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Abstract

Inhibitors of poly(ADP-ribose) polymerase-1 (PARP-1) showed remarkable clinical efficacy
in BRCA-mutated tumors. Based on the rational drug design, derivatives of PARP inhibitor 3-
aminobenzamide  (3-AB),  2-amino-4-methylbenzamide  (L1) and  3-amino-N-
methylbenzamide (L2), were coordinated to the ruthenium(ll) ion, to form potential drugs
affecting DNA and inhibiting PARP enzyme. The four conjugated complexes of formula: C1
[(7°-toluene)Ru(L1)CI]PFs, C2 [(1°-p-cymene)Ru(L1)CI]PFs, C3 [(1°-toluene)Ru(L2)Cl,]
and C4 [(;76-p-cymene)Ru(L2)CI2], have been synthesized and characterized. MTT assay
showed the highest antiproliferative activity of C1 in HCC1937, MDA-MB-231, and MCF-7
breast cancer cells. Efficiency of inhibition of PARP-1 enzymatic activity in vitro decreased

in order: C2>C4>3-AB>C1>C3. ICP-MS study of intracellular accumulation and



distribution in BRCA1-mutated HCC1937 revealed that C1-C4 entered cells within 24 h. The
complex C1 showed the highest intracellular accumulation, nuclear-targeting properties, and
exhibited the highest DNA binding (39.2+0.6 pg of Ru per pg of DNA) that resulted in the
cell cycle arrest in the S phase.

Keywords: antitumor agents; breast cancer; PARP inhibitor; ruthenium(ll)

1. Introduction

Rapid increase in the number of cancer deaths worldwide makes drug development research
highly important. Nowadays, it is well known that novel antitumor drugs developed to
replace cisplatin need to outweigh severe adverse effects and accompanying resistance
induced by cisplatin
[1-3]. Ruthenium-based compounds are one of the most promising metal-based anticancer
drug candidates [4]. The synthetic chemistry of ruthenium complexes is very well established
and gives access to a large variety of compounds [5]. Among all synthesized ruthenium
complexes so far, ruthenium(lll) complexes, NAMI-A (imidazolium-trans-[tetrachloro-
(dimethylsulfoxide)imidazole ruthenium(l1)]), which acts on metastases of solid tumors [6],
and KP1339 (sodium-trans-[tetrachlorobis(1H-indazole)ruthenium(l1l)]), which is effective
against platinum-resistant tumors [7], completed phase Il clinical trials [8-13].
Organometallic ruthenium(Il)-arene compounds with completely different metallodrug
scaffold, in which three of the coordination sites are occupied by #°-coordinated arene that
stabilizes Ru*? oxidation state, are being under intensive development [14]. RAPTA-C
([Ru(n®-p-cymene)(pta)Cl,], pta=1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane), RAED-C
([Ru(n®-p-cymene)(en)CI][PFs],  en=ethylenediamine),  and RAPTA-T  ([Ru(s’-
toluene)(pta)Cl,]), showed to be effective in reducing the number and weight of lung
metastases [15-19]. To date, a myriad of structurally different ruthenium(ll)-arene complexes
have been prepared, with some of them exhibiting notable anticancer activities in vitro [20-

26]. Ruthenium(ll) have similar ligand exchange kinetics to platinum(ll), and the octahedral
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geometry of ruthenium complexes offers unique possibilities for binding to nucleic acids [27-
28].

The numerous still ongoing studies of mechanisms of action of cisplatin and ruthenium-based
drugs emphasize the existence of more variable cellular targets of these agents beyond
nuclear DNA [29-32]. The particular interest is in investigating enzyme inhibition by metal
complexes [33]. In that aspect, Kilpin and Dyson proposed the classification of metal-based
enzyme inhibitors to several groups [34], depending on whether the activity of metal
complexes relies mostly on the chemical properties of metal centre, bioactive ligand, or was
influenced by the combination of both.

Particularly interesting family of enzymes present in eukaryotes are poly(ADP-ribose)
polymerases (PARPs), which are involved in various cellular processes, including DNA
repair, chromatin remodeling, transcriptional regulation, and cell death [35-37]. PARP-1 is
one of the most abundant chromatin-bound protein, accounting for >90% of total PARP
activity [38]. It is considered to be a key player in DNA base excision repair (BER) and
repair of single-strand DNA breaks (SSBs) in response to ionizing radiation, oxidative stress,
or DNA-binding agents [39-40]. Structurally, PARP-1 is comprised of three distinct
functional domains: (1) N-terminal DNA-binding domain containing three zinc fingers
important for the PARP-1 binding to DNA breaks, (2) central automodification domain
serving as an acceptor of ADP-ribose moieties, and (3) C-terminal catalytic domain forming
active site of PARP-1 (“PARP signature”) that transfers ADP-ribose subunits from NAD" to

protein acceptors (Figure 1) [41,42].

Automodification
N-terminal DNA-binding domain domain C-terminal catalytic domain

Figure 1. Structural and functional organization of human PARP-1 enzyme. ZnF1, ZnF2 and ZnF3, zinc fingers

1, 2 and 3; NLS, nuclear localization signal; BRCT, BRCA1 C-terminus; WGR, domain formed of tryptophan

(W), glycine (G) and arginine (R) amino acids.



PARP-1 utilizes beta nicotinamide adenine dinucleotide (B-NAD') as a substrate to
covalently add poly(ADP-ribose) (PAR) chains onto itself and other nuclear acceptor
proteins, in a process termed PARYylation [43]. The role of PARP-1in DNA damage response
and cell death regulation prompted the development of potent small molecules named PARP
inhibitors (PARPi) [39]. Generally, PARPI are designated as competitive inhibitors, since
they impair the catalytic activity of PARP-1 by interacting with the NAD™ binding site [44].
Nicotinamide, benzamide, and 3-aminobenzamide (3-AB) were identified as the first
generation of “classical” PARPi [45]. Despite the limited potency and specificity to be used
in clinics, these compounds are significant for research purposes [46]. Structure-activity
relationship analysis showed that potent PARPi should have an electron-rich aromatic or
polyaromatic heterocyclic system, bearing a pharmacophore with cis-configurated
carboxamide, imide, or a carbamoyl group [47]. To date, four PARPI of the third generation
(olaparib, rucaparib, niraparib, and talazoparib) were approved by the United States Food and
Drug Administration (U.S. FDA) (Figure 2) [42, 48-50], as single-agent therapy, for targeting
breast cancer susceptibility genes (BRCA)-mutated breast, ovarian, prostate, and pancreatic
cancers [51]. PARPi are the first clinically approved drugs designed to exploit synthetic
lethality concept in tumors harboring mutations in BRCA1 or BRCA2 genes, responsible for
the repair of double-strand DNA breaks (DSBs) by homologous recombination (HR) [52,53].
Synthetic lethality is a genetic concept based on the idea that defect in either one of two
genes has little effect on the cell or organism, but a combination of defects in both genes
results in cell death [54]. The cells with impaired HR pathway are dependent on alternative
ways for DNA repair and survival, and thereby PARPi became promising therapy for BRCA-

mutated cancers.
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Figure 2.Structure of various PARP inhibitors. Bold is the common amide moiety in all PARP inhibitors

Although recent reports suggested that the application of PARPi could be extended to
“BRCAness” tumors with defects in HR repair genes other than BRCAL and BRCA2 [55-57],
the acquired resistance caused by arising secondary mutations in HR repair genes that restore
the function of HR repair pathway limits the clinical efficacy of PARPI as single agents [58].
Therefore, combination therapy is a reasonable approach to improve the utility of these
inhibitors to serve as chemopotentiators of commonly used cytotoxic chemotherapeutics,
such as cisplatin [59-62]. Unfortunately, multicomponent drug cocktails can display adverse
effects caused by complex pharmacokinetics and unpredictable drug-drug interactions.
Hence, multi-targeting single drugs offer some advantages of pharmacokinetic simplicity and
improved outcomes [35].

Growing tendency in the drug design area is to connect metals with pharmacophoric moieties
of bioactive ligand, to achieve different spectra of biological activity and improve the
properties of both constituents [29,32,63,64]. Reports up to date showed that different

ruthenium(Il)-arene complexes entered tumor cells efficiently and bound DNA [24,65].



Therefore, they may present appropriate scaffold to bring bioactive ligands with PARP-1
inhibitory potential more closely to their targets in the cell. Additionally, the study performed
by Mendes et al has shown that compounds based on platinum, ruthenium, or gold may
display high PARP-1 inhibitory activity, supporting the model whereby displacement of zink
from the zinkfinger motif of PARP-1 by metal ions led to decreased PARP-1 activity [66].

In the present study, novel ruthenium(ll)-arene complexes carrying 3-AB derivatives as
ligands, were synthesized and examined for the inhibitory potential against the catalytic
activity of PARP-1. Further, their growth inhibitory effects were investigated in a panel of
human breast cancer cell lines, which were either BRCAl-mutant, triple-negative, or
hormone-responsive. To reveal the mechanism of action and intracellular targets, we
analyzed cell cycle progression, binding to DNA, cellular uptake, and distribution across
cellular compartments of treated cells. The influence of the particular structural changes in
the molecules on the different aspects of anticancer potential is discussed.

