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Received 23 November 2006 (KP772, FFC24) as a new lanthanum compound which has promising anticancer properties
Accepted 5 March 2007 in vivo and in vitro. Aim of this study was to investigate the impact of ABC transporter-

mediated multidrug resistance (MDR) on the anticancer activity of KP772. Here, we
demonstrate that all MDR cell models investigated, overexpressing ABCB1 (P-glycoprotein),
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Multidrug resistance due to drug selection or gene transfection, were significantly hypersensitive against KP772.
P-glycoprotein Using ABCB1-overexpressing KBC-1 cells as MDR model, KP772 hypersensitivity was
Collateral sensitivity demonstrated to be based on stronger apoptosis induction and/or cell cycle arrest at
Phenanthroline unaltered cellular drug accumulation. KP772 did neither stimulate ABCB1 ATPase activity
Lanthanum nor alter rhodamine 123 accumulation arguing against a direct interaction with ABCB1.

Accordingly, several drug resistance modulators did not sensitize but rather protect MDR
cells against KP772-induced cytotoxicity. Moreover, long-term KP772 treatment of KBC-1
cells at subtoxic concentrations led within 20 passages to a complete loss of drug
resistance based on blocked MDR1 gene expression. When exposing parental KB-3-1 cells
to subtoxic, stepwise increasing KP772 concentrations, we observed, in contrast to several
other metallo-drugs, no acquisition of KP772 resistance. Summarizing, our data demon-
strate that KP772 is hyperactive in MDR cells and might have chemosensitizing properties
by blocking ABCB1 expression. Together with the disability of tumor cells to acquire KP772
resistance, our data suggest that KP772 should be especially active against notoriously
drug-resistant tumor types and as second line treatment after standard chemotherapy
failure.
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1. Introduction

Drugresistance continues to be a majorimpediment to effective
cancer chemotherapy [1,2]. Frequently, tumor cells exhibit
resistance not only against a single class of drugs but against
diverse chemotherapeutics, even with unrelated modes of
action. This phenomenon, known as multidrug resistance
(MDR), is often based on the overexpression of ATP-binding
cassette (ABC) transporters. Under physiological conditions,
this family of ATP-driven, membrane-spanning proteinsisinvo-
Ived in the transport of molecules including toxins, peptides,
sugars, lipids, but also chemotherapeutical drugs and diverse
pharmaceutical compounds across biological membranes [2].
Most prominent in mediating MDR with respect to antineo-
plastic agents are members of three ABC transporter subfami-
lies: ABCBincluding the well-known drug-transporter ABCB1 (P-
glycoprotein), ABCC comprising the nine multidrug resistance
proteins, and ABCG harbouring the breast cancer resistance
protein ABCG2 [1,2]. The substrate specificities of these proteins
overlap and thus certain drugs are substrate of more than one
ABC transporter [2]. Several tissues, especially those exposed to
endogenous or environmental toxins, express per se high levels
of some ABC transporters, representinganimportant protection
mechanism of the healthy organisms [2]. Consequently, tumors
derived from such tissues are often intrinsically chemoresis-
tant. Incontrast, acquired resistance develops frequently during
chemotherapy in initially chemosensitive tumors [1]. Thus, itis
essential for the successful clinical development of new
anticancer drugs to clarify possible limitations by drug
resistance mechanisms in order to select an appropriate patient
collective and/or drug combination strategies.

Recently, we have introduced the new lanthanum com-
pound [tris(1,10-phenanthroline)lanthanum(Ill)] trithiocya-
nate (KP772; FFC24; Fig. 1A) demonstrating promising
anticancer activity in vitro as well as in vivo [3]. KP772 exposure
potently arrested cancer cells in Go/G; phase of the cell cycle
and/or induced apoptosis via the mitochondrial pathway.
These cytostatic/cytotoxic activities were widely independent
of the cellular p53 status and not based on drug-mediated
radical formation [3].

Here, we demonstrate that the potent anticancer activity of
KP772is nothampered by overexpression of the mostimportant
drug-transporter proteins ABCB1, ABCC1, and ABCG2. In
contrast, all ABC transporter-overexpressing cell lines exhibited
significant collateral sensitivity to this new drug. Additionally,
selection against KP772 did not generate cells with acquired
resistance. Moreover, long-term subtoxicKP772 treatmentled to
loss of ABCB1 expression in a MDR cell model and consequently
to restored sensitivity against ABCB1 substrate drugs. In
summary, our data suggest that KP772 might be especially
promising for treatment of patients suffering from chemother-
apy-resistant tumors based on ABC transporter-mediated MDR.

2. Material and methods
2.1. Drugs

[Tris(1,10-phenanthroline)lanthanum(III)] trithiocyanate
(KP772; FFC24) and acetatobis[1-(azepanyl)-4(2-pyridyl)-2,

