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Abstract
KP772 is a new lanthanum complex containing three 1,10-phenathroline molecules. Recently, we
have demonstrated that the promising in vitro and in vivo anticancer properties of KP772 are
based on p53-independent G0/G1 arrest and apoptosis induction. A National Cancer Institute
(NCI) screen revealed significant correlation of KP772 activity with that of the ribonucleotide
reductase (RR) inhibitor hydroxyurea (HU). Consequently, this study aimed to investigate whether
KP772 targets DNA synthesis in tumor cells by RR inhibition. Indeed, KP772 treatment led to
significant reduction of cytidine incorporation paralleled by a decrease of deoxynucleoside
triphosphate (dNTP) pools. This strongly indicates disruption of RR activity. Moreover, KP772
protected against oxidative stress, suggesting that this drug might interfere with RR by interaction
with the tyrosyl radical in subunit R2. Additionally, several observations (e.g. increase of
transferrin receptor expression and protective effect of iron preloading) indicate that KP772
interferes with cellular iron homeostasis. Accordingly, co-incubation of Fe(II) with KP772 led to
generation of a coloured iron complex (Fe-KP772) in cell free systems. In electron paramagnetic
resonance (EPR) measurements of mouse R2 subunits, KP772 disrupted the tyrosyl radical while
Fe-KP772 had no significant effects. Moreover, coincubation of KP772 with iron-loaded R2 led to
formation of Fe-KP772 suggesting chelation of RR-bound Fe(II). Summarizing, our data prove
that KP772 inhibits RR by targeting the iron centre of the R2 subunit. As also Fe-KP772 as well as
free lanthanum exert significant -though less pronounced- cytotoxic/static activities, additional
mechanisms are likely to synergise with RR inhibition in the promising anticancer activity of
KP772.
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INTRODUCTION
[Tris(1,10-phenanthroline)lanthanum(III)]trithiocyanate (KP772) is a new lanthanum
compound containing three 1,10-phenathroline (1,10-phen) molecules. This complex exerts
potent cytotoxic activity against a wide range of tumor cell lines in vitro and a colon
carcinoma xenograft model in vivo [1]. Recent investigations revealed that multidrug-
resistant cancer cells are especially sensitive to KP772, which indicates that this lanthanum
drug might be suitable for the second line treatment of patients after failure of standard
chemotherapy [2]. The anticancer activity of KP772 is characterized by apoptosis induction
and potent cell cycle arrest in G0/G1 phase not based on radical- or intercalation-induced
DNA damage [1].

Additionally, the antiproliferative 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 [1]. Only
moderate correlations were observed comparing the cytotoxicity profile of KP772 with that
of other drugs. Notably, several antimetabolic compounds including HU and methotrexate
(MTX) were among those reaching significant correlations (Table 1). Both, HU and MTX
are known to exert their antineoplastic effects through nucleotide pool depletion [3-5].
MTX, a well-known structural analogue of folic acid, is a potent inhibitor of the
dihydrofolate reductase and, consequently, the de novo thymidylate and purine nucleotide
synthesis [4]. In contrast, HU blocks DNA synthesis through inhibition of the RR. This
enzyme, which is rate-limiting for synthesis of dNTPs, is an α2β2 complex composed of
two subunits [6]. The R1 subunit has a α2 homodimeric structure with substrate and
allosteric effective sites that control enzyme activity and substrate specificity. The small R2
subunit, a β2 homodimer, forms two dinuclear iron centers each stabilizing a tyrosyl radical.
Additionally, a p53-inducible R2-homologoue (p53R2) has been described [5]. Expression
of this subunit is induced by DNA damage and it has been reported that p53R2 supplies
dNTPs for DNA repair in G0/G1 cells in a p53-dependent manner. Moreover, recent studies
revealed that p53R2 activity is crucial for mitochondrial DNA replication [7]. With regard to
drug-induced RR inhibition, HU is believed to destabilize R2 iron centers causing thereby
destruction of the radical essential for enzyme activity [4, 5]. Additionally, several iron
chelating agents including desferrioxamine (DFO) [5, 8] and several thiosemicarbazones
(e.g. Triapine) [3, 5] were shown to interact with the iron-containing R2 subunit of RR. Also
the rigid planar 1,10-phen, contained in the KP772 complex, is a known metal chelator [9]
but there are no reports on RR inhibition or any other impacts on the cellular nucleotide
pools for 1,10-phen so far. The structurally-related Fe(II) chelator bathophenanthroline was
reported to have even at very high concentrations (1 mM) only very minor effects on the
tyrosyl radical of mouse R2 [10].

