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Summary Background Hypoxic and necrotic regions that
accrue within solid tumors in vivo are known to be associated
with metastasis formation, radio- and chemotherapy resis-
tance, and drug metabolism. Therefore, integration of these
tumor characteristics into in vitro drug screening models is
advantageous for any reliable investigation of the anticancer
activity of novel drug candidates. In general, usage of cell
culture models with in vivo like characteristics has become
essential in preclinical drug studies and allows evaluation of
complex problems such as tumor selectivity and anti-invasive
properties of the drug candidates. Materials and Methods In
this study, we investigated the anticancer activity of clinically
approved, investigational and experimental drugs based on
platinum (cisplatin, oxaliplatin and KP1537), gallium
(KP46), ruthenium (KP1339) and lanthanum (KP772) in dif-
ferent cell culture models such as monolayers, multicellular
spheroids, as well as invasion and metastasis models. Results
Application of the Alamar Blue assay to multicellular spher-
oids and a spheroid-based invasion assay resulted in an altered

rating of compounds with regard to their cytotoxicity and
ability to inhibit invasion when compared with monolayer-
based cytotoxicity and transwell assays. For example, the
gallium-based drug candidate KP46 showed in spheroid cul-
tures significantly enhanced properties to inhibit protrusion
formation and fibroblast mediated invasiveness, and improved
cancer cell selectivity. Conclusion Taken together, our results
demonstrate the advantages of spheroid-based assays and un-
derline the necessity of using different experimental models
for reliable preclinical investigations assessing and better
predicting the anticancer potential of new compounds.
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FCS Fetal calf serum
FGM Fibroblast growth medium
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HFS Hypotonic fluorochrome solution
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HRP Horseradish peroxidase
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PBS Phosphate buffered saline

Electronic supplementary material The online version of this article
(doi:10.1007/s10637-015-0260-4) contains supplementary material,
which is available to authorized users.

* Michael A. Jakupec
michael.jakupec@univie.ac.at

1 University of Vienna, Faculty of Chemistry, Institute of Inorganic
Chemistry, Waehringer Str. 42, A-1090 Vienna, Austria

2 University of Vienna, Core Facility Cell Imaging and Ultrastructure
Research, Vienna, Austria

3 Medical University of Vienna, Institute of Medical Genetics,
Vienna, Austria

4 University of Vienna, Research Platform “Translational Cancer
Therapy Research”, Waehringer Str. 42, A-1090 Vienna, Austria

Invest New Drugs (2015) 33:835–847
DOI 10.1007/s10637-015-0260-4

http://dx.doi.org/10.1007/s10637-015-0260-4
http://crossmark.crossref.org/dialog/?doi=10.1007/s10637-015-0260-4&domain=pdf


PBST Phosphate buffered saline with triton X-100
PI Propidium iodide
α-SMA Alpha-smooth muscle actin
STR Short tandem repeat analysis

Introduction

In the last years, investigations to close the gap between con-
ventional monolayer cell cultures and in vivo models have
become of major interest for improving preclinical cancer re-
search and drug development. Efforts ranged from establish-
ment of multicellular spheroids and co-cultivation of spher-
oids with immune cells to ex vivo cultures of tumor specimens
and development of tissue (lab-on-a chip technology) [1]
chips. Different 3D culture models, in particular spheroid-
based models, have become a useful tool for investigation of
specific therapeutic approaches, enhancing the predictive val-
ue of drug screening. Monocultures of multicellular spheroids
from human tumor cell lines have been reported to mimic
in vivo like tumor cyto-architecture, including a proliferation
gradient and the presence of hypoxic and necrotic regions with
poor nutrition supply [2–4]. This model shows intermediate
complexity, still allowing adequate characterization, repro-
ducibility and applicability for drug screenings.

Furthermore, growth of cancer cell lines in spheroids has
been reported to cause major changes in gene expression resem-
bling the gene expression patterns in solid tumors, especially
with regard to pathways related to cell-cell signaling, cell-cell
contacts, cell morphology, cell cycle, and apoptosis induction
[5–7]. Moreover, alteration of expression patterns includes
genes which are known to play an important role in chemo-
and radiotherapy resistance. Additionally, drug sensitivity may
be affected by the presence of necrotic and hypoxic regions
within the spheroid, analogous to solid tumors in vivo. It has
been reported that these regions contain quiescent, non-dividing
cells which are insensitive to chemotherapy and radiation
[7–11]. Furthermore, drug penetration studies indicated poor
drug penetration into the spheroids due to tight cell-cell contacts
resulting in multidrug resistance [12] and altered drug metabo-
lism, especially within hypoxic and necrotic regions, corre-
sponding to the in vivo situation [13, 14]. In the past, literature
focused mainly on negative selection of drug candidates and
reduction of animal studies, implying that the majority of tested
drugs lose efficiency in spheroid models [4]. Nevertheless hyp-
oxia, a condition characteristically observed in tumor tissues and
enabling metabolic activation of bio-reductive prodrugs, can be
a specific target for novel cancer therapy strategies [15].

