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Abstract
We demonstrated for the first time an outstanding ability of rosiglitazone to mediate a pro-

found enhancement of LA-12-induced apoptosis associated with activation of mitochondrial

pathway in human colon cancer cells. This effect was preferentially observed in the G1 cell

cycle phase, independent on p53 and PPARγ proteins, and accompanied with significant

changes of selected Bcl-2 family protein levels. Further stimulation of cooperative synergic

cytotoxic action of rosiglitazone and LA-12 was demonstrated in the cells deficient for

PTEN, where mitochondrial apoptotic pathway was more stimulated and G1-phase-associ-

ated dying was reinforced. Our results suggest that combined treatment with rosiglitazone

and LA-12 might be promising anticancer strategy in colon-derived tumours regardless of

their p53 status, and also favourable in those defective in PTEN function.

Introduction
Peroxisome proliferator-activated receptor γ (PPARγ) is a member of the nuclear hormone
receptor superfamily of ligand-activated transcription factors that are involved in regulation of
energy metabolism, cancer development and anti-inflammatory response [1]. Although a main
role of PPARγ has been shown in the adipocyte differentiation and insulin sensitisation [2],
PPARγ is also well-known to affect growth and cell cycle [3, 4], differentiation [5] and apopto-
sis [6] of various types of cancer cells including colon. Similarly as in adipocytes, PPARγ
expression is also maintained at relatively high levels in numerous human colon cancer cell
lines and primary colon tumours [7]. The mutations of PPARγ gene have been reported as rare
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event in human malignancies including colon [8]. It has been suggested that PPARγ-induced
gene regulation might contribute to tumorigenesis, but the significance of this receptor path-
way in colon cancer development and treatment still remains controversial.

Rosiglitazone, a synthetic ligand of PPARγ is a widely used anti-diabetic agent from the
family of drugs called thiazolidinediones. Due to its ability to inhibit proliferation and/or
induce cancer cell death, rosiglitazone has also been examined in numerous studies focused on
cancer treatment. Although an insufficient antitumor effectiveness of rosiglitazone has been
shown in many cases when used in monotherapy, its promising potential as an adjuvant com-
bined with radiation [9] or various types of antineoplastic agents has been reported. Rosiglita-
zone enhanced the colon cancer cell sensitivity to the cytotoxic effects of 5-FU [10], cytokine
TRAIL [11] or all-trans retinoic acid [12]. Interestingly, additive/synergicanticancer effects
of rosiglitazone and conventionally used platinum-based drugs cisplatin or carboplatin have
been demonstrated in colon, lung or ovarian cancer cell lines in vitro [13, 14]. Combination of
carboplatin and rosiglitazone reduced the incidence of polyp formation in mice model of
azoxymethane-induced colon carcinogenesis [13], the tumour size in nude mice with subcuta-
neously injected A549 lung cancer cell-derived xenografts [13] or induced a regression of
K-Ras-driven murine lung adenocarcinomas [14]. Pretreatment with rosiglitazone also syner-
gized anticancer activity of cisplatin in DMBA-induced mammary tumours in rats [15].
Although some molecular mechanisms behind these effects have been suggested, many of
them still remain to be clarified. Moreover, a complete lack of the information exists regarding
the potential cooperative anticancer effects of rosiglitazone with novel platinum-based chemo-
therapeutic drugs.

LA-12, (OC-6-43)-bis(acetato)(1-adamantylamine)amminedichloroplatinum(IV), repre-
sents a recently introduced platinum(IV) complex containing a bulky hydrophobic ligand
1-adamantylamine, enabling its higher hydrophobicity compared to other platinum-based
drugs such as cisplatin [16]. The action of LA-12 has been intensively studied by us and others
both in vitro and in vivo, and the results highlighted its favourable anticancer potential over
several conventionally used platinum-based chemotherapeutic drugs [17]. LA-12 exerted a
strong cytotoxic effect in various cisplatin-resistant cancer cell lines of different origin includ-
ing colon [18–20]. In addition, LA-12 could overcome confluence-dependent resistance of
colon cancer cells that was described in the platinum(II) compounds cisplatin and oxaliplatin
[21]. We further demonstrated that a higher efficacy of LA-12 in colon cancer cells was associ-
ated with its ability to overcome the block in M-phase entry triggered by oxaliplatin in order to
repair the cellular damage [22]. Recently, we reported on a higher/unique ability of LA-12 com-
pared to cisplatin to induce upregulation of several important proteins involved in apoptosis
regulation such as Noxa, Bim, c-Myc or DR5 [23, 24]. Furthermore, the cellular uptake of LA-
12 has been shown faster and more effective compared to cisplatin in human non-small cell
lung carcinoma [25]. Promising anticancer properties of LA-12 were also demonstrated in vivo
in nude mice bearing human carcinoma xenografts of colon, prostate and ovarian origin,
where LA-12 was more effective in tumour elimination compared to satraplatin [26]. However,
neither the detailed molecular mechanisms involved in the cytotoxic and cytostatic action of
LA-12 in colon cancer cells are still fully understood, nor are its potential applications in com-
bined therapy.

In present study, we were the first to demonstrate the ability of rosiglitazone to stimulate
antiproliferative and apoptotic response triggered by LA-12 in HCT116 human colon adeno-
carcinoma cells. We investigated the molecular mechanisms responsible for the cooperative
action of the drugs, with a particular focus on the modulation of the cell cycle progression,
PTEN involvement and activation of mitochondrial apoptotic pathway. The cytotoxic response
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elicited by the combination of rosiglitazone and LA-12 was also investigated in other colon
cancer cells lines and the cells derived from normal colon epithelium.

