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Abstract

A series of four 2-amino-3-cyano-4-(3/4-pyridyl)-4H-benzo[h]chromenes 2a-d and their dichlorido(p-
cymene)ruthenium(ll) complexes 3a-d were tested for antiproliferative, vascular-disruptive, anti-
angiogenic and DNA-binding activity. The coordination of the 4-pyridyl-4H-naphthopyrans 2 to
ruthenium led to complexes with pleiotropic effects. Unlike the free ligands 2a-d, their ruthenium
complexes 3a-d showed a significant affinity for DNA as demonstrated by electrophoretic mobility
shift assays (EMSA) and ethidium bromide assays. Binding of 3a-d to calf thymus DNA proceeded
about 10-times faster compared with cisplatin. Treatment of HT-29 colon carcinoma, 518A2
melanoma and MCF-7" breast cancer cells with 3a and 3b caused an accumulation of cells in the
G2/M phase and an increase of the fraction of mitotic cells in the case of HT-29, due to alterations of
the microtubule cytoskeleton as shown by immunofluorescence staining. Complexes 3b-c showed a
dual effect on the vascular system. They suppressed angiogenesis in zebrafish embryos and they
destroyed the vasculature of the chorioallantoic membrane (CAM) in fertilized chicken eggs. They

also inhibited the vasculogenic mimicry, typical of U-87 glioblastoma cells in tube formation assays.

Keywords: Vascular-disrupting agents (VDA); naphthopyran; (arene)ruthenium(ll) complexes; DNA

binding; zebrafish.

1. Introduction

Cis-diamminedichloroplatinum(ll) (cisplatin, CDDP) has represented the gold standard of
metal-based chemotherapeutics since the serendipitous discovery of its anticancer effect in the
1960s [1]. Even though the treatment of various solid tumors with cisplatin is quite
successful, this comes at the price of severe side effects such as neural damage and cardio- as
well as nephrotoxicity which limit its clinical applicability [2,3]. Many common types of
cancer do not respond to cisplatin treatment, and acquired drug resistance is quite frequently
observed. Hence, there is a need for new metal-based chemotherapeutics which overcome

these limitations. Against the backdrop of metastatic tumors claiming far more lives than the



primary tumor, anti-metastatic ruthenium complexes such as NAMI-A (imidazolium trans-
imidazoletetrachlororuthenate) [4] or KP1019 (trans-[tetrachlorobis(1H-
indazole)ruthenate(l11)]) [5], which already passed clinical trials, have attracted great
attention. Although their detailed mechanism of action is still not fully understood, these
Ru(l11) complexes are thought to get activated intracellularly by reduction to distinctly more
cytotoxic Ru(ll) species [6]. In addition, the transport and the selective cellular uptake of
Ru(l11) complexes via transferrin and the transferrin receptors appears to play a decisive role
[7,8]. Antitumoral (arene)ruthenium(ll) complexes constitute another important class. The
arene ligand of these so-called “piano stool” complexes is believed to stabilize the bioactive
Ru(ll) state [9]. They are particularly attractive to the medicinal chemist because of their ease
of synthesis and their structural variability. (Arene)ruthenium(ll) complexes may feature
various anticancer properties. While some derivatives display an anti-metastatic mode of
action similar to NAMI-A, involving their binding to proteins, others bind to DNA in a way
comparable with the DNA interaction of cisplatin [9-13]. The introduction of ligands with
appropriate intrinsic anticancer activities may give rise to pleiotropic complexes with
synergistic or additive effects [14]. We have recently observed that the complexation of
highly toxic ligands attenuates their general toxicity leading to more tumor-selective Ru(ll)
complexes [15]. Herein, we report on a series of new (arene)ruthenium(Il) complexes bearing
naphthopyran ligands. Naphthopyrans such as LY290181 [2-amino-4-(3-nitrophenyl)-4H-
naphtho(1,2-b)pyran-3-carbonitrile] are microtubule destabilizing agents (MDA) which exert
their effect by binding to tubulin, causing the inhibition of the tubulin polymerization which
leads to alterations of the microtubule cytoskeleton [16-19]. Because of these alterations, the
spindle apparatus cannot be formed correctly causing the arrest of the cell cycle in G2/M
phase and the induction of apoptosis [19]. Hence, these MDA are highly anti-proliferative
[16-18,20-22]. Moreover, the destruction of the microtubule cytoskeleton leads to a reduction

of the mechanical stability of cells and of the irregular tumor blood vessels, which eventually



causes their collapse and induces tumor cell necrosis [16,17,22]. By the synthesis of
(arene)ruthenium(I1) complexes bearing naphthopyran ligands we investigated if ruthenation
leads to complexes featuring a combination of typical naphthopyran properties such as
antiproliferative [17,18,20-22], vascular-disruptive [17,22] and microtubule destabilizing
activity [17-19], and of typical (arene)ruthenium(ll) properties such as DNA binding

[8,9,23,24] and anti-angiogenic activity [2,13].

((Figure 1 near here))

2. Experimental
2.1. General

Melting points were determined with a Gallenkamp apparatus and are uncorrected. IR spectra were
recorded on a Perkin—Elmer One FT-IR spectrophotometer. Magnetic resonance (NMR) spectra were
recorded under conditions as indicated on a Bruker Avance 300 spectrometer. Chemical shifts (8) are
given in parts per million downfield from TMS as internal standard. Mass spectra were recorded using
a Varian MAT 311A (El) or a UPLC/Orbitrap MS system (ESI). Elemental analyses were carried out
with a Perkin—Elmer 2400 CHN elemental analyzer. Satisfactory microanalyses (C, +0.2; H, +0.1)

were obtained for all new complexes.

2.2. Chemistry

All starting compounds were purchased from Sigma-Aldrich. Compounds 2a, 2b, and RuPy were
prepared according to literature procedures [25-27].
2-Amino-6-chloro-4-(pyridin-3-yl)-4H-benzo[h]chromene-3-carbonitrile 2c
Pyridine-3-carboxaldehyde (107 mg, 1.0 mmol) and malononitrile (70 mg, 1.0 mmol) were
dissolved in MeCN (5 mL) and three drops of EtsN were added. The reaction mixture was
stirred at room temperature for 30 min. 4-Chloro-1-naphthol (178 mg, 1.0 mmol) was added

and the reaction mixture was stirred at room temperature for 1 h. The formed precipitate was



collected, washed with MeCN and n-hexane and dried in vacuum. Yield: 196 mg (0.59 mmol,
59%): colorless solid of m.p. 255 °C; vma(ATR)/cm™ 3441, 3037, 2187, 1651, 1629, 1609,
1579, 1569, 1481, 1428, 1405, 1372, 1289, 1277, 1260, 1203, 1172, 1155, 1112, 1058, 1043,
1030, 963, 942, 873, 862, 829, 762, 744, 716, 682; 'H NMR (300 MHz, DMSO-ds) & 5.03 (1
H,s), 7.3-7.4 (4 H, m), 7.6-7.7 (L H, m), 7.7-7.8 (2 H, m), 8.1-8.2 (1 H, m), 8.3-8.4 (1 H, m),
8.4-8.5 (1 H, m), 8.6 (1 H, s); °C NMR (75.5 MHz, DMSO-ds) & 38.5, 55.6, 118.2, 120.6,
122.1, 124.4, 124.5, 124.8, 126.3, 128.4, 129.1, 129.9, 136.1, 141.0, 141.1, 142.8, 149.1,
149.2, 149.3, 160.6; m/z (E1) 335 (12) [M*], 333 (35) [M*], 257 (55), 255 (100), 193 (15).