In this study, we demonstrate that KP772 treatment leads to dNTP pool depletion and
functional inhibition of the RR. Moreover, our data indicate that, based on its iron- chelating
properties, KP772 interacts with the R2 subunit of this essential cellular enzyme.
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MATERIAL AND METHODS
Drugs

KP772 (La(phen)3(SCN)3) was prepared as described previously [1]. For all experiments,
the compound was dissolved in water and diluted into culture media at the concentrations
indicated. All other substances were purchased from Sigma-Aldrich (St. Louis, USA).

Cell Culture
The following human cell lines were used in this study [1]: the cervix carcinoma Hela-
derivative KB-3-1, the promyelocytic leukaemia cell line HL60, and the non-small lung
cancer cell line A549 (from American Type Culture Collection, Manassas, VA), as well as
the colon carcinoma cell line HCT116 generously donated by B. Vogelstein, John Hopkins
University, Baltimore. All cells were grown in RMPI 1640 medium supplemented with 10%
fetal bovine serum with the exception of HCT116 which were grown in McCoy’s culture
medium. Cultures were regularly checked for Mycoplasma contamination.

Cytotoxicity Assays
Cells were plated (2×103 cells in 100 μl/well) in 96-well plates and allowed to recover for
24 h. Drugs were added in another 100 μl growth medium and cells exposed for 72 h. The
proportion of viable cells was determined by MTT assay following the manufacturer’s
recommendations (EZ4U, Biomedica, Vienna, Austria). Cytotoxicity was expressed as IC50
values calculated from full dose-response curves (drug concentrations leading to a 50%
reduction of cell survival in comparison to the control cultured without drugs). Synergism
was determined by calculating the combination index (CI) according to Chou and Talalay
[11] with CalcuSyn software (Biosoft, Ferguson, MO USA). CI<1, CI=1 or CI>1 represent
synergism, additive effects and antagonism of the two investigated substances, respectively.

Incorporation of 3H-Labelled Cytidine into DNA
To indirectly analyze the effect of KP772 on RR activity, incorporation 3H-cytidine assay
[12] was performed. For this purpose, 5×106 HL60 cells were incubated with the test
substances for 24 h. After the incubation period, the cells were pulsed with 3H-cytidine
(0.3125 μCi, 5 nM) for 30 min at 37 °C. Then cells were collected, washed and total DNA
was extracted. Radioactivity was determined as described in [1].

Determination of dNTP Pools
HL60 cells were incubated with KP772 for 24 h. Afterwards, 5×107 cells were separated for
the extraction of dNTPs according to the method described by Garrett and Santi [13].
Briefly, cells were washed in phosphate buffered saline (PBS) and lysed by 30 min
incubation with trichloroacetic acid. After centrifugation supernatant was collected and
neutralized by adding 1.1 vol of freon containing 0.5 M tri-n-octylamin. Aliquots of 100 μl
were periodated by adding 30 μl of 4 M methylamine and 10 μl sodium periodate (100 g/l).
After 30 min incubation at 37 °C, the reaction was stopped by adding 5 μl of 1 M rhamnose
solution. The extracted dNTPs were measured using a Merck ”La Chrom” HPLC system
equipped with L-7200 autosampler, L-7100 pump, L-7400 UV detector, and D-7000
interface. Samples were eluted with a 3.2 M ammonium phosphate buffer, pH 3.4 (pH
adjusted by addition of 0.32 mmol/l H3PO4), containing 20 mM acetonitrile using a 4.6 ×
250 mm Partisil 10 SAX analytical column (Whatman, Kent, UK). Separation was
performed at constant ambient temperature with a flow rate of 2 ml/min. The concentration
of dNTPs was calculated as percent of total area under the curve for each sample.
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Western Blot Analysis
Cell fractionation, protein separation and Western blotting were performed as previously
described [2]. The following antibodies: anti-RR subunit R1 polyclonal goat T-16, anti-RR
subunit R2 polyclonal goat I-15; anti-RR subunit p53R2 polyclonal goat N-16 were
purchased from Santa Cruz Biotechnology and used in a 1:200 dilution. Anti-ß-actin
monoclonal mouse antibody AC-15 (Sigma at a 1:1000 dilution) was used to detect ß-actin
as loading control. All secondary, peroxidase-labelled antibodies from Pierce (Rockford, IL,
USA) were used at working dilutions of 1:10000.

Alkaline Comet Assay
The induction of DNA strand breaks was determined using the alkaline comet assay as
described [1]. 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 pretreated for 30 min with
KP772 or NAC followed by 1 h H2O2 treatment. After PBS washing, cells were mixed with
0.5% low melting point agarose at 37 °C and dropped on top of the first layer. The agarose
was allowed to solidify on a cooled tray and then immersed in ice-cold lysing solution (2.5
M NaCl; 100 mM Na2EDTA, 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 DNA was
allowed to unwind for 1 h in the electrophoresis buffer (300 mM NaOH, 1 mM Na2EDTA,
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 (0.4 M Trizma Base,
pH 7.5) and 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.
DNA migration was expressed as comet tail length in micrometers. Per experimental group,
two slides were prepared and from each at least 50 cells were analysed. Cell viability at the
time of assay was in all cases >90%.