2. Experimental Section

2.1.  Material and Methods

RuCl3-:3H,O was purchased from Johnson Matthey (London, UK). 2-amino-4-
methylbenzamide (L1) and 3-amino-N-methylbenzamide (L2) were purchased from Sigma
Aldrich. [Ru(7°-p-cymene)Cl,], was prepared according to a published procedure [67].
[Ru(#°-toluene)Cl,], was prepared according to a published procedure [68]. Solvents were
obtained and used without further purification. Infrared spectra were recorded on Nicolet
6700 FTIR spectrometer, using the ATR technique. *H and **C spectra were recorded on
Bruker Avance 111 500 spectrometer. Chemical shifts for *H and **C were referenced to
residual *H and **C present in dg-DMSO and d4-CD;OD. Conductivity measurements were
done using a CrisonMultimeter MM 41 instrument. Conductivities of complexes were
obtained with 1mM solutions in dimethyl sulfoxide (DMSO). ESI mass spectra were

measured on a mass spectrometer (Bruker, Model Esquire 3000), using CH3CN/CH30OH as a
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solvent. Elemental analyses were performed at the Microanalytical Service of the Faculty of
Chemistry of the University of Vienna.

NMR spectra of all synthesized compounds are given in Supplementary materials Figure S1 —
S10.

2.2.  Synthesis of Complexes

Synthesis of [(°-toluene)Ru(L1)CI]PFs (C1). A suspension of L1 (0.028 g, 0.190 mmol) in
methanol (3 mL) was added to suspension of (0.050 g, 0.095 mmol) [Ru(n°-toluene)Cl,]; in
methanol (3 mL). The reaction mixture was stirred at room temperature for 1h. The yellow
solution was concentrated in vacuo (to 2 mL) and solid NH4PFg (0.03 g) was added. The
mixture was stirred at room temperature for 2h. The resultant yellow precipitate was filtered
off and dried in vacuo. Yield 55%.

IR (ATR) vma/cm™: 844.1 - 666.3 (arC-H & oop), 1436.9 (N-CO stval) 1534 (N-CO stsym),
1592 (N-H 6, NH, amide and amine), 1646 (C=0O st), 3126.0 (arC-H st), 3253.7 — 3309.9
(NH_st)

'H NMR (500 MHz, [Ds]DMSO d(ppm) (Figure S1): 2,14 and 2.20 (s, 3H, CHs(toluene));
2,16 (s, 3H, CH3(L1)); 5.70 — 6.16 (4H, C2 — C6 toluene); 6.31 (m, 1H, C3(L1)) and 6.47 (s,
1H, C5(L1))6.60(m, 2H, NH, (L1)); 6.93 and 7.60 (s, 2H, NH,=CO- (L1)); 7.41-7.43 (d, 1H,
C6 (L1)).

13C NMR (50 MHz, [Ds]DMSO &(ppm) (Figure S2): 18.54 (-CHjs toluene); 21.06 (-CHs,
L1); 82.19; 84.30; 89.45, 93.02, 96.45, 105.38 (6C, (CH(toluene)); 111.16; 115.70; 116.50;
128.79; 141.61 and 150.25 (6C, CH(L1)) i 171.21 (C=0).

ESI/MS (m/z): negative mode 377 [M—PFg-H] (calc. for RuCysH17N,OCI 377.6)and 413
[M—-PF¢+CI]" (calc. for RuCisH17N,OCl,»413,1); positive mode 343 [M-PF¢-CI]" (calc. for
RuC1sH17N,0 343,1)

Elemental analysis: calc. for RuC;5H:gN,OCIPFs-H,0 (%) C, 33.23; H, 3.69; N, 5.17; found

(%): C, 33.21; H, 3.60; N, 5.60.



Synthesis of [(qG-p-cymene)Ru(Ll)CI]PFG (C2). A suspension of L1 (0.0245 g, 0.164
mmol) in methanol (3 mL) was added to suspension of [Ru(n°-p-cymene)Cl,], (0.0500 g,
0.082 mmol) in methanol (3 mL) and left stirring at room temperature. After 24h, solid
NH4PFg (0.059) was added into this yellow solution. The reaction mixture was concentrated
in vacuo (to 2 mL) and diethyl ether was added. The yellow precipitate was filtered off and
dried in vacuo. Yield 63.9%.

IR (ATR) vmax/cm™: 837.8 (arC-H & oop), 1408.7 (N-CO stval) 1549.6 (N-CO st sym), 1565
(N-H 6, NH, amide and amine), 1647.9 (C=0 st), 2973.0 — 3213.3 (arC-H st), 3310.7 and
3455.2 (NH; st amide and amine N-H)

'H NMR (500 MHz, [D;]CDsOD d(ppm) (Figure S4): 1.19 — 1.24 (m, 6H, (CHs),CH
(cymene)); 1.90 (s, 3H, CHz (cymene)); 2.50 (s, 3H, CH; (L1)); 2.60 (m, 1H, (CHs),CH
(cymene)); 5.30 — 5.29 (d, 1H, C2(cymene)); 5.39 — 5.45(dd, 2H, C3,5, cymene); 5.58 — 5.57
(d, 1H, C2(cymene)); 7.22 — 7.23 (d, 1H, C3(L1)); 7.47 (d, 1H, C5 (L1)); 7.65 — 7.66 (d, 1H,
C6(L1)).

3¢ NMR (50 MHz, [D4JCDsOD d(ppm) (Figure S5): 17.86 (-CHs(cymene)); 22.03 and
22.55 (2C, -CH(CHa),); 32.09 (CH3, L1); 79.50, 81.94, 82.98, 82.94 and 96.15 (6C,
(CH(cymene)); 101.8, 122.78, 127.70, 133.08, 143.23 and146.97 (6C, CH(L1)); 174.12
(C=0 (LY)).

'H NMR (500 MHz, [Dg]DMSO &(ppm) 1.18 — 1.20 (m, 6H, (CH3),CH (cymene)); 2.09 (s,
3H, CHs; (cymene)); 2.14 (s, 3H, CHs (C2-L1)); 2.83 (m, 1H, (CH3),CH (cymene)); 5.73 —
580 (d, 4H, C2, C3, C5, C6(cymene)); 6.30-6.29 (d, 1H, C3(L1)); 6.47 (d, 1H,
C5(L1));6.52(m, 2H, NH, (C2-L1)); 7.61 and 6.92 (s, 2H, NH,=CO- (L1)); 7.44 — 7.42 (d,
1H, C6(L1)).

3¢ NMR (50 MHz, [Dg]DMSO d(ppm)): 17.73 (-CHs(cymene)); 21.48 (2C, -CH(CHa),);
30.33 (CH3, L1); 85.67, 85.42, 99, 97 and 106.21 (6C, (CH(cymene)); 111.52, 115.75,

128.78, 141.30 (6C, CH(L1)); 171.37 (C=0 (L1)).



ESI/MS (m/z): negative mode 419 [M—PFs-H] (calc. for RuC;gH23N,OCI 419.6) and 455
[M-PF¢+CI]” (RuCigH2sN,OCl, 455.1); positive mode 385 [M-PFs-CI]* (calc. for
RuCi5H23N,0 385.6)

Elemental analysis: calc. for RuC1gH24N2OCIPFg(%) C, 38.19; H, 4.24; N, 4.95; found (%):
C, 38.58; H, 3.89; N, 5.18.

Synthesis of [(#°-toluene)Ru(L2)Cl,] (C3). Solid L2 (0.028 g, 0.190 mmol) and [Ru(n°-
toluene)Cl;], (0.0500 g, 0.095 mmol)) were suspended in 20 mL of methanol and left to stir
at room temperature for 24h. The orange precipitate was filtered off and dried in vacuo. Yield
40%.

IR (ATR) vma/cm™: 856-695 (arC-H & oop), 1544 (N-CO st sym, NH, &), 1592 (N-H &, NH,
amide and amine), 1634 (C=0st), 3028 (arC-Hst), 3317-3137 (NH_st and NHval)

'H NMR (500 MHz, [Ds]DMSO (ppm) (Figure S7): 2.02 (s, 3H, CHs(toluene)); 2.61 (d, 3H,
-NH-CHa); 5.22 (s, 2H, -NH,); 5.59 i 5.87 (m, t, 5H, CH(toluene)); 6.54; 6.79; 6.89 and
6.93(dd, dd, t, t, 4H, CH(arene)) and 8.04 (d, 1H, NH).

3C NMR (50 MHz, [Ds]DMSO &(ppm) (Figure S8): 20.54 (-CHs); 28.20 (-NH-CHg); 84.20;
86.81; 91.46 and107.59 (6C, (CH(toluene)); 114.77; 116.08; 118.24; 130.60; 137.51 and
150.66 (6C, CH(arene)); 169,40 (C=0)

ESI/MS (m/z): negative mode 451 [M+CI] (calc. for RuC;5H18N,0CI3449.6) and413[M-H]
(calc. for RuCysH;7;N,OCI, 413.1); positive mode 343 [M—2CI]" (calc. for RuCisH;7N,0
343.1)

Elemental analysis: calc. for RuCysH1sN2OCl»(%) C, 43.47; H, 4.35; N, 6.76; found (%): C,
43.19; H, 4.51; N, 6.75.

Synthesis of [(qe-p-cymene)Ru(LZ)Clg] (C4). A suspension of [Ru(nG-p-cymene)Clz]z
(0.0500 g, 0.082 mmol) and L2 (0.0245 g, 0.164mmol) in 10 mL of methanol was left stirred
under Ar atmosphere at room temperature for 48 h. The orange precipitate was filtered off

and dried in vacuo. Yield 42%.



