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1. Introduction

ABSTRACT

The combretastatin A4 analogous chalcone (2E)-3-(3-hydroxy-4-methoxyphenyl)-1-(3,4,5-trimethox-
yphenyl)prop-2-en-1-one 1 and its dichloridoplatinum(II) (6-aminomethylnicotinate) complex 2 were
previously found to be highly active against a variety of cancer cell lines while differing in their apoptosis
induction and long-term regrowth retardation (Schobert et al. [1]). Further differences were identified
now. The cellular uptake of complex 2, like that of oxaliplatin, occurred mainly via organic cation
transporters (OCT-1/2; ~32%) and copper transporter related proteins (Ctr1l; ~24%), whereas that of
chalcone 1 was dependent on endocytosis (~80%). Complex 2 was more tumour-specific than 1
concerning neural cells. This was apparent from the ratios of IC59(48 h) values against primary astrocytes
versus human glioma cells U87 (>7000 for complex 2; 55 for compound 1). In tubulin-rich neurons and
518A2 melanoma cells complex 2 disrupted microtubules and actin filaments. Cancer cells treated with
2 could repair the cytoskeletal damage but ceased to proliferate and perished. Complex 2 was
particularly cytotoxic against P-gp-rich cells. It acted as a substrate for ABC-transporters of types BCRP,
MRP3, and MRP1 and so was less active against the corresponding cancer cell lines. Complex 2 arrested
the cell cycle of the melanoma cells in G; and G,/M phases. A fragmentation of their Golgi apparatus was
observed by TEM for incubation with complex 2 but not with 1. In conclusion, unlike chalcone 1, its
platinum complex 2 is highly cell line specific, is taken up via cell-controlled transporters and induces
apoptosis by triggering multiple targets.

© 2010 Elsevier Inc. All rights reserved.

The microtubular cytoskeletal fibres are crucial to mitosis and cell
division, for the maintenance of cell shape and in the transport of

Angiogenesis plays an essential role in the development and
growth of solid tumours. The tumoural vascular network is
characterised by peculiar irregularities and thus has been identified
early on as a promising drug target. Vascular disrupting agents
(VDAs) have been intensively investigated and some already went
on clinical trials, mostly as combination regimens with DNA-
targeting drugs [2,3]. The majority of VDAs show a pronounced
affinity for tubulin and interfere with the delicate mitotic
machinery of dynamic microtubule formation and destruction.
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vesicles [4]. Moreover, they are essential structural components of
dendrites. In the brain, the formation of dendrites is dependent on
neural activity and is mediated in part by the modulation of
mictrotubule stability [5]. A good deal of the recently published
VDAs are synthetic variants of long-known natural tubulin binders,
e.g., combretastatin A4 (CA4) which specifically binds to the
colchicine binding site of tubulin and exhibits distinct anticancer
activity in vitro and in vivo [6]. Structurally related are trimethox-
yphenyl chalcones [7]. The molecular mechanism of their
interference with microtubules and their vascular disrupting effect
is not fully understood, yet. Some studies even invoked a
neuroprotective effect of chalcones [8,9]. Previously we disclosed
a comparison of the effects of chalcone 1 and its platinum complex
2 on 21 tumour cell lines [1]. Now, we present a study of their
mechanisms of action and effects in living cells (Fig. 1).
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Fig. 1. Chalcone 1 and its dichlorido(6-aminomethylnicotinate)Pt(Il) complex 2.
2. Materials and methods
2.1. Reagents, materials and antibodies

2.1.1. Chemicals

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT; ABCR, Karlsruhe, Germany), Pluronic F127, propidium
iodide, calcein-AM, fumitremorgin C, cimetidine, wortmannin,
chlorpromazine, amiloride, ouabaine (CalBiochem, Darmstadt,
Germany), PageRuler™ Prestained Protein Ladder (Fermentas,
St. Leon-Rot, Germany), mitoxantrone (Ralenova, Germany), RNase
10 mg/L (Qiagen, Hilden, Germany), 18% formaldehyde (Riedel de
Haen, Seelze, Germany), glycine, 1% OsO4 in H,0, N-2-hydro-
xyethylpiperazine-N’-2-ethanesulfonic acid (HEPES; Roth), PBS
buffer [8 g NaCl, 0.2 g KCl, 1.44 g Na,HPOy,, 0.24 g KH,PO,4 per L; pH
7.4], Pb(NOs), (Merck), 25% glutaraldehyde, Glycider 100, propyl-
ene oxide, 2,4,6-tris(dimethylaminomethyl)phenol (Epon; Serva),
0.5% tannic acid (Mallinckrodt), polioform powder, uranyl acetate
(Plano, Wetzlar, Germany). The chalcones 1 and 2 were synthe-
sized according to the literature [1,10].

2.1.2. Materials

96-Well filtration plates HTS (Millipore), neutral pH 7.4
gradient (Serva, 43221), Fluorobind Membrane, surface PVDF
(Serva, 42571), FACS tubes (Becton Dickinson), 18 mm x 18 mm
Aclar-folia (Ted Pella), slot grids (Plano), Maco EM-Film EMS,
8.3 cm x 10.2 cm (Maco).