Anal. calcd. for C19H1,CIN;O: C, 68.37; H, 3.62. Found: C, 68.13; H, 3.55.

2-Amino-6-chloro-4-(pyridin-4-yl)-4H-benzo[h]chromene-3-carbonitrile 2d

Pyridine-4-carboxaldehyde (107 mg, 1.0 mmol) and malononitrile (70 mg, 1.0 mmol) were dissolved
in MeCN (5 mL) and three drops of Et;N were added. The reaction mixture was stirred at room
temperature for 30 min. 4-Chloro-1-naphthol (178 mg, 1.0 mmol) was added and the reaction mixture
was stirred at room temperature for 1 h. The formed precipitate was collected, washed with MeCN and
n-hexane and dried in vacuum. Yield: 200 mg (0.60 mmol, 60%); colorless solid of m.p. 246 °C;
vma(ATR)/cm™ 3333, 3292, 3054, 2867, 2198, 1664, 1614, 1596, 1571, 1404, 1372, 1281, 1260,
1202, 1173, 1114, 1067, 1053, 1027, 1001, 963, 942, 875, 860, 817, 766, 747, 679; 'H NMR (300
MHz, DMSO-dg) & 4.99 (1 H, s), 7.30 (2 H, dd, ] = 6.1 Hz, 1.6 Hz), 7.34 (1 H, s), 7.39 2 H, s), 7.7-
7.8 (2 H, m), 8.1-8.2 (1 H, m), 8.3-8.4 (1 H, m), 8.53 (2 H, dd, J = 6.1 Hz, 1.6 Hz); *C NMR (75.5
MHz, DMSO-dg) 6 39.9, 54.7, 117.1, 119.9, 121.5, 122.8, 123.9, 125.6, 125.9, 127.9, 128.6, 129.5,
142.4, 150.2, 153.2, 160.3; m/z (EI) 335 (11) [M*], 333 (33) [M'], 257 (53), 255 (100), 193 (16). Anal.

calcd. for C19H;,CIN;O: C, 68.37; H, 3.62. Found: C, 68.16; H, 3.54.

Dichlorido(p-cymene)[2-amino-4-(pyridin-3-yl)-4H-benzo[h]chromene-3-carbonitrile] ruthenium(l1)
3a

2a (68 mg, 0.23 mmol) was dissolved in CH,Cl, (5 mL) and five drops of MeOH. [Ru(p-
cymene)Cl,], (70 mg, 0.12 mmol) was added and the reaction mixture was vigorously stirred for 30

min. Ethyl acetate / n-hexane (1:4, 50 mL) was added and the formed precipitate was collected,



washed with n-hexane and dried in vacuum. Yield: 110 mg (0.18 mmol, 79%); amber solid of m.p.
173-175 °C; vmax(ATR)/cm™ 3302, 3153, 3057, 2964, 2186, 1652, 1629, 1598, 1505, 1472, 1409,
1375, 1290, 1263, 1188, 1104, 1057, 1023, 874, 815, 753, 732, 702; '"H NMR (300 MHz, CDCls) &
1.28 (6 H, d, J = 6.9 Hz), 2.09 (3 H, s), 2.9-3.0 (1 H, m), 4.95 (2 H, ), 4.98 (1 H, s), 5.2-5.3 (2 H, m),
5.43 (1 H,d,J=59Hz),5.49 (1 H, d, J=5.9 Hz), 6.88 (1 H, d, J = 8.6 Hz), 7.1-7.2 (1L H, m), 7.3-7.4
(LH, m), 7.5-7.6 (3H. m), 7.7-7.8 (L H, m), 8.15 (1 H, d, J = 8.1 Hz), 8.9-9.0 (1 H, m), 9.08 (1L H, s);
C NMR (75.5 MHz, CDCl3) 8 18.1, 22.1, 22.5, 30.7, 38.7, 59.7, 82.4, 83.3, 97.3, 103.7, 114.4, 119.6,
120.7, 123.0, 124.8, 125.5, 125.8, 127.0, 127.3, 127.9, 133.7, 137.5, 141.0, 143.7, 153.7, 154.3, 159.2;
m/z (El) 299 (17), 234 (3), 232 (4), 221 (100), 119 (39); m/z (ESI) 563.8 (13), 390.3 (13), 301.3 (80),
282.4 (100), 221.2 (70). Anal. calcd. for C,gH,;CI,NsORu: C, 57.52; H, 4.49. Found: C, 57.40; H,

4.43.

Dichlorido(p-cymene)[2-amino-4-(pyridin-4-yl)-4H-benzo[h]chromene-3-carbonitrile] ruthenium(l1)
3b

2b (68 mg, 0.23 mmol) and [Ru(p-cymene)Cl,], (70 mg, 0.12 mmol) were dissolved in CH,CI, (5
mL) and the reaction mixture was vigorously stirred for 30 min. Ethyl acetate / n-hexane (1:4, 50 mL)
was added and the formed precipitate was collected, washed with n-hexane and dried in vacuum.
Yield: 110 mg (0.18 mmol, 79%); amber solid of m.p. 218-219 °C; vma(ATR)/cm™ 3273, 3159, 3051,
2961, 2185, 1652, 1630, 1608, 1574, 1495, 1471, 1403, 1375, 1290, 1264, 1189, 1103, 1062, 1023,
963, 860, 804, 771, 756, 734, 690, 669, 649, 618; "H NMR (300 MHz, CDCIy/DMF-d;) § 1.07 (6 H,
d, J=7.0Hz), 1.87 (3H,s), 2.7-2.8 (L H, m), 4.70 (L H, s), 5.02 (2 H, d, J = 6.2 Hz), 5.2-5.3 (2 H, m),
6.02 (2 H,s), 6.70 (1L H, d, J = 8.6 Hz), 6.98 (2 H, d, J = 6.6 Hz), 7.3-7.4 (3 H, m), 7.5-7.6 (1 H, m),
7.9-8.0 (1 H, m), 8.69 (2 H, d, J = 6.6 Hz); *C NMR (125 MHz, CDCIy/DMF-d;) § 17.6, 21.7, 30.1,
40.4, 53.1, 81.9, 96.4, 103.1, 114.3, 119.3, 120.5, 122.8, 123.3, 124.0, 125.0, 126.3, 126.6, 127.2,
133.1, 143.3, 154.5, 154.9, 160.2; m/z (ESI) 563.8 (9), 300.3 (28), 282.4 (100), 221 (31), 100.2 (29).