IR (ATR) vmax/cm™: 882-698 (arC-H & oop), 1560 (N-CO st sym, NH, &), 1592 (N-H &, NH,
amide and amine), 1632 (C=0 st), 3082.6 (arC-H st), 3314-3135 (NH,st and NHval)

'H NMR (500 MHz, [Ds]DMSOd&(ppm) (Figure S9): 1.17 (d, 6H, -CH(CHs),); 2.07 (s, 3H,
CHa(cymene)); 2.74 (d, 3H, -NH-CHa); 2.82 (m, 1H, -CH(CHs),); 5.20 (s, 2H, -NH,); 5.75
and 5.80 (m, 4H, CH(cymene)); 6.63; 6.89; 7.00 and 7.03 (dd, dd, t, t, 4H, CH(arene)) and
8.13 (d, 1H, NH).

3C NMR (50 MHz, [Dg]DMSOd(ppm) (Figure S10): 18.26 (-CHs(cymene)); 21.90 (2C, -
CH(CHz3),); 26.59 (-NH-CHs) 30.37 (-CH(CHj3),); 85.91; 86.76; 100.49 and 106.79 (6C,
(CH(cymene)); 113.20; 114.53; 116.68; 129.00; 135.89 and 148.96 (6C, CH(arene)) and
167.78 (C=0).

ESI/MS (m/z): negative mode 493 [M+CI] (calc.for RuC;gH,5N,OCl3 491.6); positive mode
385[M-2CI]" (calc. for RuC1gH,4N,0 385.1)

Elemental analysis: calculated for RuC;gH24N,OCI,C, 47.35; H, 5.26; N, 6.14; found (%): C,
47.66; H, 5.50; N, 6.31.

3. Biological Studies

3.1.  Cell Culture

MDA-MB-231 and MCF-7 cell lines were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma-Aldrich Co), while HCC1937, MDA-MB-453, MDA-MB-361, and BEAS-
2B cells were maintained in Roswell Park Memorial Institute (RPMI) 1640 nutrient medium
(Sigma-Aldrich Co). All media were supplemented with 10% fetal calf serum (FCS) (pH 7.2)
(Sigma-Aldrich Co), 2 mM L-glutamine, 25 mM 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid (HEPES, Capricorn), and Penicillin-Streptomycin solution (Sigma-
Aldrich Co) at a final concentration of 100 U/mL penicillin and 100 pg/mL streptomycin. To
maintain HCC1937, MDA-MB-231, and MCF-7 cells, appropriate media were additionally

supplemented with D-glucose (Sigma-Aldrich Co) to a final concentration of 4.5 g/L. Cells
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were grown as a flat monolayer culture in tissue culture flasks (Thermo Scientific Nunc™),

at a constant temperature of 37 °C incubator with a humidified atmosphere of 5% CO..

3.2.  MTT Assay

Impact of the novel ruthenium(ll)-arene complexes (C1-C4), starting ruthenium(ll)-arenes
(C5, C6) and ligands (L1, L2), as well as reference compound cisplatin (cis-
diamminedichloroplatinum(ll), CDDP) on viability of cultured cells, was determined using
the colorimetric 3-(4.5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium bromide (MTT, Sigma-
Aldrich Co) assay, as previously described [69,70]. Cells were seeded in 96-well culture
plates (Thermo Scientific Nunc™) at cell densities of 4000 c/w (MDA-MB-453), 6000 c/w
(MDA-MB-231), 7000 c/w (BEAS-2B), 8000 c/w (MCF-7) and 10000 c/w (HCC1937,
MDA-MB-361) in a total volume of 100 pL of nutrient medium, and then cultured in 37 °C
incubator for overnight. Stock solutions of investigated compounds were made prior to use in
dimethyl sulfoxide (DMSO) at a concentration of 80 mM. The final concentration of DMSO
did not exceed 1% (v/v) per well. The cells were subsequently treated with serial dilutions of
freshly prepared ruthenium compounds and ligands (50 uM, 100 puM, 200 uM, 400 pM, and
800 uM) or cisplatin (6.25 puM, 12.5 uM, 25 pM, 50 pM, and 100 uM) in the nutrient
medium. Upon continuous drug action for 72 h, 20 uL of MTT solution (5 mg/mL, Sigma-
Aldrich Co) was added to each well and incubated with cells for 4 h at 37 °C. Finally, to
dissolve formed formazan crystals, 100 pL of 10% sodium dodecyl sulphate (SDS) was
added to each well. Absorbances were read after 24 h on a microplate reader
(ThermoLabsystemsMultiscan EX 200-240V) at 570 nm. The percentage of cell viability was
calculated with the absorbance values of treated cells compared to the absorbance values of
untreated cells (taken as 100%). ICso values (concentration of investigated compound that
reduced the number of viable cells in a treated cell population compared to a non-treated
control to 50%) were determined by the correlation between the percentage of cell viability

and the concentration of the drug after using the GraphPad Prism 6.0 software. Results are
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eventually presented as the mean +SD (standard deviation) and reported in pM. The
selectivity index (SI) for tested compounds was calculated as the ratio: Slyccigs7 (ICso BEAS-
2B/ICsp HCC1937), Slmpams-2s: (ICso BEAS-2B/ICssMDA-MB-231), Slvpame-ss (ICso
BEAS-2B/ICsoMDA-MB-453), Sluce.7 (ICso BEAS-2B/ICsoMCF-7), and Slupa-ms-ast (ICso
BEAS-2B/ICs)MDA-MB-361).Changes in HCC1937, MCF-7, and MDA-MB-231 cell
morphology induced by investigated ruthenium(ll)-arene complexes C1-C4, were evaluated
by inverted microscopy (80x/0.2 objective), after 72 h of continuous drug treatment, before
adding MTT solution.

3.3.  Flow Cytometric Analysis of Cell Cycle Phase Distribution

HCC1937 cells were seeded in 6-well culture plates (Thermo Scientific Nunc™) in the
nutrient medium at a density of 2.5 x 10° cells per well. After 24 h of growth, cells were
continually exposed to ruthenium(ll)-arene complexes (C1-C4), starting ruthenium(l1)-arenes
(C5, C6) and ligands (L1, L2) (200 uM and 500 uM), or to CDDP (5 uM and 10 puM). After
72 h incubation, cells were harvested by trypsinization, centrifuged, resuspended in
phosphate-buffered saline (PBS), and fixed with 70% ice-cold ethanol at -20°C overnight.
Flow cytometric analysis of the cell cycle phase distribution was performed in fixed
HCC1937 cells after staining with propidium iodide (PI), as previously described [71,72].
Briefly, after fixation, cells were washed with cold PBS, incubated with 100 pg/mL of
ribonuclease A (RNaseA; 1 mg/mL in PBS) for 30 min, and stained with 50 pug/mL of PI
(400 pg/mL in PBS) in the dark, immediately before analysis. 10000 cells were collected for
each sample and the cell cycle phase distribution was analyzed using a fluorescence-activated
cell sorting (FACS) BD Calibur flow cytometer and Cell Quest computer software (Becton
Dickinson, Heidelberg Germany).

3.4.  Cellular Uptake, Subcellular Distribution and DNA Binding Studies

For cellular uptake, subcellular distribution, and DNA binding studies, 5 x 10° HCC1937

cells were grown in 25 cm? culture flasks (Thermo Scientific Nunc™) in triplicates. After 72
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h, the nutrient medium was replaced with fresh medium containing 200 pM ruthenium(ll)-
arene complexes (C1-C4), and cells were incubated for another 24 h. The cells were
harvested by trypsinization, and the cell pellet was collected by centrifugation at 1000 rpm
for 7 min. Cell viability was determined by the Trypan blue exclusion assay. For subcellular
distribution studies, the cell pellet was further lysed with the Subcellular Protein
Fractionation Kit for Cultured Cells, according to the manufacturer’s instructions (Thermo
Scientific, cat.no.78840), providing five protein fractions: cytoplasmic, membrane, nuclear
soluble, chromatin-bound, and cytoskeletal fraction. For DNA binding studies, total DNA
from the HCC1937 cell pellet was isolated by using a salting-out procedure, as previously
described [73,74]. The DNA concentration was determined by measuring the absorbance at
Aveol Azgo NM, With a BioSpec-nanospectrophotometer (Shimadzu Biotech). Measurements of
total intracellular uptake, DNA binding, and accumulation in subcellular compartments of
ruthenium(Il)-arene complexes were performed in HCC1937 cells by using the inductively
coupled plasma mass spectrometry (ICP-MS) and a Thermo Scientific iCAP Qc ICP-MS
(Thermo Scientific, Bremen, Germany) spectrometer with Qtegra operational software [75].
The levels of ruthenium found in cells in total and in distinct cell compartments after the
treatment were expressed as the amount of ruthenium (ng) taken up per 10° cells. The amount
of ruthenium bound to the cellular DNA was expressed as pg of ruthenium per pg of DNA.
3.5.  PARP-lInhibitory Assay