2.1.3. Antibodies

Anti-goat polyclonal OCT-1 (N-12) (Santa Cruz Biotechnology;
sc-19809), anti-goat polyclonal OCT-2 (C-13) (Santa Cruz Biotech-
nology; sc-19814), anti-mouse monoclonal alpha-tubulin (clone
12G10 from hybridoma supernatant), bovine anti-goat HRP (Santa
Cruz Biotechnology; sc-2378), anti-mouse (Fab specific)-peroxi-
dase antibody produced in goat (Sigma; A9917), glial fibrillary
acidic protein (GFAP; Invitrogen), streptavidin-conjugated horse-
radish peroxidase (HRP; Sigma A8924), phalloidin-biotin, anti-
mouse IgG Alexa 594 (A11005), anti-rabbit Alexa 594 chicken, and
4’-6-diamidino-2-phenylindole (Invitrogen), anti-mouse neuron
specific BllI-tubulin (SDL3D10) and goat anti-mouse streptavidin
AlexaFluor 488 conjugate (S32354) (Sigma).

2.2. Media and cell cultures

2.2.1. Media and supplements

MEM and E-MEM (Eagle’s minimum essential) media were
purchased from Sigma. Ham’s 12, D-MEM (Dulbecco’s modified
Eagle medium), NeuroBasal media, Insulin-Transferin-Selenium ITS
were bought from Gibco, Invitrogen, B27 supplement, foetal calf
serum (FCS), antibiotic—antimycotic solution, gentamycin, 3 mM
retinoic acid, 10% polylysine, and glutamine from Gibco-BRL-Life.

2.2.2. Cell cultures
Human 518A2 melanoma cells were obtained from the
department of oncology and hematology of the Martin-Luther-

University, Halle, and cultured in D-MEM with 10% FBS, 0.55%
antibiotic—antimycotic solution and 0.3% gentamycin. Cervix
carcinoma (KBv1*V®!) and breast carcinoma (MCF-7*T°P) cells were
a gift from the department of pharmacy, University of Regensburg.
The KBv1/KBv1*VP! cells were used from 90th to 118th passage and
cultured in D-MEM with 10% FBS, 0.55% antibiotic-antimycotic
solution and 0.3% gentamycin, without/with 340 nM vinblastine
[11]. The MCF-7/MCEF-7*T°P cells (160th-180th passage) were
grown in E-MEM supplemented with 5% FBS, without/with 550 nM
topotecane [11]. The human colon adenocarcinoma cells (HT-29/
HT-29*C°!¢; 11th-16th passage) were cultured in RPMI medium
supplemented with 5% FBS, without/with 62.5 nM colchicine.
Neural cells used: neuroectodermal stem cells NE-4C, primary
mouse astrocytes [13,14], glioma cell lines: rat glioma C6 [ATCC
No. CCL-107] and human glioma U87 [ATCC No. HTB-14], non-
neural mouse fibrosarcoma cells WEHI 164 [12]. Cells were
maintained under a moisture-saturated atmosphere (95% humidi-
ty, 5% CO,) at 37 °C in 75 mL culture flasks (Nunc, Germany). They
were serially passaged using 0.05% trypsin/0.02% EDTA (PAA
Laboratories, Célbe, Germany).

2.3. Inhibition of cancer cell growth (MTT assay)

MTT was used to identify viable cells which reduce it to a violet
formazan [15]. The cells (1 x 10° cells/mL) were cultured for 12—
24 h depending on growth progress. Incubation (5% CO,, 95%
humidity, 37 °C) of the cells following treatment with the test
compounds dissolved in DMF (dilution series ranging from 0.01 to
50 wM in medium) was continued for 24 or 48 h. Blank and solvent
controls were treated identically. Then a 1.25mg/mL stock
solution of MTT in phosphate buffered saline was added to a final
MTT concentration of 0.125 mg/mL. After 2h the formazan
precipitate was dissolved in a 10% solution of sodium dodecyl-
sulfate (SDS) in DMSO containing 0.6% acetic acid. For the neural
cells the formazan was dissolved in acidified (0.08 M HCI)
isopropanol and measured immediately. The absorbance at 570
and 630 nm was measured with an automatic microplate reader
(MWG-BIOTECH/BioRad). All experiments were carried out at least
in triplicate; the percentage of viable cells was calculated as the
mean =+ SD relative to controls set to 100%.

2.4. Cellular uptake of drugs into 518A2 melanoma cells

Routes of uptake of the test compounds were assessed by
measuring their cytotoxicity against 518A2 melanoma cells in the
presence of specific inhibitors by MTT assays. The cells
(5 x 10° cells/mL) were grown on 96-well filtration plates. After
24 h inhibitors were applied to final concentrations of 0.5 mM
cimetidine, or 0.1 mM tetraethlyammonium (TEA), or 10 nM
wortmannin, or 14 M chlorpromazine, or 10 wM amiloride, or
5 WM ouabaine. The 518A2 cells were pre-incubated with these
inhibitors for 15min and then treated with 100-200 wM of
chalcones 1 or 2 or reference compounds. After 3.5 h cell vitality
was measured by MTT tests. The insoluble formazan crystals were
washed with distilled water, dissolved in DMSO and the absorbance
of the resulting filtered solution was measured. The difference of
absorbances at 570 and 630 nm was calculated relative to controls of
untreated cells and cells treated with inhibitors. The cytotoxicity of
the test compounds was validated by comparison with their effects
in cells not treated with an inhibitor and with the net effect of the
respective inhibitor in cells not exposed to the test compounds.

