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Abstract KP1339 is a promising ruthenium-based anticancer compound in early clinical
development. This study aimed to test the effects of KP1339 on the in vitro and in vivo activity
of the multi-kinase inhibitor sorafenib, the current standard first-line therapy for advanced
hepatoma. Anticancer activity of the parental compounds as compared to the drug combina-
tion was tested against a panel of cancer cell lines with a focus on hepatoma. Combination of
KP1339 with sorafenib induced in the majority of all cases distinctly synergistic effects, com-
prising both sorafenib-resistant as well as sorafenib-responsive cell models. Several mecha-
nisms were found to underlie these multifaceted synergistic activities. Firstly, co-exposure
induced significantly enhanced accumulation levels of both drugs resulting in enhanced apop-
tosis induction. Secondly, sorafenib blocked KP1339-mediated activation of P38 signalling
representing a protective response against the ruthenium drug. In addition, sorafenib treat-
ment also abrogated KP1339-induced G2/M arrest but resulted in check point-independent
DNA-synthesis block and a complete loss of the mitotic cell populations. The activity of
the KP1339/sorafenib combination was evaluated in the Hep3B hepatoma xenograft.
KP1339 monotherapy led to a 2.4-fold increase in life span and, thus, was superior to sorafe-
nib, which induced a 1.9-fold prolonged survival. The combined therapy further enhanced the
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mean survival by 3.9-fold. Synergistic activity was also observed in the VM-1 melanoma xeno-
graft harbouring an activating braf mutation. Together, our data indicate that the combina-
tion of KP1339 with sorafenib displays promising activity in vitro and in vivo especially against
human hepatoma models.

� 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY license.
1. Introduction

Therapy with cytotoxic compounds or small molecule
inhibitors is a major strategy to treat human cancer at the
disseminated stage. Based on improved technological
possibilities during the last decades, the identification
of tumour-specific alterations resulted in novel targeted
treatment strategies with improved effectiveness. How-
ever, even for new targeted therapeutics, the occurrence
of drug resistance and unwanted side-effects remains a
major obstacle for successful long-term treatment.1,2

Thus, in addition to the development of new drugs, espe-
cially the enhancement of activity by combination of
drugs is in the focus of clinical research.1 However,
besides cis- and oxaliplatin, metal drugs have been only
rarely included in such investigations. Recently, the
investigative anticancer ruthenium compound indazoli-
um trans-[tetrachlorobis(1H-indazole)ruthenate(III)]
(KP1019) demonstrated promising anticancer activity
in a clinical phase I study with frequent disease stabilisa-
tion.3,4 Notably, only mild treatment-related toxicities
were observed, encouraging further clinical development
of KP1019.4 For better clinical application, the water-
soluble sodium salt of KP1019, termed KP1339, has been
recently developed and has recently successfully finished
a clinical phase I trial where profound activity especially
against neuroendocrine tumours (NET) were observed.5

Sorafenib (BAY 43-9006, Nexavar) is a multi-
targeted tyrosine kinase inhibitor that exerts potent
anti-angiogenic and antitumour activities. Sorafenib is
approved for the treatment of advanced renal cell carci-
noma as well as unresectable hepatocellular carcinoma
and is currently developed for other solid tumours.2,6

Initially, this small molecule inhibitor was identified as
an inhibitor of Raf serine/threonine kinases. Addition-
ally, it inhibits several oncogenic and/or pro-angiogenic
receptor tyrosine kinases, such as FMS-like tyrosine
kinase 3 (Flt3), the mast/stem cell growth factor recep-
tor (c-kit), the RET proto-oncogen, vascular endothelial
growth factor receptor (VEGFR) 1/2/3, and the platelet-
derived growth factor receptor (PDGFR) 1. However,
also some non-kinase targets for sorafenib have been
suggested.6–8 Recent studies demonstrated interference
of sorafenib with several cellular transport mechanisms
involved in drug resistance such as several ATP-binding
cassette (ABC) transporters or the non-ABC transporter
RLIP76.9,10 However, the impact of these effects on the
activity and pharmacological characteristics of other
drugs remains widely unexplored. This study aimed to
evaluate the activity of the combination between
KP1339 and sorafenib against solid human cancer cell
models in vitro and in vivo.