Additionally, tumor hypoxia has been reported to be asso-
ciated with tumor invasiveness and metastasis formation
in vivo [16, 17], making tumor hypoxia an additional prog-
nostic factor for poor therapeutic outcome [18]. As the mech-
anisms of hypoxia-driven invasion seem to be similar in

spheroid models [19, 20], the latter are an excellent tool to
study anti-invasive properties of drug candidates. All these
specificities of multicellular spheroid models are opening
new opportunities for in vitro drug screenings and enable
in vitro studies to address more complex issues, which cannot
be solved in 2D culture experiments.

In this study, we compared the anticancer activity of clini-
cally approved, investigational and experimental metal-con-
taining drugs. Therefore, different compounds, based on plat-
inum, gallium, ruthenium and lanthanum, were tested in se-
lected cell culture models, such as monolayers, multicellular
spheroids, as well as invasion and metastasis models. Further-
more, we examined the cytotoxicity of the compounds in
spheroids with different diameter to get additional insights
into whether the presence or absence of hypoxic regions and
a necrotic core has an impact on drug efficacy. Moreover, we
addressed complex questions by investigating selective
targeting of cancer cells in spheroid co-culture with fibroblasts
and inhibition of fibroblast mediated invasion. Our work
shows how cytotoxicity can tremendously vary depending
on the cell culture model applied, whereby it is reasonable to
assume that data observed in spheroid models are better ap-
proximating the in vivo setting. In total, our results demon-
strate the advantages of spheroid-based assays and underline
the necessity of using different experimental models for reli-
able preclinical investigations.

Materials and methods

Cell lines and culture conditions

The human CH1 cell line (identified via STR profiling as PA-1
ovarian teratocarcinoma cells by Multiplexion, Heidelberg,
Germany; see also [21]) was kindly provided by Lloyd R.
Kelland (CRC Centre for Cancer Therapeutics, Institute of
Cancer Research, Sutton, UK). The HCT116 (ATCC® CCL-
247™) colon cancer cell line was kindly provided by Brigitte
Marian (Institute of Cancer Research, Medical University of
Vienna, Austria). Human HT1080 (ATCC® CCL-121™) fi-
brosarcoma cells and CCD-18Co normal colon fibroblasts
were obtained from ATCC (CRL1459) and maintained in
FGM (Lonza) supplemented with 2.5 % FCS. Monolayer cul-
ture of these cell lines were grown in cell culture treated 75 cm2

flasks in MEM (supplemented with 10 % heat-inactivated fetal
bovine serum (Life Technologies, Austria, Vienna), 1 % L-
glutamine, 1 % sodium pyruvate, 1 % non-essential amino
acids solution (all from Sigma Aldrich, Vienna, Austria)).

Spheroid formation (3D culture)

For spheroid production, CH1(PA-1), HCT116, and HT1080
cells were harvested from culture flasks by trypsinization and
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seeded in MEM (containing antibiotic antimycotic solution
with 10,000 units penicillin, 10 mg streptomycin and 25 μg
amphotericin B per mL (Sigma Aldrich)) in GravityPLUS™
96-well plates (InSphero, Zurich, Switzerland) in densities of
1×104 (CH1(PA-1)), 2×103 (HCT116), and 8×103 (HT1080)
viable cells/well, respectively, for spheroids with>400 μm di-
ameter 7 days prior to treatment; and in densities of 1×103

(CH1(PA-1)), 0.3×103 (HCT116), 0.3×103 (HT1080) viable
cells/well, respectively, for spheroids with<200 μm diameter
3 days prior to treatment. Cultures were maintained at 37 °C in
a humidified atmosphere containing 95 % air and 5 % CO2.

Compounds

Compounds (KP772, KP1339, KP46, KP1537, cisplatin
(CDDP) and oxaliplatin (I-OHP) (Fig. 1) have been syn-
thesized at the Institute of Inorganic Chemistry, University
of Vienna according to literature procedures [22–27].
KP46 was dissolved in dimethyl sulfoxide (DMSO) to a
stock concentration of 20 mM and serial dilutions were
prepared in MEM. KP772 and KP1537 were dissolved in
MEM to stock solutions of 0.5 mM each and then diluted
in MEM to the required concentrations. KP1339 was dis-
solved in DMSO to a stock concentration of 100 mM and
diluted in MEM. Cisplatin and oxaliplatin were dissolved
in MEM to a stock concentration of 0.4 mM and diluted
further in MEM. All stock solutions were freshly prepared
shortly before use.

