line, targeted cell
cycle phase was sometimes different between FKd of the first
series. FKd of the first series may therefore act on more than one
molecular target, sometimes specifically for each cancer cell line.

Secondly, SAR were investigated by substituent modification
of the B-ring in the ortho, meta and para positions. Different
characteristics of functional groups can affect FKd activities such
as steric properties, electronegativity and H-bond acceptor or
donor. The most bulky groups (carboxyl and dimethylamine) led
to complete inactivity, showing that steric hindrance plays a key
role in FKd activity that was generated by the smallest
substituents. In the first series, substitution of the para position
was unfavorable, and only compound 5 with a small atom of
fluorine was strongly active in this position. The substitution of
the methoxy group or thiomethoxy group in the ortho position (9
and 10) enhanced the activity of this series. No substituent (2) or
shifting the methoxy group to the meta position (8) allowed
activity of these compounds but introduced an unspecificity of
these compounds for the target. Thus, they can act differently
depending on cancer cells, concentration and times of exposure.
For the second series the SAR indicated that no substitution (12)
or presence in the para position of chlorine (13), bromine (14)
and fluorine (15) enhanced cytotoxicity against cancer cell lines.
Introduction of a thiomethoxy group in the ortho position also
had a positive effect whereas a methoxy group in the same
position (20) generated toxicity against fibroblasts. The best
activities and selectivities were observed when a methoxy group
was placed in the meta position (19). In this second series, the
position of the methoxy group on the B-ring played a key role to
allow cytotoxicity: meta position of the methoxy group showed
the best activities and selectivities, closely followed by the ortho
position (20) but with bad selectivity and cytotoxicity on normal
fibroblast, whilst the para position of the methoxy group led to a
weak cytotoxic activity even if it was as in the natural
flavokawain in plants. The influence of the substitution of the B
ring in FKd was dependent on the series because different
patterns were observed in both series. Indeed, changes in the A



ring could generated different propenone chain orientations thus
shifting the position of ring B.

5. Conclusion.

In summary, we demonstrated that FKA showed weak
cytotoxic activities against nine cancer cell lines compared to
FKB which could be the most active cytotoxic compound of kava
extract and may be responsible for kava-drinking population’s
protection against many cancers. A short and rapid synthesis by
Claisen-Schmidt condensation allowed us to obtain 22
flavokawain derivatives. The study of their structure-activity
relationships gave some valuable findings about the
understanding of the structural requirements for optimum and
selective cytotoxicity for this class of compounds. Thereby,
compounds 12, 13, 14, 15, 19 and 21 possessing a 2,4,6-
trimethoxyphenyl A-ring and substituent 2-SCH;, 3-OCH;, 4-
halogens or 4-H on ring B showed potent and selective activities
against all cancer cell lines. FKd induced GI1/S arrest on p53
wild-type cancer cell lines by activation of the p53-p21°*¥'
pathway followed by apoptosis, and induced M arrest on p53
mutant-type. FKd had also variable kinetics of action according
to the Akt/mTor status, demonstrating that the intracellular
signaling pathway PI3K/AKT/mTOR could be involved in their
mechanism of action. Finally, we showed that several FKd and
especially compound 19 which is the most effective of the series,
were more specific than natural flavokawains and could be good
candidates as alternative drugs in resistant cancers. Based on this
SAR study as well as literature data, improvement by
pharmacomodulation can still be achieved. Notably, the
modification of the meta substituent on the B-ring should be
investigated.

However, these first results should be refined in vitro by
cellular, molecular and biochemical approaches, and confirmed
in vivo in a mouse xenograft model to know if there is no other
primordial mechanism of action involved, for example as
angiogenesis or cellular proliferation inhibitors. Moreover, an
understanding of metabolic pathways (excretion or metabolism
elimination; one or more active or inactive metabolites), potential
interactions, and individual differences in metabolic rates allow
the use of a drug in a safe and effective way. Further studies
should also be conducted to better understand the
chemosensitizer activity of constituents of kava on flavokawains,
and notably the inhibition of P-glycoprotein (a multidrug
resistance protein) by kavalactones™ that could explain kava-
drinking population’s protection against many cancers in the
South Pacific Islands.
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