Measurement of Intracellular Oxidants
2′,7′-dichlorofluorescin diacetate (DCF-DA) was used to detect the intracellular production
of free radicals [14]. Stock solutions of 33.4 mM in DMSO were stored at −20 °C. KB-3-1
cells (2.5×105 cells per sample in phenol-free Hanks balanced salt solutions) were treated
with the test compounds for 1 h at 37 °C, followed by 1 h exposure to DCF-DA. Mean
fluorescence intensity was measured by flow cytometry using a fluorescence-activated cell
sorting (FACS) Calibur (Becton Dickinson, Palo Alto, CA). The resulting DNA histograms
were quantified using the ModeFit software (BD).

Expression of Transferrin Receptor (TfR)
Expression of TfR in HL60 cells was analysed by immunostaining and FACS analysis using
the monoclonal mouse antibody VIP-1 (generously donated by Dr. Majdic, Medical
University of Vienna, Austria). Briefly, 5×105 cells were washed with PBS containing 1%
BSA and incubated for 30 min with 20 μg/ml primary antibody at 4 °C. Bound antibody was
stained for 30 min at 4 °C with an anti-mouse IgG (Fab specific) FITC conjugate (Sigma) at
a 1:150 working dilution.

Cell Cycle Analysis
HL60 or KB-3-1 cells (106 per well) seeded into 6-well plates and cultured for 24 h were
treated for another 24 h with the test substance. Then cells were collected, washed with PBS,
fixed in 70% ethanol and stored at −20 °C. To determine the cell cycle distribution, cells
were transferred into PBS, incubated with RNAse (10 μg/ml) for 30 min at 37 °C, treated
with 5 μg/ml propidium iodide (PI) for 30 min and then analyzed by FACS.
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UV-Vis Spectra
Optical absorption spectra were recorded at room temperature using a Synergy HT multi-
detection microplate reader (Bio-Tek, Vermont, USA) or a V-560 UV/VIS
spectrophotometer (Jasco Essex, UK). All spectra were baseline corrected.

Electron Paramagnetic Resonance (EPR) Spectroscopy
Quenching of the tyrosyl radical in mouse R2 subunit by KP772 was monitored kinetically
using EPR spectroscopy in comparison with Fe-KP772 and 1,10-phen. Mouse R2 protein
was expressed in Rosetta 2(DE3)pLys bacteria as described [15]. Protein was reconstituted
with an anaerobic solution of Fe(H4N)2(SO4)2 at a ratio of 10 Fe(II) ions per R2 monomer.
Excess iron was removed by gel filtration. The protein contained 0.33 tyrosyl radicals per
monomer. Final R2 iron loading was 1.3 ± 0.1 Fe/polypeptide (maximum is 2 Fe/
polypeptide). EPR spectra were recorded on a Bruker ESP 300 X-band (9.5 GHz)
spectrometer with an Oxford Instruments ESR9 helium cryostat at 40 K, 3.2 mW microwave
power and 10 G modulation amplitude. The concentration of the tyrosyl radical was
determined by double integration of EPR spectra recorded at non-saturating microwave
power levels, and compared with a standard solution of 1 mM CuSO4 in 50 mM EDTA. The
calculated radical concentration was normalized and expressed in percent. Experiments were
repeated 5 times, which gave an estimate of the uncertainty of each measurement of about
5%.

RESULTS
Effects of KP772 on RR Activity and dNTP Pools

As a first approach the cytotoxic activity of KP772 was compared with the well investigated
RR inhibitors Triapine and HU at identical conditions. As shown in Fig. (1), both KP772
and Triapine were significantly cytotoxic at μM levels with IC50 values of 1.4 μM and 16.3
μM, respectively. In contrast, HU was found to be active only at mM levels (IC50 of 1.12
mM), which is in accordance to other published data [16-18]. To measure the impact of
KP772 on the enzymatic activity of RR, the incorporation of 3H-labeled cytidine into DNA
of HL60 cells was determined. After 24 h treatment with 2.5 μM KP772, 3H-cytidine
incorporation into DNA was significantly decreased to 25% of control values (Fig. (2A)).
Treatment with lower drug concentrations had no significant effect on cytidine
incorporation.