Materials and Methods

Cell Culture and treatments
Human colon adenocarcinoma cell lines HCT116 wt (p53+/+, Bax+/-, Chk2+/+, PTEN+/+),
p53-/-, Bax-/-, Chk2-/- and PTEN-/- (obtained from Prof. Bert Vogelstein, John Hopkins Univer-
sity, Baltimore, MD, USA, and T. Waldman, Georgetown University School of Medicine,
Washington, USA, in 2007) [27] [28] were maintained in McCoy´s 5A medium (Gibco, Invi-
trogen, Life Technologies, USA), supplemented with penicillin (100 U/ml), streptomycin (0.1
mg/ml) and 10% heat-inactivated foetal bovine serum (FBS, PAA Laboratories GmbH, Pasch-
ing, Austria and Gibco, Invitrogen). Human colon adenocarcinoma cells DLD-1 (ATCC, CCL-
221, obtained in 2009) and RKO (ATCC, CRL-2577, obtained in 2007) were maintained in
RPMI or DMEM (both Gibco, Invitrogen, Life Technologies), respectively, supplemented with
penicillin (100 U/ml), streptomycin (0.1 mg/ml) and 10% FBS. The NCM460 human adult
normal colon epithelium-derived cell line was received (in 2010) by a Material Transfer Agree-
ment with INCELL Corporation (San Antonio, Texas, USA) [29], and routinely propagated
under standard conditions in M3:10TM medium (INCELL Corporation). The cells were culti-
vated in TPP (TPP Techno Plastic Products AG, Trasadingen, Switzerland) cultivation dishes,
flasks or plates in a humidified incubator at 37°C in atmosphere of 5% CO2, passaged twice a
week after exposure to EDTA/PBS and trypsin solutions. Numbers of cells were determined
using a CASY Model TT–Cell Counter and Analyzer (Roche Diagnostics GmbH, Germany).

Twenty-four hours after seeding, the cells were pretreated (24 h) with 50 μM rosiglitazone
(RGZ) (5-[[4-[2-(Methyl-2-pyridinylamino)ethoxy]phenyl]methyl]-2,4-thiazolidinedione,
Cayman Chemical, Michigan, USA) and subsequently treated (48 h) with 0.75 μM LA-12
([(OC-6-43)-bis(acetato)(1-adamantylamine)aminedichloroplatinum(IV)], Platinum Pharma-
ceuticals, a.s., Brno, Czech Republic). MEK1/2 Inhibitor U0126 (#9903, Cell Signaling Technol-
ogy, Danvers, MA, USA) and pan-caspase inhibitor z-VAD-fmk (#550377, BD Bioscience
Pharmingen, San Diego, CA, USA) were added to cells 1 h before treatment with RGZ. Stock
solutions were diluted in dimethylsulfoxide (DMSO, Sigma–Aldrich, Prague, Czech Republic).

Cell Transfection and RNA Interference
RNA transfections were performed using X-tremeGENE siRNA Transfection Reagent (Roche,
Basel, Switzerland) or Lipofectamine™ 2000 Transfection Reagent (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s recommendations. Cells were seeded into McCoy’s
medium with 10% FBS, without antibiotics, and incubated overnight. Shortly before transfec-
tion medium was changed for Opti-MEM1 I Reduced SerumMedium (Gibco, Invitrogen).
The cells were transfected with 100 nM siRNA duplexes directed against PPARγ(#29455, Santa
Cruz Biotechnology, Santa Cruz, CA, USA) or non-target control siRNA (#37007, Santa Cruz
Biotechnology). After 4 h, medium was changed for McCoy’s medium with 10% FBS (PAA
Laboratories GmbH and Gibco, Invitrogen) with antibiotics. Twenty-four hours after transfec-
tion, the cells were pretreated (24 h) with RGZ and subsequently treated (48 h) with LA-12.