3-diazapenta-1,3-dien-1-thiolato-N’,N3,S]bismuth(III)
(KP1255) were prepared at the Institute of Inorganic Chem-
istry, University of Vienna (Vienna, Austria) [3]. For in vitro
studies, KP772 was dissolved in water (1 mM stock) and diluted
into culture media at the concentrations indicated. Verapamil
(VP) was purchased from Abbott (Vienna, Austria), cyclosporin
A (CSA) from Sandoz (Basel, Switzerland), dipyridamole from
Aldrich (Milwaukee, USA), and TMAH 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 and their chemoresistant
sublines were used in this study: the epidermal carcinoma-
derived cell line KB-3-1 and its ABCB1-overexpressing subline
KBC-1 (generously donated by Dr. Shen, Bethesda, USA) [4]; the
promyelocytic leukaemia cell line HL60 and its ABCC1-over-
expressing subline HL60/adr (by Dr. Center, Kansas State
University, USA) [5], the small cell lung carcinoma cell line
GLC-4 and its ABCC1- and lung resistance protein (LRP)-
overexpressing subline GLC-4/adr (by Dr. deVries, Groningen,
The Netherlands) [6]; the breast adenocarcinoma cell line
MCF-7 with the respective ABCG2-transfected subclone MCF-
7/bcrp by Dr. Ross, University of Maryland, Greenbaum Cancer
Centre, USA) [7]. Additionally, the non-small cell lung cancer
cell line A549 (from American Type Culture Collection,
Manassas, VA) was used. All cell lines were grown in RMPI
1640 supplemented with 10% fetal calf serum, with the
exception of MCF-7 cells, which were grown in MEME with
10% fetal calf serum.

2.3.  Cytotoxicity assays

Cells were plated (2 x 10* cells/ml for KB, A549, 5 x 10* cells/
ml for HL60 and MCF-7; 4 x 10* cells/ml for GLC-4) in 100 pl per
well in 96-well plates and allowed to attach for 24 h. Drugs
were added in another 100 pl growth medium and cells
exposed for 72 h. The proportion of viable cells was deter-
mined by MTT assay following the manufacturer’s recom-
mendations (EZ4U, Biomedica, Vienna, Austria). Cytotoxicity
was expressed as [Cys, ICso, and IC,s values calculated from full
dose-response curves (drug concentrations inducing a 25, 50
and 75% reduction of cell survival in comparison to the control
cultured in parallel without drugs).

2.4.  Western blot analysis

Cell fractionation, protein separation, and Western blotting
were performed as described [8] and densitometric evaluation
done using the GelDoc 1000 system (Biorad, Hercules, CA). The
following antibodies were used: anti-ABCB1 monoclonal
mouse C219 (Signet, Dedham, USA), dilution 1:100; Apoptosis
Sampler kit: anti-PARP, anti-caspase 3, anti-caspase 7, anti-
cleaved caspase 7 (Cell Signalling Technology, Beverly, MA), all
polyclonal rabbit, dilution 1:1000; anti-cyclin A (sc-751), anti-
cyclin E (sc-481), anti-cyclin D, (sc-246), anti-cdk2 (sc-163): all
are polyclonal rabbit (Santa Cruz Biotechnology), dilution
1:200; anti-cyclin B; monoclonal mouse sc-245 (Santa Cruz
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Fig. 1 - (A) [Tris(1,10-phenanthroline)lanthanum(lIl)] trithiocyanate (KP772; FFC24). KP772-induced cytotoxicity against (B)
KB-3-1 or (C) GLC-4 and their chemoresistant sublines KBC-1 (P-gp-overexpressing) or GLC-4/adr (MRP1-overexpressing)

was measured using MTT assay after 72 h drug exposure. (D) Clonogenic survival of KB-3-1 and KBC-1 cells was determined
after exposure to the indicated concentrations of KP772 for 6 days. Cell colonies were visualised by crystal violet staining.

Biotechnology), dilution 1:1000; anti-cdk4 monoclonal mouse
DSC156 (Cell Signaling Technology), dilution 1:200; anti-cdk1
monoclonal mouse AB-3 (Neomarkers, CA, USA), dilution
1:200; anti-B-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.

2.5.  Cell cycle analysis

KB-3-1 and KBC-1 cells (10° per well) seeded into 6-well plates
and cultured for 24 h were treated for another 24 h with 0.5, 1,
2.5 and 5 uM KP772. 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 pg/ml) for 30 min at 37 °C, treated
with 5 ug/ml propidium iodide for 30 min and then analysed
by flow cytometry using FACS Calibur (Becton Dickinson, Palo
Alto, CA). The resulting DNA histograms were quantified using
the ModeFit software (Becton Dickinson and Company, New
York, USA).

2.6. Mitochondrial membrane potential detection

Breakdown of mitochondrial membrane potential was deter-
mined by FACS analysis using JC-1 (5,5,6,6-tetrachloro-1,1,3,3-
tetraethylbenzimidazol-carbocyanine iodide) [3]. For this
purpose the Mitochondrial Membrane Potential Detection
Kit (Stratagene, La Jolla, CA, USA) was used following the
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manufacturer’s instructions. In short, 10° adherent KB-3-1 and
KBC-1 cells were treated for 24 h with 1, 2.5 and 5 pM KP772.
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.

2.7.  Measuring ABCB1 ATPase activity

Preparation of plasma membrane vesicles from CCRF-
ADRS5000 cells (gift of Dr. V. Gekeler) and measurement of
ABCB1 ATPase activity were performed exactly as described
previously [9].

2.8.  Drug accumulation assay

KB-3-1 cells (1 x 10° cells per well) were exposed to KP772 for
60 min at 37 °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.

2.9.  >H-thymidine incorporation assay

KB-3-1 and KBC-1 cells (2 x 10* cells/m]) were seeded into 96-
well plates and after 24 h recovery treated with KP772 for
another 24 h. Medium was replaced by a 2 nM *H-thymidine
solution (diluted in complete culture medium; radioactivity:
25 Ci/mM). After 2 hincubation at 37 °C, cells were washed two
times with PBS. Cell lysates were prepared and the radio-
activity determined as described [10].

