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Summary

ATP binding cassette (ABC) transporters related to multidrug resistance (MDR) actively efflux
various xenobiotics from the cells across the cell membrane and decrease a drug’s efficiency.
Lung cancer is the leading cause of death among all types of cancer in the Czech Republic, and
its incidence is still rising. Ciglitazone, rosiglitazone and troglitazone belonging to PPAR-y ago-
nist family (formerly used in diabetes mellitus treatment) were selected to investigate their ca-
pability to influence expression of ABC transporters on lung cancer cells. Therefore, the effect of
PPAR-y of agonists on transcription of following ABC transporters was investigated: multidrug
resistance protein 1 (MDR1), multidrug resistance-associated protein 1 (MRP1), and breast can-
cer resistance protein (BCRP). We have investigated if these PPAR-y agonists are substrates of
ABC transporters using HL60 and HL60 derived cell lines (HL60-MDR1, HL60-MRP1, PLB-BCRP)
by cytotoxicity test WST-1. We have mapped the changes in mRNA expression level of those
transporters in A549 and HEK293 cells after PPAR-y agonists treatment using quantitative re-
verse transcription real-time PCR (qRT-PCR). All three PPAR-y agonists serve as substrates to at
least one ABC transporter under study. PPAR-y activation correlates with up-regulation of PTEN
which may modulate the expression of ABC transporters through PI3K/Akt signaling pathway.
We have shown that rosiglitazone and troglitazone inhibit mRNA expression of MDR1 transpor-
ter in both cell lines whereas the expression of MRP1 in HEK293 cell was up-regulated after ro-
siglitazone treatment and the expression of MDR1 was upregulated after ciglitazone treatment.
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Souhrn

Vychodiska: ABC transportni proteiny odpovédné za MDR intenzivné pumpuiji riizna xenobiotika z bunky a snizuji tak ucinek lékd. Tyto proteiny pfi-
spivaji ke vzniku rezistence také u karcinomu plic, ktery je vedouci pfi¢inou imrti mezi véemi typy nador( v Ceské republice a ma rostouci incidenci.
Metody: Na bunécnych liniich HL60 a také HL60-MDR1, HL60-MRP1 a PLB-BCRP bylo ovéfeno pomoci cytotoxického testu WST-1, jestli ciglitazon,
rosiglitazon a troglitazon (patfici do rodiny agonistti PPAR-y) jsou substraty nasledujicich ABC transportérd: multidrug resistance protein 1 (MDR1),
multidrug resistance-associated protein 1 (MRP1) a breast cancer resistance protein (BCRP). Dale bylo testovano pomoci qRT-PCR, zda uvedené
thiazolidindiony plsobi zménu exprese ABC transportéri u bunécné linie nemalobunécného adenokarcinomu plic (A549). Metodou Western blot
bylo analyzovano, zda-li je tato exprese regulovana signélni drahou PI3K/Akt. Vysledky: Bylo zjisténo, Ze viechny tfi thiazolidindiony jsou substraty
minimalné jednoho ze studovanych ABC transportért. Aktivace receptoru PPAR-y koreluje s aktivaci nddorového supresoru PTEN, ktery je zapojen do
signalni drahy PI3K/Akt. Bylo prokézéno, Ze rosiglitazon a troglitazon vyrazné inhibuji expresi mRNA transportéru MDR1. Naproti tomu exprese trans-
portérd MRP1 po ovlivnéni rosiglitazonem a exprese transportérd MDR1 po ovlivnéni ciglitazonem je aktivovéna. Zdveér: Nase vysledky naznacuji, ze
ze studovanych thiazolidindion plsobi inhibi¢né pouze rosiglitazon a troglitazon, a to na expresi transportéru MDR1 na Urovni mRNA.
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Introduction

Multidrug resistance

Multidrug resistance (MDR) of cancer
cells presents a serious problem in cyto-
static drug therapy. Cancer cells become
resistant to cytotoxic effect of chemo-
therapeutic drugs. High doses of che-
motherapy may overcome this prob-
lem to some extent, but dose increase
is often limited by side effects. MDR po-
sitive cancer cells are often selected by
previous treatment and, as a result, can-
cer cells become resistant to treatment
and drugs become ineffective for the
patient [1].