Next, the impact of KP772 on the cellular dNTP pools was determined using HPLC [13]. To
this end, HL60 cells were incubated with 2.5, 5, and 10 μM KP772 for 24 h. Intracellular
concentrations of dNTPs in untreated control cells were 1.02 μM, 2.48 μM, and 11.32 μM
for dCTP, dTTP, and dATP, respectively. As shown in Fig. (2B), KP772 treatment caused
imbalance in the dNTP pools cells leading to a dose-dependent decrease of cellular dCTP. In
contrast, dATP and dTTP levels were enhanced at 2.5 μM (up to 190% and 135% in case of
dATP and dTTP, respectively) followed by a dose-dependent decrease of all measured
dNTPs at higher KP772 concentrations.

To determine whether KP772 has an impact on RR protein expression, amounts of R1, R2
and p53R2 subunits were analysed in several cancer cell lines (Fig. (2C)). In all tested
models (HCT116, A549, HL60, and KB-3-1) treatment with 2.5 μM KP772 increased R2
subunit expression, while at higher drug concentrations frequently a decrease of this protein
subunit was observable (except KB-3-1 cells). R1 and P53R2 subunit expressions followed a
similar pattern in HL60 cells, while they remained widely unchanged in the HCT116 and
A549 cell lines. In accordance to the report of Lembo et al. [19], no p53R2 expression in the

Heffeter et al. Page 5

Curr Cancer Drug Targets. Author manuscript; available in PMC 2012 June 19.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



p53-negative Hela derivative KB-3-1 was detected. Additionally, P53R2 expression in
HL60 cells was notably low correlating with the p53 (−/−) status of these cells [20].

Synergism of KP772 with HU
Combinations of diverse RR inhibitors [21, 22] are known to act synergistically and to
enhance cytostatic activities of nucleoside analogues due to the RR inhibition-dependent
dNTP pool depletion [23-26]. KP772 coadministration had no impact on the effects of 5-FU,
DFO, AraC and vinblastine (data not shown). In contrast, the lanthanum drug acted
distinctly synergistic with HU in A549 cells (Fig. (2)). As indicated by the combination
index (CI, compare Material and Methods section) blot in Fig. (3A) (right graph), maximal
synergistic effects (CI between 0.25 and 0.5 μM) were observed by combining 1 and 2.5
μM KP772 with 100 and 250 μM HU. The synergism between KP772 and HU was based
on enhanced inhibition of DNA synthesis as measured by reduced 3H-thymidine
incorporation (Fig. (3B)). For all KP772 concentrations tested (0.5-2 μM), CI values with
100 and 250 μM HU were <0.45 and <0.88, respectively. Comparable data were achieved
using KB-3-1 cells (data not shown).

Radical Scavenging Properties of KP772
Several RR inhibitors including HU [27], DFO [27], resveratrol [26], and trimidox [28] are
all known to scavenge diverse radical species. To test whether KP772 can protect cells from
reactive oxygen species (ROS), KB-3-1 cells were treated in presence of subtoxic
concentrations of KP772 (0.5 and 1 μM) with various concentrations of H2O2. After 72 h, 1
μM KP772 displayed a significant protective effect against 30 μM H2O2 (Fig. (4A)). To
evaluate this effect at higher concentrations of KP772 (inducing cytotoxic effects in long-
term exposure assays), the alkaline comet assay allowing short-term exposure times (1 h)
was used. We have already reported that up to 300 μM KP772 did not induce any DNA
strand breaks as determined by this assay [1]. As shown in Fig. (4B), 30 min pretreatment
with 20 μM and 40 μM KP772 was able to completely protect cells from H2O2-induced
DNA damage after 1 h co-incubation. In comparison, 2 mM of the radical scavenger NAC
only reduced H2O2-induced comet tail length to ~65%. Corroborating results were achieved
using the cell permeable dye DCF-DA whose metabolite becomes highly fluorescent after
intracellular oxidation by ROS. KP772 widely inhibited H2O2-mediated ROS formation
confirming the radical scavenging properties for KP772 (Fig. (4C)).

Impact of KP772 on Intracellular Iron Homeostasis
Several iron chelating agents [5, 27] were shown to interact with the iron containing R2
subunit of the RR. Since 1,10-phen is a known metal chelator [9], it was of interest whether
KP772 also affects intracellular iron pools. As under low iron conditions regulatory
mechanisms rapidly stimulate TfR synthesis and expression [29, 30], changes in TfR
expression of HL60 cells were determined as indication for intracellular iron deficiency.
After 24 h drug treatment, both compounds, KP772 and the ligand 1,10-phen, induced a
dose-dependent increase of membrane-located TfR (Fig. (5A)). Unexpectedly this increase
was found only in subtoxic drug concentrations. No changes in TfR expression were
observable when cytotoxic effects of both drugs occurred as indicated by appearance of a
subG0/G1 peak in PI-staining and FACS analysis (Fig. (5B)). In accordance to our previous
reports [1], a profound G0/G1 arrest was detectable after KP772 as well as 1,10-phen
treatment. Moreover, KP772 displayed also in this setting an enhanced cytotoxic activity as
compared to its ligand [1]. Perhaps due to this reduced toxicity, 1,10-phen was more potent
in TfR induction than KP772 (6-fold at 5 μM vs. 4-fold at 2.5 μM). Accordingly, enhanced
R1 and R2 subunit expression in HL60 cells was observed in case of 1,10-phen at 5 μM
(Fig. (5C)) comparable to the ones induced by KP772 at 2.5 μM (compare Fig. (2C)).
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To assess whether the cytotoxic activity of KP772 is dependent on cellular iron depletion,
cells were preincubated with epimolar concentrations of iron followed by 72 h KP772
treatment. Since 1,10-phen has strong preferences for Fe(II), Fe(III)Cl3, which is converted
into Fe(II) during cellular uptake [30], was used in these experiments to minimize
extracellular interactions. At all concentrations tested, preincubation with FeCl3 had
profound protective effects against KP772 (Fig. (5C)).