Immunoblotting analysis
The cells were lysed in 1% SDS lysis buffer containing protease inhibitor cocktail (#P2714,
Sigma–Aldrich) or Protease Inhibitor Cocktail Set I (#5391313, Calbiochem, Merck Millipore,
Bedford, MA, USA), for phosphoprotein detection NaVO4 and NaF were added to the lysis
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solution. DC™ Protein Assay (#500–0113, Bio-Rad Laboratories, Prague, Czech Republic) was
used for protein quantification. Proteins were then separated on 15% SDS-polyacrylamide gel,
and blotted onto a PVDF membrane (Merck Millipore, Bedford, MA, USA). The membranes
were blocked in 5% non-fat milk or BSA for 1 h at RT, washed with TBS (50 mM Tris–HCl,
150 mMNaCl and 0.1% Tween), and incubated overnight in primary antibodies diluted in 5%
non-fat milk at 4°C. Immunodetection was carried out using the following primary antibodies:
monoclonal mouse anti-p53 (1:000, DO-1, #126) raised against amino acids 11–25 of p53 of
human origin, polyclonal rabbit anti-Akt (1:500, #8312) against amino acids 345–480 of Akt1
of human origin, monoclonal mouse anti-cyclin B1 (1:1000, #245) against a recombinant pro-
tein corresponding to human cyclin B1, monoclonal mouse anti-cyclin D1 (1:1000, #20044)
against recombinant full length human protein, monoclonal mouse anti-PTEN (1:500, #7974)
against amino acids 388–400 of PTEN of human origin, polyclonal rabbit anti-p21 (1:000,
#397) raised against a peptide mapping at the C-terminus of p21 of human origin, polyclonal
rabbit anti-p27 (1:1000, #528) raised against a peptide mapping at the C-terminus of p27 of
human origin (all from Santa Cruz Biotechnology), polyclonal rabbit anti-phospho-Akt
(Ser473) (1:500, #9271) produced by immunizing animals with a synthetic phospho-peptide
corresponding to residues surrounding Ser473 of mouse Akt–purified by protein A, polyclonal
rabbit anti-Bak (1:1000, #3792) produced by immunizing rabbits with a synthetic peptide
(KLH-coupled) corresponding to the amino-terminal residues of human Bak–purified by pro-
tein A, polyclonal rabbit anti-Bax (1:1000, #2772) produced by immunizing animals with a
synthetic peptide (KLH-coupled) corresponding to the amino-terminal residues of human Bax
—purified by protein A, polyclonal rabbit anti-Bid (1:1000, #2002) produced by immunizing
animals with a synthetic peptide (KLH-coupled) corresponding to residues surrounding the
cleavage site of human Bid–purified by protein A, monoclonal rabbit anti-Bim (1:1000, #2933)
produced by immunizing animals with a synthetic peptide corresponding to residues sur-
rounding Pro25 of Bim, monoclonal mouse anti-Chk2 (1:000, #3440) produced by immunizing
animals with truncated recombinant GST-Chk2, polyclonal rabbit anti-cleaved caspase-3
(1:500, #9661) produced by immunizing animals with a synthetic peptide corresponding to
amino-terminal residues adjacent to (Asp175) in human caspase-3, polyclonal rabbit anti-
cleaved caspase-9 (1:500, #9505) produced by immunizing animals with a synthetic peptide
corresponding to amino terminus residues surrounding to Asp330 of human caspase-9 –puri-
fied by protein A, polyclonal rabbit anti-ERK (1:1000, #9102) produced by immunizing ani-
mals with a synthetic peptide (KLH-coupled) derived from a sequence in the C-terminus of rat
p44 MAP Kinase–purified by protein A, polyclonal rabbit anti-phospho-ERK1/2 (Thr202/
Tyr204) (1:1000, #9101) produced by immunizing animals with a synthetic phospho-peptide
corresponding to residues surrounding Thr202/Tyr204 of human p44 MAP kinase–purified by
protein A, polyclonal rabbit anti-cleaved PARP (Asp214) (1:1000, #9541) produced by immu-
nizing animals with a synthetic peptide corresponding to carboxy-terminus residues surround-
ing Asp214 in human PARP–purified by protein A, polyclonal rabbit anti-peroxisome
proliferator-activated receptor γ(PPARγ) (1:500, #2435) produced by immunizing rabbits with
a synthetic peptide corresponding to residues surrounding Asp69 of human PPARγ, polyclonal
rabbit anti-Puma (1:1000, #4976), produced by immunizing animals with a synthetic peptide
corresponding to the carboxy-terminal region of human Puma–purified by protein A, mono-
clonal rabbit anti-survivin (1:1000, #2808) produced by immunizing animals with a synthetic
peptide corresponding to residues surrounding cysteine 60 of human survivin (all from Cell
Signaling Technology), mouse monoclonal anti-Noxa (OP180; Calbiochem-MERC, Prague,
Czech Republic) with immunogen of GST-fusion with human recombinant Noxa, mouse anti-
cytochrome c (1:500, #556433, BD Pharmingen™, San Jose, USA) with synthetic peptides of
pigeon cytochrome c as immunogen, monoclonal mouse anti-complex IV subunit II (anti-cyt
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oxidase subunit II) (#A-6404, Invitrogen™, Life Technologies) with human complex IV subunit
II as immunogen. The membranes were then washed and incubated with secondary antibodies
—anti-mouse IgG (1:3000, #NA931) and anti-rabbit IgG antibody (1:3000, #NA934) (both
from Amersham Biosciences, Piscataway, NJ, USA) for 1 h at RT. Detection of the antibody
complexes was performed with horseradish peroxidase substrates Immobilon Western Chemi-
luminescent HRP Substrate (#WBKLS0500, Merck Millipore, Bedford, MA, USA). Anti-β-
actin antibody (1:5000, A5441; Sigma-Aldrich), with slightly modified β-cytoplasmic actin
N-terminal peptide, Ac-Asp-Asp-Asp-Ile-Ala-Ala-Leu-Val-Ile-Asp-Asn-Gly-Ser-Gly-Lys,
conjugated to KLH as immunogen, was used for a loading control.

Preparation of cell fractions
The cells were harvested by trypsinization, centrifuged at 200 g for 5 min, resuspended in frac-
tion buffer (150 mM KCl, 1mMMgCl2, 0.2 mM EGTA, 5 mM Tris and 0.01% digitonin pH
7.2–7.4) and left in RT for 20 min to lyse. Lysed cells were centrifuged at 13 000 rpm, superna-
tants were used for cytoplasmic fractions and pellets were resuspended in the same amount of
fraction buffer mixed with 4x Laemmlli buffer, boiled for 10 min and the samples after protein
quantification were used in immunoblotting analysis.

Analysis of mitochondrial membrane potential (MMP)
Detection of MMP was performed using 0.2 μM tetramethylrhodamine ethyl ester perchlorate
(TMRE; Molecular Probes1, Eugene, OR, USA) as described previously [30] and analysed
using flow cytometry (FACS CaliburTM, Becton Dickinson, San Jose, CA, USA). The data were
evaluated by CellQuest software (Becton Dickinson) and the results were expressed as the per-
centages of the cells with decreased MMP.

Annexin V/ propidium iodide apoptosis assay
For externalization of phosphatidyl serine as a marker of apoptosis, the cells were harvested,
washed with PBS and stained with annexin V FITC-conjugated antibody (#ANXV-FT100,
Apronex, Prague, Czech Republic) for 20 min in RT with manufactures’ specific supplied
buffer. Just before analysis, 5 μg/ml propidium iodide (PI) (#P-4170, Sigma-Aldrich) was
added. Fluorescence was then measured using flow cytometer (FACS CaliburTM, Becton Dick-
inson). Using Cell Quest software, the results were expressed as the percentage of the cells posi-
tive for annexin V and negative for propidium iodide (apoptotic).

Cell cycle analysis
The cells were processed as described previously [22] and analysed by flow cytometry
(FACSVerseTM; Becton Dickinson); minimum of 20 000 events were collected per sample.
Data were analysed using ModFit LT version 3.1 software (Verity Software House, Topsham,
ME, USA). Debris and doublet cells were excluded and only single cells were taken for cell
cycle analysis. Results were expressed as the percentage of the cells in G1, S and G2/M phase.