Lung cancer is the leading cause of
death among all types of cancer in the
Czech Republic, and its incidence is still
rising. It represents a serious problem
in morbidity and mortality, especially
among tobacco smokers. Moreover, al-
though there are new drugs belonging
to targeted cancer therapy available,
none of these can cure advanced and
inoperable lung cancer patients. There-
fore, we chose lung cancer cell line as an
important model for chemotherapy resi-
stance investigation.

ATP binding cassette transporters

Numerous mechanisms contribute to
MDR, but increased efflux of chemo-
therapeutic drugs because of overex-
pression of ATP binding cassette (ABC)
transporters is the most common
one [2]. ABC transporters are transmem-
brane proteins that use ATP hydrolysis
to transport various molecules across
the cell membrane from the cytoplasm

to the extracellular matrix [3]. In can-
cer cells, ABC transporters function as
pumps for eliminating chemotherapeu-
ticdrugs and thereby reducing the drugs
cytostatic effect.

These pumps are present in a broad
spectrum of human cancer cells includ-
ing leukemia, lymphoma, multiple my-
eloma, and breast, prostate, ovarian,
esophageal, kidney, liver and colon can-
cers [4-6]. Multidrug resistance pheno-
type in tumors is mostly associated with
the overexpression of one or more of
these ABC transporters:

- ABCB1/PGP1/CD243/MDR1,
« ABCC1/GS-X/CD9/MRP1 and
+ ABCG2/MXR/CD338/BCRP [7].

Substrate specificity

Substrates of these three transport-
ers are: vinca alkaloids, anthracyclines,
antibiotics, anthraquinones, taxanes,
epipodophyllotoxins, antimetabolites,
antivirotics, camptothecins, antiandro-
gens, antihypertensive drugs, cardiac
glycosides, corticosteroids, immuno-
suppressive drugs, opioid analgesics, to-
xins and other cytotoxic drugs [8].

PI3K/Akt signaling pathway

Overexpression of ABC transporters is
an unwanted finding in cancer cells, and
it is one of the main factors characteriz-
ing MDR. MDR expression is regulated
on a transcription level genetically and
epigenetically and on post-transcrip-
tional level, it is regulated by change
in protein stability and by regulation of
transport of ABC transporters to a mem-

brane [9]. Transcription of ABC trans-
porters is regulated, among other ways,
by signaling pathway of PI3K/Akt kina-
ses. Receptors of PPARs are influenced
by this pathway, as well.

Activation of PI3K/Akt kinase path-
way is the triggering mechanism of re-
sistance development in various types
of cancers to cytostatic drugs. By inhi-
bition of this pathway, enhancement of
sensitivity of various cell lines to various
chemotherapeutic drugs could be rea-
ched. Tumor suppressor PTEN inhibits
physiologically PI3K/Akt kinase path-
way through PI3P dephosphorylation by
PI3K (Fig. 1) [10].

Peroxisome proliferator-activated
receptor
Peroxisome Proliferator-Activated Recep-
tors (PPARs) are steroid nuclear receptors
which act as transcription factors that re-
gulate the expression of specific genes
through peroxisome proliferator response
elements (PPREs) [11,12]. They require
heterodimerization with retinoid X re-
ceptor (RXR) to start transcriptional acti-
vity [13]. Natural ligands of PPARs include
fatty acids and eicosanoids. Synthetic li-
gands of PPARs include lipid lowering
drugs (like fibrates) and insulin sensitizers
(like thiazolidinediones), which are used
in diabetes mellitus treatment. There is
only one drug currently on the market
now (pioglitazone), as the other ones de-
monstrated negative impact on heart fail-
ure in cardiac patients.