Potential of examined ruthenium(ll)-arene complexes (C1-C4) with benzamide ligands (L1,
L2), as well as starting ruthenium(ll)-arenes (C5, C6), for PARP-1 inhibition, was
investigated by HT Universal Colorimetric PARP Assay (Trevigen, MD, USA, cat. no. 4677-
096-K), according to the manufacturer’s and previously reported instructions [76]. The kit
measures the incorporation of biotinylated poly(ADP-ribose) onto histone proteins in a 96-
well strip well format. 3-aminobenzamide (3-AB; provided in the kit) was used as control

inhibitor. Briefly, the stock solutions of the investigated ruthenium compounds and ligands
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were made in DMSO prior to use, and then serially diluted with 1 x PARP buffer to the
required concentrations (1 puM, 10 uM, 100 pM, and 1000 pM). 3-AB was serially diluted
with 1 x PARP buffer to the final concentrations of 1 puM, 10 uM, 100 pM, and 1000 pM.
The tested compounds were incubated with PARP-1 (0.5 Units/well), biotinylated NAD",
activated DNA, and histones that coated on the well. After incubation for 60 minutes at room
temperature, the solution was subsequently removed, and streptavidin-horseradish peroxidase
(Strep-HRP) was added for further incubation for 1 h. The final reaction was detected after
incubation with pre-warmed TACS-Sapphire colorimetric substrate, in the dark, for 15
minutes at room temperature. The colorimetric reaction was stopped by the addition of 0.2 M
HCI and ended in a yellow color stable for up to 1 h at room temperature. The absorbance
was read at 450 nm on a microplate reader (ThermoLabsystemsMultiscan EX 200-240V).
The differences in colour intensities reflect the PARP-1 inhibition efficiencies of the tested
compounds. By taking into account activity controls (without inhibitor) and negative controls
(without PARP-1), the monitored mean optical density values were converted into relative
values corresponding to the respective percentage of PARP-1 inhibition. From a plot of
compound concentration versus the percentage of PARP-1 inhibition obtained from the
GraphPad Prism 6.0 software, 1Cs, values were determined for 50% PARP-1 inhibition.

3.6.  Agarose Gel Electrophoresis Assay

The interaction of ruthenium(ll)-arene complexes (C1-C4), starting ruthenium(ll)-arenes
(C5, C6) and ligands (L1, L2), as well as CDDP, with pHOT-1 plasmid DNA, was studied
by agarose gel electrophoresis [77]. 300 ng of pHOT-1 plasmid DNA (3.3 pg/uL) was
incubated with ruthenium compounds and ligands (200 uM and 400 uM), or CDDP (12.5
MM, 25 puM, 50 puM, and 100 uM) for 24 h, at 37 °C in 5 mMTris-HCI/50 mMNaCl buffer
(pH 7.2). The experiments were also carried out in the presence of 100 uM DAPI (4',6-
diamidino-2-phenylindole; minor groove binder) or MG (methyl green; major groove binder),

which were added to the pHOT-1 plasmid DNA 1 h prior to the addition of investigated
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ruthenium complexes C1-C4. The final solutions were incubated 24 h. The samples were
then analysed by 0.8% agarose gel electrophoresis in 1 x TBE (Tris-borate-EDTA) buffer
(pH 8.0) for 2 h, at 30 V. After electrophoresis, the gel was stained for 1 h by soaking it in an
aqueous GelRed solution, and subsequently visualized by UV transilluminator.

4. Results and Discussion

4.1.  Synthesis and Characterization

Four new ruthenium(ll)-arene complexes (C1-C4) were synthesized in the reaction of 3-
aminobenzamide  analogues,  2-amino-4-methylbenzamide  (L1) and 3-amino-N-
methylbenzamide (L2), to get potentially good PARP inhibitors (Scheme 1). Starting Ru(ll)
complexes were Ru(ll) dimmers with toluene or p-cymene moiety. Synthesis of Ru(ll)-p-
cymene-based complexes with L1 and L2 has to be done in an oxygen-free atmosphere, as it
was previously reported for similar complexes [65]. All syntheses were performed in
methanol solution. Yellow-orange complexes with L2 precipitated during the reaction, while
complexes with L1 precipitated exclusively after the addition of an excess of NH4PFs.
Spectral and conductivity measurement data confirmed that ligand L1 bound bidentately, via

both of nitrogen atoms, while ligand L2 was monodentately coordinated to the metal ion.
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Schemel. Reaction scheme describing the synthesis of the C1-C4 complexes.

4.1.1. IR Spectroscopy

Broad, intensive band from 3406 to 3168 cm™, corresponding to NH, amine and amide
standard vibrations in ligand L1 became sharper and moved to lower wave number values in
complexes and C2, due to coordination to metal ion via these two nitrogen atoms. Band for
N-C amide standard symmetrical vibration at 1615 cm™ was moved to 1534 and 1549 cm™
for complexes C1 and C2, respectively. NH, deformation vibration bands appeared in both
complexes at 1565 cm™, compared to ligand at 1548 cm™, due to coordination via amine
nitrogen atoms.

There were changes in shape, and slightly in wave numbers in IR spectra of complexes C3

and C4, in the area from 3300 to 3100 cm™, which could be confirmation for coordination via
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amide nitrogen atom. Sharp, very well defined and intensive bands of standard symmetric N-
C and NH amide deformation vibrations appeared at 1563 and 1598 cm™ ,compared to less
intensive and broader bands at 1559 and 1592 cm™, in the ligand IR spectrum. These changes
in wave numbers and shape were the consequence of amide nitrogen atom coordination to the
metal ion.

4.1.2. NMR Spectroscopy

4.1.2.1. 'H NMR Spectroscopy

Firstly of all, for complexes C1 and C2, we could see little upfield changes in *H NMR
spectra for a signal corresponding to amide protons (two singlets at 7.59 and 6.90 ppm for
complex C1; 7.64 and 6.95 ppm for complex C2). Well defined, separated signals for amine
protons (6.52 ppm), and proton from C3 carbon in aromatic ring (6.47 ppm),were noticeable
in the *"H NMR ligand L1 spectrum. These signals are closer to each other, and formed a
multiplet signal at 6.47 to 6.59 ppm in complex C1 and a broad singlet at 6.52 ppm in the *H
NMR C2 spectrum. Changes in the chemical shift values in observed 'H NMR spectra of
ligand and complex pointed to the bidentately coordination via both of the nitrogen atoms in
ligand moiety. There were also noticeable changes of chemical shift values for protons in
arene cap in synthesized Ru(ll)-arene complex comparing to starting Ru(ll) arene dimers. For
these protons in toluene moiety, we could see changes in the shape of signals, as well as the
division of one signal to two separated signals (signal corresponding to two protons from C3
and C5 are moved from 5.98 ppm (L1) to 6.00 and 6.15 ppm (C1). In cymene-based Ru(ll)
complex, C2, we could see broad doublet from 5.81 to 5.78 ppm for four aromatic protons.
(Figure S3). In*H NMR spectra of C1 and L1 recorded in d,-CD;OD were very well
noticeable changes in chemical shifts values for all protons, but because of proton exchange
between ligand and solvent, we could not see amide and amine protons. Signals for all
protons from ligand moiety were shifted downfield in *H NMR spectrum of C2

corresponding to ligand: C6, 1H from 7.41 to 7.66 ppm, C3, 1H from 6.56 to 7.47 ppm, C5
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1H from 6.45 to 7.22 ppm and finally signal for methyl group protons from 2.22 to 2.50 ppm.
Signal for protons from cymene moiety was observed in the region from 5.29 to 5.56 ppm
(aromatic) and methyl and isopropyl groups at 1.89, 2.60 and 1.20 ppm, respectively (Figure
S6).

In the *H NMR spectra of complexes C3 and C4, we could see upfield changes of the signal
corresponding to the amide proton (from 8.15 ppm in L2 to 8.04 ppm in complexes). Also,
signals for all other protons in complex C3 had slightly lower values, as a result of ligand
coordination to ruthenium(ll) ion. As it was expected, signals for toluene or cymene protons
were at lower chemical shifts than in corresponding ruthenium(ll) dimers. In this complex, it
is also supposed that the coordination to a metal ion is via amide proton, based on changes in
chemical shifts in complexes compared to ligand itself.

4.1.2.2. 3C NMR Spectroscopy

There were no significant changes in the *C NMR spectra of synthesized complexes,
compared to the ligand spectrum, recorded in dg-DMSO. Characteristic signals for carbon
atom from carbonyl group were around 171 ppm, signals for arene carbon atoms from ligand
moiety were in the area from 150 to 111 ppm, while toluene or cymene arene carbon atoms
gave signals from 105 to 82 ppm or 96 to 85 ppm, respectively. Signal for carbon atom from
ligand methyl group appeared around 21 ppm in **C NMR spectrum of ligand, as well as in
both spectra of complexes. Below 30 ppm, signals appeared for carbon atom from the toluene
methyl group (~ 22 ppm), and carbon atoms from cymene isopropyl group (CH ~ 30 and
2CH3; ~ 18 ppm).

All signals for aromatic carbon atoms from ligand were moved little upfield in the d4-CD3;OD
spectrum of complex C2. Signals for cymene aromatic carbon atoms appeared also in the
region from 96 to 82 ppm, and methyl group carbon atoms signals are placed at 22.55 (from

ligand) and 17.86 (from cymene), while isopropyl carbon atom signal appeared at 32.09 ppm.

18



In the 3C NMR spectrum of ligand and corresponding complexes C3 and C4, we could
see changes in chemical shift values, which were a little bit higher in complexes
compared to the ligand. We could see changes in chemical shift value for the carbonyl
group, which was one more confirmation for amide proton coordination to Ru(ll) ion.

