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Purpose: The presence of multidrug resistance-associated protein (MRP) in cancer cells is
known to be responsible for many therapeutic failures in current oncological treatments. Here,
we show that the combination of different effectors like hyperthermia, iron oxide nanoparticles,
and chemotherapeutics influences expression of MRP 1 and 3 in an adenocarcinoma cell line.
Methods: BT-474 cells were treated with magnetic nanoparticles (MNP; 1.5 to 150 pg Fe/cm?) or
mitomycin C (up to 1.5 pg/cm?, 24 hours) in the presence or absence of hyperthermia (43°C, 15 to
120 minutes). Moreover, cells were also sequentially exposed to these effectors (MNP, hyperthermia,
and mitomycin C). After cell harvesting, mRNA was extracted and analyzed via reverse transcription
polymerase chain reaction. Additionally, membrane protein was isolated and analyzed via sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting.

Results: When cells were exposed to the effectors alone or to combinations thereof, no effects
on MRP 1 and 3 mRNA expression were observed. In contrast, membrane protein expression
was influenced in a selective manner. The effects on MRP 3 expression were less pronounced
compared with MRP 1. Treatment with mitomycin C decreased MRP expression at high con-
centrations and hyperthermia intensified these effects. In contrast, the presence of MNP only
increased MRP 1 and 3 expression, and hyperthermia reversed these effects. When combining
hyperthermia, magnetic nanoparticles, and mitomycin C, no further suppression of MRP expres-
sion was observed in comparison with the respective dual treatment modalities.

Discussion: The different MRP 1 and 3 expression levels are not associated with de novo
mRNA expression, but rather with an altered translocation of MRP 1 and 3 to the cell mem-
brane as a result of reactive oxygen species production, and with shifting of intracellular MRP
storage pools, changes in membrane fluidity, etc, at the protein level. Our results could be used
to develop new treatment strategies by repressing mechanisms that actively export drugs from
the target cell, thereby improving the therapeutic outcome in oncology.

Keywords: magnetic nanoparticles, hyperthermia, chemotherapy, drugs, MDR, MRP, cancer,
nanotechnology, iron oxide

Introduction

Even though the therapeutic outcome of chemotherapeutic treatments has consider-
ably improved over recent years, one of the main reasons for failure is associated with
the presence of multidrug resistance-associated protein (MRP) in cancer cells. These
circumstances call for the development of new and innovative therapeutic strategies
to effectively circumvent export of drugs from the target cells.
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From the cell biological point of view, MRP is allocated to
the adenosine triphosphate (ATP)-binding cassette transport-
ers (ABC transporters), which are currently subdivided into
seven subfamilies (ABC transporters A to G).! By hydrolysis
of ATP, this protein family carries proteins and endo- and
xenobiotica out of the cells, thereby protecting them from
harmful effects.? Their substrate specificity is rather low and
varies in terms of structure, functionality, and size of the
substrate.> Among the members of this family, the MDR 1
protein was discovered first and is known to be prominently
expressed in proliferating tissues, as well as in cells with a
specific barrier function.* The protein is considered to be one
of the main ubiquitary transporters for endo- and xenobiot-
ics.’ Another multidrug resistance protein, MRP 3, is also
being discussed as being distinctly associated with multiple
resistance to drugs.® Its expression is highly upregulated in
drug-resistant breast cancer cells, even though the knowledge
of'its particular physiological function is currently limited to
upregulation of cholestasis.’

Among the currently proposed and available therapeutic
modalities, hyperthermia has been considered with increasing
interest in the last few years. In this modality, heating is used
to inactivate tumor cells. Some researchers have found that
hyperthermic temperatures between 42°C to 45°C induced
necrosis and apoptosis in cells,® destabilized cell membrane
integrity, induced protein denaturation, and inactivated DNA
repair systems, etc.!”!2 In numerous cases synergistic effects
have been observed when combined with chemotherapeutic
drugs.” In contrast to the increased knowledge of the effects
of hyperthermia at the molecular level, little is known about
the impact on the expression of MRP.

A similar situation is encountered in relation to the expo-
sure of cancer cells to magnetic nanoparticles and multidrug
resistance expression. Different nanoparticle formulations
(metallic iron oxides, liposomes, polymers, and others), sizes
and configurations (eg, surface coatings) have been proposed
for cancer treatments, by coupling chemotherapeutic drugs or
by inducing magnetic heating.'*!> Commonly, they have been
shown to be internalized by defined endocytotic processes
and to be accumulated in the endolysosomal compartment
without considering their effects on multidrug resistance.