However, because of their action as
PPAR-y agonists, we investigated the in-
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Fig. 1. Scheme of PI3K/Akt pathway regulating MDR-related ABC transporters’ expression.

fluence of three thiazolidinediones (cig-
litazone, rosiglitazone and troglitazone)
on the mRNA expression of these MDR-
-related ABC transporters: multidrug re-
sistance protein 1 - MDR1, multidrug re-
sistance-associated protein 1 - MRP1,
and breast cancer resistance protein -
BCRP in A549 and HEK293 cells using
quantitative reverse transcription real-
-time PCR (qRT-PCR). We also studied the
role of pPTEN on MDR-related transpor-
ters expression by western blotting and
mapped the affinity of ciglitazone, ro-
siglitazone and troglitazone to MDR1,
MRP1 and BCRP transporters in HL60 and
HL60-MDR1, HL60-MRP1 and PLB-BCRP
cell lines by cytotoxicity WST-1 test.

Material and methods

Human A549 (human non-small cell lung
carcinoma cells) and HEK293 (human
embryonic kidney 293 cells) were pur-
chased from ATCC (CCL-185, CRL-1573),

HL60 (human promyelocytic leukemia
cells) cells and cell lines overexpressing
ABC transporters related to MDR (HL60-
-MDR1, HL60-MRP1, and PLB-BCRP) were
obtained from prof. Sarkadi (Hungarian
Academy of Sciences, Budapest, Hun-
gary). A549 cell line has features of cancer
stem cells and expresses all three MDR-
-related ABC transporters. HEK293 cell
line is a good model to study induction
of ABC transporters expression (due to its
kidney origin, it contains genes for ABC
transporters). The cells were cultured
in Dulbecco’s modified Eagle’s medium
containing 10% (v/v) fetal bovine serum,
penicillin (200 U/mL), and streptomycin
(100 pg/mL) at 37 °C in a humidified in-
cubator with an atmosphere of 5% CO.,,.

Cell viability/cytotoxicity assay WST-1
The assay is based on cleavage of the
tetrazolium salt WST-1 to formazan by
cellular mitochondrial dehydrogena-

ses. Therefore, the amount of formazan
dye formed directly correlates to the
number of live cells in the culture.

The stock solution of the tested com-
pounds was diluted in complete me-
dium to give final concentration in the
range of 1 UM to 50 uM. The HL-60 cell
line and cell lines overexpressing ABC
transporters related to MDR (HL60-
-MDR1, HL60-MRP1, and PLB-BCRP)
were seeded in triplicate in a 96-well cul-
ture plate at a density of 200,000/well
in total volume of 90 ul and cultured
for 24 hours. Cell viability was asses-
sed after 48 hours incubation with tes-
ted compounds. WST-1 reagent (Roche)
was added to the cells, and absorbance
was determined at 420 nm using ELISA
reader (Schoeller Instruments) after
1 hour incubation at 37 °C. Mean absor-
bance for each cell line was calculated
from three measurements and normali-
zed to the HL60 cell line.
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/Tab. 1. Primers and probes used for specific amplification of ABC transporters.
Forward primer - sequence Melting
Gene Reverse primer - sequence GC (%) temperature
Probes - sequence (Tm)/°C
ACCCTAAAAACACCACTGGA 45.00 57.02
MDR1 AATTACAGCAAGCCTGGAAC 45.00 56.97
CGCCAATGATGCTGCTCAAG 55.00 55.00
CTGTGGACTGCAAGTCTTTG 50.00 57.01
MRP1 GGTAGACCCAGACAAGGATG 55.00 57.00
TGCTTCTGGCTCCCATCACC 60.00 65.00
GCATTCCACGATATGGATTT 40.00 57.36
BCRP AGGATTGTTTCCTGTTGCAT 40.00 57.11
TTGGGACAAAACTTCTGCCCA 47.62 64.93
/
4 )
Tab. 2. Affinity of ABC transporters to tested drugs.
Tested drug Transporters
MDR1 MRP1 BCRP
ciglitazone yes = -
agonists PPAR-y rosiglitazone yes yes -
troglitazone yes = yes
_ )
RNA isolation 45 cycles of 95 °Cfor 10 seconds, 60 °C for