Active caspase-3 detection
The cells were harvested, washed in PBS, fixed and stained using FITC active caspase-3 apopto-
sis kit (#550480, BD Pharmingen™) according to the manufacturer´s protocol. The percentage
of cells with active caspase-3 was detected by flow cytometry (FACS VerseTM, Becton Dickin-
son) and analysed by BD FACSuite software version 1.0.5 (Becton Dickinson).
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Simultaneous detection of active caspase-3 and the cell cycle
progression
The cells were harvested, washed in PBS, fixed and stained using FITC active caspase-3 apopto-
sis kit (#550480, BD Pharmingen™) according to the manufacturer´s protocol. Subsequently,
the cells were washed and stained with propidium iodide for cell cycle analysis as described
above. The percentage of the cells in G1, S and G2/M phase with active caspase-3 was detected
by flow cytometry (FACS VerseTM, Becton Dickinson) and analysed by BD FACSuite software
version 1.0.5 (Becton Dickinson).

RNA isolation and real-time RT-PCR
RNA isolation. Immediately after collection, 1x106 cells were resuspended in 200 μl PBS,

homogenized in 400 μl kit Lysis/Binding Buffer and frozen at -80°C until the time of RNA iso-
lation. Total RNA isolation was performed using High Pure RNA Isolation Kit (Roche, Swit-
zerland) according to manufacturer’s instructions. RNA quantity and purity were assessed by
UV-spectroscopy and an aliquot of RNA was reversely transcribed to cDNA.

cDNA synthesis. cDNAwas synthesized from 1 μg of total RNA by Transcriptor First
Strand cDNA Synthesis kit (Roche, Switzerland) according to manufacturer’s instructions using
provided oligo-dT primers (1 μl) and random hexamer primers (2 μl) in a total volume of 20 μl.

Real-Time quantitative PCR. 0.5 μl of each cDNAwas analyzed by quantitative PCR using
TaqMan Gene ExpressionMaster Mix and TaqMan Gene Expression assays (Life Technologies,
USA) CCND1, cyclin D1 (Hs00765553_m1), BIRC5, survivin (Hs04194392_s1), CDKN1A, p21
(Hs00355782_m1), CDKN1B, p27 (Hs01597588_m1), CCNB1, cyclin B1(Hs01030099_m1),
HPRT1 (Hs99999909_m1) according to manufacturer’s instructions in a total reaction volume
of 10 μl. All PCR reactions were performed in three technical replicates on RotorGene 6000
instrument (Corbett Life Science, Australia). PCR thermal profile was as follows: 50°C for 2 min
(UDG incubation), 95°C for 10 min (enzyme activation), followed by 40 cycles of 95°C for 15 s
and 60°C for 1 min. NTC and RT- controls were included in each run. Data analysis was per-
formed using the ddCt method with HPRT1 used as the housekeeping gene.

Statistical data analysis
Data are expressed as Mean +/- S.E.M. of three independent experiments, and statistically analysed
by one-way ANOVA followed by Fisher's Least Significant Difference (LSD) test with statistical
significance p<0.05, using Statistica forWindows software, V 10 (StatSoft, Inc., Tulsa, OK, USA).

In order to examine in more detail the interactive (synergism or additivity) cytotoxic effects
between the drugs, the results of apoptosis analysis (annexin V/propidium iodide assay, flow
cytometry, percentage of annexin V positive, propidium iodide negative HCT116 cells) follow-
ing treatment with several different doses of rosiglitazone (up to 75 μM) and LA-12 (up to
1.5 μM) or their combinations were examined. Construction of regression curves and calculat-
ing of the equieffective quantities of agents in the mixture were done using isobolographic anal-
ysis in GraphPad Prism 6 software. The drug doses sufficient for synergistic effect were
calculated and the type of the response was determined.

Results

RGZ enhanced HCT116 human colon cancer cell sensitivity to LA-
12-induced caspase-dependent apoptosis
Pretreatment of HCT116 wt human adenocarcinoma cell line with rosiglitazone effectively
stimulated LA-12-induced apoptosis, as demonstrated by significant increase in percentage of
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the cells with specific phosphatidyl serine externalization (Fig 1A; S1 Fig), and cleavage of cas-
pase-3 and its substrate PARP (Fig 1B). An isobolographic analysis of the apoptotic response
of the HCT116 cells to several different doses of rosiglitazone and LA-12 used in combination
(see Materials and methods) clearly demonstrated a significant synergic effect (data not
shown). Using a pan-caspase inhibitor z-VAD-fmk, we confirmed that the apoptotic effects of
the drug combination fully depended on caspase activation (Fig 1A and 1B). The significant
stimulation of the apoptotic effects (phosphatidyl serine externalization) induced by LA-12
and rosiglitazone combination compared to the individual drugs was also demonstrated in
human colon adenocarconima DLD-1 and RKO cell lines (Fig 1C).

Mitochondria play an indispensable role in enhancement of HCT116 cell
apoptosis following their combined treatment with rosiglitazone and LA-
12
The apoptotic response of HCT116 wt cells treated with the combination of rosiglitazone and
LA-12 was associated with stimulation of the mitochondrial pathway, as indicated by the
enhanced release of cytochrome c into the cytoplasm (Fig 2A), cleavage of caspase-9 (Fig 2B)
and drop of MMP (Fig 2C). A functional role of mitochondria was further confirmed using
HCT116 Bax-/- cells, where the apoptotic effects of the drug combination were significantly
suppressed. This was demonstrated by a blockage of caspase-9 and PARP cleavage (Fig 2B),
and drop of MMP (Fig 2C) in HCT116 Bax-/- cells treated by the combination of rosiglitazone
and LA-12 compared to their wt counterparts. Following the HCT116 wt cell treatment with
the drug combination, an increased level of pro-apoptotic BH3-only proteins Noxa and Bim
(23 and 15 kDa, which corresponds to EL and L form, respectively) was observed, while the
level of Puma and Bid remained largely unaffected. A slight increase in Bax and Bak protein
level was also apparent in LA-12-treated HCT116 wt cells (Fig 2D).

The rosiglitazone- and LA-12-induced apoptosis occurs preferentially in
G1 phase of HCT116 cell cycle
A simultaneous flow cytometry analysis of the cell apoptosis (caspase-3 cleavage) and cell cycle
revealed that the cells treated with the drug combination preferentially die from the G1 (and to
low extent also S) phase (Fig 3A and 3B). Under the conditions of Bax deficiency, significantly
lower percentage of the cells treated with the drug combination underwent apoptosis compared
to their Bax expressing counterparts, and these apoptotic cells were in the G1 cell cycle phase
(Fig 3A).