2.5. Western blot analysis of organic cation transporters

Cells were collected by centrifugation, suspended in an SDS-
PAGE sample buffer, sonicated to shear genomic DNA and boiled at
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95 °C for 15 min. The resulting cell suspension was passed through
a 27-gauge needle. The combined extracts were separated on a
gradient SDS-PAGE gel and transferred to a PVDF membrane. The
individual proteins were detected by means of anti-goat polyclonal
OCT-1 (N-12) (sc-19809), anti-goat polyclonal OCT-2 (C-13) (sc-
19814) and anti-alpha-tubulin (12G10 mouse monoclonal from
hybridoma supernatant) primary antibodies and appropriate
secondary antibodies conjugated with HRP.

2.6. Drug efflux from KBvl and MCF-7 carcinoma cells

2.6.1. Calcein-AM assay for p-glycoprotein activity
of KBv1/KBv1*Y"! cells

The assay was carried out with slight modifications according
to a literature procedure [16]. Briefly, KBv1/KBv1*V?! cells were
trypsinised 3 or 4 days after passaging and washed with PBS at
25 °C. Cells (1.3 x 10%/mL) were re-suspended in 0.75 mL of Ca-
buffer [120 mM NacCl, 5 mM KCl, 2 mM MgCl, - 6H,0, 1.5 mM
CaCl, - 2H,0, 125 mM HEPES, 10 mM glucose, pH 7.4] and 0.25 mL
of Cs-buffer [2% BSAin 1 mL Ca-buffer, 5 L of Pluronic F127 (20%
in DMSO)] was added. The samples were mixed with 50 M of test
substances, shortly vortexed and incubated for 15 min. Calcein-
AM was added to achieve a concentration of 1 wM. After
incubation (10min, 37°C, 5% CO,), and centrifugation
(800 rpm, 5 min, 4°C) a cell pellet was obtained which was
rinsed once with ice-cold PBS and re-suspended in 0.5 mL of Ca-
buffer. The fluorescence of calcein (Agx = 485 nm, Agy =535 nm)
was measured in a black microplate on a TECAN Infinite F200 plate
reader and the data were analysed and calculated relative to
verapamil as a positive control.

2.6.2. Mitoxantrone assay for BCRP activity of MCF-7/MCF-7*TP cells

The assay was carried out according to a modified literature
procedure [11]. MCF-7*T° cells were incubated with 20 uM
mitoxantrone in 70% ethanol and briefly vortexed. 10 wM of test
compounds 1 or 2 in DMF was added to allow maximal
mitoxantrone uptake into the cells over a period of 30 min at
37 °C. After centrifugation (800 rpm, 5 min, 4 °C) the cells were
washed twice with PBS, pipetted into a black microplate together
with the positive control fumitremorgin C (FTC) and the negative
control DMF. The plates were immediately placed in a TECAN
fluorescence plate reader and mitoxantrone fluorescence was
measured at 620 nm excitation and 670 nm emission wavelengths.
Three wells of each plate contained the internal standard FTC
(10 wM). Its cellular fluorescence was taken as a measure of 100%
BCRP inhibition.

2.7. Time-lapse microscopy

Cells were grown on IBIDI dishes in a custom-made microscope
stage incubator (37 °C, 5% CO,). Time-lapse recording was
performed with a computer-controlled Zeiss Axiovert 200 M
microscope equipped with 10- and 20-fold objectives and an
AxioCam MRm digital camera.

2.8. Immunocytochemistry

The cells (518A2 melanoma, astroglia) grown on poly-iL-lysine-
coated glass cover slips were fixed with 4% paraformaldehyde in
PBS for 20 min at room temperature and then permeabilised with
Triton X-100 (0.1% v/v in PBS; 5 min). Nonspecific antibodies were
blocked by incubation with 3% FBS in PBS (room temperature, 1 h).
a-GFAP antibody (rabbit, DAKO) was used in a dilution of 1:2000
and was visualised by anti-rabbit IgG Alexa 594 (1:1000).
Phalloidin-biotin was applied in 1:1000 dilution followed by
avidin-Alexa 488 (1:800). Fluorescence images were captured

manually on a Zeiss Axiovert 200 M microscope fitted with 20- to
60-fold zoom and a Zeiss AxioCam MRm digital camera.

2.9. Cell cycle analysis

518A2 melanoma cells (10%) were treated with the test
compounds, positive (250 pg/mL nocodazole)/negative (DMF)
controls and then harvested at certain time intervals. The cells
were washed, re-suspended in 200 pL PBS, and incubated with
8 mL of 70% ice-cold ethanol for fixation. They were centrifuged,
washed with PBS, and re-suspended in 1 mL of a PBS solution of
3.8 mM sodium citrate and 50 pg/mL propidium iodide with
freshly added RNase [17]. After 1h incubation at 37 °C the
concentration of double-stranded DNA in the samples was
determined by measuring the emission (570 nm) of its fluorescent
adducts excited at 488 nm, using a Beckman CYTOMICS FC 500
cytometer.