Confocal microscopy

Thirty spheroids were transferred into 1.5 mL Eppendorf
tubes and washed with phosphate buffered saline (PBS, Sigma
Aldrich). Samples were then fixed with PBS containing 4 %
paraformaldehyde (Sigma Aldrich) and 1 % Triton X-100
(Sigma Aldrich) for 3 h at 4 °C and washed with PBS (three
times for 10 min). An ascending methanol series was used for
dehydration at 4 °C in PBS (25 %, 50 %, 75 %, 95 % for
30 min each and 100 % for 3 h), and the reverse methanol
series were used for rehydration. Samples were washed with
PBS (three times for 10 min). Samples were blocked and
permeabilized with PBST (0.1 % Triton X-100 in PBS con-
taining 3% bovine serum albumin (SigmaAldrich)) overnight
at 4 °C, subsequently washed twice for 15 min with PBSTand
incubated for 48 h at 4 °C with HIF1α antibody (Abcam,
Cambridge, UK) diluted 1:400 in PBST. After washing four
times for 30 min with PBST, secondary antibody - Alexa
Fluor 647 (Cell Signaling, Frankfurt am Main, Germany) di-
luted 1:1000 in PBST was added for 24 h at 4 °C. Samples
were finally washed four times for 30 min in PBSTand inves-
tigated with a confocal microscope Leica CLSM (Leica
Microsystems, Wetzlar, Germany).

Propidium iodide staining

Viable spheroids were transferred into a Falcon non-tissue
culture treated u-bottom 96-well plate, one spheroid per well
in a total volume of 40 μL MEM (supplemented with 10 %
heat-inactivated fetal bovine serum (Life Technologies), 1 %
glutamine (Sigma Aldrich), 1 % sodium pyruvate (Sigma Al-
drich), 1 % non-essential amino acids solution (Sigma Al-
drich)). One hundred sixty microliter propidium iodide (Sig-
ma Aldrich) diluted in MEM to a final concentration of 1 μg/
mL were added per well. Samples were incubated for 8 h at
37 °C, 5 % CO2 prior to image acquisition.

Fluorescence microscopy

For analysis of fluorescent properties, a confocal laser scan-
ning microscope CLSM from Leica (Leica SP5) was used. It
was equipped with 2.5×, 10× and 20× multiimmersion objec-
tives for low magnification, and for high magnification with
40× and 60× oil, water and glycerol objectives. Tonal range
adjustment of the micrographs was carried out in Adobe
Photoshop CS 4.

Cell cycle analysis

Spheroids were harvested and transferred into 1.5 mL
Eppendorf tubes, washed with 1 mL PBS (Sigma Aldrich)
and treated with 300 μL 0.25 % trypsin-EDTA solution (Sig-
ma Aldrich) for 7 min to obtain a single-cell suspension. The
trypsin-EDTA solution was inactivated by adding of 300 μL
MEM. Cells were pelleted by centrifugation, washed with
PBS (1×) and resuspended in 600 μL PI (50 μg/mL) /HFS
(hypotonic fluorochrome solution: 0.1 % (v/v) Triton X-100,
0.1 % (w/v) sodium citrate, in PBS) solution. After overnight
staining at 4 °C samples were analyzed with a flow cytometer
(Guava easyCyte 8HT, Millipore, Austria, Vienna).

Alamar Blue assay

For tests with monolayers, CH1(PA-1), HCT116, and
HT1080 cells were harvested from culture flasks by
trypsinization and seeded in MEM into 96-well microculture
plates (Falcon) 24 h prior to treatment in densities of 1×103

(CH1(PA-1)), 2×103 (HCT116), 3×103 (HT1080) viable
cells/well, respectively.

For tests in 3D cultures, spheroids with the required diam-
eter were transferred into Falcon non-tissue culture treated u-
bottom 96-well plates shortly before drug treatment. As the
spheroid harvest volume was 40 μL, 60 μL of MEM were
added per well prior to treatment.

For bothmonolayer and spheroid treatment, stock solutions
of the test compounds were prepared and diluted stepwise to
obtain a gradient dilution row. One hundred microliter of
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dilution were added to each well, and plates were incubated
for 96 h at 37 °C and 5 % CO2. A fresh solution of 440 μM
(≈110 μg/mL) resazurin sodium salt (Sigma Aldrich) in PBS
was prepared, and 20 μL of it were added to each well. Plates
were stained at 37 °C and 5 % CO2 for 4 h (monolayer exper-
iments) or overnight (spheroid experiments).

Transwell invasion assay

The transwell assay was performed according to a protocol
described by other authors [28]. In detail, growth factor re-
duced Matrigel (BD, Heidelberg, Germany) was defrosted on
ice and diluted in 4 °C PBS to a final concentration of 300 μg/
mL. Fifty microliter of the dilution were added to each insert
of a cell culture insert companion plate (BD) with 8 μm pore
size and incubated overnight at 37 °C. Prior to use inserts were
rehydrated for 1 h at 37 °C by adding of 700 μL serum-free
MEM (Sigma Aldrich). HT1080 cells were grown in Cyto
One T75 flasks to subconfluence of ~80 %. Cells were har-
vested, counted and diluted in serum-free MEM (Sigma Al-
drich) to a final density of 3.75×105 cells per mL. Appropriate
drug concentrations were added to the cell suspension to
achieve sub-cytotoxic effects. Two hundred microliter of
cell/drug suspensions were added to each invasion chamber
in 24-well plates. Seven hundredmicroliter of chemoattractant
(MEM with 10 % FBS, 1 % glutamine) were added via the
access port. Cell invasion chambers were incubated overnight
at 37 °C under a humidified atmosphere containing 95 % air
and 5 % CO2. MEM was aspirated from the inserts, and
Matrigel remains and non-invaded cells were removed with
a MEM-moistened cotton swab. Inserts were then transferred
in new 24-well plates, and 100 μL of trypsin-EDTA solution
(Sigma Aldrich) were added via the access port. After 5 min
incubation at 37 °C, inserts were removed and cells harvested
with 100 μL MEM. Cell samples were immediately stained
with Guava ViaCount Flex Reagent (Millipore) for 5 min at
RT and measured with a flow cytometer (Guava easyCyte
8HT, Millipore).