2. Material and methods

2.1. Chemicals

KP1339 was synthesised as published.11 Kinase
inhibitors were purchased from LC laboratories
(Woburn, United States of America [USA]). For
in vitro studies, the compounds were dissolved in
dimethyl sulfoxide (DMSO) (end-concentrations always
below 1%). All other substances were from Sigma–
Aldrich (St. Louis, USA).

2.2. Cell lines

The human cancer cell lines, their source as well as
the used cell culture media supplemented with 10% fetal
calf serum (PAA, Linz, Austria) are given in Supplemen-
tary Table 1. Cultures were periodically checked for
Mycoplasma contamination.

2.3. Cytotoxicity assays

Cell viability was determined by 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium (MTT) assay as pub-
lished.11,12 Cytotoxicity was calculated using the Graph
Pad Prism software (using a point-to-point function)
and was expressed as IC50 values calculated from full
dose–response curves (drug concentrations inducing a
50% reduction of cell number in comparison to untreated
control cells cultured in parallel). Synergism is expressed
by the combination index (CI) according to Chou and
Talalay13 using CalcuSyn software (Biosoft, Ferguson,
MO, USA). CI < 0.9, CI = 0.9–1.2 or CI >1.2 represent
synergism, additive effects and antagonism, respectively.

2.4. Cell cycle analyses

Cell cycle distribution of drug-treated cells was deter-
mined by propidium iodide staining and flow cytometry
as published.12

2.5. Total ruthenium (Ru) uptake levels

Intracellular Ru levels were determined as recently
described.11 A detailed description is included in Supple-
mentary material and methods.
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2.6. Western blot

Total proteins were isolated and Western blots per-
formed as described.12 Primary antibodies used are
given in Supplementary Table 2. Additionally, second-
ary horseradish peroxidase-labelled antibodies (Santa
Cruz Biotechnology) were used at dilutions of 1:10000.
2.7. Animals

Eight-week-old female CB-17 scid/scid (SCID) mice
were purchased from Harlan Laboratories (San Pietro
al Natisone, Italy). The animals were kept in a patho-
gen-free environment and every procedure was done in
a laminar airflow cabinet. Experiments were carried
out according to the Austrian and the Federation of
Laboratory Animal Science Associations (FELASA)
guidelines for animal care and protection.
2.8. Xenograft experiments

Hep3B (106 with 10% matrigel) or VM-1 cells
(1.5 � 106) were injected subcutaneously into the right
flank. When tumour nodules reached a mean size of
25 mm3, animals were treated with sorafenib orally (in
Cremophor EL, diluted in ethanol and then 1:10 with
deionised water), KP1339 intravenously (in citrate buffer
pH 3.5) or both. Tumour size was assessed by caliper
measurement. Tumour volume was calculated using
the formula: (length � width2)/2. The combined drug
effects were assessed as tumour delay (Td) defined as
the time in days to reach a tumour volume of 300 mm2.
2.9. Quantification of sorafenib

A new liquide chromatography- mass spectroscopy
(LC-MS) method has been established to detect the
intracellular accumulation of sorafenib. A detailed
description is included in Supplementary material and
methods.
3. Results

3.1. Synergistic activity of KP1339 with sorafenib against

diverse malignant tumour types

The effects of sorafenib on the anticancer activity of
KP1339 were tested in malignant cell lines of diverse ori-
gin with a focus on hepatoma (n = 12). Results obtained
are shown in Fig. 1 and in Supplementary Figs. S1–S3.
Most cell lines exhibited responsiveness to sorafenib
mono-treatment with a mean IC50 value below 10 lM
(Table 1). Only, in case of VL-8, Hep3B, HCC1.1 and
SW480 IC50 values >10 lM were observed. The IC50