In vitro Formation of an Iron Complex
The reaction of 1,10-phen with Fe(II) leading to the formation of an iron complex, called
ferrous phen or ferroin, is a well known process and has been used for the analytical
determination of iron levels in blood plasma for several decades [31]. To test, whether also
KP772 reacts with Fe(II), the colorless lanthanum drug was mixed in aqueous solution with
FeSO4 resulting in immediate appearance of orange-red color (Fig. (6A)). Comparison with
the UV-Vis spectrum of pure ferroin (Fig. (6B)) suggested that the change in color (broad
absorption peak with a maximum between 450 and 550 nm) is based on the formation in a
comparable ferrous phen complex (here termed Fe-KP772). Interestingly, this reaction was
strongly diminished when performed in cell culture medium containing 10% fetal calf serum
(data not shown).

For DFO [32] it has been reported that the biological activity of this compound is solely
dependent on its iron binding properties. Thus co-incubation with iron completely inhibited
the effects of this drug. As shown in Fig. (5C), this is not the case for KP772. Although
significantly diminished (1.7-fold enhanced IC50), KP772 had still anticancer activity
against KB-3-1 cells after preincubation with equimolar concentrations of Fe(II)SO4. Also,
pre-prepared Fe-KP772 exerted comparably diminished (1.5-fold enhanced IC50 as
compared to KP772) antiproliferative properties.

Inhibition of RR by KP772-Mediated Iron Chelation
To test whether the RR inhibition observed after treatment with KP772 is based on radical
scavenging or iron chelation, EPR measurements of the RR tyrosyl radical were performed.
For all EPR measurements, excess iron in R2 protein samples was removed by gel filtration
to avoid reactions of KP772 with free, not-R2-bound iron. Fig. (7A) shows the effects on
tyrosyl radical content after incubation of mouse recombinant R2 subunit with KP772, Fe-
KP772, or 1,10-phen under non-reducing conditions. None of the compounds displayed
significant effect in this setting. As a next step, similar experiments were performed in the
presence of the reductant dithiothreitol (DTT). In these experiments, 1 mM DTT alone led to
a small but significant increase in radical content, probably due to a continued radical
reconstitution process. As shown in Fig. (7B), treatment with 20 μM KP772 significantly
reduced the R2 EPR signal. Notably, also treatment with 1,10-phen induced disruption of
the tyrosyl radical (although to a weaker extent). In contrast, Fe-KP772 had no RR
inhibitory potential. DTT alone or with Fe-KP772 led to a small but significant increase in
the amount of radical, again suggesting a continued radical reconstitution process. To
evaluate whether incubation of KP772 with activated R2 subunits of RR results in the
formation of an iron complex, UV-Vis spectra of the samples used for EPR measurements
were compared with the spectra of pure KP772 and Fe-KP772 (Fig. (7C)). At these settings,
coincubation of R2 protein with KP772 led to generation of a clearly visible Fe-KP772-like
spectrum. Together those data indicate that under reducing conditions KP772 is able to
chelate the iron of protein R2 sufficiently to destroy the free radical and hence enzyme
activity.
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DISCUSSION
RR catalyzes the reduction of ribonucleotides to the corresponding deoxyribonucleotides
and thus is essential for DNA synthesis and cell proliferation [5]. Consequently, RR has
been in the focus of interest for several decades as target for the treatment of several
diseases including malaria, HIV and cancer. Currently, there are several RR inhibiting drugs
approved (e.g. HU, gemcitabine) for oncological treatment or under (pre)clinical
development (e.g. Triapine, DFO) [33]. Recently, we have demonstrated promising
anticancer activity of the 1,10-phen lanthanum complex KP772 both in cell culture and in
xenografts models of human tumors [1, 2]. In this study, we have addressed the molecular
mechanisms underlying these cytostatic/cytotoxic effects and identified KP772 as a novel
and potent RR inhibitory drug.