2.10.  Clonogenic assay
KB-3-1 and KBC-1 cells (10° cells per well) were seeded into 6-

well plates. Following 24 h recovery, cells were treated with 1
or 2.5 phM KP772. At day 6 of exposure, cells were washed twice

with PBS, stained with crystal violet and analysed for colony
formation.

2.11. RT-PCR

ABCB1 gene expression was determined by RT-PCR as
described previously [11].

2.12.  Rhodamine 123 (Rh123) accumulation studies

Rh123 accumulation assays were performed as described
previously [11]. Briefly, 5 x 10° KB-3-1 or KBC-1 cells were
incubated for 1 h at 37 °C with Rh123 (0.25 mg/ml) both in the
presence and in the absence of VP or KP772 (5, 10 and 20 pM
both) added 30 min before Rh123. After 60 min exposure,
fluorescence of Rh123 was collected through a 530/30 nm
bandpass filter on the FACS Calibur (Becton Dickinson, Palo
Alto, CA).

3. Results

3.1 Activity of KP772 against drug-sensitive and -
resistant cell sublines

Cytotoxic activity of KP772 was tested using a panel of
chemosensitive tumor cell lines and their chemoresistant
sublines expressing defined resistance mechanisms (Fig. 1B
and C; Table 1). In general, the sensitivity of all tumor cell lines
against KP772 was in the very low pM range. Unexpectedly, all
ABC transporter-overexpressing MDR sublines demonstrated
significant hypersensitivity against KP772 with ICs, values of
about 1.5-fold and IC;s values up to 5.3-fold lower as compared
to those of the parental cells (Table 1). To evaluate the effect of
prolonged KP772 treatment, the capacity of single tumor cells
to form colonies was analysed by clonogenic assays. Treat-
ment with KP772 distinctly reduced colony formation in a
dose-dependent manner (Fig. 1D). Corroborating the data from
MTT assays, the ABCB1l-overexpressing subline KBC-1 was
again demonstrated to be KP772-hypersensitive with a

Table 1 - Cytotoxic activity of KP772 against various cell models at 72 h treatment

Cell line Overexpressed protein Fold resistance?® IC75 (LM) ICso (LM) ICss (LM)
Mean® +S.D. Mean® +S.D. Mean® +S.D.
GLC-4 Parental = 0.92 0.03 131 0.03 2.16 0.04
GLC-4/adr ABCC1, LRP 0.61"" 0.64 0.03 0.80 0.02 0.96 0.02
HL60 Parental = 1.33 0.58 1.77 0.04 2.20 0.03
HL60/adr ABCC1 0.44" 0.46 0.09 0.78 0.04 2.26 0.31
KB-3-1 Parental - 1.68 0.06 2.49 0.24 493 0.06
KBC-1 ABCB1 0.50" 0.82 0.03 1.43 0.17 3.51 0.44
MCF-7 Parental - 1.6 0.24 4.29 0.43 >10.0 -
MCE-7/bcrp ABCG2 0.54" 0.31 0.03 233 0.21 >10.0 =
A459 ABCC1, ABCC2, ABCG2, LRP = 0.9 0.1 15 0.10 2.6 0.2

2 Differences in KP772 sensitivity calculated by dividing ICs, values of the MDR subline by those of the parental cell lines.
Y 1C;s, ICso, and IGys were calculated from whole dose-response curves. Values given are means + S.D. of 1 representative experiment out of

three, performed in triplicates.
" Significantly different from parental cell line (p < 0.05).
™ Significantly different from parental cell line (p < 0.001).
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profound inhibition of colony formation already at 1 puM, a
concentration inactive in the parental KB-3-1 cells.

3.2.  Influence of ABCB1 expression on KP772-induced cell
cycle arrest

Recently, we have shown that KP772 reduces DNA synthesis
and induces a profound accumulation of cells in Go/G; phase
of the cell cycle accompanied by a potent downregulation of
cyclin B4 [3]. In order to determine whether the increase of
KP772 sensitivity of MDR cell models is based on increased
cell cycle arrest, we analysed cell cycle distribution of KP772-
treated KB-3-1 in comparison to KBC-1 cells. After 18 h
treatment with 5 pM KP772 (Fig. 2A), the percentage of both
G,/M and S phase cells were significantly (two-way ANOVA,
p < 0.05) stronger reduced and, accordingly, those of Go/Gq
cells increased in KBC-1 as compared to KB-3-1 cells. This
effect was especially noticeable in the G/M phase cell
population (Fig. 2B). Corresponding to cell cycle changes,
KP772 treatment had a distinctly stronger inhibiting effect
(two-way ANOVA, p < 0.0001) on DNA synthesis of KBC-1 as
compared to KB-3-1 cells (Fig. 2C). Additionally, a profound
reduction of cyclin B; expression in KBC-1 cells was
detectable already after 24 h treatment with 0.5 uM KP772
(Fig. 2D), while in KB-3-1 cells similar levels of reduction were
not observed up to 2.5 phM KP772. Also the reduction of cyclin
D; was more pronounced in the ABCB1l-overexpressing
subline while CDK4 expression was lost at comparable
levels. All other investigated cell cycle proteins (cyclin A
and E, CDK1 and 2) remained widely unchanged during KP772
treatment.

