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Aim of this study was to investigate the anticancer properties of the new lanthanum
compound [tris(1,10-phenanthroline)lanthanum(Ill)]trithiocyanate (KP772; FFC24). In vitro,
growth inhibition by KP772 was comparable for >60 tumour cell models with ICs, values
generally in the low uM range. KP772 induced tumour cell apoptosis indicated by chromatin
condensation, caspase substrate cleavage and mitochondrial membrane depolarisation.
DNA is unlikely to represent the primary molecular target of KP772, as no significant
interaction or damage of DNA was detectable both in vitro and in living cells. Moreover,
we found no evidence for induction of radical species. In contrast, KP772 potently inhibited
DNA synthesis paralleled by a massive block of cell cycle in Go/G; phase and a selective
decrease of cyclin B;. Although treatment with KP772 induced expression of p53 and
p21Waf! transfection of wild-type p53 into knock-out cells only marginally enhanced the
cytostatic activity of KP772. In vivo, the anticancer activity of KP772 against human DLD-1
colon carcinoma xenografts was comparable to that of cisplatin and methotrexate at doses
not causing significant adverse effects. With regard to toxicity, the LDso and no-observed-
adverse-effect levels (NOAEL) of KP772 in Sprague-Dawley rats were 21.6 and 7.5 mg/kg, in
outbred albino mice 62 and 10 mg/kg, respectively. In summary, KP772 exerts anticancer
activity via potent induction of cell cycle arrest and/or apoptosis and has promising in vivo
anticancer activity against a human colon cancer xenograft. Together, these data suggest
further development of KP772 as a new anticancer metal-drug.
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NCI, National Cancer Institute
1,10-phen, 1,10-phenanthroline
PI, propidium iodide

ROS, reactive oxygen species
TMAH, tetra methyl ammonium
hydroxide

1. Introduction

Although platinum compounds have proved indispensable
from the current systemic treatment of cancer only a few
other transition metals including ruthenium and gallium have
been more extensively investigated with regard to their
potential quality as anticancer agents [1,2]. However, several
observations suggest that also other metal-containing com-
pounds might be suitable for the development of new
chemotherapeutics. Such, simple lanthanum(IIl) salts have
been reported to exert moderate anti-proliferative effects in
vitro [3-6] and in vivo [7]. These effects are probably based on
the inhibition of calcium fluxes, which are required for cell
cycle regulation [4,7]. Moreover, lanthanide salts have recently
been shown to cause mitochondrial breakdown, release of
cytochrom c and induction of reactive oxygen species (ROS) [8].
Unfortunately, these activities are observed only at rather high
concentrations.

The anticancer activity of lanthanum has, however, been
distinctly enhanced by complexation with diverse ligands
including chrysin [9], 1-aminocycloalkancarboxylic acid [10]
and phenanthroline derivatives [11,12]. For most of these
compounds, interactions with DNA involving intercalation or
coordinative binding have been demonstrated [11,12]. How-
ever, the knowledge on the precise molecular mechanisms
underlying their increased cytotoxic activity against cancer
cells remains limited.

[Tris(1,10-phenanthroline)lanthanum(Ill)]trithiocyanate
(KP772; FFC24) is a new compound, in which lanthanum
centers a complex built by three 1,10-phenathroline mole-
cules. The rational behind the synthesis of this compound is
that besides lanthanum also the rigid planar 1,10-phenanthro-
line (1,10-phen) molecule has been demonstrated to exert
distinct effects at least on in vitro cultured cells. Thus, 1,10-
phen has been shown to stop DNA synthesis in CCRF-CEM and
Ehrlich ascites cells leading to a cell cycle arrest in Go/G;
[13,14]. These effects were suggested to be based on the metal-
chelating ability of 1,10-phen, especially affecting the avail-
ability of zinc, copper and iron [13,14]. Complexation with
1,10-phen has also been used to enhance the anticancer
activity of several other metal ions including copper, ruthe-
nium and cobalt (reviewed by [11,15,16]). Especially, several
complexes of vanadium with 1,10-phen derivatives were
reported to induce apoptosis and cell cycle arrest in vivo
and in vitro [17-19]. In some cases, these effects were shown to
be accompanied by induction of ROS [18].

In this paper, we demonstrate that KP772 is a promising
new anticancer agent exerting potent activity against a wide
range of tumour cell lines in vitro and a colon carcinoma
xenograft model in vivo. Moreover, it is demonstrated that

KP772 exerts anti-proliferative effects by distinct induction
of cell cycle arrest in Go/G; followed by induction of
apoptosis, which is not mediated by DNA damage and
radical formation.

2. Material and methods
2.1. Drugs

[Tris(1,10-phenanthroline)lanthanum(IIl)]trithiocyanate
(KP772; FFC24; Fig. 1A) was prepared at the Institute of
Inorganic Chemistry-Bioinorganic, Environmental and Radio-
chemistry, University of Vienna (Vienna, Austria) according to
the procedure described by Hart and Laming [20]. For in vitro
studies, the compound was dissolved in water and diluted into
culture media at the concentrations indicated. For in vivo
studies, KP772 was dissolved in physiological saline.

TMAH was purchased from Merck (Darmstadt, Germany).
All other substances were purchased from Sigma-Aldrich (St.
Louis, USA). All solutions were freshly prepared before use.