Cells were plated and grown to 90%
confluence. After 24 hours, they were
treated with IC50 quantities of ciglita-
zone, rosiglitazone and troglitazone and
harvested after 1 hour, 6 hours, 1 day
and 3 days. Total RNA was extracted from
cells using the UltraClean Tissue & Cells
RNA Isolation Kit (MO BIO Laborato-
ries). The concentration and purity
of RNA were determined at 260 and
280 nm using NanoDrop 2000 (Thermo
Scientific). Only those samples with ra-
tios of A260 to A280 between 1.9 and
2.1 were considered further.

Quantitative reverse transcription
real-time PCR (qRT-PCR)

The total amount of RNA was subjected
to reverse transcription using RT kit plus
(Elisabeth Pharmacon). Real-time PCR
was performed using Master Mix (Generi
Biotech) and dual-labeled Oligo: 5'FAM-3’
BHQ-1TagMan probes (Generi Biotech)
with the following amplification pro-
gram: one cycle of 94 °C for 5 min and

10 seconds and 72 °C for 10 seconds. The
primers and probes were designed using
Primer3 (http://bioinfo.ut.ee/primer3/)
and Beacon Designer (PREMIER Biosoft)
software (Tab. 1). All experiments were
performed with B-actin as internal con-
trol while using a real-time LightCycler
480 Il (Roche). The fold-change of cDNA
expression levels was determined from
the obtained ACt values compared to
ACt values of control samples.

Western blot analysis

A549 cells were plated and grown to
90% confluency. After 24 hours, they
were treated with IC50 quantities of ci-
glitazone, rosiglitazone and troglita-
zone, rinsed with PBS and harvested
after 1 day and 3 days in RIPA buffer con-
taining 10 mM TRIS-Cl (pH 8.0), 1T mM
EDTA, 1% SDS, 140 mM NacCl, and pro-
tease and phosphatase inhibitor cocktail
(PhosSTOP, Roche). Protein concen-
trations were measured by Bradford
assay (Bio-Rad). Lysates were subjec-

ted to SDS-PAGE and electrotransferred
using Semi-Dry Electrophoretic Trans-
fer Cell (Bio-Rad) to polyvinylidene di-
fluoride membranes (Bio-Rad) for immu-
noblotting. Membranes were blocked
for at least 1 hour in 5% BSA/PBS/0.1%
tween 20 and probed with antibo-
dies diluted in 5% BSA/PBS (pPTEN
Ser380/Thr382/Thr383 (sc-9549), B-actin
(sc-4967), MCM7 (sc-4018), Cell Sig-
naling Technology, PPARy (sc-81152),
Santa Cruz Biotechnology). Primary anti-
body solution was incubated overnight
at 4 °C. Membranes were then washed
three times with PBS and detected using
HRP secondary antibodies (sc-7074,
sc-7076, Santa Cruz Biotechnology),
shown on film (CL-XPosure Film, Thermo
Scientific) using an ECL Plus kit (GE
Healthcare). Proteins were then re-pro-
bed using -actin and GAPDH as loading
controls.

Statistical analysis

Student t-test was used for statistical
evaluation of qRT-PCR experiments (the
values are given as the mean + SD of two
independent experiments). In all tests,
the value of p < 0.05 (*) or the value
of p < 0.01 (**) was considered as
significant.

Results

Cell viability/cytotoxicity assay WST-1
Affinity of PPAR-y agonists towards
MDR1, MRP1 and BCRP transporters
was determined by WST-1 viability
test. This experiment was performed on
HL60 promyelocytic leukemia cell line
with a very low level of ABC transport-
ers, and on transfected cell lines with
overexpression of transporter of inte-
rest (HL60-MDR1, HL-60-MRP1, PLB-
-BCRP). It is assumed that influence of
PPAR-y agonists will slow down cell pro-
liferation [14]. Therefore, cells with high
expression of particular transporter will
grow faster than HL60 control cells.