2.10. Transmission electron microscopy

518A2 melanoma cells were plated on pieces of aclar film,
grown for 24 h, exposed for 20 min to 100 wM of either compound
1 or 2 and flat-embedded for transmission electron microscopy as
follows. Cells were fixed in 0.1 M HEPES, 4 mM CaCl, containing
2.5% glutaraldehyde, pH 7.2, for 4 h at room temperature. After
three rinses with 0.1 M HEPES, 4 mM CaCl,, pH 7.2, cells were
postfixed with 1% osmium tetroxide in distilled water for 45 min at
4 °C, rinsed three times in distilled water and incubated in 1%
uranyl acetate in distilled water for 1 h at 4 °C. Dehydration of the
samples in an ethanol series, infiltration with Epon, and flat
embedding was performed according to standard procedures.
Ultra-thin sections (60-70 nm) were cut and mounted on piolo-
form-coated copper grids. Sections were stained with uranyl
acetate and lead citrate [18] and viewed with a Zeiss CEM 902
transmission electron microscope at 80 kV. Micrographs were
taken using EMS EM-film.

3. Results
3.1. Cytotoxicity studies with selected cell lines

3.1.1. Neural cells

Chalcones target tubulin and microtubules [19]. We analysed
the relative cytotoxicities of chalcones 1 and 2 against tubulin-rich
cells of neural origin (Table 1; grey rows). Normal mouse astroglia
were not particularly sensitive to chalcone 1 and virtually
insensitive to platinum complex 2 during the whole 48 h
incubation period. However, human U87 glioma cells responded
well upon prolonged exposure to both compounds, and especially
well to the Pt-complex 2 at an ICs9(48 h) ~ 140 nM. Primary
neurons were also sensitive to a prolonged treatment. Both
chalcones were strongly cytotoxic against C6 rat glioma cells with
[C50(48 h) ~ 150-170 nM and also against NE-4C cells derived
from the fore- and midbrain vesicles of p53-deficient 9-day-old
mouse embryos [20] after exposure for 48 h. WEHI 164 fibrosar-
coma cells, included for reasons of comparison, were equally
susceptible to chalcone 1 and its platinum complex 2.

3.1.2. ABC-transporter-rich tumour cells

ABC-transporters pump drugs out of cancer cells and are
responsible for chemoresistance. Their interference with com-
pounds 1 and 2 was investigated using various non-neural cancer
cells rich in these transporters such as MCF-7 breast, KBv1 cervix
and HT-29 colon carcinomas (Table 1; bottom half). These cells had
been grown in the presence of specific substrates of their
transporters to stimulate their overexpression. Human 518A2
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Table 1
Inhibitory concentrations ICso® in M of chalcones 1 and 2 in various neural and
non-neural cells (MTT assay).

S‘B’H‘Ez‘é"w 1 (24 h) 1(48h) 2(24h) 2 (48 h)
Astroglia 55 3343 100 100+ 4
Us7 45+5 0.6+0.3 55 0.14 + 0.08
Neurons 38+ 6 1.3£0.1 60+8 1.5+03
NE-4C 28+06 0.024+0.001 24407 0.04 + 0.02
C6 0.5£008  0.15+002 038+0.02  0.17+0.02
WEHI 164 1141 15+3 9+1 244
518A2 115406 1004 21407 34+09
MCF-7 107413 13411 4042 284
MCF-7  125+3.1 1.6 =0.1 346+3.6 18+1.2
KBvl 1.6+0.1 0.7 +0.05 0.8+0.09 0.5+0.03
KBvI Y 2.0£03 0.2 = 0.04 12403 0.12 £0.02
HT-29 43 +3 3741 76 + 4 38+6
HT-29"C 3716 24+6 47+1 2407

# Values are derived from concentration-response curves obtained by measuring
the percentual absorbance of vital cells relative to untreated controls (100%) after 24
and 48 h exposure of selected cells to test compounds in the MTT assay. Values
represent means of at least three independent experiments + standard deviation.

melanoma cells served as reference cells not overexpressing any
ABC-transporters. By long-term exposure to topotecane resistant
MCF-7*T°P cells overexpressing exclusively BCRP (breast cancer
resistance protein) were obtained. Chalcone 1 was cytotoxic in
these MCF-7*T°P cells with ICs0(24 h/48 h) ~ 12/1 wM. It showed
the same ICsq value in the wild type MCF-7 cells after 24 h, which
remained constant for up to 48 h. In comparison with chalcone 1 its
Pt-complex 2 exhibited a distinctly lower activity in both MCF-7
cell lines. Resistant KBv1*'P' cells overexpressing P-gp were
obtained by treating the wild type cells with vinblastine. The
chalcones 1 and 2 were highly and comparably efficacious against
both cell lines with a slight edge for the latter. HT-29 cells feature a
high amount of multi-resistance protein 3 (MRP3) and a low
amount of MRP1. When treated with colchicine HT-29 cells shift
this ratio by overexpressing MRP1 and cutting back on MRP3 [21].
Both test compounds were little active in either HT-29 cell line but
distinctly more so in the HT-29*¢°!¢ cells. A similar trend was
observed also for cisplatin (data not shown). According to the
literature [21] colchicine-induced overexpression of MRP1 is
accompanied by a changed sphingolipid composition.