2.2. Cell culture

The following human cell lines were used in this study:
the epidermal carcinoma-derived cell line KB-3-1, the
promyelocytic leukaemia cell line HL60, the non-small
cell lung cancer cell lines A549, VL-6 and VL-8, the small cell
lung cancer cell line GLC-4, the glioblastoma U373, the
hepatocellular carcinoma cell line Hep3B, and the breast
cancer cell lines MCF7 and MDA-MB-231 (all donators are
cited inref. [21] and in ref. [22], A549, and Hep3B were derived
from American Type Culture Collection, Manassas, VA). All
cells were grown in RMPI 1640 supplemented with 10% fetal
bovine serum. Cultures were regularly checked for Myco-
plasma contamination.

2.3. Cytotoxicity assays and National Cancer Institute
(NCI) cell line screen

Cells were plated (2 x 10* cells/m] for KB and Hep3B cells;
5 x 10* cells/ml for HL60 cells) in 100 pl per well in 96-well
plates and allowed to recover for 24 h. Drugs were added in
another 100 pl growth medium and cells exposed for 72 h. The
proportion of viable cells was determined by an MTT-based
vitality assay following the manufacturer’s recommendations
(Ez4U, Biomedica, Vienna, Austria). Cytotoxicity was
expressed as ICso values calculated from full dose-response
curves (drug concentrations including a 50% reduction of cell
survival in comparison to the control cultured in parallel
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Fig. 1 - (A) [Tris(1,10-phenanthroline)lanthanum(II)jtrithiocyanate (KP772; FFG24). (B) Intracellular accumulation of
lanthanum in KB-3-1 cells after 1 h incubation with the indicated concentrations of KP772 measured by ICP-MS. (C) Anti-
proliferative activity of KP772 (FFC24) in the National Cancer Institute anticancer screen. A graph of mean TGI profiles is
shown. The bar scale is logarithmic. A bar extending to the right or to the left demonstrates enhanced or reduced
sensitivity, respectively, of the cell line against KP772 as compared to the average sensitivity of all the cell lines tested. The
converted actual concentration for the average log;o TGI value of 1.31E—5 is 12.2 pM.
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without drugs). The methods used for the NCI 60 cell line
anticancer drug screen have been described elsewhere [23].
Mean graphs were prepared from the appropriate data for
each compound, and COMPARE correlation analyses were
performed as described previously [24]. A detailed description
is available at http://dtp.nci.nih.gov.

2.4.  Toxicity of KP772

KP772 was administered by single intravenous application
as a solution in 0.9% sodium chloride to outbred Swiss
Albino mice and Sprague-Dawley rats. The studies were
performed to determine the maximum tolerated dose
(MTD), the medial lethal dose (LDsp) and the highest dose
level, which caused no-observed-adverse-effects (NOAEL).
Repeated dose analyses were done in Charles River athymic
mice by application daily for 5 consecutive days. The MTD
was evaluated on the basis of overt clinical symptoms
reflecting adverse, drug-related side effects and body weight
loss. Accepted toxicity was defined by the NCI as a mean
group weight loss of less than 20% during the experiment
and not more than 1 toxic death among 10 treated animals.
The method was designated to meet the requirements of the
Council Directive 2001/83/EC (28 November 2001), relating to
medical products for human use, and of the Committee for
Proprietary Medical Products CPMP/SWP/997/996 (23 July
1998). Details on the procedure can be obtained from the
authors on request.

2.5.  Evaluation of the antitumour effect of KP772 in vivo

Fragments of DLD-1 human colon adenocarcinoma (grown in
donor mice) were transplanted subcutaneously into both
flanks of the nude mice. Once tumours had reached a
measurable size, mice were randomly allocated to either
control or treatment groups, with six mice per group. Drugs
were administered intravenously on days 0-4. Tumour sizes
were measured regularly and the relative tumour volumes
were calculated. Mann-Whitney U-tests were performed to
determine the statistical significance of any differences in
growth rate (based on tumour volume doubling time) between
control and treated groups.

2.6. Drug accumulation assay

HL60 or KB-3-1 cells (1 x 10° per well) were exposed to 2.5 and
5 uM KP772 for 60 min at 37 and 4 °C. After three washes with
PBS, cells were lysed by incubation in 400 pl TMAH at room
temperature. Lysates were diluted in 0.6N HNO; and
lanthanum concentrations determined by inductively coupled
plasma mass spectroscopy (ICP-MS) using an Elan 6100,
Perkin-Elmer/Sciex Corporation. Values represent means of
at least three independent experiments.

2.7. DNA intercalation assay

Intercalation of the tested drugs into salmon sperm DNA
(Sigma) was determined using the methyl green assay as
described [25]. Incubation times with test drugs were reduced
to 2 h.

2.8.  Investigation of changes of the global DNA secondary
structure

Fifteen pmol of a pBluescript®II KS plasmid (2961 bp) were
incubated in 480 pl TE buffer containing 60 pM of the tested
drugs. For each time point (10 min to 72h), 40 ul were
removed and added to the same volume of 0.5M NacCl and
immediately frozen to —20 °C to inhibit further DNA binding.
The plasmids were purified from unbound complexes and salt
using a nick-column (Amersham Biosciences, Little Chalfont,
UK). The sample volume was reduced in a speedvac and the
solution adjusted to 5% glycerol, 0.5% SDS, 10 mM EDTA,
0.025% each of bromphenol blue and xylene cyanol. About
1 pgwasloaded ona 1% agarose gelin tris/borate/EDTA buffer
and separated by electrophoresis at 2 V/cm for 8 h. The gels
were stained in tris/borate/EDTA buffer containing 0.2 mg/1
ethidium bromide and photographed with an eagle-eye
transilluminator (Amersham Biosciences).