Anal. calcd. for CyH,;Cl,N;ORu: C, 57.52; H, 4.49. Found: C, 57.43; H, 4.45.
Dichlorido(p-cymene)[2-amino-6-chloro-4-(pyridin-3-yl)-4H-benzo[h]chromene-3-

carbonitrile]ruthenium(ll) 3c

2¢ (76 mg, 0.23 mmol) was dissolved in CH,ClI, (5 mL) and five drops of MeOH. [Ru(p-cymene)Cl,],



(70 mg, 0.12 mmol) was added and the reaction mixture was vigorously stirred for 30 min. Ethyl
acetate / n-hexane (1:4, 50 mL) was added and the formed precipitate was collected, washed with n-
hexane and dried in vacuum. Yield: 120 mg (0.19 mmol, 84%); amber solid of m.p. 195-197 °C;
omax(ATR)/cm™ 3290, 3150, 3057, 2964, 2191, 1651, 1626, 1594, 1567, 1471, 1431, 1405, 1368,
1286, 1261, 1204, 1174, 1111, 1058, 1027, 964, 940, 863, 838, 804, 764, 744, 705; 'H NMR (300
MHz, CDCly) 6 1.27 (6 H, d, J = 6.9 Hz), 2.07 (3 H, s), 2.9-3.0 (1 H, m), 4.91 (1 H, s), 5.08 (1 H, s),
5.2-5.3 (2 H, m), 542 (1 H, d, J = 5.9 Hz), 5.47 (L H, d, J = 5.9 Hz), 6.99 (1 H, s), 7.2-7.3 (1 H, m),
7.3-7.4 (L H, m), 7.6-7.7 (2 H. m), 8.1-8.2 (2 H, m), 8.9-9.0 (1 H, m), 9.06 (1 H, s); *C NMR (75.5
MHz, CDCly) 6 18.1, 22.1, 22.4, 30.7, 38.6, 59.5, 82.4, 83.2, 97.3, 103.8, 114.8, 119.3, 121.4, 124.1,
124.8, 125.2, 127.9, 128.3, 128.7, 130.8, 137.4, 140.4, 142.8, 153.9, 154.4, 159.0; m/z (EIl) 335 (6),
333 (20), 257 (34), 255 (100), 193 (12), 134 (17), 119 (55), 91 (12), 36 (15); m/z (ESI) 563.8 (14),
336.3 (83), 282.4 (100), 255.1 (26). Anal. calcd. for CyH,sClsNsORu: C, 54.43; H, 4.09. Found: C,

54.31; H, 4.02.

Dichlorido(p-cymene)[2-amino-6-chloro-4-(pyridin-4-yl)-4H-benzo[h]chromene-3-
carbonitrile]ruthenium(ll) 3d

2d (76 mg, 0.23 mmol) and [Ru(p-cymene)Cl,], (70 mg, 0.12 mmol) were dissolved in CH,CI, (5 mL)
and the reaction mixture was vigorously stirred for 30 min. Ethyl acetate / n-hexane (1:4, 50 mL) was
added and the formed precipitate was collected, washed with n-hexane and dried in vacuum. Yield:
104 mg (0.16 mmol, 71%); amber solid of m.p. >220 °C; vmaX(ATR)/Cm'l 3282, 3160, 3066, 2964,
2186, 1648, 1627, 1608, 1594, 1570, 1499, 1473, 1406, 1369, 1281, 1261, 1206, 1174, 1113, 1062,
1024, 963, 939, 867, 839, 805, 767, 732, 681, 646, 618; "H NMR (300 MHz, CDCly/DMF-d;) & 1.06
(6 H, d, J=7.0Hz),1.88 (3H,s), 2.7-2.8 (L H, m), 4.68 (1 H, s), 5.03 (2 H, d, J = 6.3 Hz), 5.2-5.3 (2
H, m), 6.14 (2 H, s), 6.84 (1 H, s), 6.99 (2 H, d, J = 6.6 Hz), 7.4-7.5 (2 H, m), 7.9-8.0 (1 H, m), 8.0-8.1
(1H, m), 8.71 (2 H, d, J = 6.6 Hz); *C NMR (75 MHz, CDCI;/DMF-d;) & 17.6, 21.7, 30.2, 40.3, 53.1,
81.9, 82.0, 96.5, 103.2, 114.8, 121.1, 123.3, 123.9, 124.1, 127.2, 127.5, 127.8, 130.2, 142.4, 154.4,
154.7, 160.0; m/z (ESI) 563.8 (10), 334.2 (53), 282.4 (100), 255.1 (33), 97.2 (24). Anal. calcd. for

C29H26CI3N3ORU: C, 54.43; H, 4.09. Found: C, 54.29; H, 4.04.

2.3. Biological evaluation



2.3.1. Cell culture

MCF-77P (ACC-115) breast carcinoma, KB-V1"™ (ACC-149) cervix carcinoma, HT-29 (ACC-299),
DLD-1 (ACC-278) and HCT-116 (ACC-581) colon carcinoma, 518A2 (Department of Radiotherapy,
Medical University of Vienna, Austria) melanoma, Panc-1 (ACC-783) pancreatic ductular
adenocarcinoma, and U-87 (ATCC: HTB-14) glioblastoma cells were cultivated in Dulbecco’s
Modified Eagle Medium (DMEM; supplemented with 10% fetal bovine serum (FBS) and 1%
Antibiotic-Antimycotic) at 37 °C, 5% CO, and 95% humidity. Human dermal fibroblasts HDFa
(ATCC: PCS-201-012™) were grown in DMEM supplemented with 10% FBS, 1% Antibiotic-
Antimycotic, and 2 mM glutamine at 37 °C, 5% CO,, and 95% humidity. The maximum-tolerated
dose of topotecan or vinblastine was added to the cell culture medium 24 h after every cell passage to

keep the MCF-77 or the KB-V1"" cells resistant. Only mycoplasma-free cultures were used.