As shown in Fig. 2, ciglitazone is a sub-
strate of MDR1 transporter, rosiglitazone
is a substrate of MDR1 and MRP1 trans-
porter, and troglitazone is a substrate of
MDR1 and BCRP transporter. The results
are summarized in Tab. 2.

Expression of MDR1, MRP1 and BCRP
transporters after use of agonists PPAR-y
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Fig. 2. Differential proliferation of HL60, HL60-MDR1, HL60-MRP1, and PLB-BCRP cell lines in the presence of 1-50 uM ciglitazone (A),
1-50 uM rosiglitazone (B), and 1-50 pM troglitazone (C) as established by WST-1 cell viability/cytotoxicity assay.

Data were normalized to the HL60 cell line. The mean + SD indicate standard deviation from the mean for three independent experiments.
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A Ciglitazone

mRNA fold change

control 1 hour 6 hours 1 day 3 days
= MDR1 = MRP1 mBCRP
B Rosiglitazone

mRNA fold change

control 1 hour 6 hours 1 day 3 days
= MDR1 = MRP1 mBCRP
C Troglitazone

mRNA fold change

6 hours 3 days

1 day

control 1 hour
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Fig. 3. Expression of MDR1, MRP1 and BCRP mRNA as measured by qRT-PCR in A549
cell line after IC50 ciglitazone treatment (A), after IC50 rosiglitazone treatment (B),
after IC50 troglitazone treatment (C), in HEK293 cell line after IC50 ciglitazone treat-
ment (D), after IC50 rosiglitazone treatment (E), after IC50 troglitazone treatment (F).

Data were normalized to control (untreated) cells. The mean + SD indicate standard devi-

ation from the mean for two independent experiments, a value of p < 0.05 (*) or a value of
p < 0.01 (**) was considered as significant.

in cell lines A549 and HEK293 (see Fig. 3)
were determined by gRT-PCR. Endoge-
nous expression of all three ABC trans-
porters is very low in HEK293 cells. Thus,
these cells are useful for studying such
processes which do not happen spon-
taneously. On the other hand, expres-
sion of all three transporters is high in
A549 cells. Thus, these cells are an excellent
model for established drug resistance.

PPAR-y agonists inhibit effectively
mRNA expression only for MDR1 trans-
porter. Ciglitazone is the only drug
which activates expression of this trans-
porter (31 times) in HEK293 cells after
day 3. In these cells, rosiglitazone acti-
vates expression of MRP1 transporter
(58 times), and also BCRP transporters
(16 times).

For understanding the role of PPAR-y/
/PTEN proteins in the process of ABC
transporters regulation, expression of
proteins PPAR-y and phosphorylated
PTEN (on Ser380/Thr382/Thr383 amino
acids) after exposure to PPAR-y agonists
was detected by western blot. At day 3
after PPAR-y agonists exposure, in-
creased inexpression of PPAR-y and
phosphorylated form of pPTEN was ob-
served. It was shown that PPAR-y/PTEN
are negative regulators of expression of
ABC transporters responsible for MDR -
see Fig. 4.

Discussion

With the use of quantitative PCR with re-
verse transcription (qRT-PCR), influence
of PPAR-y agonists on transcription of
MDR1, MRP1 and BCRP was studied. Rosi-
glitazone and troglitazone inhibited
effectively expression of mRNA of trans-
porter MDR1 in both cell lines. In concor-
dance, Davies et al. reported lowering
of expression of MDR1 transporter and
sensitivity re-establishment in these cell
lines to doxorubicin [15] (in MCF-7 breast
cancer cell lined and in leukemic cell
line K562) because of the effect of
troglitazone.