2.9. Interstrand cross-link assay

0.9pmol of a pBluescript®Il KS plasmid (2961bp) were
linearised with HindIlI, labelled with a-3?P-dATP by fill-in with
Klenow polymerase and purified with a nick-column (Amer-
sham Biosciences). 67.5 fmol of the fragment were incubated
at 37°C in 240 pl 0.1x TE buffer with 10 uM of KP772 or
cisplatin. At each time point (1-72 h), 30 ul were removed and
the reaction stopped by adjusting the NaCl concentration to
250 mM, followed by freezing at —20 °C. After purification with
nick-columns (Amersham Biosciences), the samples were
concentrated in a speedvac and adjusted to 2.5% Ficoll400,
50 mM NaCl, 2 mM EDTA, 0.025% bromcresol green. Cross-
linked DNA was separated by electrophoresis in an alkaline
0.7% agarose gel (30 mM NaOH, 2 mM EDTA) at 2 V/cm over
night. Prior to the autoradiography, the gel was fixed in a
solution of 7% acetic acid and 4% glycerol and dried on a
vacuum gel dryer.

2.10.  Western blot analysis

Cell fractionation, protein separation and Western blotting
were performed as described [26]. The following antibodies
were used: anti-p53 monoclonal mouse DO-7 (NeoMarkers,
CA, USA), dilution: 1:500; anti-p21"af! polyclonal rabbit C-19
(Santa Cruz Biotechnology, CA, USA), dilution: 1:1000; Apop-
tosis Sampler kit: anti-PARP, anti-caspases 3 and 7, anti-
cleaved caspases 7 (Cell Signalling Technology, Beverly, MA)
rabbit polyclonal, dilution 1:1000; anti-cyclin A polyclonal
rabbit sc-751 (Santa Cruz Biotechnology), dilution: 1:200; anti-
cyclin B; monoclonal mouse sc-245 (Santa Cruz Biotechnol-
ogy), dilution: 1:100; anti-cyclin D; monoclonal mouse sc-246
(Santa Cruz Biotechnology), dilution: 1:100; anti-pB-actin
monoclonal mouse AC-15 (Sigma), dilution: 1:1000. All
secondary, peroxidase-labelled antibodies from Pierce were
used at working dilutions of 1:10,000.

2.11.  Cell cycle analysis

10° KB-3-1 or HL60 cells were seeded into 6-well plates,
allowed to recover for 24 h, and then treated with 2.5 and 5 pM
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KP772 or 1,10-phen. To analyse cell cycle distribution, cells
were collected after 6, 12 and 24 h incubation and washed
with PBS. Cells were fixed in 70% ethanol and stored at 4 °C.
For analysis, cells were transferred into PBS, incubated with
RNAse (10 pg/ml) for 30 min at 37 °C, treated with 5 pg/ml
propidium iodide for 30 min and then analyzed by flow
cytometry using FACS Calibur (Becton Dickinson, Palo Alto,
CA). The resulting DNA histograms were quantified using the
Cell Quest Pro software (Becton Dickinson and Company,
New York, USA).

2.12. Mitochondrial membrane potential detection

Breakdown of the mitochondrial membrane potential (A¥y,)
was determined by FACS analysis using JC-1 (5,5,6,6-tetra-
chloro-1,1,3,3-tetraethylbenzimidazol-carbocyanine iodide),
which allows to detect changes of the mitochondrial
membrane potential (A¥y,). For this purpose the Mitochon-
drial Membrane Potential Detection Kit (Stratagene, La Jolla,
CA, USA) was used following the manufactures instructions.
In short, 10° adherend KB-3-1 cells were treated overnight
with the tested drugs. After trypsinisation and PBS washing,
cells were incubated for 10 min in freshly prepared JC-1
solution (10 pg/ml in medium) at 37 °C. Spare dye was
removed by washing in PBS and cell-associated fluorescence
measured via FACS.

2.13.  *H-thymidine incorporation assay

A549 cells (3 x 10* cells/ml) were seeded in a 96-well plate,
and treated 24 h later with the drug for another 24 h. Medium
was replaced by a 2 nM *H-thymidine solution (diluted in full
culture medium; radioactivity: 25 ci/mM). After 4 h incuba-
tion at 37 °C, cells were washed three times with PBS. Cell
lysates were prepared and the radioactivity determined
as described [27].

2.14. Comet assay

The induction of DNA strand breaks was determined using the
alkaline comet assay, according to the method described [28].
Each microscope slide was precoated with a layer of 1.5%
normal melting point agarose and dried at room temperature.
KB-3-1 cells were treated with drugs for 1 h, mixed with 100 pl
of 0.5% low melting point agarose at 37 °C and dropped on top
of the first layer. The agarose was allowed to solidify for 2 min
on a cooled tray and then immersed in ice-cold lysing solution
(2.5M NaCl; 100 mM Na,EDTA, 10 mM Tris-HCl, 1% Triton
X-100; pH 10) for 1 h. After lysis, the slides were placed in a
horizontal gel electrophoresis chamber and the DNA allowed
to unwind for 1 h in the electrophoresis buffer (300 mM NaOH,
1 mM Na,EDTA, pH 12.5). Electrophoresis was conducted for
20 min at 25 mV and 300 mA in a chamber cooled on ice. Then
the slides were washed with neutralisation buffer (0.4M
Trizma Base, pH 7.5) and twice with water, fixed in 100% ice-
cold methanol and stained with ethidium bromide. The comet
tails were analysed using a fluorescent microscope (Nikon)
with an automated image analysis system based on the public
domain program NIH image analysis system [29]. DNA
migration was expressed as comet tail length in micrometers

according to guidelines [28]. Per experimental group, two
slides were prepared and from each 50 cells were analysed.
Cell viability at the time of assay was in all cases >90%.