4.1.2.3. Chemical behaviour of the Ru(ll)-arenes in DMSO

Stability of Ru(ll)-arenes in the most commonly used solvents for biological assay
experiments, water or DMSO, is studied and become important data for explaining
biological activity of potentially new metallodrugs [78]. Some of these studies showed that N
or O donor ligands or even arene cap have been replaced with DMSO [79]. In order to
investigate behaviour of synthesized Ru(l1)-arene compounds (C1-C4), we followed *H NMR
spectral changes in complex solutions in deuterated DMSO during 72 hours (at Oh, 24h, 48h
and 72h after dissolution). These spectra showed traces of free arene (cymene or toluene)
after 24h followed by slow increasing of its amount in solution (11% after 72h, Figure S11).
Since, the solutions of complexes used in biological tests were prepared immediately prior to
use, and that final concentration of DMSO did not exceed 1% in total media, we can assume
that significant changes in complex structure were not occurred.

4.1.3. Mass Spectrometry

Mass spectra of synthesized complexes show characteristic bands in negative as well as in
positive mode. For complexes C1 and C2 we could not detect molecular ion but we could see
two type of peaks in negative mode, for [M-PFs-H] ion and [M-PFg+CI], till in positive
recording mode peaks for [M-PFg-Cl]" ions were detected. In the mass spectra of C3 and C4
complexes we could detect peaks for [M+CI] and [M-H] ions in negative, as well as peaks
for [M-2CI]" ions in positive recording mode.

4.1.4. Conductivity Measurements
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Molar conductivity measurements were done to get additional confirmation of complexes
structure. All complexes were well soluble in dimethyl sulfoxide (DMSO), so we used 1mM
solutions in this solvent for conductivity measurements. For complexes C1 and C2,
conductivity values were 22.7 Q7! ecm? mol? and 24.3 Q* ¢cm? mol?, respectively, and for
complexes C3 and C4, 1.65 Q™ cm? mol™ and 3.46 Q* cm? mol™, respectively. From the
observed values, we could confirm that complexes C1 and C2 correspond to 1:1 electrolyte
type, as well as that molar conductivity measurement values for C3 and C4 correspond to
neutral complexes [80].

4.1.5. Hydrolysis of synthesized complexes (CI/H,O exchange process)

The mechanism of cytotoxic action of Ru-arene complexes of the type [Ru(n’-
arene)(XY)(2)]»" (where XY = chelating ligand and Z = labile halide), is generally thought to
involve hydrolysis of the Ru—Z bond, generating an active Ru—OH, species. Depending on
pH values, Ru—OH; and Ru—OH species will be present, and in different ratios. Certainly,
hydrolysis can be suppressed extracellularly due to high [CI ] but becomes possible after the
complex enters the cells because of a lower intracellular [CI'] [81]. The hydrolysis rates of
complexes may vary over many orders of magnitude [82]. Here we followed time
dependence of H,O/Cl exchange process by UV-Vis spectroscopy. Initial solution was 2mM
solution of C3 in H,O at pH 6.8. For this type of Ru(Il) complex at this pH, Ru—OHj is the
most abounded specie. Then we added solution of KCI with final concentration of 100 mM,
24 mM and 4 mM (imitating blood plasma, cytoplasm and cell nucleus). In all cases there
were changes in UV-Vis spectra before and immediately after adding the KCI. Further
changes in spectra during the time have not been observed. So, we can conclude that this
reaction was completely immediately, there were no time dependence, reaction is fast.

The work of Sarah J. Dougan and Peter J. Sadler reviewing the comparative aqueous solution

chemistry, cancer cell cytotoxicity and reactivity towards different biomolecules for these
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type of complexes containing various arenes, chelating ligands, and monodentate leaving
groups clearly showed that the variations in identity of all three groups of ligands may
tremendously influence the pharmacological properties of these complexes [81]. This
observation was confirmed in several papers; our previous work with similar
organoruthenium(ll) complexes containing the p-cymene ligand and a pyridine derivative
coordinated in a monodentate or bidentate manner imply that there is no simple correlation
between fast hydrolysis of complexes, high-yield reaction with 9-methyladenine, and
inhibition of tumor cells growth [83]. The unique combination of ligands determines the
unique mechanism of activation and cytotoxic action, which must be an integral part of the
investigation of novel ruthenium complexes. For complexes investigated in this work remains
to be further thoroughly examined coordination to enzymes, DNA, or other cell
constituents/different biomolecules.

4.2.  PARP-1 Inhibition

To investigate the inhibitory potential on PARP-1 enzymatic activity of four novel
ruthenium(Il)-arene complexes (C1-C4) with benzamide ligands (L1, L2), we used
Trevigen’s HT Universal Colorimetric PARP Assay Kit, that measures incorporation of
biotinylated poly(ADP-ribose) onto histone proteins in vitro. The inhibitory effects of novel
complexes, their starting complexes (C5, C6) and the deriving ligands (L1, L2), were
compared to determine whether the incorporated benzamide ligands or the arene ligands (p-
cymene versus toluene) may contribute to the PARP-1 inhibitory potency of the resulting
Ru(1l) complex. 3-AB was used as a positive reference compound. The results in term of 1Cs
values determined for 60 minutes incubation in vitro are presented in Table 1. Although the
literature value of the 3-AB (33.8+2.2 uM) was nicely reproduced [84], benzamide
derivatives, L1 and L2, exhibited significantly lower PARP-1 inhibitory activity (1Cs,>1000

HMM), providing only 23.6% and 25.5% of PARP-1 inhibition at 1000 uM, respectively. As

21



expected, four novel ruthenium(ll)-arene complexes displayed inhibitory effects, with ICsg
values in the range from 25.5-709.7 puM. All complexes, except C3, showed similar
concentration-dependent PARP-1 inhibitory activity and reached maximum effect (100%
inhibition) at 1000 uM. Complexes with p-cymene moiety, C2 and C4, emerged as superior
PARP-1 inhibitors (1Cso values being 25.5 pM and 29.4 uM, respectively) to complexes with
toluene moiety, C1 and C3 (ICsp values being 50.2 puM and 709.7 uM, respectively).
Additionally, C2 and C4 exhibited lower 1Csy values against PARP-1 than 3-AB.
Furthermore, starting ruthenium(ll)-p-cymene complex, C6, showed to be approximately 8-
times more potent in inhibiting PARP-1 (1C5,=40.4+6.4 uM) than ruthenium(Il)-toluene
complex, C5 (1C5,=321.9+£92.6 uM).

Table 1. PARP-1 inhibitory activities of investigated ruthenium complexes (C1-C4), ruthenium(ll)-arenes (C5,

C6), ligands (L1, L2), and 3-AB following 60 minutes incubation in vitro.

Compound PARP inhibition (%) PARP inhibition (uM)
1 10 100 1000 (M) 1Cs0” (Mean + SD)

C1 1 26 825 100 50.2+3.9

Cc2 8.5 218 85.9 100 25.5+0.2

C3 -0.2 14 12.7 58.5 709.7£92.2

C4 53 27.2 74.8 100 29.4+5.9

C5 24 5.8 24.2 75 321.9+92.6

C6 17.8 34.7 56 86.3 40.4+6.4

L1 31 10.9 13.9 236 >1000°

L2 8.2 10.2 19.3 25.5 >1000"

3-AB 205 26.1 64.3 98.5 33.8+2.2

%Cs values are expressed as the mean + SD of at least duplicate determinations.”>1000 denotes that ICs, was

not obtained in the range of concentrations tested up to 1000 pM.

From a general structure-activity standpoint, complexes with bidentate coordinated ligand
(C1 and C2) demonstrated higher efficacy in inhibiting PARP-1, comparing to the other two
complexes (C3 and C4). In addition, complexes carrying p-cymene (C2 and C4) presented as

better PARP-1 inhibitors than complexes carrying toluene (C1 and C3). This implies that
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structural variations influence the specificity and potency of complexes to inhibit PARP-1
activity. Data obtained were in accordance with the previous reports on PARP-1 inhibitory
potential of ruthenium(ll)-arenes (RAPTA-T with toluene moiety [66] and series with p-
cymene [65]). The present study, to the best of our knowledge, for the first time included
starting binuclear ruthenium(ll)-arene complexes C5-C6. Ruthenium(I1)-p-cymene scaffold
could be distinguished as the perspective for further structural improvements, and
investigation of PARP-1 inhibitory potential. The stronger PARP-1 inhibitory activity of
bidentate conjugate molecules C1 and C2, also correlated to their generally higher
antiproliferative effects (see below).

4.3.  Cell Growth Inhibition

The cell growth inhibition of four new ruthenium(ll)-arene complexes, as well as their
corresponding starting binuclear ruthenium(ll) complexes and ligands, was assessed on a
panel of five human breast cancer cell lines (HCC1937, MDA-MB-231, MDA-MB-453,
MDA-MB-361, MCF-7) and one human non-cancer bronchial epithelium cell line (BEAS-
2B), utilizing an MTT assay, with cisplatin (cis-diamminedichloroplatinum(Il), CDDP) used
as a reference compound. Genotype and phenotype characteristics of breast cancer cell lines
used in this study [85-87] are summarized in Table 2. While HCC1937, MDA-MB-231, and
MDA-MB-453 cell lines are considered as triple-negative breast cancer cells (or hormone-
insensitive), MCF-7 and MDA-MB-361, are positive for estrogene and progesterone
receptors, and therefore described as hormone-sensitive. In this breast cancer cell lines panel,
only HCC1937 cells are homozygous for the BRCA1 5382insC mutation and experience a
complete loss of BRCAL function [88], while other investigated breast cancer cells have

wild-type BRCAL gene expression.