Spheroid invasion assay

Spheroids were grown to a diameter of 400–450 μm (see
below), then transferred into a Falcon non-tissue culture treat-
ed u-bottom 96-well plate, with one spheroid per well in a
total volume of 40 μL MEM. One hundred twenty microliter
ofMatrigel diluted inMEM to a final concentration of 300 μg/
mLwere added to eachwell. If required, drugs in subcytotoxic
concentrations were added to MEM prior to Matrigel dilution.
After 96 h samples were analyzed with an inverted culture
microscope (Olympus), CKX41 (4× objective) and ImageJ
software. For fibroblast invasion CCD-18Co cells were seed-
ed into a u-shape 96-well plate at 500 cells/well in FGM con-
taining 20 % methylcellulose, centrifuged (200 g, 5 min) and

incubated until proper spheroid formation (5 h). Spheroids
were embedded in 300 μl collagen I gel as described above,
and then FGM containing KP46 (7.5 μM) or KP772 (1 μM)
was added. Invasion of fibroblasts into the collagen matrix
was documented by bright field microscopy imaging after
7 days.

Spheroid invasion was also visualized with a JuliBR live
cell monitor system (NanoEntek, Seoul, Korea). Untreated
and treated samples were monitored in parallel with measure-
ment of the cross-sectional area every hour over an overall
time period of 96 h.

Spheroid co-culture assay

This method was described in detail in Dolznig et al., 2011. In
brief, 500 HCT116 cells/well were seeded into a u-shape 96-
well plate in MEM/5 % FCS (Sigma Aldrich) containing 3 %
methylcellulose and allowed to aggregate for 48 h. For one
gel, 48 spheroids together with 3×105 CCD18-Co fibroblasts
were embedded into 300 μl collagen I matrix (final conc.
2 mg/mL, #354236, Corning B.V., Corning, USA). After so-
lidification, 3 mL DMEM (10% FCS) and compounds (KP46
7.5 μM, KP772 1 μM) were added, and the gels were incu-
bated for 72 h and subsequently fixed in Histofix (Lactan,
Graz, Austria). To assess cell viability, gels were stained for
cleaved caspase 3 (rabbit mAB, Cell Signaling, #9661 and
anti-rabbit Alexa Fluor 488) according to manufacturer proto-
col for immunofluorescence followed by confocal imaging on
a Leica DM6000 CFS fixed stage microscope (Leica
Microsystems, Wetzlar, Germany) using a 20× objective
(NA=1.32). DAPI served as nuclear counterstain.

Collagen gel contraction assay

To evaluate the contractile capacity of fibroblasts under treat-
ment, 3×104 CCD-18Co cells were embedded into 300 μl of a
collagen I matrix (2 mg/mL). After solidification, 3 mLMEM
(10 % FCS) with or without KP46 (7.5 μM) were added. Gels
were photographed daily for 7 days, and the size of the colla-
gen gels (projected surface area) was determined by ImageJ
software analysis. Additionally, fibroblast viability was
assessed by the Alamar Blue assay.

Western blot studies

The expression level of α-SMAwas evaluated with a mono-
clonal mouse anti-human smooth muscle actin, clone 1A4
antibody (Dako, 1:1000). As loading control, the housekeep-
ing gene GAPDH was used and detected with rabbit anti-
human GAPDH (14C10) antibody (Cell Signaling) in dilution
1:1000. Secondary antibodies anti-mouse IgG, HRP-linked
antibody (Cell Signaling) and anti-rabbit IgG, HRP-linked
antibody (Cell Signaling) were used in dilution 1:1000.
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Western blot studies were performed in two independent ex-
periments. Samples were treated for 18 h prior to protein iso-
lation with KP772 in concentrations of 1 and 2 μM and with
KP46 in concentrations of 7.5 and 15 μM.

Statistical analysis

For statistical analysis, an unpaired T-test with Welch’s cor-
rection from raw data was performed. All results are based on
at least three independent experiments.

Results

Characterization of the spheroid model

We used the hanging drop technique for growth of spheroids
with diameters of <200 and >400μm. This method allowed us
to grow single spheroids per well in the 96-well format with a
proper control of spheroid size. The used cell lines HCT116
(colon carcinoma), CH1(PA-1) (ovarian teratocarcinoma) and
HT1080 (fibrosarcoma) were previously described in the lit-
erature to form compact, round shaped spheroids [29–31].