As p53 and Chk2 may act as important cell cycle (including G1- or M-phase entry) and apo-
ptosis regulators, we investigated their possible involvement in modulation of rosiglitazone-
mediated enhancement of HCT116 cell sensitivity to LA-12-induced apoptosis. Our results
showed that both p53 and Chk2 are dispensable for the apoptosis triggered by the drug combi-
nation, as similar response (caspase-3, caspase-9, PARP cleavage) was observed in parental and
appropriate knock out (p53-/-, Chk2-/-) cell lines (Fig 4).

PTEN deficiency supported G1 phase-related enhancement of
mitochondria-dependent apoptosis induced by rosiglitazone and LA-12
in HCT116 cells
Combined treatment of HCT116 wt cells with rosiglitazone and LA-12 induced a decrease in
PTEN level (Fig 5A), which was accompanied by an increased activation of Akt (phosphoryla-
tion at Ser473), without changes in the total protein kinase level (S2 Fig). In order to investigate
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the functional role of PTEN, the cytotoxic response to the drug combination was compared in
HCT116 cells expressing or lacking the protein. HCT116 PTEN-/- cells were more sensitive to

Fig 1. Rosiglitazone-mediated sensitization of HCT116 cells to LA-12-induced apoptosis. (a)
Percentage of apoptotic (annexin V positive/propidium iodide negative, flow cytometry) HCT116 wt cells and
(b) cleavage of caspase-3 and PARP (Western blotting) following pretreatment (24 h) with rosiglitazone
(RGZ, 50 μM) and subsequent treatment (48 h) with LA-12 (0.75 μM), in the absence (DMSO) or presence of
z-VAD-fmk (10 μM). (c) Percentage of apoptotic (annexin V positive/propidium iodide negative, flow
cytometry) RKO or DLD1 cells following pretreatment (24 h) with rosiglitazone (RGZ, 50 μM) and subsequent
treatment (48 h) with LA-12 (0.75 μM). Results are means + S.E.M. or representatives of three independent
experiments. Statistical significance: P < 0.05, * versus control, ‡ versus RGZ, Ο versus LA-12, and Δ for with/
without z-VAD-fmk.

doi:10.1371/journal.pone.0141020.g001
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the apoptotic effects of LA-12 alone and even more to its combination with rosiglitazone, as
showed by an enhanced PARP and caspase-9 cleavage (Fig 5A), and an increased drop of mito-
chondrial membrane potential (Fig 5B) compared to their HCT116 wt counterparts. A prefer-
ential killing from the G1 cell cycle phase induced by the drug combination in the HCT116 wt
cells was further even more supported in the absence of PTEN, where the percentage of apo-
ptotic cells (with caspase-3 activation) increased significantly (Fig 5C). The stimulation of drug
combination-induced G1-phase-related apoptosis was also apparent in later time points of the
treatments (data not shown).

While rosiglitazone alone did not affect the cell cycle distribution compared to control, we
observed a significant decrease in percentage of HCT116 wt cells in G1 phase, and simulta-
neous increase in G2/M phase after their exposure to LA-12 or its combination with rosiglita-
zone (Fig 5D). Compared to the wt counterparts, a further remarkable increase in percentage
of cells in G2 phase was apparent in PTEN-/- cells treated with LA-12 or its combination with
rosiglitazone (Fig 5E). Simultaneously, we detected a remarkable decrease in the level of several
cell cycle regulatory proteins, namely cyclin D1, B1, p21, p27 and survivin in HCT116 wt cells
treated with the drug combination compared to LA-12 alone (S3 Fig). In a good accordance,

Fig 2. Involvement of mitochondria in cooperative cytotoxic action of rosiglitazone and LA-12. (a) The release of cytochrome c into the cytoplasm
(cytoplasmic fraction) of HCT116 cells pretreated (24 h) with rosiglitazone (RGZ, 50 μM) and subsequently treated (48 h) with LA-12 (0.75 μM), detected by
Western blotting after cell fractionation. (b) Cleavage of caspase-9, PARP, Bax protein level (Western blotting), and (c) changes in mitochondrial membrane
potential (MMP, flow cytometry) in HCT116 wt and Bax-/- cells treated as in a). (d) The level of Noxa, Bim, Puma, Bid, Bax and Bak protein (Western blotting)
in HCT116 wt cells treated as in a). Results are means + S.E.M. or representatives of three independent experiments. Statistical significance: P < 0.05,
* versus control, ‡ versus RGZ or Ο versus LA-12, and Δ for wt versus Bax-/- cells.

doi:10.1371/journal.pone.0141020.g002
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the apparent decrease of the amount of these molecules in the cells treated with the drug com-
bination versus LA-12 alone was also detected at the level of mRNA (S4 Fig). In addition, a fur-
ther more intensive drop in cyclin B1, p21, p27 and survivin protein level was apparent in
PTEN-/- cells treated with the combination of rosiglitazone and LA-12 compared to the simi-
larly treated wt counterparts, while the opposite trends were evident for cyclin D1 (S3 Fig). The
described differences at the protein level between the PTEN +/+ and -/- cells incubated in the
presence of the drug combination were further well correlated at the level of mRNA for p21
and cyclin D1, important regulators of G1 phase progression, but not evident in case of p27,
cyclin B1 and survivin (S4 Fig).