values for KP1339 mono-therapy were between 45 and
200 lM (Table 1). For the drug combination, sorafenib
co-treatment with KP1339 showed additive to strong
synergistic effects in all cell lines investigated. Notably,
the combination of KP1339 with 10 lM sorafenib was
highly synergistic with CI values between 0.1 and 0.8
and especially KP1339 concentrations between 100 and
200 lM synergistically increased the anticancer activity
of sorafenib. Notably, the KP1339 and sorafenib drug
combination exhibited synergistic activity in sorafenib-
resistant (HCC1.1, Hep3B, VL-8 and VM-1) and
sorafenib-responsive cell lines (PLC/PRL/5, HepG2
and HCC2). This distinct synergism was in contrast to
several other kinase inhibitors. Thus, weak synergism
was also observed with (the VEGFR-1/2/3, PDGFR-ß
and c-kit inhibitor) sunitinib but not for axitinib (VEG-
FR1/2/3, PDGFRa/ß, c-kit) or vemurafenib (targeting
braf V600E). Distinct antagonism was observed with
(the abl, PDGFR3 and c-kit inhibitor) gleevec (Supple-
mentary Fig. 4).
3.2. Effects of sorafenib on KP1339-induced apoptosis

Morphological changes induced in Hep3B cells by the
mono-treatments or drug combination are shown in
Fig. 2A. The cells were analysed by 40,6-diamidino-2-
phenylindole (DAPI) staining to evaluate chromatin
condensation as a parameter for programmed cell death
induction (Fig. 2B). In accordance to already published
observations, sorafenib14 as well as KP133911 mono-
treatment induced apoptosis in a dose-dependent
manner. Combination of KP1339 with sorafenib
synergistically increased the number of apoptotic cells.
This was accompanied by enhanced poly(ADP-
ribosyl)polymerase (PARP) and caspase 7 cleavage
(Fig. 2C). Similar results were obtained using the
braf-mutated melanoma model VM-1 and the
NSCLC-model VL-8 (Fig. 2D and E). In addition to
the enhanced cell-death inducing potential, a distinct
loss of the mitotic cell population was found in all
combination-treated samples (Fig. 2B, right panel).
3.3. Effects of the KP1339/sorafenib combination on cell

cycle progression

Next, the effects of the KP1339-sorafenib combina-
tion on cell cycle distribution were analysed. In several
investigated cell lines (Figs. 3A and Supplementary
Fig. S5), KP1339 treatment resulted in a distinct
increase of cells in G2/M phase. Sorafenib mono-
treatment also effected cell cycle distribution leading to
an increase of cells either in G0/G1 or S phase. In the
combination settings sorafenib strongly suppressed the
KP1339-induced increase of cells in G2/M at all concen-
trations tested. We have previously reported that
treatment with KP1019 induces oxidative stress,15 which
is known to activate the P38 mitogen-activated protein
(MAP) kinase pathway16 and in turn G2/M cell cycle
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Fig. 1. Anticancer activity of KP1339 in combination with sorafenib. The indicated cell lines were treated for 72 h with KP1339 and sorafenib. Left
panel: Viability was evaluated by MTT assay. Values given are means ± standard deviations of one representative experiment performed in
triplicates. Right panel: combination index (CI) was calculated using CalcuSyn software (compare Section 2).
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arrest.17–19 Consequently, the effect of sorafenib on
KP1339-mediated P38 activation was analysed. As
shown in Fig. 3B and Supplementary Fig. S6, KP1339
treatment distinctly increased phosphorylation of P38,
which was inhibited by sorafenib cotreatment. A similar
effect was also seen for the phosphorylation of the P38
downstream signalling proteins signal induce and activa-
tor of transcription 3 (STAT3) and cAMP response
element-binding protein (CREB) (Fig. 3C). Consequently,
it was also tested whether the P38 inhibitor SD203580 or
the STAT3 inhibitor WP1066 synergise with KP1339.
Indeed, inhibition of P38 as well as its downstream
target STAT3 slightly increased the anticancer activity
of KP1339 (Fig. 3D and E).



Table 1
Anticancer activity of sorafenib and KP1339 monotreatment.