To evaluate the influence of 3D growth on the cell lines, we
performed cell cycle studies with both spheroids and mono-
layer cultures. Cells from monolayer culture were ~80 % con-
fluent prior to harvesting for better comparison within the
experiments. In agreement with previously published results
[32], our cell cycle studies showed a decreased fraction of S
phase in both spheroid sizes of all tested cell lines (Fig. 2a),
indicating the presence of an increased population of non-
dividing cells. In monolayer culture the number of cells in

S phase was four times higher than in spheroids, which corre-
sponds to a decelerated, but still well detectable population of
proliferating cells (Fig. 2a).

Since hypoxic regions and necrotic core are main charac-
teristics of spheroid models and can play a crucial role in drug
screening outcome, we confirmed the presence of a necrotic
core by propidium iodide staining in viable spheroids and the
presence of hypoxic regions by antibody staining of HIF1α in
whole spheroids fixed with formaldehyde solution. Presence
of HIF1α has been previously reported in all types of hypoxic
cells [33, 34] as an early cell response to low oxygen supply.
Due to this observation, determination of the protein level of
HIF1α is commonly used for characterization of hypoxia in
solid tumors and hypoxic cell culture models. Due to limited
penetration ability of the argon laser, CLSM investigations
were done at the maximum depth of 70–80 μm. Our results
illustrate the presence of both a necrotic core and a hypoxic
region in spheroids with >400 μm diameter, but not in smaller
spheroids with less than 200 μm diameter (Fig. 2b and sup-
plementary data Fig. 1). Furthermore, the hypoxic region ap-
pears in ring form and is located already at the depth of 30 μm
under the spheroid surface, while the inner core of the spher-
oid showed persistent massive necrosis.

Cytotoxicity in spheroids with and without hypoxia

We evaluated the cytotoxic effects of different metal-based
compounds, some of which (cisplatin and oxaliplatin) are ap-
proved and frequently used anticancer agents. The gallium
(KP46) and ruthenium (NK1339) based compounds have al-
ready been successfully evaluated in phase I clinical trials
[35–37] and are promising candidates for future clinical use.

Fig. 1 Structural formulas of
compounds used in this study
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We also included experimental platinum (KP1537) and lan-
thanum (KP772) based compounds, developed in our lab. The
studied compounds show different chemical and biological
properties. KP46 is not redox active under physiological con-
ditions but shows high in vitro cytotoxicity, whereas KP1339
is a redox active drug, but was found to be less active in vitro.
Choosing compounds with such diverse chemical and biolog-
ical properties and in different stages of clinical and preclinical
development allowed us to scrutinize our 3D culture models
and investigate the dependence of cytotoxicity on the cell
model used for screening.

Cytotoxicity of platinum (KP1537), gallium (KP46), ruthe-
nium (KP1339) and lanthanum (KP772) based compounds
was tested on spheroids with and without hypoxic regions
and necrotic core and on monolayers of HCT116, CH1(PA-
1) and HT1080 cells by using the Alamar Blue assay. Three of
four compounds tested in spheroids with <200 and >400 μm
diameter showed a spheroid size dependent increase of IC50

values (Fig. 3a). In contrast, the IC50 values of KP772 in
spheroids are well comparable with those in monolayer
culture.

Detailed comparison of data obtained for all tested sub-
stances, including the standard drugs cisplatin and oxaliplatin,
in >400 μm spheroids and monolayers show that use of the

3D model results in a totally new ranking of compounds with
regard to their cytotoxicity in vitro (Fig. 3b). Remarkably,
cisplatin, oxaliplatin, KP772 and KP1339 showed no tremen-
dous changes in cytotoxic potency in <200 or >400 μm spher-
oids, whereas the cytotoxicity of gallium complex KP46 and
oxaliplatin derivate KP1537 was markedly lower in the hyp-
oxic spheroid model. Especially KP46, yielding IC50 values in
the low micromolar range in monolayer culture, showed a
300-fold decrease of cytotoxicity in >400 μm spheroids
(Fig. 3a).

Anti-invasive activity in spheroid model and transwell
assay

Hypoxic tumors in vivo show a tendency to metastasize,
which is the most common cause for rapid disease progression
and lethal disease outcome. Therefore, establishment of
in vitro models for invasiveness and drug screenings for
anti-invasive activity should be considered essential for pre-
clinical investigations. We evaluated the anti-invasive proper-
ties of the investigated compounds in different assays, such as
a transwell assay (evaluating the influence on migration abil-
ity and invasiveness in cell monolayers) and a spheroid-based
assay (studying the ability of the compounds to inhibit the

Fig. 2 Characterization of spheroids with different diameters. a. Cell cycle
distributions in HT1080, HCT116 and CH1(PA-1) spheroids with
diameters of <200 and >400 μm compared to monolayer cultures. b. PI

staining of the necrotic core and immunohistochemical detection of HIF1α
expression in HT1080 spheroids with <200 and >400 μm diameter. Grey
areas depict total spheroid size. Scale bars 100 and 50 μm, respectively
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formation of metastasis-like protrusions). The transwell assay
was carried out for 24 h in HT1080 cells. The number of
invaded cells was evaluated by flow cytometric analysis,
which additionally allowed the monitoring of cell viability.
The spheroid assay was carried out for 96 h with hypoxic
HCT116 and HT1080 spheroids. Spheroid invasion was eval-
uated by microscopy after 96 h. Due to their highly invasive
properties, HT1080 cells were used for the transwell assay.
Growth of HCT116 spheroids containing a hypoxic zone
and a necrotic core increased the invasiveness of this cell line,
rendering HCT116 suitable for the spheroid-based assay (see
supplementary data Fig. 2). Applied compound concentra-
tions were proven to be in the subcytotoxic range for the
chosen incubation period.