Szatmari et al. demonstrated that
PPAR-y directly induces expression of
transporter BCRP by transcription in
human monocyte-derived human den-
dritic cells and in myeloid leukemia
cell line MM6. They identified and cha-
racterized conservative chain, length
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Fig. 3 - continuation. Expression of MDR1, MRP1 and BCRP mRNA as measured by
qRT-PCR in A549 cell line after IC50 ciglitazone treatment (A), after IC50 rosiglitazone
treatment (B), after IC50 troglitazone treatment (C), in HEK293 cell line after IC50 cigli-
tazone treatment (D), after IC50 rosiglitazone treatment (E), after IC50 troglitazone
treatment (F).

Data were normalized to control (untreated) cells. The mean £ SD indicate standard devia-
tion, a value of p < 0.05 (*) or a value of p < 0.01 (**) was considered as significant.

-

Fig. 4. PPAR-y agonists-modulated expres-
sion of pPTEN in A549 cell line.

of 150-pb, containing three functio-
nal sequences PPRE ,up-stream” from
human gene BCRP. All three contain di-
rect repetitions DR-1 which are capable
of binding PPAR-y/RXR heterodimers [15].
In MDR1 and MRP1 transporters, no
PPRE region was found to date; how-
ever, the presence of RXR binding site at
MDR1 was found [17].

Davies et al. noticed decrease of ex-
pression of BCRP transporters. There-
fore, it seems likely that PPAR-y ago-
nists can influence BCRP transporter
expression not only by direct binding of
activated receptor to PPRE transporter
(induction of expression), but also indi-
rectly — mainly through signaling path-
way PI3K/Akt (inhibition of transcrip-
tion) - by activation of transcription of
tumor suppressor PTEN [18,19].

Weiss et al. found that function of
transporter BCRP is inhibited by troglita-
zone and rosiglitazone (although mRNA
expression of this transporter was in-
duced). On the other hand, transporter
MDR1 is inhibited in function, as well as
in decreased mRNA expression [20].

Inhibition of transporter MDR1 tran-
scription by troglitazone was proven
in gastric cancer cell line SGC7901 re-
sistant to vincristine [21]. In human os-
teosarcoma cell line 143B resistant to
doxorubicin, elevated expression of
transporter MDR1 and Kruppel-like
factor 2 (i.e. specific PPAR-y suppres-
sor [22]) was proven [23]. Ehrhard et al.
inhibited transcription of MDR1 trans-
porter by phenolfibrate in cell line LLC-
-PK1 (from pig kidney epithelial cells)
and in cell line L-MDR1 (derived from
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previous one, but transfected with
gene coding MDR1) [24]. These studies
confirm negative regulation of MDR1
by PPAR-y.

Activation of tumor suppressor PTEN
was confirmed by western blotting.
PTEN inhibits physiologically signaling
pathway PI3K/Akt by dephosphorylat-
ing phosphatidylinositol (3,4,5)-trisphos-
phate (phosphorylated by PI3K [10]).
It was proven that specific PI3K inhi-
bitor, LY294002, inhibited resistance
to vincristine, which was transpor-
ted by MDRT pump in L1210/VCR
cells [25]. In our experiments, we noti-
ced elevated expression of phosphory-
lated PTEN at day 3 after treatment with
PPAR-y agonist. This finding is verified
by the fact that PPAR-y agonists inhibit
signaling pathway PI3K/Akt because of
PTEN activation.

Conclusions

Ciglitazone, rosiglitazone and troglita-
zone are substrates of MDR1 transporter,
rosiglitazone is moreover a substrate of
MRP1 transporter, troglitazone is a sub-
strate of BCRP transporter. Rosiglitazone
and troglitazone inhibit the expression
of MDR1 transporter on mRNA level.
PPAR-y agonists activate tumor suppres-
sor PTEN which inhibits PI3K/Akt signa-
ling pathway (playing a crucial role in
the regulation of ABC transporters rela-
ted to MDR expression).
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