2.15. P53 transfection

p53-positive cell clones were obtained from the p53(—/-)
Hep3B cell line by transfection with the temperature-sensitive
p53vall43 vector [21]. To allow selection of transfected clones,
cells were cotransfected with 1/10 amount of a pBabe
puromycin resistance vector. For analysis of drug sensitivity,
Hep3B/p53 and Hep3B/c (vector control) cells were plated on
96-well microstate plates at a density of 4 x 10%/100 ul RPMI
per well. After incubation for 24 h, cells were starved for
another 24 h to reduce cell proliferation. On the next day, two
test groups were defined: group 1 was transferred to 32 °C (wt
p53) for 24h, group 2 remained at 37 °C (mutated p53).
Subsequently, drugs were added in 100 pl culture medium
with 10% serum and after 1 h incubation the first group was
transferred from 32 to 37 °C. Exposure was continued for
another 72 h and cell viability was measured by EZ4U kit.

3. Results
3.1.  Accumulation of KP772 in tumour cells

In order to examine whether KP772 is taken up by tumour
cells, intracellular lanthanum levels were determined in KB-3-
1 cells incubated in 1, 2.5, 5 and 10 uM KP772 for 1 h. About 2%
of the total amount of drug could be localised in the cells. The
intracellular amount of KP772 increased linearly in dose-
dependent manner without any sign of plateau effect at the
investigated doses (Fig. 1B). To clarify whether KP772 is actively
or passively transported into cancer cells, the experiments were
repeated at 4°C. The reduction of temperature did not
significantly attenuate drug uptake (Table 1) indicating lack
of an active, ATP-dependent uptake mechanism for KP772.

3.2.  Anticancer activity of KP772 in vitro

Anticancer activity of KP772 was examined using selected
tumour cell lines from the stock of our laboratory (Table 2).
Additionally, the anti-proliferative effects of KP772 were
evaluated against a panel of 60 cell lines as part of the in vitro
anticancer-screening services provided by the NCI. A detailed
description of the protocol is available at http://dtp.nci.nih.gov.

Table 1 - Impact of temperature on intracellular accu-
mulation of KP772 after 1 h treatment

Treatment (nM) Lanthanum (ng) in 10° cells after 1h

4°C 37 °C
Mean? +S.D. Mean? +S.D.
2.5 31.8 2.0 34.5 6.2
5 67.1 1.3 72.4 2.0

# Means of three independent experiments are given.
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Table 2 - Cytotoxic activity of KP772 against various cell models at 72 h treatment

Cell line Tissue p53 IC75 (1M) ICso (1M) ICys (1M)
Mean? +S.D. Mean +S.D. Mean +S.D.
A459 NSCLCP wt 0.9 0.1 1.5 0.1 2.6 0.2
GLC-4 SCLC* mut 1.5 1.4 2.0 1.6 3.0 1.7
Hep3B Liver (~/-) 1.3 0.5 2.2 0.8 >10.0 -
HL60 Leukaemia (=/=) 0.9 0.8 1.2 0.9 1.5 1
KB-3-1 Cervix mut 2.0 0.4 2.6 0.7 4.0 1.6
MDA-MB-231 Breast mut 0.9 0.1 1.3 0.3 1.9 0.6
MCF7 Breast wt 1.6 0.4 3.7 0.7 >10.0 =
U373 CNs¢ mut 0.7 0.1 1.2 0.2 7.6 3.4
VL-6 NSCLCP ? 0.9 0.0 5.1 0.3 >10.0 =
VL-8 NSCLC® ? 0.9 0.1 1.5 0.1 26 0.2
# Means and S.D. of at least two independent experiments in triplicates.
b

NSCLC, non-small cell lung cancer.
SCLC, small cell lung cancer.
CNS, central nervous system tumour.

c

d

In the NCI panel, KP772 had an overall mean Gls, (growth
inhibition 50%) at 1.29 uM and a total growth inhibition (TGI) at
12.2 pM. The TGI concentrations of KP772 for the individual cell
lines are presented in Fig. 1C. Generally, the ICso and TGI values
were remarkably similar independently of the cell models
tested either at the NCI (Fig. 1C) or the Vienna lab (Table 2).
When the NCI profile of KP772 was compared to that of other
drugs, only moderate correlations (Pearson’s correlation
coefficients < 0.427) to other known chemotherapeutics were
observed. Notably, several anti-metabolic drugs including
hydroxyurea and MTX were among those reaching significant
correlations. This indicates that KP772 induced its anticancer
activity in a manner which is new and widely different from
other drugs.

3.3.  Anticancer activities of KP772 compared to
lanthanum and 1,10-phen

In Fig. 2A, dose-response curves for KP772 against KB-3-1 cells
in comparison to the complex components 1,10-phen and
La(NOs); at equimolar concentrations are shown. While 1,10-
phen exerted modest anti-proliferative activity on its own,
La(NOs); had no effect on the cancer cells at the concentra-
tions used. KP772 was significantly more active than 1,10-phen
with profound effects already below 2.5 uM.

3.4.  Characterisation of KP772-induced cell death

In a first approach to characterise its anticancer activity, the
impact of KP772 on nuclear morphology was assessed in KB-
3-1 cells by DAPI staining. KP772 led to typical signs of
apoptosis, i.e. condensed chromatin and fragmentation of
nuclei into apoptotic bodies (Fig. 2B). Treatment with 5 uM
KP772 for 24 hled to signs of apoptosisin 16% and 22% of KB-3-
1 and HL60 cells, respectively. Correspondingly, a sub-Go/G,
peak in PI/FACS staining analysis appeared which is based on
chromatin condensation in cells undergoing programmed
cell death (compare Fig. 6B).