2.3.2. MTT assay

All cell lines were seeded at a concentration of 5 x 10* cells/mL in 96-well plates (100 pL/well),
except for U-87 glioblastoma cells, and HDFa human dermal fibroblasts, which were seeded at a
concentration of 1 x 10° cells/mL. After 24 h of incubation, the cells were treated with various
concentrations (100 uM - 0.5 nM) of the test compounds, cisplatin, RuPy, or vehicle (DMF; maximum
concentration 1%) for 24 or 72 h at 37 °C. Then, 12.5 pL of a 0.5% MTT [3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide] solution were added per well and incubated for 2 h at 37 °C to
convert water-soluble MTT into insoluble formazan crystals. After centrifugation (300 g, 5 min, 4 °C)
the medium was discarded and the formazan was dissolved in 25 pL of DMSO containing 10% SDS
and 0.6% acetic acid for at least 2 h at 37 °C. Then, the absorbance at wavelength 570 nm (formazan)
and 630 nm (background) was measured with a microplate reader (Tecan). Each experiment was
carried out in quadruplicate and the 1Cs, values determined as means + SD (standard deviation) with

respect to control cells set to 100% viable cells.

2.3.3. Electrophoretic mobility shift assay (EMSA) with pBR322 plasmid DNA
The electrophoretic mobility shift assay (EMSA) was used to study the compound-induced
unwrapping of covalently closed circular (ccc) topoform of pBR322 plasmid DNA (Thermo

Scientific). The circular plasmid DNA (75 pg/mL) in TE buffer (10 mM Tris-HCI, 1 mM EDTA, pH



8.5) was incubated with varying concentrations of the test compounds or positive control (cisplatin) at
37 °C for 24 h. Then, samples were subjected to gel electrophoresis using 1% agarose gels in 0.5x
TBE buffer (89 mM Tris, 89 mM boric acid, 25 mM EDTA, pH 8.3). After staining the gels with

ethidium bromide (10 pg/mL), pictures of the gels were taken under UV excitation.

2.3.4. Ethidium bromide saturation assay

The extent of the compounds’ DNA interactions was additionally assessed by a fluorescence-based
ethidium bromide staining assay [28]. 100 pL of a 10 pg/mL solution of salmon sperm DNA in 1x TE
buffer (Sigma-Aldrich) was pipetted in a black 96-well plate and incubated with concentrations of the
compounds or cisplatin in the standard range (0, 25, 50, 75 and 100 pM) for 2 h at 37 °C.[29] Then,
100 pL ethidium bromide in 1x TE buffer was added to reach a final concentration of 5 pg/mL. After
5 min of incubation, the fluorescence (ex = 535 nm, Aery = 595 M) was monitored for each well using
a microplate reader (Tecan). Each fluorescence value was corrected by ethidium bromide background
(samples without DNA) and the compounds’ possible intrinsic fluorescence. The resulting values were
expressed as percent of vehicle (100% ethidium bromide binding = 100% fluorescence). Reduced
fluorescence is representative for impaired ethidium bromide-DNA adducts due to intercalation sites
being blocked by the test compounds. All experiments were carried out in triplicates resulting in the

mean * SD of relative ethidium bromide fluorescence.

2.3.5. DNA binding in cell free media

Solutions of double-helical calf thymus DNA (42% G + C) at a concentration of 64 pugmL™ were
incubated with 3a-d in NaClO, (10 mM) at 37 °C so that the molar ratio of ruthenium complex to
nucleotide residues was 0.04. Aliquots of the reaction mixtures were withdrawn at various time
intervals, the reaction was stopped by addition of NaCl (1 M), and samples were quickly cooled in a
dry ice bath. The samples were exhaustively dialyzed first against 1 M NaCl and subsequently against
water to remove free unbound ruthenium complexes. The concentrations of DNA and the content of
ruthenium associated with DNA were determined by absorption spectrophotometry and FAAS (Varian

AA240Z), respectively.

2.3.6. Chorioallantoic membrane (CAM) assay in fertilized chicken eggs [30]
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Fertilized white leg horn chicken eggs (VALO Biomedia) were incubated at 37 °C and 50-60%
humidity until day six past fertilization. Then, the eggs were opened by cutting a window of 2- 3 cm
diameter in the eggshell at the more rounded pole and incubated for a further 24 h. After placing a thin
silicon ring (¢ = 5 mm) onto the chorioallantoic membrane with its developing blood vessel system,
the customarily used amount of test compounds (10 pL of a 0.5 mM solution) was pipetted inside
these rings. The effect on the vasculature was documented 0, 6 and 24 h past application (hpa) with a

light microscope (Traveller, 60 x magnification).

2.3.7. Tube formation assay

U-87 glioblastoma cells (2.5 x 10° cells/mL, 100 pL/well) were seeded in 96-well plates on thin layers
of matrigel (Corning) and subsequently treated with 3b (500 nM), 3c (1 uM) or vehicle (DMF) for 24
h. The test compounds’ effect on the tube formation was documented with a microscope (Zeiss, 100 x

magnification). The viability of the cells was determined by MTT assay.

2.3.8. Fluorescence labeling of microtubules

518A2 melanoma cells (1 x 10° cells/mL; 500 pL/well) were grown for 24 h on glass coverslips at 37
°C. Then, the cells were exposed to 3a-d (500 nM), or vehicle (DMF) for 3 h. After fixation of the
cells in 3.7% formaldehyde in PBS for 20 min at room temperature, the cells were blocked and
permeabilized with 1% BSA (bovine serum albumin), 0.1% Triton X-100 in PBS for 30 min at room
temperature. Immunostaining of the microtubules was performed by treating the cells first with a
primary antibody against alpha-tubulin (anti alpha-tubulin, mouse monoclonal antibody) followed by
the incubation with a secondary antibody conjugated to AlexaFluor®-488 (goat anti-mouse IgG-
AlexaFluor®-488, Cell Signaling Technology) for 1 h in the dark. Then, the glass coverslips were
mounted in 4-88-based mounting medium containing 1 pg/mL DAPI (4°,6-diamidino-2-phenylindole)
for counterstaining the nuclei and 2.5% DABCO (1,4-diazabicyclo[2.2.2]octane). Alterations of the
microtubule cytoskeleton were documented by fluorescence microscopy using a Zeiss Imager Al

AX10 (400% magnification).