Tissue Cell line Sorafenib (lM) KP1339 (lM)

Mean SD Mean SD

Hepatoma Hep3B >10 – 186.3 ±6.0
HepG2 4.9 ±1.6 165.4 ±11.5
PLC/PRF/5 7.2 ±1.3 124.4 ±2.8
HCC1.1 >10 – >200 –
HCC2 2.7 ±0.3 69.4 ±5.8

Melanoma VM-1 9.5 ±0.2 178.3 ±10.2
VM-21 5.7 ±0.9 111.7 ±10.9
VM-48 9.7 ±0.2 143.8 ±12.4

Lung cancer A549 4.2 ±0.2 126.4 ±5.8
VL-8 >10 – 106.1 ±3.6

Colon cancer SW480 >10 – 74.3 ±1.3
HCT116 3.4 ±0.2 44.4 ±2.6
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3.4. Effects of sorafenib cotreatment on intracellular Ru

accumulation and vice versa

Intracellular ruthenium levels were determined to
investigate whether sorafenib increases cellular KP1339
uptake. Sorafenib co-treatment significantly enhanced
total KP1339 uptake in all tested cell lines (Fig. 4A).
With respect to the sorafenib accumulation, the combi-
nation of 75 lM KP1339 with 10 lM sorafenib induced
a 2.4-fold increase of the tyrosine kinase inhibitor in
Hep3B and a 1.6-fold increase in VM-1 cells (Fig. 4B).
These effects were not based on general changes in cellu-
lar membrane integrity (Supplementary Figs. S7 and S8)
Notably, also combination experiments using the
panABC transporter inhibitor glibenclamide (GLI)
resulted in synergistic activity with both sorafenib as
well as KP1339 (Fig. 4C and Supplementary Fig. S9).
This indicates that competitive ABC transporter inhibi-
tion might be involved in the synergism of KP1339 with
sorafenib.
3.5. Synergistic activity of KP1339 with sorafenib in vivo

The influence of KP1339 on the anti-hepatoma activ-
ity of sorafenib in vivo was tested using a Hep3B SCID
mouse xeno-transplantation model. All treatment
schemes were well tolerated and the mice did not exhibit
any symptoms of toxicity, such as fatigue, or significant
weight loss (Supplementary Fig. 10A). With regard to
the anticancer activity, KP1339 as well as sorafenib
monotreatment induced a distinct delay in tumour
growth (Fig. 5A). Thus, Td values (day when tumour
volumes reached 300 mm3) increased from 22.8 days to
34.7 and 33.7 days, respectively. In the drug combina-
tion, a strong anti-tumour effect was observed which
led to a Td value of 47 days. This pronounced antican-
cer activity resulted in life prolongation in all treated
groups (Fig. 5B): KP1339 treatment induced a 2.4-fold
increase in life span with a mean survival of 80 days as
compared to 33 days in the control group. Sorafenib
mono-treatment induced a 1.9-fold increase in survival
(60 days). Most importantly, the combined treatment
with KP1339 and sorafenib was most effective with a sig-
nificant increase in mean survival by 3.9-fold to 96 days.
Comparably, synergistic activity of KP1339 with sorafe-
nib was observed in braf V600E-positive VM-1 cells
(Fig. 5C). To evaluate whether the pronounced antican-
cer activity of the combination is based on enhanced
apoptosis induction, tumour samples of Hep3B-bearing
animals were collected after short time treatment (Sup-
plementary Fig. 10B) and analysed by hematoxylin/
eosin (H/E) staining. As shown in Fig. 5B, treatment
with the drug combination resulted in significantly
increased apoptosis levels as well as decrease in cells dis-
playing mitotic features.
4. Discussion

The multi-kinase inhibitor sorafenib is the current
standard therapeutic for advanced hepatoma. However,
tumour progression based on resistance development is
frequently observed after a few months of mono-
therapy2 implicating the need for combination strate-
gies. In this study, we demonstrated that the novel
ruthenium compound KP1339 distinctly enhances the
anticancer activity of sorafenib in vitro and in vivo.
Additionally, several molecular mechanisms underlying
this synergism were identified. Sorafenib mediates atten-
uation of KP1339-induced G2/M arrest and inhibits
activation of the protective P38 pathway. Additionally,
increased intracellular accumulation of both drugs was
observed in the combination setting. Together this
resulted in enhanced apoptosis induction and prolonged
disease control in vivo.