In addition to Akt, we detected a significant increase in ERK1/2 phosphorylation in
HCT116 wt cells treated with the combination of rosiglitazone and LA-12 (S5 Fig). Inhibition

Fig 3. Relationship between HCT116 cell cycle progression and apoptosis induced by combination of
rosiglitazone and LA-12. (a) Caspase-3 activation (% of all cells with active caspase-3) related to the cell
cycle progression (flow cytometry) in HCT116 wt and Bax-/- cells following their pretreatment (24 h) with
rosiglitazone (RGZ, 50 μM), and subsequent treatment (48 h) with LA-12 (0.75 μM) (b) Percentage of
apoptotic cells (with active caspase-3) in G1 cell cycle phase, quantification of data from a). Results are
means + S.E.M. or representatives of three independent experiments. Statistical significance: P < 0.05,
* versus control, ‡ versus RGZ, Ο versus LA-12, and Δ for wt versus Bax-/- cells.

doi:10.1371/journal.pone.0141020.g003
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of ERK pathway did not affect the rate of apoptosis induced by the combination of rosiglita-
zone and LA-12, as indicated by similar PARP cleavage (S5 Fig) and percentage of HCT116 wt
cells with specific phosphatidyl serine externalization following the combined drug treatment
in the absence or the presence of U0126 (data not shown).

PPARγ is largely dispensable for the rosiglitazone-mediated
enhancement of LA-12-induced apoptosis
A specific silencing of PPARγ in HCT116 cells did not prevent apoptosis induced by rosiglita-
zone and LA-12 combination, as a similar cleavage of caspase-3, -9 and PARP (Fig 6A) and
caspase-3 activation (Fig 6B) were apparent in PPARγ siRNA-treated HCT116 cells incubated
with the drug combination, and their control siRNA-treated counterparts.

The NCM460 cells derived from normal colon epithelium are resistant to
the cytotoxic effects of the combination of rosiglitazone and LA-12
In contrast to HCT116, DLD-1 and RKO cancer cells, the same combination of rosiglitazone
and LA-12 did not exert any apoptosis-inducing potential in NCM460 cells, as evidenced by
the absence of PARP cleavage (S6A Fig) and caspase-3 activation (S6B Fig). A substantially dif-
ferent modulation of the NCM460 cell cycle progression was apparent following their treat-
ment with rosiglitazone and LA-12 compared to the similarly treated HCT116 cell line. No
significant changes in G2/M phase representation were detected, and the drug combination
also did not significantly decrease the percentage of the NCM460 cells in the G1 phase
(S6C Fig).

Discussion
Although numerous studies investigated the cytotoxic/cytostatic response induced by rosiglita-
zone in various tumours [31], less is known about its ability to modulate the cancer cell sensi-
tivity to the action of various chemotherapeutic drugs. Only several studies have reported on a

Fig 4. The role of p53 and Chk2 proteins in rosiglitazone-mediated enhancement of LA-12-induced
apoptosis. Cleavage of caspase-9, caspase-3, PARP and the level of Chk2 and p53 proteins in HCT116 wt,
Chk2-/- and p53-/- cells pretreated (24 h) with rosiglitazone (RGZ, 50 μM), and subsequently treated (48 h)
with LA-12 (0.75 μM), detected byWestern blotting. Results are representatives of three independent
experiments.

doi:10.1371/journal.pone.0141020.g004
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cooperative anticancer effects of rosiglitazone and conventionally used platinum-based chemo-
therapeutic drugs such as cisplatin or carboplatin [13–15]. Moreover, the combined action of
rosiglitazone and recently introduced platinum-based complexes such as LA-12 has been

Fig 5. A functional importance of PTEN in rosiglitazone-mediated sensitization of HCT116 cells to LA-12-induced apoptosis. (a) Cleavage of PARP,
caspase-9 and PTEN level (Western blotting), (b) changes in mitochondrial membrane potential (MMP, flow cytometry), and (c) percentage of apoptotic cells
(with active caspase-3) in G1 cell cycle phase in HCT116 wt or PTEN-/- cells pretreated (24 h) with rosiglitazone (RGZ, 50 μM), and subsequently treated (48
h) with LA-12 (0.75 μM). (d, e) Percentage of HCT116 wt and PTEN-/- cells in individual cell cycle phases (flow cytometry) following the treatments specified
in a-c). Results are means + S.E.M. or representatives of three independent experiments. Statistical significance: P < 0.05, * versus control, ‡ versus RGZ, Ο
versus LA-12, and Δ for wt versus PTEN-/- cells.

doi:10.1371/journal.pone.0141020.g005
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completely unexplored. Here we provide the first evidence that rosiglitazone significantly
increased the cytotoxic effects of LA-12 in HCT116 human colon cancer cells via stimulation
of caspase-dependent apoptosis, which was also associated with significant modulation of the
cell cycle progression. For the combined treatments, a sub-toxic dose (50 μM) of rosiglitazone
was used, as demonstrated by an absence of caspase activation, PARP cleavage or phosphatidyl
serine externalization during the whole course of the HCT116 cell individual treatment with
the drug. This is in agreement with Dai et al., who showed that similar concentrations of rosi-
glitazone did not significantly affect the above-mentioned apoptotic parameters in this cell line
[32]. Importantly, the apoptosis sensitizing action of rosiglitazone was markedly apparent even
when combined with a relatively low concentration of LA-12. Previously, we demonstrated an
outstanding apoptosis-inducing or -sensitizing ability of LA-12 in colon cancer cells when used
in significantly lower doses compared to some conventionally used platinum drugs, making it
an attractive candidate for chemotherapy of colon tumours including those resistant to cis-
platin or oxaliplatin [21, 24]. Thus, we presumed that the combination of favourable doses of
rosiglitazone and LA-12 might reduce limiting toxicities to the healthy tissue. Our results
showing the absence of the toxicity of the drug combination in NCM460 cells suggest that it
could be safer for the cells derived from normal epithelium.