3.2. Cellular uptake of chalcones 1 and 2

In order to ascertain whether the chalcone 1 or its platinum
complex 2 enter the cell via specific transporters or by endocytosis,
a simple temperature-dependent experiment was performed. The
process of endocytosis is known to be virtually halted at
temperatures below 16 °C [22,23]. Almost twice as many 518A2
melanoma cells survived exposure to 100 wM of 1 at 4 °C when
compared to 37 °C (cf. Supplementary data), which is an indication
of this chalcone being taken up mainly via endocytosis. In contrast,
the paused endocytosis process did not affect the cytotoxicity of
platinum complex 2, which left ca. 40% cells alive at either
temperature. Alternative ways for the entry of platinum complexes
into cells involve copper related transport proteins (Ctr1l) and
organic cation transporters (OCT-1/2). Gust and co-workers
studied their relevance by switching off individual transporters
with specific inhibitors [24]. Earlier on, the accumulation of
cisplatin by a high-affinity copper transporter Ctr1 had been found

to compete with that of copper [25]. The OCT convey positively
charged substances and may be inhibited by cimetidine (inhibitor)
or by tetraethylammonium chloride (TEA; competitor). Endocy-
totic processes depending on a sodium gradient can be slowed
down by adding ouabaine, an inhibitor of the Na*/K* pump [26].
Macropinocytosis, a distinct form of endocytosis, depends on a
Na*/H" exchanger that can be blocked by amiloride [24,27]. The
enzyme phosphatidylinositol 3-kinase that plays a central role in
the down-stream signalling cascade associated with macropino-
cytosis by F-actin microfilament rearrangement, can be inhibited
by the fungal metabolite wortmannin [28]. Clathrine-mediated
endocytosis can be blocked by chlorpromazine [29]. We now
examined the influence of all these inhibitors on the uptake of
chalcones 1 and 2 into 518A2 melanoma cells. To this end, the cells
were pre-incubated with non-toxic concentrations of the respec-
tive inhibitors for 15 min before the chalcones were added and
their cytotoxicities were measured by the usual MTT assay. Fig. 2
illustrates the effects of the individual inhibitors on the
cytotoxicity of chalcone 1 (grey bars) and complex 2 (black bars)
against 518A2 cells and so indirectly also the share that the various
transport pathways blocked by these inhibitors have in the uptake
of 1 and 2. Treatment of the cells with 100 wM chalcone 1 in the
absence of any inhibitors for 3.5 h left 40% of the cells vital. Pre-
incubation with 5 wM ouabaine attenuated the cytotoxicity of 1 by
ca. 40% so as to leave 66.5 + 5% of the cells alive. In other words, ca.
40% of chalcone 1 were accumulated by the cells via Na*/K'-
dependent endocytosis. Addition of 10 WM amiloride led to 55 + 2%
of the cells surviving. This corresponds to ca. 24% uptake of 1 via Na*/
H* pump driven macropinocytosis. Addition of 14 wM chlorproma-
zine resulted in ca. 50% of the cells remaining vital, which speaks for
18% of the chalcone being taken up through clathrine-mediated
endocytosis. 10 nM wortmannin decreased the percentage of vital
cells after exposure to 1 to 48 4 3%, indicating 13% contribution from
PI3-kinase associated macropinocytosis in the accumulation of
chalcone 1. Interestingly, the inhibitory effect of wortmannin was
time-dependent and most pronounced at the beginning (1-2 h) of the
incubation with 1. All these inhibitors interfere with endocytosis
processes. A possible explanation is that 518A2 cells are mTOR
positive and that PI3-K/Akt-signalling regulates mTOR activity.
Hence, any inhibition of PI3-kinase might postpone the cytotoxic
effect of 1. Inhibition of the OCT and Ctr1 had little influence (2-3%)
on the cytotoxicity of 1. Complex 2 was accumulated by 518A2 cells
differently from the parent chalcone 1. If administered without any
inhibitors added, 200 wM concentrations of complex 2 were
necessary to reduce the number of viable cells to 40 + 2% as in the
case of 1. Addition of 5 wM of the Na*/K*-ATPase pump inhibitor
ouabaine decreased the cytotoxicity of 2 by 24%. Clathrine-dependent
endocytosis contributed ca. 14% to the uptake of complex 2 as shown
by a reduction of the cytotoxicity to the effect of 50 + 3% viable cells

Pathways of drug entry

Cir] [ —
OCT-172 | ——
macropinocytosis (Na/H pump) [ ——
macropinocytosis (PI-3 kinase) t_'
endocytosis (clathrine-mediated) "
endocytosis (Na/K gradient) m

0 5 10 15 20 25 30 35 40 45
% of overall uptake

Fig. 2. Contribution of various pathways to the accumulation of chalcone 1 (grey
bars) and its platinum complex 2 (black bars) by 518A2 melanoma cells as
calculated from the attenuation of their cytotoxicity upon addition of specific
inhibitors.
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Fig. 3. Semiquantitative Western blot analysis for organic cation transporters OCT-1
(~56kDa) and OCT-2 (~30kDa) in 518A2 melanoma and KBv1*'"' cervix
carcinoma cells. Samples were probed with an antibody against «-tubulin
(60 kDa) to show equal loading of lanes.

upon addition of 14 wM inhibitor chlorpromazine. Uptake of 2 via
Na*/H" pump driven macropinocytosis seemed to play no role. Cell
entry of complex 2 took place mainly via OCT-1/2 (32%) as shown by
an increase of viable cells to ca. 61% upon addition of 500 WM
cimetidine and via Ctr1 (20%) as the addition of 8 nM CuCl, increased
the percentage of viable cells to ca. 55%.