KP1339 is a novel ruthenium compound currently
tested with promising results in a clinical I/II trial.5

KP1339 treatment is known to generate intracellular
reactive oxygen species (ROS) probably caused by the
reduction-induced redox cycling15,20 and to induce
apoptosis via the mitochondrial pathway.11,21 Here, we
demonstrated that KP1339 in addition to apoptosis
induction potently arrests cell cycle progression in
G2/M phase which is accompanied by activation of
P38 signalling. P38 is a stress kinase, which has (compa-
rable to other MAP kinsases such as ERK) multiple
downstream targets and, consequently, is also involved
in the regulation of other stress-induced effects such as
apoptosis induction.16,22 There is increasing evidence
that activation of P38 MAPK by stress stimuli may
not necessarily promote cell death but instead also
enhance cell survival through activation of a transient
G2/M cell cycle checkpoint and successful DNA dam-
age repair.18,19 This corroborates with our results that
treatment with sorafenib blocks KP1339-induced activa-
tion of the P38 signalling pathway. However, as specific
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Fig. 2. Impact of sorafenib on apoptosis-induction by KP1339 treatment. (A) Morphologic changes in Hep3B cells after 24 h drug treatment.
Photomicrographs shown were taken with a 10x objective and phase contrast settings using Nikon Eclipse TE300 (Nikon Instruments, Japan). (B)
Induction of apoptosis was determined in Hep3B cells after 24 h treatment. Nuclei of methanol/aceton-fixed cells were stained by DAPI and
morphological features of 300–500 nuclei of at least two slides for each concentration were analysed. Percentages of normal and apoptotic/necrotic
cells are shown on the left panel, while percentages of mitotic cells are shown on the right panel. For statistical analyses 2-way Anova with
Bonferroni post correction was performed (***p < 0.001, **p < 0.01, *p < 0.05). (C) Cleavage of poly(ADP-ribosyl)polymerase (PARP) and caspase-
7 in Hep3B cells after 24 h drug treatment. (D) Induction of apoptosis and PARP cleavage was determined in VM-1 cells after 24 h treatment. (E)
Induction of apoptosis in VL-8 after 24 h treatment. For statistical analyses 2-way Anova with Bonferroni post correction was performed
(***p < 0.001, **p < 0.01, *p < 0.05).
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P38 inhibition only modestly (but significantly)
enhanced the anticancer activity of KP1339, it was con-
cluded that overcoming the KP1339-induced G2/M
arrest might not be the only mechanism underlying the
observed synergistic activity of KP1339 with sorafenib.
This is further supported by the observation of
(although distinctly weaker) synergistic activity of
KP1339 with the tyrosine kinase inhibitor sunitinib,
which shares several targets (VEGF, PDGF, KIT,
FLT3 and RET) with sorafenib but does not inhibit
P38 phosphorylation.23 Consequently, additional mech-
anisms underlying the synergism of KP1339 with sorafe-
nib must exist.

Sorafenib as well as sunitinib have been recently
reported to inhibit several ATP-binding cassette (ABC)
transporters,10,24 which are responsible for multidrug
resistance due to enhanced efflux of diverse drugs includ-
ing doxorubicin, etoposide, taxol or imatinib.25 In addi-
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tion, both drugs are substrates for the non-ABC trans-
porter RLIP76 and were consequently suggested to
competitively interfere with the export of glutathione
conjugates.9,10 Thus, the impact of sorafenib on
KP1339 drug accumulation was considered as one pos-
sible mechanism underlying the observed synergism.
Indeed, sorafenib cotreatment distinctly increased intra-
cellular KP1339 levels, and KP1339 conversely
enhanced sorafenib accumulation. Moreover, the
panABC transporter inhibitor glibenclamide potently
increased the activity of sorafenib as well as KP1339.
These data indicate that KP1339 and sorafenib share a
common export mechanism. Notably, we have reported
before that the activity of KP1019 (the precursor of
KP1339) is not limited by ABCG2, ABCC1 and ABCC2
but the metal drug is a weak substrate for ABCB1.26