2.3.9. Cell cycle analyses
HT-29 colon carcinoma, MCF-7 breast cancer and 518A2 melanoma cells (5 x 10* cells/mL, 3

mL/well) grown in 6-well plates were allowed to adhere for 24 h. First, various concentrations of the
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test compounds or vehicle (DMF) were applied to the different cells lines for 24 h, each in a single
experiment in order to estimate the range of concentrations where an effect on the cell cycle can be
observed. Cell cycle analyses of concentrations within this range were then determined in three
independent experiments. The cells were harvested by trypsinization and fixed in ice-cold 70% ethanol
overnight. After RNA digestion and propidium iodide (PI) staining with Pl staining solution (50
pg/mL propidium iodide, 0.1% sodium citrate , 50 pg/mL RNase A in PBS) for 30 min at 37 °C, the
fluorescence intensity of 10,000 single cells was recorded with a Beckmann Coulter Cytomics FC500
flow cytometer at Ae,m = 630 nm and Ae, = 488 nm. The cell distribution of single cells (%) in G1, S
and G2/M phase of the cell cycle progression as well as the proportion of sub-G1 events (apoptotic

cells) were analyzed by using the CXP Analysis Software (Beckmann Coulter).

2.3.10. Zebrafish angiogenesis assay [31]

Transgenic zebrafish of the strain Tg(flila:EGFP) with a casper background were raised under
standard conditions at 27-28 °C [32,33]. After manual dechorionation at 24-26 hpf the embryos were
transferred into 6-well plates [5 embryos/well in 5 mL E3 medium (5 mM NacCl, 0.17 mM KClI, 0.33
mM CaCl,, 0.33 mM MgSO,, 0.01% methylene blue, pH 7.2)] and treated with 3b-c (0.5 and 1 uM),
or vehicle (DMF) for 48 h. The development of the SIV (subintestinal veins) was documented by
fluorescence microscopy (Aex = 488 nm, Ay = 509 nm, Leica MZ10F with ZEISS AxioCam Mrc and
Mrc-ZEN pro 2012 software). The SIV length of at least 17 identically treated fish was quantified as
mean £ SD with vehicle treated controls set to 100%. Significant deviations from the control data were

determined using a t-test. *: p < 0.001.

3. Results and discussion

3.1. Chemistry

The naphthopyrans 2a-b were synthesized by a base-catalyzed one-pot reaction of malononitrile with
3-pyridinaldehyde/4-pyridinaldehyde and 1-naphthol as previously described (Scheme 1) [25]. 2c-d
were prepared analogously by reaction of malononitrile with 3-pyridinaldehyde/4-pyridinaldehyde and
4-chloro-1-naphthol. The compounds precipitated from the reaction solution after a short time and

were obtained as pure solids in moderate to high yields. The reaction of 2a-d with [Ru(p-cymene)Cl,],
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afforded the corresponding Ru(ll) complexes 3a-d as brown solids in yields ranging from 71% to
84%.

As is known for other ruthenium(ll)-arene complexes [2], complexes 3a-d underwent activating
hydrolysis to give aqua complexes in *H NMR experiments in aqueous solvent mixtures. Their
formation increased with the amount of water present and with time of exposure, reaching a maximum
after 48 h. It could be attenuated by addition of NaCl. In contrast, the conversion of the starting
dichlorido complexes was expedited by the addition of AgNOs;. (cf. Supplementary data, Figures S1—
S5).

((Scheme 1 near here))

3.2. Antiproliferative activity

The antiproliferative activity of the compounds was investigated by MTT assays [34]. They were
tested against a panel of eight cancer cell lines of six different entities, as well as against the non-
malignant human dermal fibroblasts HDFa (Table 1). Apart from naphthopyrans 2a-b, all test
compounds showed dose dependent inhibitory curves against the whole panel of cancer cell lines in
the range of double-digit nanomolar to single-digit micromolar ICs, values. In our standard
concentration range no vital cells were detected for 2a-b after 72 h. Due to this enormous toxicity, we
desisted from further investigations of these two compounds. In contrast, RuPy, the known complex
Ru(n®-p-cymene)Cl,(pyridine), bearing pyridine instead of the naphthopyran ligands, had no influence
on the cell viability even at concentrations as high as 100 uM. Hence, the cytotoxicity of the pertinent
(arene)ruthenium(Il) complexes 3a-b with ICsy values ranging from double-digit nanomolar to single-
digit micromolar can presumably be attributed to the naphthopyran ligands 2a and 2b, the toxicity of
which is obviously attenuated by their complexation to the ruthenium fragment. The analogous
reduction of cytotoxicity by ruthenation was less pronounced and not observed for all cell lines in the
case of the chloro-naphthopyrans 2c-d and their complexes 3c-d. It is also noteworthy that the
complexes 3a-d are distinctly more cytotoxic than cisplatin. Moreover, tentative structure-activity
relationships and selectivities emerged for the complexes 3a-d. On average, the 3-pyridinyl derivatives
3a and 3c were slightly more active than their respective 4-pyridinyl congeners 3b and 3d, while the

unchlorinated derivatives 3a and 3b were more cytotoxic than their respective chloro congeners 3c and
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3d. When we measured the uptake rates of the complexes 3a-d by determining the ruthenium content
in HT-29 and HCT-116 colon carcinoma cells after 3 h exposure, there was no significant difference
between the less cytotoxic complexes 3c-d and the more cytotoxic complexes 3a-b (cf. Supplementary
data). Hence, the difference in cytotoxicities between 3a-b and 3c-d must originate from different
target interactions or general modes of action rather than from differences in the uptake rates. In
addition, complexes 3a-d showed a distinct selectivity for certain cell lines. On average, the multi-
drug resistant (MDR) cancer cell line MCF-7"°, which overexpresses the ABC (ATP-binding
cassette)-transporters BCRP (breast cancer resistance protein), as well as the pancreatic
adenocarcinoma cells Panc-1 were most sensitive to complexes 3a-d, while the colon carcinoma cells
HT-29 and HCT-116 were least sensitive. Since the ICs, values of the complexes 3a-d in the MDR
cell lines KB-V1"™ and MCF-7™, overexpressing P-gp (P-glyco protein) and BCRP, respectively,
were equal to or even lower than those in the other cell lines, it can be assumed that the complexes 3a-
d are not substrates of P-gp and BCRP. Interestingly, complexes 3a-d showed also a distinct
selectivity for tumor cells over non-malignant dermal fibroblasts (HDFa), which were hardly affected
even at concentrations of 100 uM.