As canonical for RR inhibitors, treatment with KP772 led to distinct dNTP pool depletion.
Regarding the different dNTPs, KP772 most prominently reduced dCTP levels while dATP
and dTTP were increased at low and decreased at elevated KP772 concentrations. Similar
reports exist for the nucleoside analogue Cl-F-ara-ATP in HL60 cells [34] and for the
deoxycytidine analogue gemcitabine in CCRF-CEM cells [35]. This is in contrast to HU,
which targets in cell culture [36, 37] as well as in patients [38] primarily dATP. Also the
resveratrol-analog M8 reduced dTTP and dATP but increased dCTP levels in Hl60 cells
[39]. For Triapine a decline in dATP and dGTP pools of circulating leukemia blasts has
been observed during chemotherapy [40]. The reasons underlying these differences are
unknown so far but seem to depend on the interaction mode of the inhibitors with the RR
enzyme.

According to their targets (R1, R2 or p53R2) and the molecular mechanisms of interaction
(e.g. nucleoside analogs, radical scavengers, iron chelators) several categories of small
molecule RR inhibitors have been defined [5]. Our data suggest that KP772 almost
completely inhibits DNA damage induced by ROS (derived from H2O2 exposure) and,
additionally, significantly protects from the respective cytotoxic activity. Moreover, KP772
has a strong iron-chelating activity as also known for its ligand 1,10-phen [9]. H2O2-
mediated cytotoxicity is at least partly executed by hydroxyl radicals derived from the
Fe(II)-involving Fenton reaction [41]. Consequently, our data suggest that at least part of the
antioxidant activity of KP772 is based on its potent Fe(II) chelating properties. Whether
KP772 additionally exerts iron-independent radical scavenging activities is unclear and
matter of ongoing investigations.

However, with respect to RR our data suggest that KP772 targets the R2 subunit primarily
by iron chelation thus preventing the regeneration of the iron center necessary for
stabilisation of the essential tyrosine radical [42]. Most importantly, the iron complex Fe-
KP772 did not disrupt the R2 tyrosyl radical. Additionally, the reaction of KP772 with the
Fe(II) centre of the R2 subunit led to the formation of this iron complex. Notably, these
inhibitory effects of KP772 on the R2 tyrosyl radical were observed only under reductive
assay conditions. This is in accordance with earlier reports demonstrating that the
structurally-related bathophenanthroline had only negligible effects on mouse R2 under
aerobic conditions [10] and might be explained by the stronger affinity of 1,10-phen (the
KP772 ligand) for Fe(II). These observations place KP772 into the group of iron-chelating
RR inhibitors [5] comparable to DFO and Triapine. However, several differences exist in
comparison to these iron chelators. In case of the thiosemicarbazone compound Triapine, it
has been shown that presence of iron is required for effective RR inhibition and,
additionally, that complexation with Fe(II) strongly enhances activity. In sharp contrast, iron
preloading protected against KP772-mediated cytotoxicity and the respective Fe(II) complex
did not disrupt the R2 tyrosyl radical in EPR experiments. These characteristics of KP772
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are shared with the clinically iron chelator DFO [32]. However, in that case several other
differences exist. First, KP772 is readily taken up by cells [1] while DFO is characterised by
limited membrane permeability [32]. Second, DFO exclusively chelates Fe(III) present
mainly in the extracellular compartment, while KP772 formed the coloured Fe-KP772
complex only in presence of the (predominantly intracellular and tightly regulated) Fe(II).
Third, the Fe(III) complex of DFO is widely inactive [32], while Fe-KP772 still has
significant anticancer activity although lacking impact on RR. These data indicate that
KP772 represents an RR inhibitor with a unique mode of action.

These differences also concern the emergence of therapy resistance. Acquired resistance of
cancer cells against RR inhibitors including HU [16, 43-45] and gemcitabine [46] based on
enhanced RR activity due to R1 and/or R2 subunit overexpression has been frequently
reported. In contrast, a HU-resistant KB-3-1 subline overexpressing R2 [16] did not exhibit
cross-resistance against KP772 (data not shown). Additionally, despite multiple attempts,
selection of a KP772-resistant subline turned out to be impossible so far [2].