3.3.  Influence of ABCB1 expression on KP772-induced
apoptosis

As described previously [3], KP772 treatment led to typical
signs of apoptosis, i.e. condensed chromatin and fragmenta-
tion of nuclei into apoptotic bodies. To characterise whether
the collateral sensitivity of ABC transporter-overexpressing
cells is also reflected by enhanced apoptosis, the impact of
KP772 on nuclear morphology was assessed in KB-3-1 and
KBC-1 cells by DAPI staining. After 48 h treatment with 5 pM
KP772, 8.2 and 19.0% of KB-3-1 and KBC-1 cells, respectively,
exhibited apoptotic features, while 10 puM induced almost
comparable apoptosis rates in both cell lines (12.0% versus
14.4%) (Fig. 3A). Additionally, the fluorescent cationic dye JC-1
was used to detect the mitochondrial permeability transition,
an early step in the induction of apoptosis by the intrinsic
pathway [12]. In healthy, non-apoptotic cells the dye accu-
mulates and aggregates within the mitochondria, resulting in
bright red staining. In apoptotic cells, JC-1 cannot accumulate
within the mitochondria due to the collapse of the membrane
potential and remains in the cytoplasm in its green-fluor-
escent monomeric form. JC-1is a substrate for ABCB1 [13] and
consequently accumulation of the cytoplasmic, green-fluor-
escent form is strongly reduced in KBC-1 as compared to KB-3-
1 cells (Fig. 3B upper panel, left). However, the red-fluorescent,
mitochondrial JC-1 signal does not strongly differ between the
cell lines and thus can be used for mitochondrial membrane
potential detection (Fig. 3B upper panel, right). Fig. 3B (lower

panel) shows the increase of cells with depolarised mitochon-
dria measured via FACS analyses of JC-1-stained KB-3-1 or
KBC-1 cells after 24h KP772 treatment. KP772 led to a
significantly (two-way ANOVA, p < 0.05) enhanced fraction
of pre-apoptotic cells in KBC-1 as compared to equally treated
KB-3-1 cells. The maximum difference between parental cells
and the ABCB1-overexpressing subline was found at 2.5 uM. In
order to further characterise KP772-induced cell death in these
cell lines, the caspase-mediated cleavage of PARP (poly(ADP-
ribosyl) polymerase), caspase 7, and caspase 3 was analysed by
Western blotting (Fig. 3C). After 24 h KP772 treatment, a dose-
dependent increase of cleaved PARP and caspase 7 as well as
loss of full-length caspase 3 was detectable in KB-3-1butnotin
KBC-1 cells. As positive control for apoptosis induction,
KP1255, a bismuth compound, was used. Diminished PARP
cleavage was also detected in ABCC1- and LRP-overexpressing
GLC-4/adr cells (Fig. 3D), while in the drug-resistant HL60/adr
subline PARP cleavage under KP772 treatment was signifi-
cantly delayed (Fig. 3E, right panel). In parallel, apoptosis
induction in the HL60 model was analysed by determination of
the subGy/G; population in cell cycle analyses. Comparable to
the KB cell model, a significantly enhanced number of
apoptotic cells were induced by KP772 in the drug-resistant
HL60/adr as compared to the parental cell line (Fig. 3E, left
panel).

3.4.  Influence of ABCB1 and ABCC1 modulation on KP772
cytotoxicity

Several substances, e.g. VP and CSA are known to inhibit
ABCB1- and/or ABCC1-mediated drug efflux [14]. These MDR
modulators are highly effective at restoring sensitivity against
the known ABCB1 and ABCC1 substrate daunomycin in
ABCB1-overexpressing KBC-1 cells (Fig. 4A and B). However,
neither VP, CSA, R(+)VP (dex-verapamil), nor dipyridamole
enhanced the sensitivity of KBC-1 cells against KP772. In
contrast, these ABCB1 modulators were found to reduce KP772
sensitivity not only in ABC transporter-overexpressing but
also in parental cell lines (two-way ANOVA, p < 0.0001 for
both). The ABCC1 modulator probenecid (PRO) did not induce
this effect, neither in KB (data not shown) nor in GLC-4/adr
(Fig. 4C). With regard to VP and CSA, comparable results were
also observed in all other MDR cell models included in Table 1
(data not shown).

3.5. Impact of drug-transporter overexpression on
intracellular accumulation of KP772

To examine whether the hypersensitivity of ABCB1-over-
expressing cells is based on increased drug uptake, lanthanum
levels in KP772-treated KB-3-1 and KBC-1 cells were deter-
mined. As shown in Fig. 4D, the amount of lanthanum was
equal in both tested cell lines. Additionally, coadministration
of VP had no detectable effects on KP772 accumulation (data
not shown).