The fluorescent cationic dye JC-1 was used to detect the
mitochondrial permeability transition as an early step in the
induction of apoptosis by the intrinsic pathway [30]. In

healthy, non-apoptotic cells the dye accumulates and aggre-
gates within the mitochondria, resulting in bright red staining.
In apoptotic cells, due to the collapse of the membrane
potential, JC-1 cannot accumulate within the mitochondria
and remains in the cytoplasm in its green-fluorescent
monomeric form. In Fig. 2C, FACS analyses of JC-1-stained
KB-3-1 cells treated with equimolar concentrations of KP772
and 1,10-phen are shown. Both compounds led to significantly
increased proportions of apoptotic cells with 1,10-phen being
slightly less efficient than KP772.

In order to further characterise KP772-induced cell death,
the caspase-mediated cleavage of PARP (poly(ADP-ribosyl)po-
lymerase), caspases 7 and 3 was analysed by Western blotting
(Fig. 2D). After 24 h incubation with KP772, a dose-dependent
increase of cleaved PARP and caspase 7 as well as loss of full-
length caspase 3 was detectable. Taken together, these results
indicate that KP772 exerts its cytotoxic activity by inducing
apoptosis probably involving the mitochondrial pathway.

3.5.  KP772 and radical-induced DNA damage

Many anticancer drugs like CDDP [31] and bleomycin [32]
induce oxidative stress via generation of reactive oxygen
species (ROS), which rapidly lead to DNA strand breaks. The
alkaline comet assay was used to indicate whether ROS might
be involved in the anticancer activity of KP772 (Fig. 3A). No
change in the mean comet tail lengths was observed after 1h
treatment with KP772. In contrast, bleomycin used as a
positive control at identical conditions increased DNA migra-
tion significantly (p < 0.001).

Additionally, we investigated the impact of the established
radical scavenger N-acetyl cysteine (NAC) on the anticancer
activity of KP772. Corroborating the data of the comet assay,
NAC pre-treatment had no significant protective effect against
the cytotoxic activity of KP772 in KB-3-1 cells while it potently
attenuated bleomycin-induced cell death (Fig. 3B).

3.6.  Interaction of KP772 with DNA in vitro

Intercalation into DNA is involved in the cytotoxic activity of
several anticancer agents including anthracyclines [33]. In
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Fig. 2 - In vitro anticancer activity of KP772. (A) Dose-response c

urves of KB-3-1 cells after 72 h treatment with KP772, 1,10-

phen or La(NOs); as indicated were measured by MTT assay. Values are given relatively to the untreated controls set as 1
and represent means and S.D. of two experiments in triplicates. (B) Induction of apoptosis in KB-3-1 cells after treatment
with KP772 for 24 h. Staining of nuclei by DAPI in untreated controls or cells treated with 5 xM KP772. (C) Loss of
mitochondrial membrane potential (JC-1 staining) after treatment with KP772 or 1,10-phen for 48 h. Percentages of
apoptotic (green fluorescence, FL-1) cells, which are located in the right lower quarter, are given at the left bottom. (D)

Caspase-induced cleavage of PARP, caspases 7 and 3 in KB-3-1

cells after 24 h treatment with KP772 as indicated was

determined via Western blotting. Antibodies used are described in Section 2.

order to analyse whether also KP772 intercalates into double-
stranded DNA, methyl green competition assays [25] were
performed (Fig. 4A). Up to 300 pnM KP772 (representing a 10-fold
molar excess of the drug as compared to methyl green), only

negligible indications for intercalation were observed while
the positive control doxorubicin was highly active already at
15 pM. Interestingly, free 1,10-phen was more effective in
competiting with DNA bound methyl green than KP772.
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Fig. 3 - Treatment with KP772 does not induce DNA strand breaks and ROS formation. (A) Induction of DNA migration after
1h treatment with the indicated concentrations of KP772 and bleomycin was analysed by the comet assay performed as
described in Section 2. (B) Effects of 30 min pre-treatment with the radical scavenger NAC on the anticancer activity of KP772

or bleomycin (positive control) analysed by MTT assay.

Interstrand cross-links represent a key mechanism under-
lying the cytotoxic activity of CDDP [34,35] leading to inhibition
of replication and/or transcription. Therefore, we analysed the
in vitro DNA cross-linking ability of KP772 (Fig. 4B). In contrast
to CDDP, only a very minor induction of cross-links was
observed after treatment with KP772. Therefore, interstrand
DNA cross-links are not likely to be responsible for the
cytotoxic activity of KP772.

While bifunctional adducts of platinum drugs untwist and
bend dsDNA [36,37] monofunctional ones [38] generally do
not bend the DNA helix. Therefore, DNA untwisting and
bending effects of KP772 were examined by monitoring the
global changes of negatively supercoiled (SC) and ‘““open
circular” (OC) forms of plasmids, respectively [37]. Hence, a
plasmid preparation containing both a covalently closed
circular and an OC form was treated with 60 pM of each KP772
and CDDP (Fig. 4C). DNA untwisting by CDDP was revealed by
relaxation of the SC. Reduced intensity of ethidium bromide
staining with prolonged incubation might be the result of
reduced intercalation through increased DNA platination
[39]. In contrast to CDDP no untwisting activity of KP772 was
obvious even at 72h exposure time (Fig. 4C). Also non-
periodic bending by CDDP was revealed by a faster migrating

OC form, due to an apparent ‘“‘shortening” of the contour
length (Fig. 4C). In contrast, KP772 did not alter the DNA
secondary structure. Instead, KP772 led to low but detectable
cleavage of the DNA backbone after 48 h incubation. This was
visible as increasing amount of the OC form of the plasmid
duringincubation with these compounds at the cost of the SC
form (Fig. 4C).