Table 2. Characteristics of breast cancer cell lines used in the current study.

Property HCC1937 MDA-MB-231 MDA-MB-453 MCF-7 MDA-MB-361

Tumor classification BaA BaB HER2/neu amplified Lu Lu
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ER/PR/(HER2/neu
-I-1- -I-1- -[-[-* +/+l- +-1+
overexpression)
MUT
BRCA1 WT WT WT WT
(hom, 5382insC)
TP53 MUT ** MUT (hom) WT WT WT
BRAF (het),
CDH1 (hom), CDKN2A (hom),
CDKN2A (hom), CDKN2A (hom),
Other mutated genes PTEN (hom del) PIK3CA (het), PIK3CA (het act
KRAS (het), PIK3CA (het)
KRAS mut)
NF2 (hom)
Tumor source P M (PLE) M (Pc.E) M (PLLE) M (Br)
TNM stage 1IB,
Tumor type grade 3, AC AC IDC AC
IPDC
ML
Morphology E (highly E E E
metastatic)
Tumorigenicity yes yes no yes yes

Abbreviations: BaA, BasalA; BaB, BasalB; HER2, human epidermal growth factor receptor 2; Lu, Luminal,
ER, estrogen receptor; PR, progesterone receptor; MUT, mutant gene; WT, wild-type gene; hom, homozygous;
het, heterozygous; del, deletion; act mut, activating mutation; P, primary; M, metastasis; PI.E, pleural effusion;
Pc.E, pericardial effusion; Br, brain; IPDC, infiltrating primary ductal carcinoma; AC, adenocarcinoma; IDC,
invasive ductal carcinoma; E, epithelial; ML, mesenchymal-like. *For MDA-MB-453, HER2/neu is amplified,

but not highly expressed. **For HCC1937, acquired mutation in TP53 gene with wild-type allele loss.

The two ligands, L1 and L2, showed very low cell growth inhibition potential, against all
tested cells, and were nontoxic even at a concentration up to 800 uM (Table 3). However,
when coordinated to the ruthenium(ll)-arene moieties, resulting complexes, C1-C4, displayed
cell growth inhibition potential, with 1Csy values in the micromolar range: 146.9-580.5 puM.
Precursor ruthenium(ll)-arenes, C5 and C6, exhibited 1Cs values varying from 130.6 uM to
418 uM.

Table 3. Cell growth inhibitory activity of investigated ruthenium complexes (C1-C4), ruthenium(ll)-arenes
(C5, C6), ligands (L1, L2), and CDDP expressed through ICsy® values (UM) obtained by MTT assay after 72 h

of continuous drug action.
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HCC193  MDA- MDA- MPA BEAS- | Slicc  Slwoa.  Slwoa  Slmce Sluoa
Compound MCF-7 MB-

7 MB-231 MB-453 2B 10577 wmB2s’  MBas3 T MB-361°

361

c1 153.6 173.8 554.5 146.9 4292 227 148 13 0.41 1.55 0.53
c2 428.1 196.9 580.5 156.6 406 452 1.06 23 0.78 2.88 111
c3 235.9 309 489.9 270.5 464.6 3499 | 148 113 0.71 1.29 0.75
c4 315.8 364.9 446.8 309.5 439.9 3552 | 112 097 0.79 1.15 0.81
C5 194.9 178.2 382.7 130.6 411.7 2021 | 104 113 0.53 1.55 0.49
C6 130.8 2226 343.7 168.7 418 1741 | 133  0.78 0.51 1.03 0.42
L1 >800° >800° >800° >800° >g00° | >800° | —¢ — — — —
L2 >800° >800° >800° >800° >g00° | >800° | —¢ — — — —
CDDP 10.7 7.1 10 5.6 26 48 045  0.62 0.48 0.85 0.18

%ICso values (UM) are expressed as the mean = SD of at least two independent experiments performed in
triplicate (SD values were lower than 15 in all measurements for complexes and ligands, while for CDDP values
were lower than 1 in all measurements). ® >800 denotes that 1Cs, was not obtained in the range of concentrations
tested up to 800uM. © The selectivity index (SI) for tested compounds was calculated as described in the

Methods section.? “—> stands for not determined.

Differences observed in the sensitivity pattern among breast cancer cell lines treated with the
investigated complexes C1-C4, most probably emerged due to the genetic and phenotypic
variations between the cells. Generally, higher sensitivity to the action of C1-C4 was found
in HCC1937, MDA-MB-231 and MCF-7 cells, which displayed some similarities in
response, as seen from the cell survival curves (Figure S12). Hormone-responsive MDA-MB-
361 cells showed approximately equal low sensitivity to C1-C6. Structure-activity
comparison indicated that complexes with bidentately bond benzamide ligand, C1 and C2,
exhibited lower ICs values, than complexes C3 and C4, with monodentate ligand, except in
HCC1937 cells, where C2 was the least active, with 1C5,=428.1+12.5 uM.

In summary, antiproliferative efficiency of C1-C4 in HCC1937cells, decreases in the
following order: C1>C3>C4>C2, and in MDA-MB-231 and MCF-7 cells, as follows:

C1>C2>C3>C4. Results pointed out the highest activity of C1 in HCC1937, MDA-MB-231,
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and MCF-7 cells, with 1Cs values being 153.6 uM, 173.8 uM, and 146.9 pM, respectively.
The corresponding values for selectivity index (SI) (Table 3) were: 1.48, 1.3 and 1.55,
respectively, as determined according to the response in non-malignant BEAS-2B cells.
Complex C2 also displayed 2.3- and 2.88-fold higher cytoselectivity toward MDA-MB-231
and MCF-7 cells, respectively.

Cisplatin showed ICs in the low micromolar range of 5.6-26 uM (Table 3), with the highest
activity toward MCF-7 cells (1C50=5.6+£0.5 puM), and the lowest toward MDA-MB-361 cells
(IC50=26 puM). The response of triple-negative breast cancer cells from this panel to cisplatin
treatment was approximately in the same line of concentrations (ICso™ 10 uM).

It is of importance to note, that antiproliferative effects of C1-C4 in the tested panel of cell
lines cannot be ascribed only to their PARP-1 inhibitory effects. Despite the observed
potency for PARP-1 inhibition, complexes C2 and C4 displayed weak cell growth inhibition
in HCC1937, MDA-MB-231, and MCF-7 cells. The cytotoxicity range (observed through
ICso values in vitro) of C1 - C4 complexes is within well-known ruthenium complexes, such
as RAPTA compounds, and especially NAMI-A, which showed to be weakly cytotoxic in
vitro, even at a concentration up to 500 uM [65, 66]. In the case of NAMI-A, we saw that
high cytotoxicity is not a prerequisite for further development of a compound as an anticancer
drug candidate. Although being essentially non-toxic to primary cancer cells, NAMI-A
exhibits antimetastatic activity [89]. Additionally, RNA-seq analysis of the whole
transcriptome of metastatic versus non-tumorigenic cells exposed to NAMI-A by Sava et al
revealed a pharmacological signature in good agreement with the NAMI-A behavior as a
metastasis inhibitor, confirming its selectivity towards cell populations with metastatic
features [90]. Additional structure-activity studies were performed to reveal possible multi-
targeting properties of complexes C1-C4, and the mechanism of action in HCC1937 breast
cancer cells. This cell line was interesting for further research, as already mentioned, because

of its homozygous mutation in the BRCAL gene and complete loss of BRCA1 function,
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supporting its good response to PARP inhibitors, in a synthetic lethality manner [35, 91]. But,
we must note that, according to the literature data [92], additional genetic alterations may
accumulate, such as loss of PTEN, gene that is frequently mutated in BRCAL-deficient breast
cancers (see Table 2) [93], that, in turn, restore HR repair efficiency. We must have all of this
in mind, as well as complexity of the topic, in our effort to explain the poor selectivity of
investigated complexes C1-C4. Moreover, MDA-MB-231 and MCF-7 breast cancer cells,
despite being BRCA1/2 wild-type, may harbour HR deficient phenotype [94,95], that renders
them sensitive to PARP inhibitors. Together, these data support our findings of cell line-
dependent biological activity of tested ruthenium complexes in breast cancer cell line panel.
4.4. Impact on Cell Morphology

Since the MTT assay relies mostly on the measurement of the mitochondrial dehydrogenase
activity, obtained results expressed in terms of ICsy values, cannot distinguish among
cytotoxic and antiproliferative effects of the tested drug [96]. The morphological appearance
of cells can give valuable information about concentration- and time-dependent changes in
cell response. The examination of morphological changes in HCC1937, MDA-MB-231 and
MCF-7 cell lines, following C1-C4 action (72h) (Figure 3 and Figure S13), revealed a
concentration-dependent reduction in the number of cells. Treatment of MCF-7 cells with
400 puM complexes C1-C4 caused the appearance of a mixed cell population of rounded
cells, and cells with preserved morphology (Figure S13A). More pronounced changes in cell
density and morphology were caused at higher concentrations (800 uM) of C1 and C2.
MDA-MB-231 cells showed a similar response, though followed with cell elongation and the
appearance of pseudopods (Figure S13B).