3.6.  Impact of KP772 on ABCB1 ATPase activity

In order to analyse whether KP772 directly interacts with
ABCB1, the impact on the ABCB1 ATPase activity was
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Fig. 2 - Impact of KP772 on cell cycle progression and DNA synthesis of KB-3-1 and ABCB1-overexpressing KBC-1 cells. (A)
Changes in the cell cycle distribution of the indicated cell lines treated with 5 uM KP772 for 24 h were analysed by PI
staining and FACS. Percentages of cells in Go¢/G;, S and G>/M phases of the cell cycle as well as apoptotic cells (Apo) are
indicated. (B) Changes in the proportion of cells in G,/M phase of the cell cycle at increasing doses of KP772 are shown. The
amount of G,/M cells in the untreated control group was set as 1. One of three experiments delivering comparable results is
shown. (C) DNA synthesis was determined by *H-thymidine incorporation after 24 h treatment with KP772 at the indicated
concentrations. Values given are means + S.D. from at least two independent experiments performed in triplicates. (D) The
impact of the indicated drug concentrations on the expression pattern of cyclin A, B, D4, E and CDK1, 2, 4 aftera 24h
treatment was analysed by Western blot (right) followed by densiometric evaluation (left). B-Actin was used as loading
control. Antibodies are described under Section 2.
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Fig. 3 - Induction of apoptosis in KB-3-1 and ABCB1-overexpressing KBC-1 cells after treatment with KP772 for 24 h. (A)
Percentages of apoptotic nuclei in untreated controls and cells treated with 5 and 10 pM KP772 were determined
microscopically after DAPI staining. Three hundred to 500 nuclei of at least two cytospin slides for each concentration and
cell line were counted. (B) Accumulation of green-fluorescent cytoplasmic (FL-1, left) and red-fluorescent mitochondrial (FL-
2, right) JC-1 in the indicated cell lines is shown in the upper panel. The lower panel indicates loss of mitochondrial
membrane potential after treatment with KP772. The proportions of apoptotic KB-3-1 and KBC-1 cells after treatment with
the indicated drug concentrations are shown normalised to the untreated control. (C) Caspase-induced cleavage of PARP,
caspase 7 and caspase 3 in KB-3-1 and KBG-1 cells after treatment with KP772 at the indicated concentrations was
determined via Western blotting. The bismuth compound KP1255 was used as positive control. Antibodies used are
described under Section 2. (D) Caspase-induced cleavage of PARP in GLC-4 and ABCC1- and LRP-overexpressing GLC-4/adr
cells after treatment with KP772 at the indicated concentrations was determined via Western blotting. (E) After treatment
with KP772 for the indicated time periods, HL60 and ABCC1-overexpressing HL60/adr cells were analysed for apoptosis
induction by both Western blotting and FACS. Immunoblots (right panel) show the time-dependent cleavage of PARP by
treatment with 2.5 and 5 pM KP772. For FACS analysis cells treated with 2.5 pM KP772 were fixed and stained with ethanol
and PI, respectively. Percentages of the apoptotic subGy/G,; compartment were calculated by Cell Quest Software.



1880

BIOCHEMICAL PHARMACOLOGY 73 (2007) 1873-1886

(A)
1.0 —e— KB-3-1 1.0 ——KBC-1
£ e+ VP < AX ~a- +VP
% ¥+ CSA % Y - +CSA
= = N
o fe)] N\,
T 0.5 o 0.5
2 2
= DRttt LY
0.0 T T T T 0.0 t } t }
0.0 2.5 5.0 7.5 10.0 0.0 2.5 5.0 7.5 10.0
KP772 (uM) KP772 (M)
1.0
< | —e—KB-3-1 1.0 T3
£ 3
E A VP T |\ix —o- KBC-1
5 —¥-+ CSA = AN -+ VP
2 0.5 T 05+] -v- + CSA
.- 8 oo
: N
00 } = I---»._::':: ---- |~ ----- & 0.0 } } } _____ ¥
0.0 2.5 5.0 7.5 10.0 0.0 2.5 5.0 7.5 10.0
(B) Daunomycin (ng/ml) Daunomycin (ng/ml)
1.0 % 1.0
s 1 —e—KB-3-1 £ —6—KBC-1
27 -¥-+ R(+)VP H -A-+ R(+)VP
= . . = YR, H ;
_gm 054 --&- + Dipyridamole ;’ 05 ¥-+ Dipyridamole
S | . TR $
0.0 T T T T 0.0+ T T T T
0.0 25 5.0 7.5 10.0 0.0 25 5.0 7.5 10.0
KP772 (uM) KP772 (uM)
1.0
- —e—KB-3-1 10 £
s -e—+ R(+)VP '-§ [ S
o --e- + Dipyri v T
55 -+ Dipyridamole % | —e—KBCA B
2" 5 0.5 ‘Q -¥=R()VP T A
ho e \ --&- Dipyridamole
L S SN
e
0.0 0.0 . . —
] 0 25 50 75 100
Daunomycin (ug/ml) Daunomycin (ug/ml)
(©) (D)
» 500 -
% . KB-3-1
- —6— GLC-4/adr 400 C[CIKBC-1
s --0--+ Dipyridamole =
o = 3001
g -e-+ PRO g 300
2 2 200+
s s
S 1004
s = - M
. . 9 2 o lmm : :
5.0 7.5 10.0 ° O N N P P
KP772 (uM)

KP772 (uM)

Fig. 4 - Impact of MDR modulators on KP772 anticancer activity. KB-3-1 cells and the ABCB1-overexpressing subline KBC-1
were incubated for 72 h with increasing concentrations of KP772 in combination with the ABCB1/ABCC modulators (A) VP

(10 pM) and CSA (1 pM) and (B) R(+)VP (10 pM) and dipyridamole (10 M) as indicated. Values given are means * S.D. of one

representative experiment performed in triplicate. At least three experiments were done delivering comparable results. (C)

Impact of dipyridamole (10 pM) and PRO (1 mM) on KP772-treated GLC-4/adr cells. (D) Lanthanum levels of KB-3-1 (full bars)

and KBC-1 cells (open bars) were measured by ICP-MS after 1 h incubation with the indicated KP772 concentrations.