3.7.  Impact of KP772 on cell cytoskeleton, DNA synthesis
and cell cycle distribution

When KB-3-1 cells were treated with KP772 their morpholo-
gical appearance changed dramatically including a profound
reorganisation of the microfilament system, and enhanced
stress fibres with distinct focal adhesions (Fig. 5).

The effects of KP772 on DNA synthesis were determined
by °H-thymidine incorporation assays. KP772 treatment
dramatically inhibited *H-thymidine incorporation in A549
lung cells (Fig. 6A) already at 2.5pM (24h incubation),
indicating a complete inhibition of DNA synthesis. To further
characterise this stop in DNA synthesis, the effect of KP772
on cell cycle distribution of leukaemic HL60 cells was
analysed (Fig. 6B). A significant reduction of cells in G»/M
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Fig. 4 - DNA intercalation, interstrand cross-links and changes of the DNA secondary structure by KP772. (A) After 1h
incubation with 30 pM methyl green, salmon sperm DNA (10 mg/ml) was treated for 2 h with the indicated drug
concentrations. Absorbance was measured at 642 nm. Dose-response curves derived from two independent experiments
in triplicates are shown. (B) Linearised, P*2-labelled plasmid DNA was treated with 10 uM CDDP or 10 uM KP772 for the
indicated times (1-72 h), separated in agarose gels and analysed by autoradiography. DNA molecules with an interstrand
cross-link are separated from single stranded DNA because of the higher molecular weight. (C) Plasmid DNA was treated
with 60 pM each CDDP or KP772 for the indicated times, separated by agarose gel electrophoresis and stained with
ethidiumbromide. Open circles (oc) and supercoiled plasmid (sc) DNA are indicated. With increasing reaction time, the open
circles migrate faster due to non-periodic bending induced by platinum adducts. In contrast, the supercoiled DNA moves

slower due to unwinding.

phase was already detectable following a 12 h treatment at
2.5 uM, while after 24 h almost no cells remained in S or G/
M phase. In addition to the Go/G; arrest, a significant
proportion of cells had entered apoptosis indicated by the
appearance of a sub-Go/G; peak. Comparable results were
observed in KB-3-1 cells (compare Fig. 7). The KP772-induced
cell cycle arrest was accompanied by a profound, dose

dependent reduction of cyclin B; and to a much lesser extent
cyclin D; while cyclin A remained widely unchanged
(Fig. 6C).

When compared to KP772, 1,10-phen was also able to
induce a cell cycle arrest in the investigated cell types but less
potently and after extended incubation times, only (Fig. 7;
gated on living cells).
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Fig. 5 - Impact of KP772 on the cell cytoskeleton. KB-3-1 cells were plated on chamber slides and either treated with the
solvent (A) or KP772 at 2.5 pM (B and C) or 5 pM (D) for 24 h. Photomicrographs were taken using 40x (A and B) or 60 (C and
D) oil objectives. DNA and microfilaments were visualised by DAPI and FITC phalloidin staining, respectively.

3.8. Impact of the p53 status on KP772-induced
cytotoxicity

Wild-type P53 becomes activated in response to various types
of stress and consequently arrests cell cycle predominantly in
Go/G, phase via induction of the cyclin-dependent kinase
inhibitor p21W3f! [40]. Thus, we analysed whether treatment
with KP772 induces p53 and p21V2 in A549 cells containing
wild-type p53 [41]. After 6 h treatment, dose-dependent p53
induction could be observed in the KP772-treated cells
(Fig. 8A). P21W23f! upregulation became detectable only after
24h treatment. Induction of p53/p21V™ by bleomycin
followed the same pattern but was distinctly stronger as
compared to KP772.

Based on the upregulation of wild-type p53 by KP772 we
used p53-null Hep3B-cells transfected with a temperature-
sensitive p53 variant (Hep3B/p53) [21] to determine the
contribution of wild-type p53 to the anticancer activity of
KP772. In this cell, model the ectopic p53 is in mutant
conformation at 37 °C and has wild-type conformation at
32 °C. Independent of the p53 status, Hep3B cell proliferation
was significantly reduced at 32 °C leading to a distinctly
decreased effect of KP772 (data not shown). To avoid the
influence of temperature on cell growth, we reduced
proliferation in all experimental groups by serum starvation

24 h prior to drug exposure. After a 1-h drug exposure, cells
were returned to 37 °C to allow now unimpeded prolifera-
tion. Only at 1 pM KP772, a significantly enhanced cytotoxi-
city of KP772 against cells treated under wild-type p53
conditions was detectable (Fig. 8B). At higher drug concen-
trations, however, a weak opposite effect got obvious. This
indicates that, although p53 expression is induced by
treatment with KP772, it only weakly contributes to its
anticancer activity.

3.9.  Toxicology of KP772

The toxicity of KP772 after single intravenous application was
investigated in outbred Swiss Albino mice and Sprague-
Dawley rats and the maximal tolerated dose (MTD) based on
approximate lowest lethal dose, the intravenous median
lethal dose (LDsp) and the no observed adverse effects level
(NOAEL) were calculated. In mice, the respective MTD, LDsq
and NOAEL were 15, 62 and 10 mg/kg body weight. In case of
rats, the respective parameters were 7.5, 21.6 and 7.5 mg/kg
body weight. Common signs of systemic toxicity were
hunched posture, pilo-erection and occasional body tremors.
Repeated dose analyses were done in Charles River athymic
mice by application daily for five consecutive days. KP772 was
tolerated within NCI guidelines up to 10 mg/kg on this
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Fig. 6 — Impact of KP772 on DNA synthesis and cell cycle.