To provide new insights on the mechanistic effects of mul-
tidrug resistance and how they could be used to prevent future
therapeutic failures due to active export of drugs from the cell,
we sought to shed some light on the effects of MRP 1 and
MRP 3 expression in a human breast adenocarcinoma cell line
when exposing it to the effectors of hyperthermia, magnetic
nanoparticles, and a chemotherapeutic drug (mitomycin C) as

a single modality and selected combinations thereof. We will
show that their impact on MRP 1 and 3 expression occurs in
a very selective manner.

Materials and methods

Materials

The human breast adenocarcinoma cell line BT-474 (Cell
Lines Service, Eppelheim, Germany) was used for the experi-
ments. Cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) cell culture medium (Invitrogen, Karlsruhe,
Germany) containing fetal calf serum (10% [v/v]; GIBCO
BRL, Paisley, Scotland) at 37°C in a 5% CO, atmosphere.
Determination of cell numbers was carried out using a cell
counter (CASY TT; Innovatis AG, Reutlingen, Germany). Iron
oxide nanoparticles with dextran coating (FluidMAG-DX) were
obtained from Chemicell GmbH (Berlin, Germany). Mitomycin C
was purchased from Applichem GmbH (Darmstadt, Germany).

Characterization of magnetic

nanoparticles

The morphologic and magnetic features of the nanoparticles
were assessed by utilization of vibration magnetometry
and photon correlation spectroscopy in order to determine
core diameter, hydrodynamic diameter, and zeta-potential.
Samples were measured in DMEM with and without serum
proteins (10% [v/v]) to elucidate potential effects from
opsonisation.

Exposure of cells to hyperthermia,

magnetic nanoparticles, and mitomycin C

BT474 cells were seeded onto culture dishes and allowed to
grow until reaching a confluency of 80% to 90% of the avail-
able grow matrix surface. To assess the effects of hyperthermia,
the old culture medium was replaced by fresh medium and
the cells were incubated at 43°C (incubator, 5% CO,, 95%
humidity) for 15 to 120 minutes. After replacing the culture
medium, the cells were allowed to recover up to 48 hours
postincubation time. The effects of mitomycin C were elu-
cidated by incubating the cells with 0.15 and 1.5 pg/cm?
mitomycin C for 24 hours, and to examine the combinato-
rial effect of hyperthermia, the cells were firstly treated at
temperatures of 43°C for 90 minutes, followed by incubation
with mitomycin C. The impact of magnetic nanoparticles on
MRP expression was elucidated by treatment of cells with
nanoparticles (1.5 to 150 pg Fe/cm?) for 24 hours in the pres-
ence or absence of hyperthermia (43°C for 90 minutes after
nanoparticle exposure). Finally, the combined treatment of
cells (triple modality) was studied by treating the cells first
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with magnetic nanoparticles (up to 150 pug Fe/cm?, 24 hours),
then with hyperthermia (43°C, 90 minutes), and finally with
mitomycin C (1.5 m/cm?, 24 hours). Nontreated cell popula-
tions were used as controls for normal MRP expression in
BT474 cells. After finalization of each treatment protocol,
cells were detached from the growing substrate, counted and
processed as described below.

MRP | and MRP 3 mRNA expression

To determine MRP 1 and MRP 3 mRNA expression, the
cells were lysed, mRNA was isolated and transcribed to
cDNA by the use of a high purity RNA isolation kit from
Roche Diagnostics GmbH (Mannheim, Germany) and the
Omniscript RT Kit (Qiagen, Hilden, Germany), respec-
tively, according to the instructions of the manufacturer.
Then, reverse-transcription polymerase chain reaction
(RT-PCR) was performed using the following primers:
MRP 1 forward: 5-ACCAAGACGTATCAGGTGGCC-3,
reverse: 5’-CTGTCTGGGCATCCAGGAT-3" (286 bp);
MRP 3 forward: 5-ACACGTTTGTGAGCTCCCAG-3’,
reverse: 5'-GCAATGAGGTTGGCTGGAGAAT-3" (322 bp).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
served as internal standard, the negative control consisted
of water instead of cDNA. Transcripts were identified by
agarose gel electrophoresis (1.5% [w/v] agarose gel in Tris-
acetate-EDTA buffer containing ethidium bromide). PCR
products were detected using the Imagemaster VDS (Phar-
macia Biotech, Freiburg, Germany). The program Gene Tools
(Syngene, Cambridge, UK) was used for semi-quantitative
analysis of the intensity of the bands, which were proportional
to the number of molecules. Hereto, regions of interest were
placed on the respective bands corresponding to MRP 1 and 3
(corresponding to 286 and 322 bp, respectively) and GAPDH
and intensities were normalized to nontreated controls.