Means * S.D. of at least three experiments are given.
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measured as described previously [9]. ABCB1 ATPase activity is
stimulated by several substrate drugs in a concentration-
dependent manner with biphasic characteristic of the curve
and thus a definite maximal value for each compound. The
activation constant is calculated by fitting a hyperbolic
concentration response curve to the ascending part of the
curve using the method of non-linear least squares. While
KP772 lacked any influence at those concentrations required
for growth inhibition and apoptosis induction, very high
concentrations (up to 100-fold above the respective ICsg
values) led to a detectable stimulation of ABCB1 ATPase
activity (Fig. 5A). A maximal effect was observed at a
concentration of approximately 200 uM KP772 and the half
maximal stimulation was only reached at a concentration
exceeding 100 pM. In contrast, the ABCB1 substrate/inhibitor
VP showed an activation constant of below 5 uM.

3.7.  Impact of KP772 on ABCB1 transport function

To gain more insight in the interaction between KP772 and
ABCB1, the effect of KP772 on cellular Rh123 accumulation was
studied [11]. Drug-sensitive and -resistant KB cells were
exposed to Rh123 in the absence or presence of increasing
concentrations of KP772 and the MDR modulator VP as
positive control. Up to the highest concentration tested,
KP772 had no effect on Rh123 levels in both cell lines. As
expected VP restored decreased Rh123 levels of KBC-1 cells
while it did not enhance Rh123 retention in parental KB-3-1
cells (Fig. 5B).

3.8. Impact of KP772 on ABCB1 expression

To test whether long-term KP772 treatment has an impact on
ABCB1 expression of MDR cells, KBC-1 cells were cultured
under continuous exposure to a subtoxic concentration
(0.7 uM) of the lanthanum drug. After 10 passages under
KP772 exposure, Western blots revealed a significant reduc-
tion of ABCB1 expression to 55% of the control (Fig. 5C). After
20 passages, KP772-treated KBC-1 cells were devoid of ABCB1
expression (Fig. 5C) accompanied by complete lack of MDR1
mRNA as detected by RT-PCR (Fig. 5D). Accordingly, the
reduction in ABCB1 expression attenuated resistance against
the known ABCB1 substrate drug vincristine and doxorubicin
and reduced collateral sensitivity against KP772 (Fig. S5E). In all
experiments, KBC-1 cells grown for indicated passages with-
out colchicine (KBC-1/0.c.) were used to indicate whether the
observed loss of ABCB1 expression was based on the missing
selection pressure. Up to 20 passages analysed, strong ABCB1
expression was detectable in KBC-1/o.c. cells (~60% of original
KBC-1 cells, Fig. 5C, lane 5) in contrast to complete loss under
KP772 treatment (Fig. 5C, lane 6).

3.9.  Selection of KP772-resistant cell lines

In order to establish cell models for acquired KP772 resistance,
KB-3-1 and HL60 cells were selected against increasing drug
concentrations. The selection process started at 0.5 .M KP772,
a concentration distinctly below the cytotoxic range. In case of
unaltered cell proliferation for more than six passages, drug
concentration was increased by 0.2 uM. For KB-3-1 cells, the

maximum concentration allowing cell proliferation was
1.5pM KP772, and any attempt to escalate beyond this
concentration led to cell cycle arrest and cell death. Addi-
tionally, distinct morphological changes with cell flattening
and enhanced stress fibre formation was observable at 1.5 and
1.7 uM KP772 (Fig. 6). Even prolongation of the selection
process by recovery periods up to 2 weeks without drug
exposure did not lead to the development of KP772-resistant
subclones. HL60 cells were even more sensitive as compared
to KB-3-1. In repeated selection experiments, 1 pM was the
highest concentration of KP772 compatible with cell prolifera-
tion.

4, Discussion

Up to now, the escape of cancer cells from chemotherapy
through activation of MDR mechanisms is a major reason for
systemic cancer treatment failure. Recently, we have demon-
strated that the new lanthanum drug KP772 has promising
anticancer activity in vitro and in vivo [3]. In this study, we
demonstrate that ABC transporter-overexpressing MDR cells
are preferential targets for the anticancer activity of the
lanthanum drug KP772. Moreover, in contrast to several other
metallo-drugs [15-17] and despite intense efforts, selection of
a cell line resistant to this compound failed. In contrast,
continuous exposure of ABCB1-overexpressing, highly drug-
resistant KBC-1 cells to subtoxic KP772 concentrations led to a
progressive loss of ABC transporter expression both at the
mRNA and protein levels and accordingly to re-sensitization of
the cells against diverse ABCB1 substrate drugs. In summary,
our data suggest that neither intrinsic expression of ABC
transporters nor acquired resistance should represent major
impediments for treatment of cancer patients with KP772. In
contrast, KP772 is expected to be especially active as single
agent against multidrug-resistant tumors. Moreover, in
combination therapies KP772 might select against acquired
drug resistance and/or have chemosensitizing activities at
least against ABCB1 substrate drugs.