((Table 1 near here))

3.3. DNA interaction

Since (arene)ruthenium(ll) complexes are known to bind to DNA, we investigated the interaction of
complexes 3a-d with DNA in several cell-free assays [10,35]. Their influence on the electrophoretic
mobility of the different topological forms of pBR322 plasmid DNA was monitored by EMSA (Figure
2). To exclude that the naphthopyran ligands themselves cause any band shifts, the plasmid DNA was
incubated with the ruthenium complexes 3a-d as well as with the naphthopyrans 2a-d. The complexes
caused a slight shift whereas no interaction was observed for the ligands. The finding that the chloro-
substituted complexes 3c and 3d led to a more distinctly decreased mobility when compared with 3a
and 3b does not correlate with the cytotoxicities of the complexes. In addition, the shifts induced by
the ruthenium complexes differed noticeably from that caused by cisplatin. The test compounds gave
rise to only a slight shift of the band of the fast-moving supercoiled ccc-topoform whereas the mobility

of the slowly moving open circular oc-topoform was not influenced. In contrast, cisplatin gave rise to
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pronounced mobility changes of both forms. At a dose of 25 uM of cisplatin only one band was
observed whereas higher concentrations even induced the rewinding of the plasmid DNA which

increased the electrophoretic mobility of the DNA again.
((Figure 2 near here))

The interaction of compounds 3a-d with DNA was confirmed in a fluorescence-based staining assay
(Figure 3 A). Salmon sperm DNA (ssDNA) was first incubated with the test compounds at various
concentrations and then stained with ethidium bromide (EtBr). Then, the fluorescence intensity of the
EtBr-DNA adducts was measured. It is typically reduced if the test compounds inhibit the intercalation
of EtBr into DNA by morphological distortions of the latter as a consequence of binding interactions.
As in the EMSA, no DNA interaction was detected for the naphthopyran ligands 2a-d in these EtBr-
assays (cf. Supplementary data), while complexes 3a-d reduced the EtBr fluorescence significantly to
values < 20% compared to vehicle treated controls. By using FAAS and absorption spectroscopy, we
determined the degree of ruthenation of calf thymus DNA over time. The amount of ruthenium
associated with DNA increased with time (Figure 3 B). The times at which the metal load of the DNA
reached 50% were 19, 16, 9 and 8 min for 3a, 3b, 3c and 3d, respectively. These results indicate that
the rates of binding of 3a-d to natural double-helical DNA are markedly higher than those of cisplatin
(tso% ~120 min) [36]. The marginal shift of pBR322 plasmid DNA in EMSA assays, on the one hand,
and the much greater reduction of EtBr fluorescence in EtBr assays and the higher DNA binding rates
of 3a-d compared to cisplatin, on the other hand, suggest a DNA binding mode and bond strength for
3a-d that are different from that of cisplatin. The ruthenium complexes 3a-d, like RAPTA-C, are
likely to form adducts with DNA mainly at the purine sites with a lower bond strength compared to
cisplatin [10]. We assume that the ruthenium complexes were detached from DNA during
electrophoresis which caused the smaller shift in EMSA.

((Figure 3 near here))

3.4. Effects on the cell cycle progression
Naphthopyrans such as LY290181 are known to induce the accumulation of cells in G2/M phase of

the cell cycle. [19] Therefore, we investigated the influence of 3a and 3b on the cell cycle progression
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in HT-29 colon carcinoma, 518A2 melanoma, and MCF-7 " breast cancer cells (Figure 4). In 518A2
melanoma cells, both complexes induced a dose-dependent accumulation of cells in G2/M phase and
the decrease of cells in the G1 phase whereas the percentage of cells in S phase was barely changed.
At higher concentrations, we found a distinct increase of apoptotic cells in sub-G1 (cf. Supplementary
data). Similar rapidly increasing proportions of apoptotic sub-G1 events had previously been observed
by our group for combretastatin A-4 derivatives in 518A2 melanoma cells. [37] This sensitivity to
MDA-treatment might be attributed to the high proliferation rate of this particular cell line.
Interestingly, the test compounds’ influence on the cell cycle progression of MCF-7"°" breast cancer
cells differed from that in 518A2 cells. At low concentrations of 3a (10 nM) and 3b (25 nM), we
observed a slight accumulation of cells in G1 phase which was mainly due to the decrease of the
percentage of cells in the S phase whereas the proportion of cells in G2/M was not significantly
altered. However, at higher concentrations we observed the arrest of cells in G2/M phase whereas the
percentages of cells in G1 and in S phase were reduced. Similar effects were observed for other
microtubule targeting agents at low concentrations.[38,39] Even though these concentrations cause
alterations of the microtubule dynamics, prolonged mitosis and the increase of p53 expression, they
might not suffice to keep all cells from passing through mitosis but are probably sufficient to induce a
post-mitotic p53-dependent G1-arrest.[38,39] Higher concentrations cause the canonical G2/M arrest.
However, this phenomenon is not observed in all cell lines equally.[38] In HT-29 colon carcinoma
cells, 3a and 3b derivatives elicited a dose-dependent increase of cells in G2/M phase whereas those in
S and G1 phases were decreased. HT-29 cells were also arrested in G2/M phase when treated with 2c-
d (100 nM) or 3c-d (250 nM) (cf. Supplementary Data). However, the arrest was more pronounced for
2¢ and 3a-c than for 2d and 3d. The slighter increase of apoptotic sub-G1 events in MCF-7"°" and
HT-29 cells is presumably due to the incubation time of only 24 h being too short for them entering
into apoptosis as consequence of the mitotic arrest in contrast to the rapidly proliferating 518A2 cells
for which this short space of time seems to be sufficient.[37,40,41]

((Figure 4 near here))

The increase of cells in G2/M can be attributed to the interference of naphthopyrans with the tubulin

dynamics which prevents the normal microtubule formation [19,42]. Thus, cells are kept from dividing
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and arrested in mitosis for want of a functional spindle apparatus. Since the standard cell cycle
analyses cannot distinguish between G2 and mitotic cells we additionally stained the nuclei of HT-29
cells treated with 3a-d and counted the percentage of mitotic cells with condensed DNA. After
exposing the cells to the test compounds in the highest applied concentrations of the cell cycle
analyses (100 or 250 nM; 6h), the proportion of mitotic cells was found to be significantly increased
(cf. Supplementary data). While only 7% of control cells were mitotic, the mitotic indices of cells
treated with 3a (250 nM) and 3b (250 nM) were increased markedly to 27% and 24%, respectively.
The incubation with 250 nM of the chlorinated derivatives 3c and 3d caused a lesser accumulation of

mitotic cells (20% and 15%, respectively).