However, the synergistic activity of KP1339 with sorafe-
nib does not correlate with intrinsic ABCB1 expression
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deviations of one representative experiment performed in triplicates (***p < 0.001, **p < 0.01, *p > 0.05).
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and no enhanced synergism was observed in ABCB1- or
ABCC1-overexpressing cell models as compared to the
parental cell lines (data not shown). Nevertheless, cancer
cells (especially hepatoma cells) express multiple ABC
transporters.27–29 Thus, the involvement of other ABC
transporters in the synergism of KP1339 with sorafenib
seems likely. Moreover, non-ABC transporter systems
such as RLIP76 also need to be considered30 especially
as additional functions in glutathione homoeostasis
and stress response were described.30–32 This is of inter-
est as Ru(III) compounds (such as KP1339) are known
for their interaction with cellular glutathione pools and,
thus, the redox homoeostasis.3,20 Consequently, the role
of RLIP76 in the synergistic interaction of KP1339 with
sorafenib is the matter of ongoing investigations.

Altogether, we demonstrate a promising synergism of
the novel anticancer ruthenium compound KP1339 with
the multi-kinase inhibitor sorafenib, which is not only
based on inhibition of KP1339-induced G2/M arrest
and inhibition of P38 activation but also on conversely
enhanced intracellular accumulation of both drugs.
The multifaceted characteristics of this synergism are
probably also the reason why mostly synergistic or at
least additive effects were observed in many cell lines
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independent of the original tumour type. This indicates
that occurrence of intrinsic resistance against the
KP1339 and sorafenib combination is unlikely and sug-
gests the further clinical development of KP1339 in com-
bination with sorafenib as a novel therapeutic strategy
in hepatoma and other solid tumours.
Financial supports

This work was supported by the Herzfelder
Familienstiftung (to P. Heffeter), the Fellinger
Krebsforschungsverein (to P. Heffeter), the Austrian
Federal Ministry for Science and Research (BMWF)



P. Heffeter et al. / European Journal of Cancer 49 (2013) 3366–3375 3375
under the GEN-AU program (GZ BMWF-70.081/0018-
II/1a/2008) (to W. Berger) and the Austrian Science
Fond Grant L212 (to W. Berger) and L473 (to G.
Koellensperger).

Conflict of interest statement

None declared.

Acknowledgements

We are indebted to Rosa-Maria Weiß for the skilful
handling of cell cultures, Irene Herbacek for FACS
analysis, Gerhard Zeitler for animal care and Christian
Balcarek for competent technical assistance. We also
thank Hedda Drexler for the measurement of LC-MS.

Appendix A. Supplementary data

Supplementary data associated with this article can
be found, in the online version, at http://dx.doi.org/
10.1016/j.ejca.2013.05.018.

References

1. Miller RE, Larkin JM. Combination systemic therapy for
advanced renal cell carcinoma. Oncologist 2009;14(12):1218–24.

2. Shen YC, Hsu C, Cheng AL. Molecular targeted therapy for
advanced hepatocellular carcinoma: current status and future
perspectives. J Gastroenterol 2010;45(8):794–807.

3. Heffeter P, Jungwirth U, Jakupec M, et al. Resistance against
novel anticancer metal compounds: differences and similarities.
Drug Resist Updat 2008;11(1–2):1–16.

4. Hartinger CG, Zorbas-Seifried S, Jakupec MA, et al. From bench
to bedside – preclinical and early clinical development of the
anticancer agent indazolium trans-[tetrachlorobis(1H-inda-
zole)ruthenate(III)] (KP1019 or FFC14A). J Inorg Biochem

2006;100(5–6):891–904.
5. Dickson NR, Jones SF, Burris III HA, et al. A phase I dose–escalation

study of NKP-1339 in patients with advanced solid tumors refractory
to treatment. J Clin Oncol 2011;29(suppl., abstr. 2607).