These data indicate that KP772 might in parallel to RR target other cellular mechanisms and
molecules. Accordingly, in the NCI’s COMPARE analysis (Table 1) only the anticancer
activity of HU (Pearson’s correlation coefficient CI 0.379) but of no other RR inhibitor and
iron chelators correlated significantly with that of KP772 [1]. In contrast, moderate
correlations (CI ≤ 0.380) to several anti-metabolic drugs including alanosine (CI 0.372),
MTX (CI 0.333), 6-Thioguanine (CI 0.339), or cyclocytidine (CI 0.317) were observed. This
suggests that KP772 may target cell proliferation also by mechanisms independent of RR
inhibition. This is in accordance with several other observations as for example that cell
cycle changes after KP772 treatment also differed from those induced by other RR
inhibitors. In case of HU, cancer cells are arrested on the border from G1 to S phase
accompanied by cyclin D1 destabilisation [47, 48]. In contrast, KP772 induced a distinct G0/
G1 phase arrest already after an exposure time of around 12 h and predominantly
characterised by loss of cyclin B1 [1]. Since R2 expression is reported to be lowest in G0/G1
phase [49], the observed reduction in R2 subunit expression after KP772 treatment might at
least partly result from this early cell cycle arrest. This is in accordance with the observation
that expression of the cell cycle-independent subunits R1 and p53R2 [50] is widely stable
following KP772 treatment. As the p53R2/R1 complex is not only involved in DNA-damage
repair but also crucial for the dNTP pool maintenance required for mitochondrial DNA
synthesis [50], this indicates that the risk for unwanted side effects during KP772 treatment
due to mitochondrial damage of healthy tissue might be low.

Additionally, the stop of DNA synthesis in G0/G1 phase due to KP772 treatment might
explains why - in contrast to the reported synergism of RR inhibitors like HU [23, 24],
Triapine [25], resveratrol [26] with antimetabolic drugs - no synergistic activity of KP772
with (deoxy)nucleoside analogues AraC or 5-FU was found. Even sequential administration
of AraC and KP772 in diverse settings did not reveal any synergistic effect of AraC with
KP772 (data not shown).

Furthermore, several reports indicate that HU treatment activates the ATM/ATR pathway
similar to DNA-damaging drugs [51]. In contrast, no phosphorylation of the ATM/ATR
target proteins CHK1 or CHK2 has been observed in KB-3-1 cells after KP772 treatment
(data not shown). Accordingly, ATM kinase inhibition by caffeine cotreatment had only a
minor sensitising effect towards the lanthanum drug (data not shown).

Which molecular mechanisms might be responsible for the RR-independent activities of
KP772 is speculative so far. On the one hand, KP772 might target besides RR also other
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iron-dependent proteins such as the mitochondrial respiratory chain or interact with other
Fe-S-cluster-containing proteins.

On the other hand, 1,10-phen has affinity not only for Fe(II) but also for other divalent ions
including Cu(II) [52, 53] or Zn(II) [54]. In fact there are several reports on the anticancer
activity of cupreous 1,10-phen complexes mainly caused by ROS-induced DNA damage
[52, 53]. However, we found no indications that either oxidative stress or DNA damage is
induced by KP772 [1, 2] arguing against significant formation of Cu(II)-KP772 complexes.
In contrast, no generation of ROS is reported for 1,10-phen complexes with Zn(II) [55].
Additionally, the activity of Zn(II)-phenanthroline complexes seem to be rather low [55],
arguing against Zn-KP772 as active species exerting the observed anticancer effects.
Whether disruption of Zn(II)-containing proteins by chelation is underlying at least some
effects of KP772 anticancer activity is unknown and matter of ongoing studies.