3.5. Effects on the cytoskeletal organization

Since blocking of cell division and mitotic arrest are typical consequences of the treatment with
tubulin-binding agents, we additionally investigated the effects of complexes 3a-d on microtubule
organization in 518A2 melanoma cells (Figure 5) [16]. In order to visualize early effects on the
microtubule cytoskeleton, we first exposed the cells to the test compounds 3a-d for 3 h. Slight
alterations in the tubulin dynamics caused by low concentrations of MDA might affect apoptosis
induction, migration or angiogenesis, which are, however, hard to recognize with the naked eye.
Therefore, we chose higher concentrations of the test compounds (500 nM) just to visualize the
potential microtubule destabilizing effect of the complexes. While 3a caused a complete disruption of
the microtubules, 3b-c eroded the microtubule cytoskeleton but left some clusters of intact
microtubules. Complex 3d, the test compound with the highest ICs, value against these cells, induced
no distinct alteration of the microtubule organization. We additionally tested the microtubule
destructing effect of 3a and 3b (both 60 nM, 24 h) in 518A2 cells and also found alterations of the
microtubule cytoskeleton (cf. Supplementary data). Even though some filamentous microtubules were
observed in cells treated with 3a and 3b, there were areas with destroyed microtubules where tubulin
was just diffusely spread. However, there were also fragmented nuclei typical of apoptosis induction.
Therefore, the inhibition of tubulin polymerization was confirmed for 3a and 3b in vitro by using a

turbidimetric-based cell-free assay with purified pig brain tubulin (cf. Supplementary data).
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((Figure 5 near here))

3.6. Effect on the vasculature

Targeting tumor vasculature is still a promising approach to inhibit tumor growth [43]. While anti-
angiogenic agents prevent the formation of new blood vessels, vascular-disrupting agents attack the
blood supply by destruction of already established tumor blood vessels. Since the disruption of the
microtubular cytoskeleton as caused by complexes 3a-d results in the mechanical destabilization of
treated cells and in alterations of cell to cell junctions which might induce the shut-down of the
abnormal and fragile tumor vasculature, we surmised that complexes 3a-d might also be vascular-

disruptive [16].

The vascular-disruptive effect of complexes 3a-d was tested on the chorioallantoic membrane (CAM)
of fertilized chicken eggs. The compounds were applied topically onto the CAM in a small ring of
silicon foil next to some main blood vessels. Any alterations of the blood vessels were documented 0,
6 and 24 h post application (hpa). However, these tests were hampered by the poor solubility profile of
some test compounds. Only complexes 3b and 3c did not precipitate under the conditions of the CAM
assay. They induced the disruption of even big blood vessels and consequently caused hemorrhages at

6 hpa (Figure 6 B). 24 hpa an extensive destruction of the vasculature was observed.

Besides the conventional blood vessel formation via angiogenesis, which is mediated by proliferating
and migrating endothelial cells, alternate mechanisms such as vascular mimicry by cancer cells play a
vital role in the maintenance of the tumor vessel network, which supports tumor growth, metastasis
and invasion [44-46]. Hence, the effect of the test compounds on neovascularization via vascular
mimicry was studied by tube formation assays using U-87 glioblastoma cells [47]. These cells form
tubular blood vessel-like networks when grown on thin layers of matrigel (Figure 6 A). In contrast to
the complex tubular and cord-like networks formed by untreated control cells, cells treated with
complexes 3b or 3¢ were diffusely spread throughout the well showing no signs of blood vessel-like
formations. As to MTT assays, the vitality of the treated cells was greater than 80% compared to

untreated U-87 cells so that antiproliferative effects of the compounds can be excluded.

((Figure 6 near here))



18

The microtubule destruction caused by compounds 3a-d might also contribute to their anti-angiogenic
effect via alterations of cell-cell contacts, reduced cell migration and inhibition of sprout formation
[16]. In addition, it is known that (arene)ruthenium(ll) complexes show anti-angiogenic activity
originating from their binding to proteins or enzymes and subsequent inhibition of angiogenesis-
relevant growth factor receptors such as fibroblast growth factor receptor (FGF-R1) or vascular
endothelial growth factor receptor (VEGFR) [13]. Therefore, we investigated whether the new
compounds affect the establishment of new blood vessels in vivo in Tg(flila:EGFP) zebrafish
embryos with casper background [32,33]. Due to their transparency, the effect of test compounds on
the formation of SIV, blood vessels that absorb nutrients from the yolk and develop between 48-72
hpf, could simply be monitored by fluorescence microscopy [48,49]. While vehicle-treated zebrafish
embryos developed the typically sinoidal structure with a ladder rung-like pattern, the SIV of embryos
treated with non-toxic concentrations of complexes 3b-c were significantly underdeveloped (Figure 7).
The SIV of fish treated with 3b were much smaller and the ladder rungs incomplete and deficient
whereas in fish exposed to 3c the SIV were only rudimentary and barely visible. The area covered by
SIV was quantified using the ImageJ software and the one of untreated control fish set to 100%. The
SIV area in zebrafish embryos treated with 3b (1 uM) was developed to 43% compared with the
control fish whereas the SIV area of 3¢ (1 uM) treated fish was developed to only 10% compared to
control.

((Figure 7 near here))

4. Conclusions

The (arene)ruthenium(ll) complexes 3a-d of 4-aryl-4H-naphthopyrans represent a new class of
selective and potent anti-cancer agents addressing multiple targets by combining the individual effects
of the naphthopyrans and the (arene)Ru(ll) fragment in a beneficial manner. They retained the DNA-
binding ability, typical of (arene)ruthenium(ll) complexes, augmented by the anti-angiogenic,
vascular-disruptive and cytotoxic activities of the naphthopyrans. By coordination to the (p-
cymene)Ru(ll) fragment even the brutal toxicity of the unchlorinated naphthopyrans 2a and 2b was
attenuated and the resulting complexes 3a and 3b showed manageable cytotoxicities and a distinct

selectivity for cancer over non-malignant cells. However, they were still distinctly more cytotoxic on
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average than their chlorinated congeners 3c and 3d. The preliminary DNA binding studies revealed
that the new complexes 3a-d bind about 10 times faster and in a different way to calf thymus DNA
when compared to cisplatin. We assume that the complexes 3a-d, like RAPTA-C, preferentially bind
to the purine sites of DNA [10]. It cannot be excluded that these lesions might induce DNA repair
mechanisms, which eventually elicit apoptosis. However, the apoptosis induction is more likely the
result of the alterations of the microtubule cytoskeleton, which is another major target of the new
complexes, apparent from its extensive destruction and a subsequent mitotic arrest of treated cells. As
a corollary of this effect, we observed a weakening of the cell-to-cell junctions of endothelial cells
resulting in the disruption of the vasculature in the chorioallantoic membrane of chicken eggs or in an
impairment of the angiogenesis in zebrafish. The new pleiotropic ruthenium complexes 3a-d are to be

tested now in in vivo xenograft studies.
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((Tables))

Table 1. ICs values™ [nM, 72 h] derived from dose-response curves using MTT assays when applied

to human cell lines.?