6. Iyer R, Fetterly G, Lugade A, Thanavala Y. Sorafenib: a clinical
and pharmacologic review. Expert Opin Pharmacother

2010;11(11):1943–55.
7. Yu C, Bruzek LM, Meng XW, et al. The role of Mcl-1

downregulation in the proapoptotic activity of the multikinase
inhibitor BAY 43-9006. Oncogene 2005;24(46):6861–9.

8. Chiou JF, Tai CJ, Wang YH, et al. Sorafenib induces preferential
apoptotic killing of a drug- and radio-resistant Hep G2 cells
through a mitochondria-dependent oxidative stress mechanism.
Cancer Biol Ther 2009;8(20):1904–13.

9. Singhal SS, Sehrawat A, Sahu M, et al. Rlip76 transports sunitinib
and sorafenib and mediates drug resistance in kidney cancer. Int J

Cancer 2010;126(6):1327–38.
10. Hu S, Chen Z, Franke R, et al. Interaction of the multikinase

inhibitors sorafenib and sunitinib with solute carriers and ATP-
binding cassette transporters. Clin Cancer Res 2009;15(19):6062–9.

11. Heffeter P, Bock K, Atil B, et al. Intracellular protein binding
patterns of the anticancer ruthenium drugs KP1019 and KP1339. J

Biol Inorg Chem 2010;15(5):737–48.
12. Heffeter P, Jakupec MA, Korner W, et al. Multidrug-resistant

cancer cells are preferential targets of the new antineoplastic
lanthanum compound KP772 (FFC24). Biochem Pharmacol

2007;73(12):1873–86.
13. Chou TC, Talalay P. Quantitative analysis of dose–effect relation-

ships: the combined effects of multiple drugs or enzyme inhibitors.
Adv Enzyme Regul 1984;22:27–55.

14. Wu JM, Sheng H, Saxena R, et al. NF-kappaB inhibition in
human hepatocellular carcinoma and its potential as adjunct to
sorafenib based therapy. Cancer Lett 2009;278(2):145–55.

15. Kapitza S, Jakupec MA, Uhl M, Keppler BK, Marian B. The
heterocyclic ruthenium(III) complex KP1019 (FFC14A) causes
DNA damage and oxidative stress in colorectal tumor cells.
Cancer Lett 2005;226(2):115–21.

16. McCubrey JA, Steelman LS, Chappell WH, et al. Roles of the
Raf/MEK/ERK pathway in cell growth, malignant transforma-
tion and drug resistance. Biochim Biophys Acta

2007;1773(8):1263–84.
17. Owuor ED, Kong AN. Antioxidants and oxidants regulated signal

transduction pathways. Biochem Pharmacol 2002;64(5–6):765–70.
18. Mikhailov A, Shinohara M, Rieder CL. The p38-mediated stress-

activated checkpoint. A rapid response system for delaying
progression through antephase and entry into mitosis. Cell Cycle

2005;4(1):57–62.
19. Thornton TM, Rincon M. Non-classical p38 map kinase func-

tions: cell cycle checkpoints and survival. Int J Biol Sci

2009;5(1):44–51.
20. Jungwirth U, Kowol CR, Hartinger C, et al. Anticancer activity of

metal complexes: involvement of redox processes. Antioxid Redox

Signal 2011;15(4):1085–127.
21. Kapitza S, Pongratz M, Jakupec MA, et al. Heterocyclic

complexes of ruthenium(III) induce apoptosis in colorectal carci-
noma cells. J Cancer Res Clin Oncol 2004.

22. Cuadrado A, Nebreda AR. Mechanisms and functions of p38
MAPK signalling. Biochem J 2010;429(3):403–17.

23. Fenton MS, Marion KM, Salem AK, et al. Sunitinib inhibits
MEK/ERK and SAPK/JNK pathways and increases sodium/
iodide symporter expression in papillary thyroid cancer. Thyroid

2010;20(9):965–74.
24. Shukla S, Robey RW, Bates SE, Ambudkar SV. Sunitinib (Sutent,

SU11248), a small-molecule receptor tyrosine kinase inhibitor,
blocks function of the ATP-binding cassette (ABC) transporters P-
glycoprotein (ABCB1) and ABCG2. Drug Metab Dispos

2009;37(2):359–65.
25. Szakacs G, Paterson JK, Ludwig JA, Booth-Genthe C, Gottesman

MM. Targeting multidrug resistance in cancer. Nat Rev Drug

Discov 2006;5(3):219–34.
26. Heffeter P, Pongratz M, Steiner E, et al. Intrinsic and acquired

forms of resistance against the anticancer ruthenium compound
KP1019 indazolium trans-tetrachlorobis(1H-indazole)ruthenate
(III) (FFC14A). J Pharmacol Exp Ther 2005;312(1):281–9.