In accordance with results of our cytotoxicity screening,
most compounds (cisplatin, oxaliplatin, KP1339, and
KP1537) displayed higher anti-invasive properties in the
monolayer-based transwell assay. However, KP772 and
KP46 showed high anti-invasive properties in the spheroid
model. Moreover, KP46 was the only compound which
displayed a higher anti-invasive activity in the spheroid
invasion assay. KP46 had significant anti-invasive activity
in both HT1080 (Fig. 4a,c and Electronic supplementary
material) and HCT116 spheroids (see supplementary data
Fig. 2), inhibiting appendage formation and spheroid
growth. KP772 displayed high anti-invasive activity in
the transwell assay and was moderately inhibiting invasion
in the spheroid-based assay (Fig. 4b). While a related com-
pound investigated previously [38] caused significant re-
duction of cell migration and invasion in breast cancer cell
lines, the ruthenium complex KP1339 had no anti-invasive
activity in the models applied here. KP1537 and
oxaliplatin, with significant activity in the transwell assay,
were inactive in the spheroid invasion assay. Cisplatin, be-
ing inactive in the transwell assay, showed slightly in-
creased activity in the spheroid-based assay.

As KP46 and KP772 significantly inhibited invasion in the
spheroid-based model, we monitored the protrusion formation
in hypoxic HT1080 (Fig. 5a and b) and HCT116 (data not
shown) spheroids for 96 h. For this purpose, images and mea-
surements of the cross-sectional area were made automatically
every hour. Both KP46 and KP772 caused inhibition of pro-
trusion formation already after ca 21 h (Fig. 5a and b).

KP46 inhibits normal fibroblast mediated invasion
and contraction of collagen gels

In order to test whether KP46 has anti-invasive effects on
carcinoma associated fibroblasts (CAFs) isolated from colon
carcinomas [39], we employed the spheroid collagen gel in-
vasion assay using CCD18-Co myofibroblasts as a model
resembling activated colon cancer fibroblasts. Indeed, after
168 h of culture in collagen gel, KP46 treated cultures showed
no signs of invasion as compared to DMSO controls and
KP772 treated samples (Fig. 6a). Importantly, the fibroblasts
were not affected in the presence of KP46 or KP772 as deter-
mined by morphology in transmission light microscopy. Con-
sistent with the non-invasive phenotype uponKP46 treatment,
no signs of gel contraction were detectable (Fig. 6b), whereas
DMSO controls showed prominent gel shrinkage. Determina-
tion of the projected area revealed a threefold reduction of
collagen gel size under control conditions, whereas under
treatment with KP46 the collagen gels contracted only to
about 85 % of their initial size (Fig. 6c). Of note, no severe
reduction of cell viability was detectable in KP46 treated fi-
broblasts in the contracted collagen gels after 7 days of treat-
ment (Fig. 6d).

Alpha-smooth muscle actin expression has been proven by
other authors to have a direct impact on contractile activity of
fibroblasts [40] and to be associated with invasive activity of
different cancer types [41, 42]. To evaluate whether the loss of
contractile activity and invasion in Cav18Co fibroblasts under

Fig. 3 Cytotoxicity of the tested compounds in spheroids with <200 and
>400 μm diameter and monolayer cultures. a. IC50 values (means±
standard deviations) in monolayers, hypoxic and non-hypoxic spheroids

of CH1(PA-1), HT1080 and HCT116 cells. b. Ranking of the compounds
by IC50 value in HCT116 monolayers and hypoxic spheroids
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KP46 treatment are associated with alpha-smooth muscle ac-
tin expression, we performed Western blot studies. Indeed,
KP46 decreased smooth muscle actin level in a dose-
dependent manner, while KP772 has no influence on protein
expression (Fig. 6e). Further, our observations showed time-
dependent morphology changes and detachment of the fibro-
blasts in presence of KP46.

Selective targeting of colon cancer cell spheroids by KP46

Next we determined the effects of KP46 and KP772 in an
organotypic 3D model recapitulating tumor–stroma interac-
tion. For this purpose, HCT116 spheroids were embedded into
fibroblast containing collagen I and incubated for 3 days in the
presence or absence of KP46 or KP772. After 48 h no obvious
signs of cell death were detectable by light microscopy,
whereas after 72 h a profound effect was seen in the KP46
treated cultures. The spheroids appeared less compact, and
invasive structures were reduced in the KP46 containing cul-
tures (Fig. 7a). The gels were subsequently fixed and subject-
ed to immunofluorescence staining for cleaved caspase 3
(CC3) and confocal imaging. Massive apoptosis was induced
in the tumor cell spheroids under KP46 treatment, whereas

KP772 showed intermediate effects as compared to DMSO
treated controls, which showed only sporadic apoptotic fea-
tures (Fig. 7b and supplementary data Fig. 3). In good accor-
dance with our previous findings, no signs of apoptotic fibro-
blasts were detectable in KP46 treated samples, whereas
KP772 treatment elicited minor cell death in the mesenchymal
cells.