3.3. Western blot analysis of organic cation transporters
Evidence for the presence in 518A2 melanoma and KBv1*'"!
cervix carcinoma cells of organic cation transporters hOCT-1 and
hOCT-2 that belong to the solute carrier subfamily SLC22A of
membrane transport proteins was provided by Western blotting.
More than one band were visible upon staining with a primary
antibody for hOCT-1 (=SLC22A1) since it recognises the N-
terminus of this protein which is a highly conserved segment
also present in OCT-2. In addition, several isoforms of hOCT-1 are
known. We could assign the band corresponding to a protein of size
~54 kDa to hOCT-1. Staining of the membrane with an antibody
specific for the C-terminus of hOCT-2 (=SLC22A2), which differs
considerably from the C-terminus of hOCT-1, rendered a single
intense band for this protein of size ~30 kDa. This band had also
been visible upon staining with the less specific OCT-1 antibody.
Although the abundance of hOCT-1/2 in tumour cells in general
had been frequently proposed [30], this is the first experimental
evidence for their occurrence in the said two cancer cell lines

(Fig. 3).
3.4. Interference with ABC-transporters

We investigated whether chalcones 1 and 2 interact with drug
transport proteins of types ABCB1 (P-gp) [31-33] or BCRP [34] in a
substrate- or inhibitor-like fashion. P-gp overexpressing KBv1*V"!
cervix carcinoma cells [35] alongside their wild type parent cells
were treated with chalcones 1 and 2 in the presence of calcein-AM
(Fig. 4a). The inhibition of P-gp allows for calcein-AM taken up by
the cells to get cleaved with formation of fluorescent calcein. As a
positive control, the fluorescence intensity of KBv1*V?! cells treated
with 50 wM of the clinically established chemosensitiser verapa-
mil [35,36] was set to 100%. Surprisingly, wild type KBv1 cells
under the same conditions reached only ~45% of calcein
fluorescence of the resistant KBv1*VP! cells. Possibly, they have
other ways at their disposal to eliminate calcein-AM or calcein,
which is not without precedence [37,38]. Calcein fluorescence in
KBv1 cells was also relatively low in the absence of verapamil.
Treatment with chalcone 1 led to almost the same absolute
fluorescence intensity of calcein in either, resistant and wild type
cell line. In contrast, Pt-complex 2 was more effective than
chalcone 1 in the resistant cells. Relative to the fluorescence in the
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Fig. 4. (a) Calcein-AM assay: % inhibition of P-gp drug transporters in KBv1 and
KBv1*Y?! cells by 50 wM each of chalcone 1 (grey bar) and Pt-complex 2 (black bar)
relative to the inhibition of cells by verapamil (hatched bar) after 15 min exposure.
White bar: negative control. Statistical paired t-test showed differences of data
pairs to be significantly greater than zero (negative control: p=1.0617 x 10~%;
positive control verapamil: p=0.0038 x 10%; chalcone 1: p=45.58 x 1074
complex 2: p=7.02x10"%). A 95% confidential interval confirms the
significance of the observed measurement differences. (b) Mitoxantrone assay: %
inhibition of BCRP drug transporters in MCF-7 and MCF-7*T°P cells by 10 M each of
chalcone 1 (grey bar) and Pt-complex 2 (black bar) relative to fumitremorgine C
(hatched bar) after 30 min exposure. White bar: self-fluorescence of cells with
added mitoxantrone (negative control).
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presence of verapamil, complex 2 caused an identical decrease of
calcein fluorescence in KBvl and KBv1*V?' cells. MCF-7 breast
carcinoma cells express BCRP drug transporters and when treated
with topotecane (550 nM over 40 generations) turn multi-drug
resistant overexpressing this protein (MCF-7"T°P cells). The
mitoxantrone assay is based on the active export through BCRP
of the fluorescent mitoxantrone, accumulated by the cells via
diffusion. The effects of chalcones 1 and 2 on the fluorescence of
intracellular mitoxantrone in MCF-7 and MCF-7*T°P cells relative to
that of the specific BCRP inhibitor fumitremorgine C [39] and to a
negative control of cells treated only with mitoxantrone are shown
in Fig. 4b. Both compounds gave rise to a doubling of the
mitoxantrone fluorescence in either cell line relative to the
negative control and so are likely to be competitive substrates
for the BCRP proteins with the free chalcone 1 having a slightly
greater binding affinity than its complex 2.

3.5. Time-lapse microscopy

Neurons are particularly rich in tubulin and so are well suited to
test agents affecting microtubule organisation. Their regular
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Fig. 5. Top row: left: untreated neurons with prolonged axons (arrowheads); middle: retraction of axons back to soma or decay (arrowheads) upon treatment with 10 wM 1; right:
upon incubation with 10 M 2 some axons (arrowheads) retracted and most somas coagulated (arrows). Bottom row: left: untreated 518A2 melanoma cells (control); middle:
rounded cells of increased motility starting to detach after 10 min incubation with 10 wM of 1; right: same effects delayed by 2 min upon treatment with 10 .M of complex 2.

growth requires microtubules being transported plus ends first
from the cell body all the way down into the axon [40]. The effect of
chalcones 1 and 2 on the structure, development and movement of
a network of rat neurons was now monitored by time-lapse
microscopy [41]. Neurons treated with 10 wM of the test
compounds showed a retraction of their processes back to the
soma within 30 min (Fig. 5, top). The cells got closer to each other
with their bodies swelling and aggregating. Most of the neural
network lost its integrity and processes were disconnected from
the cell bodies of adjacent neurons. However, exposure to Pt-
complex 2 caused only an incomplete disruption of the networks.
An analogous experiment was performed with 518A2 melanoma
cells, which were initially tightly attached as a monolayer to the
surface of the mini-Petri dish. Overall, dynamics and motility of
untreated cells was slow as they underwent merely negligible
morphological changes. Only a few cells detached from the
monolayer within the first 2 h. In contrast, exposure of 518A2 cells

to chalcone 1 led to an immediate rounding and an enhancement of
motility and cell shrinking dynamic (Fig. 5, bottom). A very similar
behaviour of 518A2 cells, delayed by 2 min, was observed upon
incubation with complex 2. The cells readily dissociated from the
monolayer with their form turning from flat to spherical (¢f. movies
as supplementary files in the online version).