So far, hypersensitivity of MDR cells, a phenomenon
termed ‘““collateral sensitivity” [18], has been described for a
limited number of drugs including antimetabolic agents such
as 5-fluorouracil (5-FU) [19], gemcitabine [20], and 2-deoxy-p-
glucose [21], the phosphatidylinositol-3-kinase inhibitor
LY294002 [22], as well as ABCB1 substrates/modulators like
the calcium channel antagonist VP [23]. Recently, Szakacs
et al. correlated the ABC transporter expression profiles of the
60 cancer cell lines used by the National Cancer Institute with
the growth inhibitory profiles of 1429 anticancer drugs. This
approach led to the discovery of a small number of new
compounds displaying enhanced sensitivity against ABCB1-
overexpressing cells with the thiosemicarbazone NSC73306 as
the most promising candidate drug [24].

Previous studies suggested that hypersensitivity of MDR
cells might be caused by direct or indirect interactions of the
respective drugs with the ABC transporter mechanism or with
other alterations obtained during drug selection. In case of
NSC73306, a strict dependence of hypersensitivity on ABCB1
expression was suggested based on the fact that not only drug-
selected but also ABCB1-transfected cells exhibited collateral
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Fig. 5 - Impacts of KP772 on ABCB1 expression and function. (A) The impact on ABCB1 ATPase activity was determined by
analysing the rate of ATP hydrolysis in ABCB1-containing plasma membrane vesicles [9] at increasing concentrations of
KP772 (straight line) or VP (dashed line). The concentration-response curves were fitted to the data points by non-linear
regression analysis. (B) Rh123 accumulation in KB-3-1 and KBC-1 cells with and without coadministration of KP772 and VP
at the indicated concentrations was measured after 1 h drug exposure by FACS analysis. Data were normalised to Rh123
accumulation of untreated KB-3-1 cells. One of three experiments delivering comparable results is shown. (C) ABCB1
expression levels of KB-3-1 (lane 1), KBC-1 (lane 2), and KBC-1 cells cultured without colchicine selection for 10 passages
(KBGC-1/0.c./10; lane 3), and 20 passages (KBC-1/0.c./20; lane 5) or under exposure to 0.7 nM KP772 for the identical time
periods (KBC-1/KP772/10; lane 4 and KBC-1/KP772/20; lane 6, respectively) were measured in membrane-enriched fractions
by Western blot and quantified by Molecular Analyst software (Biorad). (D) ABCB1 mRNA expression in KBC-1 and KBC-1/
772/20 cells was analysed by RT-PCR. Amplification products obtained using GAPDH-specific (358 bp product; 25 cycles,
lane 1) and ABCB1-specific (167 bp product; 25, 30, 35 PCR cycles, lanes 2-4) oligonucleotide primers, respectively, were
separated by acrylamide gel electrophoresis and stained by ethidium bromide. (E) Concentration-response curves were
established for the indicated drugs in KB-3-1, KBC-1, KBC-1/0.c./15 and KBC-1/KP772/15 cells. Following 72 h drug exposure,
cell viability was determined by MTT assays.
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Fig. 6 - Morphologic changes in KB-3-1 cells after 8-month selection against KP772. Drug concentrations were stepwise,
slowly increased (compare Section 2) until the indicated levels were reached. Photomicrographs shown were taken by
using a 10X objective and phase contrast settings using Nikon Eclipse TE300 (Nikon Instruments, Japan). Bar: 50 pm.

sensitivity [24]. Accordingly, suppression of ABCB1 expression
by siRNA reversed this hypersensitivity [25]. Corroboratingly,
in our study ABCG2-transfected cell clones, in addition to
multiple drug-selected cell models with both ABCB1 and
ABCC1 overexpression, displayed enhanced sensitivity
against KP772. This is interesting as the vast majority of
previous reports [19,21,25-27] on collateral sensitivity con-
cerned ABCB1-overexpressing cell models, only. Additionally,
in the screening approach [24] positive correlations between
ABC transporter expression and drug activity were predomi-
nantly detected with regard to the overexpression of ABCB1.
Also hypersensitivity to NSC73306 was ABCB1-specific [25].
Thus our data on collateral sensitivity against KP772 also of
ABCC1- and ABCG2-expressing cells suggest for the first time
that a general ABC transporter-mediated mechanism can
underlie hypersensitivity of MDR cells against a cytotoxic
drug.

Several agents with hyperactivity against MDR cells, as for
example VP [28], are ABCB1 transport substrates and/or
modulators. As these substances activate the ABCB1 ATPase
function, they were suggested to cause apoptosis due to
enhanced oxidative stress as a consequence of reactively
stimulated ATP production [29]. Several observations make a
comparable mechanism in case of KP772 unlikely: (1) In MDR
cells, KP772 neither enhanced accumulation of the ABCB1
substrate Rh123 nor sensitivity to vincristine and adriamycin

(data not shown). (2) Accordingly, KP772 did not stimulate
ATPase activity of ABCB1 at concentrations already exhibiting
profound cytotoxicity. (3) ATP pools of both KB-3-1 and KBC-1
cells remained unchanged during KP772 treatment for several
days (data not shown). (4) ROS scavenging agents do not
protect cells against the cytostatic/toxic activity of KP772 [3].
Thus it is unlikely that hypersensitivity of MDR cells against
KP772 is based on a direct interaction with the transporter
molecule and suggests that other alterations cause by the ABC
transporter function might make MDR cells more vulnerable
to KP772. Interestingly, the so far reported hyperactive
substance panel includes several antimetabolites [24,19-21].
Although, the precise cellular targets of KP772 remain to be
elucidated [3], recent experiments revealed that at least part of
the anticancer activity of KP772 is based on the inhibition of
ribonucleotide reductase (manuscript in preparation). Addi-
tionally, the only substances showing (weakly) correlating
activity with KP772 in the NCI profile are anti-metabolic drugs
[3]. This suggests that the ATP-transport activity might cause
differences in the cellular metabolic state which sensitize
MDR cells to certain antimetabolites including KP772.