Fig 6. A potential involvement of PPARγ in apoptosis induced by combination of rosiglitazone and LA-
12. (a) Cleavage of caspase-9, caspase-3, PARP (Western blotting), and (b) caspase-3 activation (flow
cytometry) in HCT116 wt cells transfected (24 h) with control or PPARγ siRNA, treated (24 h) with
rosiglitazone (RGZ, 50 μM) and subsequently incubated (48 h) with LA-12 (0.75 μM). Results are means + S.
E.M. of three independent experiments. Statistical significance: P < 0.05, * versus control, ‡ versus RGZ, Ο
versus LA-12.

doi:10.1371/journal.pone.0141020.g006
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As an effective stimulation of colon cancer cell apoptosis triggered by the combination of
rosiglitazone and LA-12 was associated with activation of mitochondrial pathway (cytochrome
c release, drop of MMP, and caspase-9 activation), an involvement of these organelles was fur-
ther examined in more detail using the cells lacking Bax protein. In this model, we newly
showed an indispensable role of mitochondria in the cooperative apoptotic action of rosiglita-
zone and LA-12. In HCT116 cells treated with LA-12, an increase of the level of Noxa, Bim,
Bax and Bak was detected, which is in agreement with our previously published results showing
the LA-12-medited upregulation of several Bcl-2 family protein levels [24]. An additional
increase in Bim and especially Noxa level was further observed in the cells treated with the
drug combination, suggesting that these might contribute to the stimulation of mitochondrial
apoptotic pathway. However, we observed that siRNA-mediated individual silencing of Noxa
did not significantly affect the progress of HCT116 cell apoptosis induced by the drug combi-
nation (data not shown).

Our results further showed a profound downregulation of PTEN level associated with Akt
activation in HCT116 cells treated with the combination of rosiglitazone and LA-12. Interest-
ingly, we also observed that the PTEN deficiency rendered the cells more sensitive to apoptosis
induction triggered by the drug combination, which was associated with higher activation of
mitochondrial pathway. This finding was rather surprising as the positive impact of PTEN on
activation of mitochondrial pathway has been mostly reported, closely associated with inhibi-
tion of Akt [33]. Moreover, we cannot exclude that the negative role of PTEN in regulation of
apoptosis induced by the combination of rosiglitazone and LA-12 may also be mediated inde-
pendently on Akt by other PTEN targets capable to modulate mitochondrial events important
in the cooperative action of the two drugs.

We documented that the stimulation of apoptosis induced by the drug combination was
accompanied by the significant changes in the cell cycle progression. Our previous work
focused on the regulation of platinum drug-induced changes of the cell cycle showed oxalipla-
tin- and LA-12- induced increase of the percentage of HCT116 cells in G2/M phase [22]. How-
ever, in contrast to oxaliplatin, LA-12 allowed the cells to bypass the G2-phase arrest and enter
M-phase, which was associated with its higher anticancer activity. In our present work, LA-12
also induced an increase in the number of G2/M-phase HCT116 PTEN+/+ cells, which was
still apparent following its co-treatment with rosiglitazone. A further increase in percentage of
HCT116 cells in G2/M phase induced by LA-12 or its combination with rosiglitazone was even
more obvious in the absence of PTEN. In human A549 lung cancer cells, combination of rosi-
glitazone and carboplatin caused an increase of their number in G2/M phase compared to the
individual drug treatments [14]. Pretreatment with rosiglitazone has also been shown to pro-
long radiation-induced G2/M arrest and growth inhibition in human colon cancer cells [9]. An
interesting drop in cyclin B1 and survivin protein level following the incubation with LA-12
and rosiglitazone indicated that the PTEN+/+ and even more PTEN-/- cells affected by the
drug combination may proceed faster to the late M phase, where the amount of these proteins
usually tends to decline. Furthermore, a higher level of cyclin D1 protein in LA-12 and rosigli-
tazone-treated PTEN-/- cells compared to PTEN+/+ counterparts suggests that the cells
affected by the drug combination in the absence of PTEN may occur more frequently in G1
phase. Loss of PTEN-induced Akt activation has been shown to overcome a DNA damage-
induced G2/M checkpoint and facilitate further transition of colon cancer cells to G1 phase
[34]. In addition, a faster transition from G2/M to G1 phase of the cell cycle was observed in
PTEN null embryonic stem cells compared to their wt counterparts [34]. We suggest that for
the PTEN-deficient cells treated with the combination of rosiglitazone and LA-12, it might be
easier to pass through the G2/M phase of the cell cycle and eventually end up in G1 phase
where undergo apoptosis, as confirmed by simultaneous flow cytometry analysis of the cell

Rosiglitazone Enhances LA-12-Induced Apoptosis in Cancer Cells

PLOS ONE | DOI:10.1371/journal.pone.0141020 October 22, 2015 14 / 20



cycle progression and caspase-3 cleavage. The more pronounced decrease in p21 and p27 pro-
tein levels in the drug combination-treated PTEN-/- cells may reflect their more frequent
dying during the progression via G1 phase of the cell cycle compared to the PTEN
+/+ counterparts.

As p53 and Chk2 can act as important regulators of both the cell cycle progression and/or
apoptosis, we examined their role in the cooperative action of the drugs. Using HCT116 cells
deficient for p53 or Chk2, we showed that these two proteins are dispensable for cooperative
proapoptotic effects of combination of LA-12 and rosiglitazone. Moreover, the dispensable role
of p53 in the cytotoxic effects of the drug combination was further confirmed in DLD-1 cells
with mutated p53. We and others previously reported that the cytotoxic effects of LA-12 on
various types of cancer cells can be independent or only partially dependent on p53 status [19,
20, 22, 25, 35]. Here we extended our findings also for the combination of LA-12 with rosiglita-
zone, making it attractive candidate for effective elimination of colon cancer cells with non-
functional p53.

We observed that rosiglitazone induced an early increase in nuclear translocation of PPARγ
(confocal microscopy) and a total PPARγ level (Western blotting) in HCT116 cells (data not
shown), followed by its marked decline in the later time points. However, as the siRNA-medi-
ated downregulation of PPARγ failed to significantly inhibit the apoptotic effects induced by
rosiglitazone and LA-12, we concluded that the drug combination-mediated cell death was
mostly independent on PPARγ activation. A dispensable role of PPARγ in rosiglitazone-medi-
ated sensitization of human renal cancer cells to TRAIL-induced apoptosis was also demon-
strated using a dominant-negative mutant of PPARγ [11]. An accumulating evidence suggests
that the growth-inhibitory and apoptotic effects of rosiglitazone may often be independent on
PPARγ, as documented in non-small cell lung carcinoma and gastric cancer cells [36, 37]. Simi-
larly as for rosiglitazone, PPARγ-independent anticancer action of other synthetic PPARγ
ligands such as troglitazone or ciglitazone has been reported in colon, prostate or bladder can-
cer cells [38–40], but the underlying mechanisms and the general frequency of these effects
remain to be elucidated. Some studies also reported on the ability of PPARγ ligands to activate
ERK cascade, often via PPARγ-independent signalling [41]. Although an apparent increase in
ERK1/2 phosphorylation was observed by us in HCT116 cells treated with rosiglitazone and
LA-12, the functional relevance of ERK pathway in the apoptotic action of the drug combina-
tion has been excluded.