Taken together, our data demonstrate that KP772 is a novel RR inhibitor disrupting the
essential tyrosyl radical of R2 by iron chelation. In addition, this lanthanum compound is
believed to exert other cytostatic/toxic effects, yet to define, probably synergising with RR
inhibition. These multifaceted characteristics might explain the broad anticancer activity, the
lack of acquired resistance and the high susceptibility of drug-resistant tumor cells against
KP772 [2]. In conclusion our data suggest that KP772 should be considered for further
clinical development especially against therapy refractory tumors.
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Fig. (1). Cytostatic activity of KP772 in comparison with Triapine and HU
A549 cells were treated for 72 h with the indicated concentrations of the respective drug.
Vitality was evaluated by MTT assay. Values given are means ± standard deviations of one
representative experiment performed in triplicates.
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Fig. (2). Impact of KP772 on RR activity and cellular dNTP pools
(A) Influence of KP772 on 3H-cytidine incorporation was measured in HL60 cells after 24 h
drug incubation. DNA was isolated and radioactivity determined as described under
Material and Methods. Values given are means ± standard deviation of one representative
experiment out of three performed in triplets. ** Significantly different from the control
cells (p < 0.01, by Student’s t-test) (B) HL60 cells were incubated for 24 h with the
indicated concentrations of KP772. dNTPs were isolated and measured by HPLC as
described under Material an Methods. Values given are means ± standard deviation of 3
determinations out of one representative experiment. Significant dose-concentration
response * p < 0.05, ** p < 0.01, p < 0.001 by one-way ANOVA (C) Expression levels of
RR subunits were determined by Western blotting in the indicated cell lines after 24 h drug
treatment. Antibodies used are described under Material and Methods.
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Fig. (3). Impact of KP772 coincubation on cytotoxic activity of antimetabolic drugs
Synergistic effect of KP772 and HU on (A) vitality and (B) 3H-thymidine incorporation in
A549 cells are depicted. Cell viability was measured using MTT assay. Values given are
means ± standard deviations of one representative experiment performed in triplicates.
Combination Index (CI) was calculated using CalcuSyn software.
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Fig. (4). Radical scavenging properties of KP772
(A) After 30 min preincubation with KP772 (0.5 μM and 1 μM) or NAC (2 mM), KB-3-1
cells were treated for 72 h with the indicated concentrations of H2O2. Vitality was
determined using MTT assay. Values given are means ± standard deviation of 3
determinations out of 3 experiments. Statistical significance was determined by unpaired
Student’s t test (*** p<0.001). (B) Impact of KP772 and NAC on DNA damaging activity of
H2O2 was measured by Comet assay as described under Material and Methods. (C)
Influence of 30 μM KP772 or 2 mM NAC on the intracellular ROS production in KB-3-1
cells after 1 h incubation with H2O2 (0.1 mM) was determined using the ROS indicator
DCF-DA. Fluorescence was measured by flow cytometry. One representative experiment
out of three delivering comparable results is shown. Statistical significance in comparison to
H2O2 treatment was determined by unpaired Student’s t test; ** p< 0.01, *** p<0.001.
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Fig. (5). Interaction of KP772 with intracellular iron
To assess the impact of KP772 on TfR expression and cell cycle distribution, HL60 cells
samples were incubated for 24 h with the indicated KP772 concentrations and separated into
2 sample groups. (A) TfR expression of viable cells in the first group was determined as
described under Material and Methods. (B) Changes in cell cycle distribution were
determined in the second sample group by PI-staining and FACS analysis of ethanol fixed
cells. (C) Impact of 1,10-phen on R1 and R2 subunit expression was determined in HL60
cells by Western blotting. (D) KB-3-1 cells were loaded with FeCl3 followed by treatment
with the indicated KP772 concentrations. Values given are means ± standard deviation of 3
experiments performed in triplicates.
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Fig. (6). Formation of Fe-KP772 by coincubation of KP772 with Fe(II)SO4
(A) Photographs of aqueous solutions of (1) 1 mM KP772, (2) 1 mM FeSO4, (3) 1 mM
Ferroin, (4) 0.5 mM Ferroin, (5) 0.25 mM Ferroin, (6) 0.5 mM KP772 mixed with 0.5 mM
Fe(II)SO4 or (7) 0.25 mM KP772 with 0.25 mM Fe(II)SO4 were taken immediately after
preparation at room temperature. (B) UV-Vis spectra (200-600 nm) of the indicated aqueous
solutions were measured immediately after preparation. (C) KB-3-1 cells were exposed to
the indicated KP772 concentrations alone, Fe-KP772, or a 1:1 mixture with FeSO4 (mixed
in H2O). Values given are means ± standard deviation of 3 experiments performed in
triplicates.
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Fig. (7). Mouse R2 tyrosyl radical measurements by EPR
Time course of the relative concentration of the tyrosyl radical signal in mouse R2 protein in
presence of Fe-KP772, 1,10-phen and KP772 without (A) and with (B) the addition of DTT.
The samples contained: 10 μM mouse R2 protein, 20 μM (●) Fe-KP772, (Δ) 1,10-phen,
and (■) KP772. A control sample (◊) contained 10 μM mouse R2 protein and 1 mM DTT.
The samples were incubated for indicated times and quickly frozen in cold isopentane. The
same samples were used for repeated incubations at room temperature. The natural decay of
the tyrosyl radical in the control sample due to freezing/thawing and incubation for each
time point (4%, 10%, 24% and 30% at 30, 60, 90 and 120 min incubation, respectively) was
subtracted. (C) Light absorption spectra of (—) 30 μM KP772 that was incubated with 10
μM mouse R2 protein for 60 min at room temperature (the contribution from mouse R2 has
been removed by subtraction of the 10 μM mouse R2 protein spectrum), (– – –) 30 μM Fe-
KP772, and (...) 30 μM KP772 alone. All samples contained 5 mM DTT.
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Table 1
GI50 Compare Analysis for KP772 (NSC632737)

rank CI NSC Number Compound

1 0.379 NSC32065 hydroxyurea

2 0.372 NSC153353 L-alanosine

3 0.339 NSC752 thioguanine

4 0.338 NSC6396 thio-tepa

5 0.334 NSC135758 piperazinedione

6 0.333 NSC740 methotrexate

7 0.331 NSC339638 fostriecin

8 0.328 NSC132313 dianhydrogalatitol

9 0.32 NSC750 busulfan

10 0.317 NSC145668 cyclocytidine
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