In HCC1937 cells, C1-C4 caused a dose-dependent decrease in cell number, along with the
appearance of small rounded cells, and individual enlarged single- or multi-vacuolated cells,
already at 200 uM treatment (Figure 3). At 800 uM, complexes profoundly altered HCC1937

cell morphology, promoting the appearance of a bigger portion of rounded cells, indicative of
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cell death. The majority of HCC1937 cells treated with C1 became rounded and formed
clusters. All together, these findings support results of MTT study which indicated higher cell

growth inhibitory potential of complex C1, than its structurally-related C2-C4 complexes.
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Figure 3. Photomicrographs of HCC1937 control cells and cells exposed to 200 uM, 400 uM, and 800 uM
ruthenium complexes (C1-C4) for 72 h. Cells were observed under the bright filed inverted microscope, using

the 80x/0.2 objective.

45.  Cell Cycle Arrest

The effect of investigated compounds on cell cycle progression in HCC1937 cells was
analysed by flow cytometry. After 72 h of treatment with ruthenium complexes and ligands
(200 pM and 500 pM), or CDDP (5 pM and 10 pM), the DNA content in cells was estimated
by PI staining. The data are presented in Figure 4. Treatment with 5 uM of CDDP induced
significant arrest of the cell cycle in the G2-M phase (up to 54.2%, versus 20.8% in control).
Increasing concentration of CDDP to 10 uM triggered accumulation in the S phase of the
HCC1937 cell cycle up to 34.5%, compared to 21.3% in control (Figure 4 and Figure S14).

Treatment with ligands L1 and L2 did not induce any significant changes in the cell cycle
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phase distribution, for 72 h drug action, at two tested concentrations (treatment with 200 pM,
data not shown). Among investigated ruthenium complexes, only C5 (binuclear complex
with toluene as arene) and novel C1, applied at 500 uM, induced evident changes in the cell
cycle of HCC1937 cells (Figure 4). C5 caused arrest of the cell cycle in the S phase (up to
32.1%, versus 21.3% in control), and accompanying decrease of percent of cells in the G1
phase (up to 38.0%, versus 55.5% in control). Negligible increase was detected in the
HCC1937 Sub-G1 region, characteristic for fragmented DNA and apoptotic cells, after C5
and C6 treatment. C1l-induced S phase arrest in the BRCA1-mutated HCC1937 cells (up to
28.5%, compared to 21.3% in control) suggested capability of this compound to block DNA
replication. This effect can be related to the same ability of its constituted ruthenium(ll)-
toluene, C5 [21]. Present results are in good correlation with the data showing DNA binding
potential of ruthenium(ll), obtained by ICP-MS (see below). It is most likely that the highest

activity of C1 in HCC1937 cells is due to the more efficient cell cycle arrest.

m Sub-Gl EGl O0OS ©oG2-M

100
90 -

80 -

70 -

60 -

50

40 -

% of gated cells

30
20

0- = —T T T T T T =T —

Control CDDP CDDP C1 C2 C3 C4 C5 Cé6 L1 L2
5 M 10 pM 500 pM

Figure 4. Flow cytometric analysis of the HCC1937 cell cycle phase distribution in response to the 72 h
treatment with 500 uM ruthenium complexes (C1-C4), ruthenium(l1)-arenes (C5, C6), and ligands (L1, L2), or
with 5uM and10pMCDDP. Results are representative of at least two independent experiments and displayed as

a diagram showing the percentage of cells in each cell cycle phase out of 10000 analyzed cells.

4.6. Differential Cellular Accumulation
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To further investigate the mechanism underlying the activity of C1-C4 complexes in
HCC1937 cells, and to locate their possible targets in the cell, total cellular uptake and
subcellular distribution studies have been performed by ICP-MS. The affinity of C1-C4 for
DNA binding was determined according to the ruthenium(ll) content (pg Ru/pg DNA) found
in the genomic DNA, isolated from treated HCC1937 cells. The results shown in Figure 5
revealed that after 24 h of continual treatment with equimolar concentrations (200 pM), all
four complexes entered the HCC1937 cells, and accumulated in different amounts. C1-C4
can be arranged in decreasing order, according to the intracellular content (ng Ru/10° treated
cells), as following: C1>C3>C4>C2 (Figure 5A). C1 entered the HCC1937 cells most
efficiently and reached a concentration of 85.6+0.2 ng of Ru in 10° cells. C2 showed the
lowest ability to enter the HCC1937 cells since there was only 21.6+0.1 ng of Ru found in
10° cells. A similar trend was observed in the DNA binding affinity of complexes. Results
revealed 3.8-fold higher amount of C1 (39.2+0.6 pg of Ru per pg of DNA) than C2 (10.2+0.1
pg of Ru per pug of DNA), in the DNA fraction of HCC1937 cells (Figure 5B). The ICP-MS
analysis of compounds distribution through cellular compartments, disclosed a similar
localization pattern of C1, C3, and C4 in HCC1937 cells (Figure 5C). These three complexes
accumulated at the highest amount in the cytosol (71.5%, 67.1%, and 68.6%, respectively),
and in some lower amount in the membrane/organelle fraction of treated cells (19.3%, 27.2%,
and 27.1%, respectively). On the contrary, C2 retained in the membrane/organelle fraction as
the largest portion (49.1%), and to the lower extent in the cytosol (40.8%). Furthermore,
significant ruthenium content was found in the nuclear fraction (both soluble and chromatin-
bound nuclear fraction) of HCC1937 cells treated with C1-C4, i.e. 7.5%, 6.8%, 4.5%, and
4.1%, respectively. Only a small amount of ruthenium atoms was found in the cytoskeletal
fraction (1.7% from C1, 3.3% from C2, 1.2% from C3, and 0.2% from C4).

Drug localization in the specific cellular compartment, and therefore interaction with its

biomolecules, is not only structure-dependent, but also time- and concentration-dependent, as
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reported for different ruthenium complexes [97,98]. According to the data obtained and
structure-activity correlations, it is notable that complex C1, of structural formula [(5°-
toluene)Ru(L1)CI]PFs, carries an advantage over the rest of tested complexes, in the ability
to enter the cell and bind to nuclear DNA. The highest intracellular uptake of C1, and
accompanying accumulation in the DNA fraction of HCC1937 cells, are well in accordance
with the higher growth inhibitory activity of this compound. Additionally, notable C1
accumulation in the nuclear fraction of cells may point to the tendency of this type of “combi-
molecules” [63] to also interact with DNA-associated proteins, such as PARP-1. This is in
accordance with the PARP-1 inhibitory potential of C1 observed in the present study, and as
well as with the previous reports of cellular uptake of some ruthenium(ll)-arene complexes
with phenanthridin-based ligands [65].

Lower intracellular content of C2, C3, and C4 could be explained either by reduced uptake or
enhanced efflux of these compounds, which favours their lower growth inhibitory activity.
Preferential uptake of C1 by HCC1937 cells emphasizes that structural differences between
investigated ruthenium complexes significantly influence affinity and stability of interactions

with cellular proteins and nuclear DNA.
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Figure 5. Bar graphs representing quantitative determination of the (A) total intracellular uptake (ng Ru/10°
cells), (B) DNA binding (pg Ru/pg DNA), and (C) subcellular localization (percentage localizing in the cell
fragments calculated on the basis that their sum was 100%) of C1-C4 complexes after 200 puM treatment of
HCC1937 cells for 24 h, measured by ICP-MS. Bar graphs represent the mean + SD of at least two independent

experiments.

4.7.  Interaction with Plasmid DNA

The ability of ruthenium(ll)-arene complexes and their starting binuclear complexes and
ligands, to alter the tertiary structure of DNA, in a cell-free system, was determined by testing
the electrophoretic mobility of pHOT-1 plasmid DNA. CDDP was tested as a reference
compound. Small changes in the tertiary structure of DNA can easily be monitored on the
plasmid DNA, since its superhelical nature mimics well certain forms of intracellular DNA,

such as chromatin. The supercoiled form of DNA (Form I) experiences less resistance from
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the gel, due to its compact nature and migrate faster, whereas open (nicked) circular form
(Form 1) moves slower through the gel. As shown in Figure 6, pHOT-1 plasmid consisted
mainly of Form | and Form Il. Addition of CDDP to the plasmid resulted in a gradual
disappearance of two distinct bands representing Form | and Form 1, and in the consequent
formation of one smeared band. CDDP caused a concentration-dependent decrease in the rate
of migration of Form I, and at the same time accelerated mobility of Form Il. At 25 pM,
CDDP caused a significant decrease in the rate of migration of Form I, due to probable
relaxation (unwinding) of the supercoiled DNA. At higher concentrations (50 uM and 100
pHM), CDDP caused coalescence of Form | and Form Il bands. This observation indicated
local untwisting at the sites of CDDP-DNA adducts and was in accordance with the previous

literature data [99,100].
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Figure 6. Agarose gel electrophoretic analysis of pHOT-1 plasmid DNA (300 ng) incubated with 12.5 uM, 25

1M, 50 uM, and 100 uM CDDRP, for 24 h, in a 5 mM Tris-HCI/50 mM NaCl buffer, pH 7.2, at 37°C. L: DNA

ladder; C: pHOT-1 plasmid DNA (300 ng).