(A) DNA synthesis and cell viability of A549 cells were
determined by H-thymidine incorporation and MTT
assay, respectively, after 24 h treatment with KP772 at
the indicated concentrations. (B) Changes in the cell
cycle distribution of leukaemic HL60 cells treated with
increasing concentrations of KP772 for the indicated
times were analysed by PI staining and flow cytometry.
Percentages of cells in G¢/G4, S and G,/M phase are
indicated. (C) The impact of KP772 at the indicated
concentrations on the expression pattern on cyclins
in KB-3-1 cells was analysed by Western blot.

schedule. Detailed information on the evaluation procedures
and the observed side effects can be obtained from the authors
on request.

3.10.  In vivo anticancer activity of KP772 against a
human colon carcinoma xenograft

The in vivo anticancer activity of KP772, administered in a
consecutive once-a-day (qd) x 5schedule, is compared to MTX
and CDDP in Fig. 9 and in Table 3. Growth of human DLD-1
colon cancer xenografts was significantly reduced by all three
administered KP772 doses (4-12 mg/kg day) leading to a two-
fold increased tumour doubling time. This effect was
comparable to the ones of MTX and CDDP. While the effects
of KP772 at 8 and 12 mg/kg did not differ significantly, 4 mg/kg
were slightly less effective. As expected from the toxicology
studies no severe side effects were observed at the used KP772
concentrations.

4, Discussion

The success of CDDP in the treatment of cancer patients led to
the suggestion that also other metal complexes might be
successfully included in future chemotherapy regimens.
Although diverse new platinum compounds have been
synthesised and in some cases developed to promising clinical
application [17], attempts to use complexes with other metal
centres have been comparably rare [42,43]. Here, we present
preclinical data regarding to the use of the 1,10-phen-
containing lanthanum compound, KP772 (FFC24), as an
anticancer drug. In vitro, KP772 was demonstrated to be
active against tumour cells of various origin including both
solid and haematological malignancies. Additionally, the
growth of the human colon adenocarcinoma xenograft DLD-
1 was significantly reduced by KP772 with a potency compar-
able to those of MTX and CDDP. In cell biological assays, the
anticancer activity of KP772 was demonstrated to be based on
profound blockade of DNA synthesis, cell cycle arrest at the Go/
G,-S phase border, and induction of apoptosis.

With respect to the in vitro anticancer activity of KP772,
the relatively equal sensitivities of diverse tumour cell
models including cell lines established from tumour speci-
men in our lab as well as the NCI panel were striking. The
effective doses were almost generally in the low uM range and
thus comparable to the ones already reported for other
lanthanum complexes with 1,10-phen derivatives [11,12].
This suggests that KP772 targets in tumour cells a basic

Table 3 - Evaluation of the efficacy of KP772 in DLD-1 xenografts

Group Mean time to RTV2 (days)? Growth delay (days) Significance (P)
Untreated control 3.1 - -

KP772, 12 mgkg™, day x 5 6.5 3.4 <0.01

KP772, 8 mgkg 2, day x 5 6.4 3.3 <0.01

KP772, 4 mgkg *, day x 5 5.5 2.4 <0.01

MTX, 4 mgkg ?, day x 5 6.2 2.9 <0.01

CDDP, 2 mgkg?, day x 5 6.8 3.7 <0.01

& RTV2, relative tumour volume doubling time.
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Fig. 9 - Activity of KP772 against a DLD-1 human
colon adenocarcinoma xenograft in vivo. KP772 was
administered and tumour size measured as described
in Section 2. Values given are means and S.D. of

six mice per experimental group.

mechanism, which is both equally present and equally
vulnerable in all cell types investigated. Moreover, the
comparable ICs, values for diverse cell models suggest that
KP772 activity is not substantially affected by classical drug
resistance mechanisms known to be present in several of the
investigated cell lines [19]. Current investigations performed
in our lab on the impact of resistance mechanisms confirmed
the lack of interference of KP772 with ABC drug transporters
(manuscript in preparation).

The molecular basis of the KP772 anticancer activity is
currently unknown and matter of ongoing investigations.
Based on the DNA cross-linkingactivity of platinum drugs [44]
and the intercalating properties of 1,10-phen [15], we
hypothesised that KP772 might primarily target the DNA.
Unexpectedly, we found no clear-cut proof for any profound
interaction of KP772 with DNA. In contrast to the positive
control doxorubicin [33], significant DNA intercalation of
KP772 was only detectable at very high drug concentrations
(~100-fold ICso in MTT assay). Moreover, KP772 exhibited a
lower intercalating potency as compared to 1,10-phen despite
the significantly higher anticancer activity of the lanthanum
compound. This indicates the complexation of 1,10-phen
with lanthanum reduced its DNA intercalating potency.
Additionally, KP772 did neither sufficiently cross-link nor
untwist plasmid DNA. Backbone stand breaks were only
observed atahigh concentration and after extended exposure
time. These data argue against an important role of DNA
interaction in the cytotoxic activity of KP772. Correspond-
ingly, noindications for DNA damage by KP772 were obtained
in living cells using the comet assays. This is in contrast to
reports on DNA damaging activities of 1,10-phen copper and
ruthenium complexes both demonstrated to potently cleave
DNA [45,46]. Moreover, 1,10-phen vanadium derivatives were
shown to induce ROS [47] resulting in DNA damage and
apoptosis. A major contribution of oxidative stress to the
cytotoxic activity of KP772 is unlikely as pre-treatment with
theradical scavengers NAC did not protect cells against KP772

[48]. These data provide evidence that KP772 targets tumour
cells via a molecular mechanism different from the ones of
known metal 1,10-phen compounds.