Discussion

In this study, we used alternative cell culture models to inves-
tigate anti-tumoral and anti-invasive properties of gallium,
platinum, ruthenium and lanthanum-based compounds in dif-
ferent cell culture models: monolayers, hypoxic and non-
hypoxic cancer cell spheroids, fibroblast spheroids and
fibroblast/cancer cell co-culture. The application of these
models in combination with invasion assays allowed us to
provide novel insights into the mechanisms of action of the
studied drugs.

The gallium-based compound KP46, which had already
shown signs of therapeutic activity in patients with renal cell
cancer in a clinical phase I study [35], showed the strongest

Fig. 4 Anti-invasive activity of the investigated compounds. a.
Comparison of anti-invasive activity in the spheroid model and the
transwell assay in the cell line HT1080. b. Inhibition of protrusion

formation in HT1080 by KP46, KP772 and KP1537. Significantly
different to control by T-test with Welch’s correction *** p<0.001, **
p<0.01, * p<0.05. Scale bar 200 μm
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dependence of both cytotoxicity and anti-invasive activity on
the used culture models. In monolayer culture, IC50 values
were in the low micromolar range for all three cell lines used
in this study, which is in good accordance with results pub-
lished previously [43]. Corresponding to experience in animal
studies and the clinical trial where the dose of KP46 had to be
escalated to higher levels than expected, we observed a strong
decrease in cytotoxic activity (~300-fold) in spheroid culture
compared to the monolayer model. This seems to be in con-
trast to a previous report [44], which, however, involved cells
with a certain degree of intrinsic resistance to KP46, according
to the two-digit micromolar IC50 values given there even for
the monolayer setting. It is well known that three-dimensional
cell culture models mimicking a solid tissue environment are
frequently showing decreased drug sensitivity, a phenomenon
called multicellular resistance (MCR) by some authors [44].
The main reasons for the development of MCR are cell cycle
changes, in particular a low fraction of dividing cells [45],
decreased drug penetration due to tight cell-cell contacts and
cell-matrix interactions [46], and, if present, hypoxia may
contribute to resistance by inducing changes in expression of
apoptosis regulators [47]. With regard to drug penetration,
extracellular binding of the drug to macromolecules such as
serum albumin [48] might constitute another obstacle. How-
ever, if this were a relevant factor in the case of KP46, the

same should apply to other compounds with affinity for albu-
min, such as KP1339, contrary to our observations.

In further contrast, KP46 showed low anti-invasive activity
in the monolayer-based transwell assay, whereas it strongly
inhibited protrusion formation in the spheroid-based invasion
assay. An explanation for these results could be differences in
expression levels of adhesion molecules between spheroid
culture and monolayer culture. Cells grown in spheroids are
known to produce increased amounts of adhesion molecules
[49], which in general mediate invasiveness. KP46 has been
reported recently to down-regulate focal adhesion proteins, in
particular integrin-b1, causing deregulation of cell-matrix ad-
hesion [50]. In good agreement with these findings, we
showed that KP46 inhibits contraction of collagen I gels by
fibroblasts and fibroblast invasion into collagen I, corroborat-
ing the impact on stroma interactions caused by treatment with
this compound. We showed further that KP46 down-regulates
α-SMA in monolayer culture of fibroblasts in a dose-
dependent manner, which can be an additional reason not only
for the anti-invasive activity of the compound, but also for cell
morphology changes and cell detachment observed in fibro-
blasts (see Electronic supplementary material) and cancer cell
lines [50]. Data obtained from HCT116/fibroblast co-culture
in a 3Dmatrix, however, showed that KP46 selectively targets
cancer cells but has no discernible impact on fibroblast

Fig. 5 Ninety six hours monitoring of anti-invasive activity of KP46 and
KP772 in the hypoxic HT1080 spheroid model by a JuliBr system. a.
KP46 and b. KP772 time-dependent anti-invasive activity. c. Selection of

images showing inhibition of protrusion formation due to KP46 treatment
over 96 h. Scale bar 200 μm
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viability. Results of KP46 with spheroid models suggest that
KP46 is a potent inhibitor of tumor invasion but might be
cytotoxic primarily to proliferating rather than quiescent can-
cer cells.

In contrast to KP46, there is little difference between the
anti-cancer activities in monolayer culture or spheroids in
the case of the lanthanum-based compound KP772. Cyto-
toxicity tests showed similar IC50 values in both spheroid
and monolayer culture, indicating that multicellular resis-
tance has no impact on compound activity. As the anti-
cancer activity of KP772 involves a strong cell cycle arrest
[51], it was reasonable to expect a decrease of cytotoxicity
in spheroid culture, which was not the case, however. Al-
ternatively, the activity of KP772 might hardly be inhibited
by hypoxia in contrast to that of KP46 (W. Berger, personal
communication). On the other hand, KP772 showed high
anti-invasive activity in the monolayer-based transwell as-
say but moderate anti-invasive activity in the spheroid-
based assay. Corresponding with this observation, treat-
ment with KP772 had no impact on fibroblast invasion,
but showed cytotoxicity to fibroblasts in HCT116/
fibroblast co-culture, suggesting a lower selectivity for tu-
mor cells than KP46.