We showed that pretreatment of HCT116 colon cancer cells with rosiglitazone resulted in
profound selective enhancement of LA-12-induced caspase-dependent apoptosis associated
with significant activation of mitochondrial pathway. The apoptosis induced by the combina-
tion of rosiglitazone and LA-12 occurs preferentially in the G1 cell cycle phase, independently
on p53 protein, and was accompanied with significant changes of selected Bcl-2 family protein
levels, activation of specific kinases, and changes in the cell cycle progression. Interestingly,
further stimulation of cooperative synergic apoptotic effects of rosiglitazone and LA-12 was
demonstrated in the absence of PTEN, which makes it an important factor affecting the drug
combination-induced cytotoxicity. In addition, the rosiglitazone-mediated sensitization to LA-
12-induced apoptosis was demonstrated in several human colon adenocarcinoma cell lines,
further underscoring the general relevance of our findings. Our results suggest that combined
treatment with rosiglitazone and LA-12 might be promising therapeutic strategy in colon-
derived tumours regardless of their p53 status, and further more favourable in those defective
in PTEN function. Understanding the molecular mechanisms involved in the action of the new
drug combination could help us to contribute to development of better strategies to combat
this type of cancer.
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Supporting Information
S1 Fig. Percentage of apoptotic (annexin V positive/propidium iodide negative, flow
cytometry) HCT116 wt cells pretreated (24 h) with rosiglitazone (RGZ, 50 μM) and subse-
quently treated (48 h) with LA-12 (0.75 μM), in the absence (DMSO) or presence of z-
VAD-fmk (10 μM). Results are means + S.E.M of three independent experiments. Statistical
significance: P< 0.05, � versus control, ‡ versus RGZ,Ο versus LA-12, and Δ for with/without
z-VAD-fmk.
(TIF)

S2 Fig. The level of PTEN, phosphorylated and total level of Akt (Western blotting) in
HCT116 wt cells pretreated (24 h) with rosiglitazone (RGZ, 50 μM), and subsequently
treated (48 h) with LA-12 (0.75 μM). Results are representatives of at least three independent
experiments.
(TIF)

S3 Fig. The level of cyclin D1, p21, p27, cyclin B1 and survivin (Western blotting) in
HCT116 wt or PTEN-/- cells pretreated (24 h) with rosiglitazone (RGZ, 50 μM), and subse-
quently treated (48 h) with LA-12 (0.75 μM). Results are representatives of at least three inde-
pendent experiments.
(TIF)

S4 Fig. The relative level of CCDN1 (cyclin D1), CDKN1A (p21), CDKN1B (p27), CCNB1
(cyclin B1) and BIRC5 (survivin) mRNA in HCT116 PTEN +/+ or -/- cells pretreated (24 h)
with rosiglitazone (RGZ, 50 μM), and subsequently treated (48 h) with LA-12 (0.75 μM),
detected by quantitative real-time polymerase chain reaction, appropriate control = 1.
Results are means + S.E.M. or representatives of three independent experiments. Statistical sig-
nificance: P< 0.05, � versus control, ‡ versus RGZ, Ο versus LA-12, and Δ for PTEN+/+ versus
PTEN-/- cells.
(TIF)

S5 Fig. Cleavage of PARP, phosphorylated and total ERK1/2 level (Western blotting) in
HCT116 wt cells pretreated (24 h) with rosiglitazone (RGZ, 50 μM) and subsequently
treated (48 h) with LA-12 (0.75 μM), in the absence (DMSO) or presence of U0126 (10 μM).
Results are representatives of at least three independent experiments.
(TIF)

S6 Fig. (a) PARP cleavage (Western blotting) in HCT116 wt and NCM460 cells pretreated
(24 h) with rosiglitazone (RGZ, 50 μM) and subsequently treated (48 h) with LA-12
(0.75 μM). (b) Caspase-3 activity (flow cytometry) in NCM460 cells treated as in a). Results
are means + S.E.M. of three independent experiments. Positive control represents the cells
treated (72 h) with DHA (50 μM). (c) The percentage of NCM460 cells in individual cell
cycle phases (flow cytometry) following their pretreatment (24 h) with rosiglitazone (RGZ,
50 μM), and subsequent treatment (48 h) with LA-12 (0.75 μM). Results are means + S.E.M
of three independent experiments. Statistical significance: P< 0.05, � versus control, ‡ versus
RGZ orΟ versus LA-12.
(TIF)

S7 Fig. Original blots with markers for results presented in Fig 1.
(TIF)

S8 Fig. Original blots with markers for results presented in Fig 2.
(TIF)

Rosiglitazone Enhances LA-12-Induced Apoptosis in Cancer Cells

PLOS ONE | DOI:10.1371/journal.pone.0141020 October 22, 2015 16 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141020.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141020.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141020.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141020.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141020.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141020.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141020.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141020.s008


S9 Fig. Original blots with markers for results presented in Fig 4.
(TIF)

S10 Fig. Original blots with markers for results presented in Fig 5.
(TIF)

S11 Fig. Original blots with markers for results presented in Fig 6.
(TIF)

S12 Fig. Original blots with markers for results presented in S2 Fig.
(TIF)

S13 Fig. Original blots with markers for results presented in S3 Fig.
(TIF)

S14 Fig. Original blots with markers for results presented in S5 Fig.
(TIF)

S15 Fig. Original blots with markers for results presented in S6 Fig.
(TIF)
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