In previous studies it has been reported that ABCB1-
overexpressing cells in certain situations might be generally
resistant against apoptosis induction [30-32]. These effects
were independent of ATP hydrolysis [31] but reversible by VP
or anti-ABCB1 antibodies [32] suggesting a transport-unrelated
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impact of ABCB1 on apoptosis execution. In our study PARP
and caspase 7-cleavage did not correlate with the enhanced
apoptosis rate induced by KP772 in three different MDR cell
models (KBC-1, GLC-4/adr, HL60/adr) but rather was reduced
in comparison to the parental cells. In contrast, for several
other hyperactive substances stronger PARP cleavage in
ABCB1-positive cells was reported [19,22,27,33]. This suggests
that altered apoptosis execution might play a role in KP772
hypersensitivity of MDR cells.

Additionally, we found significant differences with regard
to cell cycle arrest of KB-3-1 and KBC-1 cells. Whether ABCB1
expression has also a modifying impact on the cell cycle
regulation and whether this is the reason why MDR cells also
display enhanced cell cycle arrest in response to KP772
treatment remains speculative. The enhanced loss of Gy/M
cells in case of KBC-1 is well reflected by a stronger down-
regulation of the M phase cyclin B,. However, additionally also
the G; phase cyclin D; was preferentially decreased in the MDR
cell model while the downregulation of CDK4 was almost
similar in both cell lines. The loss of cyclin D; would indicate
that KP772 treatment might not only arrest cells in G;-phase of
the cell cycle but also induce a Go-like state. This, however, is
unlikely due to the unchanged expression of cyclin A in KP772-
treated cells. The concomitant downregulation of cyclin D,
and CDK4 has already been reported for several other
substance inducing Go/G; arrest and apoptosis including
sphingosine [34] as well as staurosporine [35]. This suggests
that KP772 might interfere with the CDK4/cyclin D signalling
complex thus inducing the profound accumulation of cells in
Go/G1 [3]. It has, however, to be taken into account that KB cells
as Hela derivatives have no functional Rb due to degradation
by the HPV-16 E7 protein [36] and thus might be characterised
by unusual cell cycle regulation mechanisms. Currently,
experiments are underway to clarify the exact pathway of
KP772-induced cell cycle arrest and to elucidate whether
ABCC1- and ABCG2-overexpressing cells show similar pat-
terns of cyclin/CDK deregulation.

With respect to KP772, long-term treatment of highly
ABCB1-overexpressing cells with subtoxic concentrations led
to a progressive loss of the ABC transporter mRNA and protein
expression to undetectable levels. Correspondingly, it
reversed the high resistance of these cells against ABCB1
substrate drugs. This is surprising and suggests a strong
selection pressure of even low KP772 concentrations against
MDR cells. Comparable observations as for KP772 have been
made after long-term exposure to subtoxic concentrations of
the thiosemicarbazone NSC73306 [25]. In both cases it is
unclear whether loss of ABCB1 expression is a consequence of
selection of ABCBIl-negative subclones or adaptation of
ABCB1-overexpressing cells. In our study, exposure to KP772
was done at low, subtoxic concentrations avoiding substantial
cell death. Nevertheless, selection cannot be excluded as
besides apoptosis also the KP772-induced cell cycle arrest [3]
was significantly stronger in ABCB1l-overexpressing cells.
Currently, studies are performed in our lab to clarify the
molecular mechanisms underlying MDR1 gene suppression by
KP772. From the therapeutic view, application of low KP772
doses might represent a new strategy for MDR reversal at least
in ABCB1-overexpressing tumors as also previously suggested
for NSC73306 [25].

Surprisingly and in contrast to several other metallo-drugs
investigated in parallel ([17] and data not shown), generation
of KP772-resistant cell models by selection against stepwise
increasing drug concentrations failed repeatedly. This sug-
gests that tumor cells generally lack an effective amatory to
escape the cytotoxic insult induced by this drug. Lack of
acquired resistance development to KP772 seems not to be a
general consequence of collateral sensitivity as there exist
several reports on cell models resistant against other
hyperactive drugs like 5-FU, gemcitabine, and VP [26,37,38].
In these cases the acquired resistance was not caused by ABC
transporters but based on other drug-specific molecular
alterations.

In summary, we have demonstrated that both acquired
and intrinsic drug resistance should not represent major
impediments to a successful clinical development of the new
anticancer lanthanum compound KP772. In contrast, simul-
taneous or alternate application of KP772 with ABCB1
substrate drugs might prevent induction of MDR and/or even
chemosensitize intrinsically ABCB1-positive tumors. Corro-
boratingly, KP772 was highly effective against the DLD-1
colon cancer xenograft in vivo, a tumor model distinctly
resistant to several chemotherapeutic agents due of onco-
gene mutations [39] and the intrinsic overexpression of
ABCB1 [40]. All these features suggest the further (pre)clinical
development of the lanthanum drug KP772 as anticancer
agent.
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