27. Gu X, Manautou JE. Regulation of hepatic ABCC transporters by
xenobiotics and in disease states. Drug Metab Rev

2010;42(3):482–538.
28. Matsuo M. ATP-binding cassette proteins involved in glucose and

lipid homeostasis. Biosci Biotechnol Biochem 2010;74(5):899–907.
29. Januchowski R, Zawierucha P, Andrzejewska M, Rucinski M,

Zabel M. Microarray-based detection and expression analysis of
ABC and SLC transporters in drug-resistant ovarian cancer cell
lines. Biomed Pharmacother 2013;67(3):240–5.

30. Yadav S, Zajac E, Singhal SS, Awasthi S. Linking stress-signaling,
glutathione metabolism, signaling pathways and xenobiotic trans-
porters. Cancer Metastasis Rev 2007;26(1):59–69.

31. Vatsyayan R, Lelsani PC, Awasthi S, Singhal SS. RLIP76: a
versatile transporter and an emerging target for cancer therapy.
Biochem Pharmacol 2010;79(12):1699–705.

32. Awasthi YC, Chaudhary P, Vatsyayan R, et al. Physiological and
pharmacological significance of glutathione-conjugate transport. J

Toxicol Environ Health B Crit Rev 2009;12(7):540–51.

http://dx.doi.org/10.1016/j.ejca.2013.05.018
http://dx.doi.org/10.1016/j.ejca.2013.05.018
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0005
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0005
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0010
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0010
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0010
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0015
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0015
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0015
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0020
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0020
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0020
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0020
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0020
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0025
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0025
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0025
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0030
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0030
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0030
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0035
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0035
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0035
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0040
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0040
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0040
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0040
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0045
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0045
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0045
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0050
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0050
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0050
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0055
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0055
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0055
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0060
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0060
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0060
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0060
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0065
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0065
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0065
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0070
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0070
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0070
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0075
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0075
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0075
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0075
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0080
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0080
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0080
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0080
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0085
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0085
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0090
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0090
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0090
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0090
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0095
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0095
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0095
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0100
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0100
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0100
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0105
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0105
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0105
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0110
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0110
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0115
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0115
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0115
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0115
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0120
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0120
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0120
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0120
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0120
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0125
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0125
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0125
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0130
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0130
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0130
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0130
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0135
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0135
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0135
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0140
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0140
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0145
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0145
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0145
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0145
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0150
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0150
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0150
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0155
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0155
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0155
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0160
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0160
http://refhub.elsevier.com/S0959-8049(13)00426-7/h0160

	The ruthenium compound KP1339 potentiates the anticancer activity of sorafenib in vitro and in vivo
	1 Introduction
	2 Material and methods
	2.1 Chemicals
	2.2 Cell lines
	2.3 Cytotoxicity assays
	2.4 Cell cycle analyses
	2.5 Total ruthenium (Ru) uptake levels
	2.6 Western blot
	2.7 Animals
	2.8 Xenograft experiments
	2.9 Quantification of sorafenib

	3 Results
	3.1 Synergistic activity of KP1339 with sorafenib against diverse malignant tumour types
	3.2 Effects of sorafenib on KP1339-induced apoptosis
	3.3 Effects of the KP1339/sorafenib combination on cell cycle progression
	3.4 Effects of sorafenib cotreatment on intracellular Ru accumulation and vice versa
	3.5 Synergistic activity of KP1339 with sorafenib in vivo

	4 Discussion
	Financial supports
	Conflict of interest statement
	Acknowledgements
	Appendix A Supplementary data
	Appendix A Supplementary data
	References