cisplatin  RuPy 2a 2b 2c 2d 3a 3b 3c 3d
518A2 o0 100000 <05 <05 37.0+03 44813 37.8%23 333%29 121¥8  325%2
518A2(24h)  “S00F  >100000 - - 51,000  >1,000  >1,000  >1000  >1,000  >1,000
>100,000!
HT-29 2000 100,000 <05 <05 386+40 966+20 543+31 820+60 158+1 31933
32,600 +
D1 2P0F 5100000 <05 <05 455140 300:21 388%31 4L4%28 139x1l  219+24
HCTA16  ° 00 5100000 - . 52436 25111 610470 62525 1887 28010
McF7™e 1000 5100000 <05 <05 339%15 139442 113+05 374236 467:17 19512
KB-v1'®  >100,000 >100,000 - - 33.0+29 460+31 125+19 62859 365+17 210+13
Panc1 A0 - - - 149+19 371+13 131411 357+35 105£9 191410
U-87 - >100000 - - 25449 >1000 279447  396+45  73+13  >1,000
HDFa  >100,000 >100000 - . . \ 100,000 >100,000 100,000 50,000

[a] human cell lines: 518A2 melanoma, MCF-7" breast adenocarcinoma, KB-V1'* cervix
carcinoma, Panc-1 pancreatic ductular adenocarcinoma, HT-29, HCT-116 and DLD-1 colon
carcinomas, U-87 glioblastoma cells, and HDFa human dermal fibroblasts. [b] 1Cs, values are the

means + SD of four independent experiments. [c] values determined by Muenzner et al. [28]
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((Captions to Schemes and Figures))

Scheme 1. Reagents and conditions: (I) CH,(CN),, MeCN, Et;N, rt, 90 min, 59-60% (II) [Ru(p-

cymene)Cl,],, CH,Cl,/MeOH, rt, 30 min, 71-84%.

Figure 1. Structures of the Ru(lll) complex NAMI-A, the “piano stool” (arene)ruthenium(Il)
complexes RAPTA-C [Ru((#7°-p-cymene)Cl,(1,3,5-triaza-7-phosphaadamantane)] and RuPy [Ru(n°-p-

cymene)Cly(pyridine)], and the microtubule destabilizing naphthopyran LY?290181.

Figure 2. Effects of cisplatin and compounds 2a-d and 3a-d on the electrophoretic mobility of circular
pBR322 plasmid DNA as determined by electromobility shift assays (EMSA) after 24 h of incubation.

Pictures are representative of two independent experiments.

Figure 3. A) Relative ethidium bromide fluorescence after pre-incubation with vehicle (DMF; set to
100%), cisplatin, or test compounds 3a-d (25, 50, 75, and 100 uM) for 2 h. Decreased ethidium
bromide fluorescence indicates the inhibition of ethidium bromide intercalation into DNA. Significant
deviations from controls (0 uM) were determined by t-test. *: p-values < 0.05. B) Kinetics of the
reaction of 3a-d with double-helical calf thymus DNA. Solutions of DNA at a concentration of 64 ug
mL ™" were incubated with complexes 3a-d (8 uM) in NaClO, (10 mM) at 37 °C in the dark. Points

represent the mean value of at least three independent experiments + SD.

Figure 4. Effect of 3a and 3b on the cell cycle progression of different cancer cell lines. Flow
cytometric analyses of Pl stained DNA content in 518A2 melanoma (column A), MCF-7" breast
cancer (column B), and HT-29 colon carcinoma cells (column C) after 24 h exposure to the indicated
concentrations of 3a, 3b, and vehicle (DMF) and the distribution of cells in G1, S and G2/M phase as
well as the proportion of apoptotic cells (sub-G1). The histograms are representative of at least three

independent experiments.
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Figure 5. Effect of compounds 3a-d (500 nM) on the organization of the microtubule cytoskeleton
(green) in 518A2 melanoma cells after 3 h incubation. Nuclei were counterstained with DAPI (blue).

The pictures are representative of two independent experiments (400 x magnification).

Figure 6. A) Effects of complexes 3b (500 nM) and 3c (1 pM) on the formation of tubular, blood-
vessel-like networks by U-87 glioblastoma cells when grown on thin layers of matrigel for 24 h.
Images are representative of two independent experiments (100 x magnification). Percentage of vital
cells was shown by MTT assays to be > 80% compared to DMF treated control cells. B) Effects of
complexes 3b (5 nmol) and 3c (5 nmol) when applied topically to the vasculature in the
chorioallantoic membrane of fertilized chicken eggs at 6 and 24 hpa. Control: respective amount of

DMF. Images are representative of at least three independent experiments (60 x magnification).

Figure 7. Effect of test compounds 3b and 3c on angiogenesis in zebrafish embryos. 24 hpf old
transgenic Tg(flila:EGFP) zebrafish embryos were exposed to 0.5 and 1 uM of the test compounds
for 48 h at 28 °C in embryo medium. A) Images are representative of at least 17 independent
experiments (6.3-fold magnification). B) The area covered by subintestinal veins (SIV) was quantified
using the imageJ software. The SIV area of zebrafish embryos treated with vehicle (DMF) was set to
100%. Values are the means + SD of at least 17 independent experiments. Significant deviations from

the control data were determined using a t-test. p < 0.001.
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1a:R=H 2a: R = H; 3-pyridinyl
1b: R =Cl 2b: R = H; 4-pyridinyl
2c: R = Cl; 3-pyridinyl 3a: R = H; 3-pyridiny!
2d: R = CI; 4-pyridinyl 3b: R = H; 4-pyridinyl
3c: R =ClI; 3-pyridinyl
3d: R = ClI; 4-pyridinyl
((Scheme 1))

N ' :

Clu.4 ..wCl ' '
c” e [N/> ,\I?P/Ru\"""CI | \N/Ru\"""a
(/ J H <N'\N) Cl P Cl
HN ' 4
NAMI-A RAPTA-C RuPy LY290181

((Figure 1))
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((Entry for the Table of Contents))

The new complexes 3a-d
combine anti-cancer effects of
naphthopyrans and a Ru(ll)
fragment. They bind to DNA 10
times faster and differently than
cisplatin, and target the
microtubular cytoskeleton
causing mitotic arrest and
antivascular effects. While active
against cancer cells at
nanomolar ICsy concentrations
they do not affect non-malignant
fibroblasts.

3:R=H/CI

microtubules
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New (arene)ruthenium(ll) complexes of 4-aryl-4H-naphthopyrans with anticancer and anti-vascular

activities

Highlights

o Ru(ll) complexes of 4-aryl-4H-naphthopyrans 3 show selectivity for cancer cells
e 3a-d bind to calf-thymus DNA ca. 10-times faster than cisplatin

e Complexes 3a-c lead to alterations of the microtubule cytoskeleton

e Complexes 3b,c are strong vascular-disrupting agents (VDA)

e 3b and 3c suppress angiogenesis in zebrafish embryos