Despite the lack of DNA damage we observed distinct cell
cycle blockade in Go/G; phase by KP772. During chemotherapy,
accumulation of cells in G¢/G; is often the result of the
respective cell cycle checkpoint activation as a consequence
of DNA damage. Molecularly this process is often mediated by
activation of p53 causing besides cell cycle arrest predomi-
nantly at G, phase also induction of apoptosis. Most of these p53
functions involve transcription factor activity resulting in
enhanced expression of several anti-proliferative and pro-
apoptotic proteins like for example the cyclin-dependentkinase
inhibitor p21%af! and the apoptosis inducing bax [40]. Despite
the lack of DNA damage, we found induction of p53 and the
downstream gene p21V2! in p53-wild-type A549 cells. Corre-
spondingly, several examples of DNA damage-independent
induction of p53 for example as a consequence of nucleotide
depletion, hypoxia and block of transcription have been
reported [49]. However, in our hands p53-dependent signalling
had only a minor influence on the cytotoxic activity of KP772,
again suggesting that DNA damage is not the major cytostatic/
toxic effect of KP772. Additionally, HL60 and Hep3B cells, which
both are p53(—/—) [50], are highly sensitive to KP772-induced
apoptosis. As also the p53(—/—) cells exhibited a distinct cell
cycle arrest at G4/S border, the upregulation of p21%3f via p53
doesnotseem tobe the predominant underlyingmechanism. In
agreement with this assumption, we found no induction of
p21Waft in KP772-treated p53(—/—) HL-60 cells (data not shown).
Summarising, the profound cell cycle arrest of KP772-treated
cells does not primarily depend on the activation of the
respective cell cycle checkpoint via the p53/p21*aft
on yet unknown mechanism. Most prominent were in our
experiments the attenuated expression of cyclin B; and the
profound reorganisation of the cell cytoskeleton. The elucida-
tion of the precise interplay of the underlying molecular
mechanisms is currently subject of ongoing experiments.

It is currently unknown whether the anticancer activity of
KP772 is mainly determined by the lanthanum centre, by the
1,10-phen side chains or by specific properties of the complex.
In contrast to CDDP, KP772 was demonstrated to be highly
stable in aqueous solutions for several days (data not shown).
Thus, it seems rather unlikely that high amounts of the very
stable metal complex disaggregate in the cell environment
within the relatively short time period until the cytotoxic
effects become apparent. This does, however, not rule out that
the complex might be metabolised in the cells making the
presence of La* and/or 1,10-phen possible. This is of interest
because for both parts of the complex anti-proliferative
activities have been reported. Such, simple lanthanoid (mostly
lanthanum) salts have been shown to inhibit cell cycle
progression from Go¢/G; to S phase in mitogen-stimulated
normal mouse fibroblasts [3], murine melanoma cells [4] as
well as in human leukaemia cells [5]. Moreover, lanthanum is a
potent calcium antagonist, which might have an impact on the
microfilament system [51]. This would suggest that KP772
exerts its activity mainly via the lanthanum centre. However,
lanthanum salts are by far less effective as compared to KP772.
Accordingly, in our experiments La(NOs); at 2.5-10 pM did not
cause any substantial anti-proliferative activity while KP772

axis but
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at equimolar concentrations induced potent cell cycle arrest
and apoptosis. This suggests that the anticancer activity of
KP772 is not only based on free lanthanum.

It also has to be kept in mind that, besides lanthanum, the
rigid planar 1,10-phen moiety contained in the KP772 complex
exerts relevant biological effects by itself. It was shown to
intercalate in the DNA double helix and reversibly block cell
cycle progression [13,14]. Additionally, it is a well-known
chelator of intracellular metal ions (most prominently iron)
and thus has been used as a potent inhibitor of ROS generation
via the Fenton reaction [52]. At the first glance several of our
observations suggest that the biological activities of KP772
might be partly based on those of free 1,10-phen. Thus, 1,10-
phen, like KP772, blocked cell cycle in G4/S phase, induced
mitochondrial membrane depolarisation and consequently
apoptosis. Moreover, chelation of iron led to potent upregula-
tion of p53 [53]. However, several results strongly argue
against that free 1,10-phen is solely responsible for the
anticancer activity of KP772. First, KP772 exerts its effects
on cell cycle more rapid and efficient as compared to 1,10-
phen, which resembles in this respect other iron chelators
including deferiprone or deferoxamine [54]. Second, despite its
higher cytotoxic activity KP772 displayed lower DNA inter-
calating potency than 1,10-phen. Third, inhibition of ribonu-
cleotide reductase as a consequence of iron chelation should
lead to increased rather then decreased proportions of cells is
S phase of the cell cycle as observed in case of KP772.
Additionally, iron chelation was shown to induce necrosis and
apoptosis [54] while we could not detect any LDH release
following KP772 treatment (data not shown). Taken together
these results suggest that KP772 synergistically integrates
aspects of both lanthanum and 1,10-phen explainingits highly
potent activity on tumour cells.

Summarising, our findings indicate that the novel lantha-
num compound KP772 as a promising experimental antic-
ancer drug. KP772 is readily taken up by tumour cells and
exhibits potent and stable anti-proliferative and cytotoxic
activities against diverse tumour types in vitro as well as
against colon cancer xenograft in vivo. Our data suggest that
the therapeutic potential of KP772 alone or in combination
with other anticancer agents, should be assessed in further
(pre)clinical studies.
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