3.6. Immunocytochemistry of actin filaments in astrocytes
and 518A2 cells

An immunocytochemical analysis of the morphological changes
of the actin filaments of astrocytes initiated by the chalcones 1 and
2 was carried out and compared with the behaviour of 518A2
melanoma cells. Antibodies to astrocyte-specific GFAP intermedi-
ate filaments (glial fibrillary acidic protein) were employed to
visualise the astroglial cells and phalloidin labelling was used to
identify actin filaments. The micrographs showed that both types

Fig. 6. Immunostaining of astroglia cells untreated (a) and treated with 10 uM chalcone 1 for 72 h (b). Blue: nuclei stained with DAPI (4’,6-diamidino-2-phenylindole); green:
actin cytoskeleton stained with phalloidin; red: glial fibrillary acidic proteins (GFAP). White arrowheads indicate the edge of cell membranes. The pictures were taken with a
fluorescence microscope (Zeiss Axiovert 200M) with a 63-fold oil immersion objective and the scanning module at 1024 x 1024 pixel resolution. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of the article.)
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ACTIN

Fig. 7. Inmunostaining for actin of 518A2 cells untreated (top row), after 24 h incubation with 10 M chalcone 1 (middle row), and with 10 wM Pt-complex 2 (bottom row).

of filaments, actin (in green) and GFAP (in red), were disintegrated
upon treatment with the test chalcones, most pronouncedly the
actin filaments near the cell membrane. The GFAP filaments shrank
only in the vicinity of the cell nuclei, which remained unaffected.
Fig. 6 shows typical effects of chalcone 1 on astrocytes. Results
with complex 2 were similar. Likewise, fluorescence micrographs
of immunostained 518A2 cells revealed a significant breakdown of
the actin network when treated with chalcones 1 or 2 (Fig. 7).

3.7. Cell cycle analysis

While cisplatin is known to generally arrest cells in the G1
phase due to cross-link interaction with DNA [42] chalcone, 1,3-
diphenylpropenone, arrests cells of the human T24 and HT-1376
bladder cancers in the G2/M phase [43]. We now assessed the cell
cycle progression of melanoma 518A2 cells treated with chalcones

1 and 2 by FACS analysis after DNA staining with propidium iodide
(Fig. 8 and Supplementary data). 63% of untreated 518A2 cells

"Gl S "G2/M

S18A2 cells
nocodazole 12h
chalcone 18h
chalcone-Pt 18h

cisplatin 18h

0% 20% 40% 60% 80% 100%

Fig. 8. Flow cytometric analysis of 518A2 melanoma cells stained with propidium
iodide. The cells were treated with 250 pwg/mL nocodazole or with 10 wM of
chalcone 1, or chalcone-Pt 2 or cisplatin. Detailed FACS profiles are available in
Supplementary data.

were in G1 phase, 24% in S phase and 13% in G2/M phase after 18 h.
518A2 cells treated with 250 wg/L nocodazole, a synthetic
analogue of taxol, were mainly in sub-G1 phase after 18 h, a
shorter 12 h exposure led to 76% of the cells being in G2/M phase.
10 uM of chalcone 1 had a similar effect arresting 61% in G2/M
phase after 18 h incubation. 518A2 cells treated with 10 uM of Pt-
complex 2 had their cell cycle mainly arrested in G2/M phase (59%)
as is typical for chalcones, but atypically numbers of cells in G1
phase increased as well (19%). 22% of the cells were in the S phase.
To dismiss a conceivable hydrolytic cleavage of 2 during
incubation, we also proved that 100 wM of dichlorido(6-amino-
methylnicotinic acid)platinum(Il), the assumed hydrolysis product
of ester 2, had no effect on the cell cycle at all. As a positive control,
treatment with cisplatin led to 69% of 518A2 cells being arrested in
G1 phase.

3.8. Transmission electron microscopy

For a visualisation of morphological effects 518A2 melanoma
cells were treated with 100 wM 1 or 2 for 15 min, kept under
medium for another hour, then embedded and finally viewed with
a transmission electron microscope (TEM). While untreated
control cells appeared prolate and undifferentiated with filopodia
for cell attachment on the rim, the cells incubated with the
chalcones 1 or 2 adopted a rounded shape. A similar morphological
change had been reported for H460 non-small cell lung cancer cells
treated with CA4 [44]. In addition, the treated 518A2 cells had
blebs emerging on their surface (¢f. Supplementary data). Stress
fibres were also observed in the treated cells (Fig. 9h). Multi-
vesicular bodies and autophages (Fig. 10b) with double
membranes were visible in most of the analysed cells (Fig. 9f).
Control cells and treated cells also differed with respect to the state
of their mitochondria, centrioles and Golgi apparatus (GA).
Mitochondrial populations consist mainly of short and long
tubules, which constantly migrate along microtubule tracks
[45]. Any disruption of the microtubules/actin skeleton, e.g., by
treatment with chalcones 1 or 2 should severely affect the
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Fig. 9. TEM images of organelles in 518A2 cells. (a and d) Untreated cells with image (a) showing the cross and longitude section through the centrioles and image (d) sound
mitochondria with cristae invaginations surrounded by endoplasmic reticulum. (b, e and h) Cells treated with 1. (c, f, g and i) Cells treated with 2. Image (e) shows
mitochondria at various stages of inner-membrane destruction, image (f) the formation of multivesicular bodies (arrowheads). Some mitochondria were highly condensed (i
and g, stars) and some formed multi-lamellar bodies (arrows). Stress fibres are visible in (h). Black bar indicates 0.4 wm.