Incubation of pHOT-1 plasmid DNA with ligands L1 and L2, at concentrations
corresponding to 200 uM and 400 uM, did not induce any significant alterations in the
tertiary structure of plasmid DNA that could be visualized (Figure 7A). Of interest, two
investigated ruthenium(ll)-arenes, C5 and C6, altered electrophoretic mobility of pHOT-1
plasmid DNA (Figure 7B). C5 displayed the capability to interact with plasmid DNA, and
200 uM treatment induced untwisting of supercoiled Form 1, and appearance of the smeared
band. This effect can be explained by the capacity of complex to form adducts with plasmid
DNA, that in turn, induce unwinding of the negatively supercoiled helix, and reduction in the

number of negative supercoils, leading to slower mobility of plasmid bands. Interestingly, C5
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(at 400 pM) and C6 (at 200 uM), caused disappearance of Form | and Form Il bands, and
formation of one band, whose mobility exceeded that of the supercoiled Form I. This result
indicated enhanced coiling, and formation of more compact DNA structure upon C5 or C6

binding, implicating the role of Ru(ll) metal center in DNA binding and damage.
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Figure 7. Agarose gel electrophoretic analysis of pHOT-1 plasmid DNA (300 ng) incubated with 200 UM and
400 uM (A) ligands (L1, L2) and (B) ruthenium(ll)-arenes (C5, C6), for 24 h, in a 5 mM Tris-HCI/50 mM

NaCl buffer, pH 7.2, at 37°C. L: DNA ladder; C: pHOT-1 plasmid DNA (300 ng).

Although 200 uM treatment with C1-C4 did not alter the electrophoretic mobility of pHOT-1
plasmid DNA, increasing concentration to 400 UM caused various changes in the mobility of
plasmid DNA (Figure 8). C1 showed the capability to interact with plasmid DNA, as seen
from the appearance of low intensity smeared band, in the line between Form I and Form II.
C2 and C3 induced relaxation and unwinding of the supercoiled Form I, and mobility shift,to
some extent. In contrast, C4 caused the appearance of a low-intensity band with higher
mobility than the respective control plasmid DNA, indicating profound coiling and DNA
condensation, as observed also with its parental ruthenium(ll)-p-cymene, C6. The degree of
super helicity of the plasmid DNA has been altered to ascertain degree by all tested
complexes, which correlates to the previous reports for ruthenium(ll)-arenes [69,101]. Since
unwinding of the double strand of DNA helix can be caused by the formation of
monofunctional or intercalating adducts [102], our findings suggest again that tested

ruthenium complexes manifest their activity, at least partly through interaction with DNA. To
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further investigate possible DNA binding preferences of four complexes, gel electrophoretic
analysis of treated pHOT-1 plasmid DNA was performed, in the presence of the minor
groove binding agent, 4',6-diamidino-2-phenylindole(DAPI), and major groove binding
agent, methyl green (MG) [103]. The supercoiled pHOT-1 plasmid was treated separately
with DAPI and MG, prior to the addition of C1-C4. When applying 400 uM of complexes,
there were no significant alterations in the mobility pattern of plasmid forms, suggesting that
C1-C4 complexes do not compete with DAPI or MG for DNA binding sites, and therefore do
not act either as minor or as major groove binders (Figure 9A, B). Treatment of DAPI- or
MG-bound plasmid DNA with C1-C4 displayed lower intensity bands than treatment with
complexes only. It is well known that GelRed, as a standard gel staining dye, acts by
intercalation and groove binding, preferably to the minor groove of DNA [104].
Disappearance of the plasmid DNA bands implies significant saturation of the GelRed
binding sites and strong DNA intercalating potential of investigated ruthenium complexes

(especially seen for C1 and C4), so staining of the gel for DNA visualization appeared as less

efficient.
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Figure 8. Agarose gel electrophoretic analysis of pHOT-1 plasmid DNA (300 ng) incubated with 200 uM
and 400 puM ruthenium complexes (C1-C4), for 24 h, in a 5 mM Tris-HCI/50 mM NaCl buffer, pH 7.2, at

37°C. L: DNA ladder; C: pHOT-1 plasmid DNA (300 ng).
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A + DAPI

B + MG

Figure 9. Agarose gel electrophoretic analysis of pHOT-1 plasmid DNA (300 ng) incubated with 400 pM
ruthenium complexes (C1-C4), in the presence of (A) 100 uM DAPI, or (B) 100 uM MG (methyl green), for 24

h, ina 5 mM Tris-HCI/50 mM NaCl buffer, pH 7.2, at 37°C. L: DNA ladder; C: pHOT-1 plasmid DNA (300

ng).

5. Conclusions

In the present study, four new ruthenium(Il)-arene complexes, C1-C4, carrying derivatives of
3-aminobenzamide, with anticipated multifunctional potential, were synthesized and tested
for their anticancer activity in vitro. Complexes exhibited efficiency in inhibiting PARP-1
activity, at micromolar concentrations, in the following order: C2>C4>3-AB>C1>C3.
Complexes bearing 7°-p-cymene moiety (C2 and C4), demonstrated better PARP-1 inhibition
than their starting complex C6 and the benchmark PARP inhibitor 3-AB, suggesting that the
ability of C2 and C4 to impair PARP-1 action may derive perhaps through interaction with
the catalytic domain or zinc fingers of PARP-1 enzyme. Capability of precursor
ruthenium(I1)-p-cymene binuclear complex (C6) to inhibit PARP-1 indicates noteworthy
affinity of this part of complex (and probably especially a metal center) alone to interfere
with PARP-1 activity.

Investigated C1-C4 complexes displayed growth inhibitory effects toward breast cancer cells,
BRCA1-mutant (HCC1937), BRCALl-wild-type triple-negative (MDA-MB-231, MDA-MB-
453), and hormone-responsive (MCF-7, MDA-MB-361), in the micromolar range of

concentrations: 146.9-580.5 uM. Interestingly, three cell lines, HCC1937, MDA-MB-231
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andMCF-7, displayed approximately 2-fold higher sensitivity to the action of complexes than
MDA-MB-453 and MDA-MB-361 cells. C1, ([(°-toluene)Ru(L1)CI]PF¢), exhibited the
highest antiproliferative potential, with similar 1Csy values across these cell lines. Structure-
activity comparison revealed that bidentately coordinated ligands in ruthenium(ll)-arene
complexes potentiated biological action, as C1 and C2 exhibited higher activity than
monodentately bound C3 and C4. Further investigation of the mechanism of action of C1-C4
in HCC1937 cells disclosed markedly relation between growth inhibitory potential of
complexes and their cellular uptake. Results of the ICP-MS analysis revealed that C1-C4
entered the HCC1937 cells following 24 h incubation, with efficiency (ng of Ru/10° treated
cells) decreasing in order: C1>C3>C4>C2. Complexes C1, C3 and C4 mostly accumulated
in the cytoplasm of HCC1937 cells (approximately 70%), allowing them to interact with
various intracellular molecules and manifest their complex mechanism of action.

C1 displayed notable nuclear-targeting properties, as it was found evidently in the chromatin-
bound nuclear fraction, showed the highest DNA binding affinity (39.2+0.6 pg of Ru per ug
of DNA), and ability to interfere with the DNA replication (arrest of the cell cycle in the S
phase). Furthermore, ICP-MS analysis in HCC1937 cells, and electrophoretic mobility study
in a cell-free system, by using the pHOT-1 plasmid DNA, showed affinity of C1 to bind
DNA, and form DNA adducts. In vitro PARP-1 test revealed its potential for PARP-1
inhibition. Based on these results, we can conclude that C1 demonstrated the potential to
obstruct structural and functional properties of DNA (DNA replication), either through
binding to DNA or interfering with PARP-1 activity, or by the combination of both.
Additionally, C1-C4 complexes may have other cellular targets that were not revealed in this
study but could be anticipated from a remarkable amount of complexes found in the
membrane and cytoplasmic fraction of cells. Complex C2 showed the highest accumulation
in the membrane fraction, and also selectivity for highly invasive MDA-MB-231 cells, thus

may present a candidate for further investigation of antimetastatic potential.

37



Despite the low PARP-1 inhibitory potential of deriving benzamide-based ligands, our results
pointed out that the ruthenium(ll)-arene complexes C1, C2 and C4 exhibited enhanced
ability to compromise PARP-1 enzymatic action. In recent years, it has become clear that
many of the available PARP-1 inhibitors have polypharmacology profile, and may act at
distant unrelated targets. Taken together, these results support the hypothesis of the multi-
targeting affinity of ruthenium as a single agent, and justify the strategy based on the rational
design of hybrid molecules, with metals coordinated to the bioactive ligand. This strategy
may help in obtaining a new category of more potent anticancer drug candidates, with a
broader spectrum of pharmacological activities in tumors harbouring BRCA1 mutations.
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PARPi - Poly(ADP-ribose) polymerase inhibitor

3-AB - 3-aminobenzamide

BRCA - Breast cancer susceptibility gene

DSBs - Double-strand breaks

HR - Homologous recombination

38



U.S. FDA - United States Food and Drug Administration
DMSO - Dimethyl sulfoxide
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FACS - Fluorescence-activated cell sorting
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Graphical Abstract (figure):
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Graphical Abstract (synopsis): Designing the single molecule that simultaneously
modulates multiple and specific targets, is paradigmin antitumor drug discovery. Here, we
describe the synthesis, characterization, and in vitro antitumor activity of ruthenium(ll)-
arene complexes conjugated with 3-aminobenzamide derivatives, affecting PARP-1

enzymatic activity in vitro and interacting with DNA in human breast cancer cells.
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Highlights

e Ru(ll) arene complexes exhibit good efficiency in inhibiting PARP-1 activity
e Ru complexes exhibit good antiproliferative activity against breast cancer cells
e Ru(ll) arene complexes display notable nuclear-targeting properties

e Ru(ll) arene complexes interfere with the DNA replication
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