Cytotoxic or anti-invasive properties of the ruthenium-
based compound KP1339 showed very little dependence on
the cell model used. Surprisingly, treatment with KP1339
yielded similar IC50 values in monolayers and hypoxic as well
as non-hypoxic spheroids. This finding is rather unexpected,
taking into consideration the activation-by-reduction hypoth-
esis which is a central aspect in the rationale for the develop-
ment of anticancer ruthenium(III) complexes [52]. According
to this hypothesis, ruthenium(III)-based compounds serve as
pro-drugs being activated in the hypoxic milieu of the solid
tumors. Animal studies in mice with KP1339 showed signif-
icant anti-tumor activity in vivo [53], and in a phase I clinical
trial about one third of the patients treated with therapeutically
relevant doses showed either disease stabilization or a partial
response, most notably those with gastrointestinal neuroendo-
crine tumors [37]. This would not be anticipated based alone
on the cytotoxicity in monolayer cultures, which is in fact
rather low. Nevertheless, a correlation between normoxia ver-
sus hypoxia and cytotoxic activity of KP1339 has never been
reported. Another possible explanation for increased cytotox-
icity in vivo is albumin-mediated uptake [54, 55]. Previous
studies regarding the anti-invasive activity of ruthenium-
based compounds revealed certain anti-invasive activity of

Fig. 6 KP46 impairs mobility and contractile force of normal colon
fibroblasts in a collagen I matrix. a. Fibroblast invasion into collagen I
gel after 7 days of treatment with KP46 (1 μM), KP772 (7.5 μM) or
DMSO (control). b. Contraction of collagen I gels by fibroblasts treated
with KP46 (1 μM) or DMSO (control) monitored for 7 days. c. Gel areas

of B analyzed in ImageJ. d. Viability of cells in contracted gels analyzed
by the Alamar Blue assay. e. Down-regulation of α-SMA in fibroblast
monolayer culture shown by Western blotting. Error bars indicate±SD.
Scale bar 100 μm
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KP1019, a KP1339 analogue, in monolayer cultures of breast
cancer cell lines [38]. Our results, however, could not demon-
strate anti-invasive activity of KP1339, neither in the transwell
nor in the spheroid-based assays.

The biological activities of KP1537, an oxaliplatin ana-
logue, showed a pronounced dependence on the cell model
used, indicating both decreased cytotoxicity in hypoxic spher-
oid models and decreased anti-invasive activity in the spher-
oid-based invasion assay. These results are paralleled by those
for oxaliplatin included in this study. They also correspond
with findings published by other authors, who reported a de-
crease of oxaliplatin sensitivity with depth in HCT116 spher-
oids and revealed a clear gradient of drug penetration, induced
DNA damage and HIF1 activity [56]. Moreover, these authors
observed that the difference in sensitivity to oxaliplatin be-
tween cells from normoxic vs hypoxic regions (8-fold)
exceeded the differences in DNA platination (1.5-fold), sug-
gesting that hypoxia-triggered molecular changes have a
stronger impact than penetration issues, which was supported
by reduced resistance in spheroids of a subline lacking func-
tional HIF1 (the master regulator of hypoxia response). This
corresponds to our finding that cytotoxicity of the oxaliplatin

analog KP1537 is in two (of three) cell lines only affected in
larger spheroids displaying HIF1α expression.

In summary, especially KP46 showed strong differences
depending on the culture model used, while other compounds
used in this study, such as KP1537 and oxaliplatin, displayed
moderately different, or, like KP772, KP1339 and cisplatin,
rather comparable cytotoxicity in all used culture models. All
compounds, except for cisplatin, included in this study
showed anti-invasive properties in the transwell assay, most
notably KP772, KP1537 and oxaliplatin. In the spheroid-
based assay, however, only KP46, cisplatin and KP772 had
anti-invasive activity, and only KP46 and cisplatin showed
increased anti-invasive activity compared to the transwell
assay.

In general, our findings suggest that cytotoxicity and anti-
invasive activity are very much dependent on the cell culture
model used for the investigation and that the combined use of
different models provides a more solid informative basis about
compound activity with implications for the mode of action of
the studied drugs. Especially spheroid cultures mimicking the
in vivo situation more closely should be included in any
in vitro drug testing.

Fig. 7 Spheroid co-culture in a collagen I matrix reveals tumor cell
selective apoptotic action of KP46. a. Bright field microphotographs of
treated (KP46 1 μM, KP772 7.5 μM) co-cultures. b. Confocal

immunofluorescence images of pro-apoptotic cleaved caspase 3 and
DAPI as nuclear counterstain. Scale bar 75 μm
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