mitochondrial trafficking and cause mitochondrial disorganisa-
tion. We found that mitochondria of cells treated with the
chalcones were highly condensed and localised mainly at the
apical side of the cells. They frequently displayed dislocated inner
membranes (Fig. 9e). Only a small percentage of the untreated

control cells were found in G2/M phase with visible centrioles.
After treatment with the chalcones, many cells had visible pro-
centrioles (Fig. 9c), which is an indication of them being arrested in
G2/M phase. The GA undergoes irreversible fragmentation during
apoptosis in part as a result of caspase-mediated cleavage of

Fig. 10. TEM images of 518A2 cells treated with chalcone 1 (a) or complex 2 (b). Arrows indicate Golgi apparatuses, which are intact in (a) but fragmented in (b). Dashed arrow

indicates an autophage.
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several Golgi-associated proteins. A fragmentation of the GA was
observed mainly in 518A2 cells treated with complex 2 (Fig. 10b)
but not with chalcone 1.

4. Discussion

The in vitro cytotoxicities of the chalcones 1 and 2 vary by a factor
of 200 for the different cell lines tested. Moreover, individual cell
lines show different sensitivities to the chalcones 1 and 2 suggesting
distinct and incongruent mechanisms by which these compounds
act. The large spread between the IC50(48 h) of non-malignant
astroglia (100 M) and U87 glioma cells (140 nM) in the case of Pt-
complex 2 is pharmacologically interesting and a significant
improvement over parent chalcone 1. The platinum complex is
also less well expelled by cells overexpressing P-gp when compared
to the unmetallated chalcone. The results of the calcein-AM assays
showed that it inhibits the efflux functionality of P-gp by acting as a
genuine inhibitor or a modulator. As a consequence, complex 2 is
more efficacious in multi-drug resistant cancer cells featuring this
particular ABC-transporter, e.g., KBv1*'P. Despite their similar
chemical structures the test compounds are taken up by cells via
different pathways. While chalcone 1 is preferentially accumulated
by endocytosis its platinum complex 2 is taken up mainly via the
organic cation and copper related transporters. Insofar, complex 2
resembles oxaliplatin which was shown by Lippard et al [46] to be
an excellent substrate for the human organic cation transporters
OCT-1 and OCT-2. Both chalcones 1 and 2 vigorously depolymerised
microtubules and actin filaments in neural and cancer cells. They
proved equally effective in damaging mitochondria and in arresting
cancer cells in G2/M phase. However, only complex 2 led to an
accumulation of cells in G1 phase, reminiscent of the effect of
cisplatin. Hence, complex 2 has a dual impact on the cell cycle of
518A2 melanoma cells by combining the effects of Pt-complexes
and of chalcones in general. However, the DNA binding activity of 2
was found to be four times lower than that of the good DNA-binder
cisplatin [1]. This could explain the lower number of cells arrested in
G1 phase upon treatment with 2. Morphologically, both test
compounds led to a rounding and detachment of 518A2 cells and
an enhancement of their motility and cell shrinking dynamic. This
behaviour is in line with the generally accepted mechanisms of
tubulin binding agents (TBAs) [3] involving activation of RhoA/RhoA
kinase, an intracellular coordinator of cytoskeletal rearrangement of
microtubules and actin. In our experiment with 1 and 2, 518A2 cells
were able to repair the shrinkage effects and most of them spread
again after 3h. The results from the transmission electron
microscopy of 518A2 cells treated with the compounds 1 and 2
are also in keeping with their effects on the cell cycle. The occurrence
of centrioles as a result of aberrant chromosome segregation could
be due to DNA damage (possibly in tandem with defective
checkpoints) or to a destabilisation of the spindle apparatus
[44,47]. Maintenance of the microtubule integrity plays a pivotal
role in stabilising the pericentriolar matrix. Our observation is
consistent with the notion that the microtubule depolymerising
effect of both chalcones 1 and 2 leads to a mitotic catastrophe and
thus to an arrest in G2/M phase. A similar mitotic failure had been
reported for H460 NSCLC cells treated with CA4 [44]. Moreover,
complex 2 but not chalcone 1 initiated the fragmentation of the
Golgi apparatus of 518A2 melanoma cells. This fragmentation is an
early event that occurs independently of major changes to the actin
and tubulin cytoskeleton [48]. Thus, the observed differences in the
anticancer activities of the free chalcone 1 versus its platinum
complex 2 could be traced back to distinct differences in the
biochemistry of their uptake, clearance and impact on the cell cycle
and on cellular components. Complex 2 apparently combines some
modes of action of chalcones and platinum complexes and so can
address more cancer-relevant targets than parent chalcone 1.
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