MRP | and MRP 3 protein expression

To elucidate the role of MRP 1 and MRP 3 on the protein
level, a modified protocol from Vellonen et al'® was used.
Briefly, 7 x 10° BT474 cells were suspended in a protein
lysis buffer (1% [v/v] Triton X-100, 20 mM Tris-HCI,
150 mM NaCl, 1 mM EDTA) for 30 minutes on ice and
centrifuged for 30 minutes at 10,000 g (4°C) to decant cell
detritus and nuclei. Proteins in the supernatants were used
for protein quantification using the QuantiPro BCA Assay kit
(Sigma-Aldrich GmbH, Munich, Germany) according to the
instructions of the manufacturer. Afterwards, 20 g protein
per sample were separated via sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) using a

4.3% (w/v) stacking and a 10% (w/v) separating SDS-gel.
GAPDH was used as an internal loading control. Electropho-
resis was carried out at 120 V. MRP 1 and 3 protein bands
were identified via immunoblotting using an MRP 1 antibody
(1:2,000, clone QCRL-; Sigma-Aldrich GmbH), an MRP 3
antibody (1:2,000, M3II-21; Abcam, Cambridge, UK), or
an GAPDH antibody (1:1,000, sc-25778; Santa Cruz Bio-
technology, Heidelberg, Germany) and a secondary antibody
conjugated to horse radish peroxidase (1:10,000; Jackson
ImmunoResearch, West Grove, PA, USA). Semiquantitative
analysis of the band intensity (corresponding to 190 kDa
for MRP 1 and 3 according to Kruh et al)!” was performed
as described above.

Statistics

All investigations related to the determination of the MRP 1
and 3 expression profile on mRNA or protein level were
performed in duplicate. Values were depicted as bars indi-
cating the mean value and symbols to show the variability.
To determine whether the findings from the first experiment
could be corroborated by the second one, a Spearman correla-
tion coefficient between both experiments was determined.
Correlation coefficients with values higher than 0.5 were
considered to indicate a good reproducibility.

Results

Our data show, for the first time, that the exposure of human
BT-474 adenocarcinoma cells to hyperthermia, mitomycin C, and
magnetic nanoparticles has an influence on the membrane MRP
expression in a very selective manner. The effects were shown to
be particularly prominent for MRP 1 compared with MRP 3. In
contrast, mRNA expression was much less sensitive.

Effects of hyperthermia

on MRP expression profile

Hyperthermia alone (43°C, 15 to 120 minutes exposure
time) induced no changes in MRP 1 and 3 mRNA expression
profiles compared with nontreated controls. Also long-term
effects on MRP mRNA expression (up to 48 hours after
hyperthermic treatment) were absent (data not shown). On
the protein expression level, short hyperthermia treatments
(15 to 30 minutes) led immediately to an increased membrane
MRP 1 expression, which disappeared with increasing post-
treatment incubation times. Longer hyperthermic treatments
(90 to 120 minutes) induced a marked decrease in membrane
MRP 1 expression, which turned out to be lower than 50%
compared with nontreated controls. Low MRP 1 expression
profiles persisted with ongoing time after treatments (up to
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48 hours posthyperthermia). Similar but comparatively lower
effects were encountered for MRP 3 (Figure 1).

Effects of mitomycin C

on MRP expression profile
The presence of mitomycin C alone induced a decrease of
MRP 1 mRNA expression at higher drug concentrations

(1.5 pg/em? for 24 hours), while MRP 3 remained unaffected.
The additional treatment of cells via hyperthermia (43°C,
90 minutes) prior to mitomycin C exposure did not markedly
influence thismRNA expression pattern. At the protein expression
level, presence of membrane MRP 1 and 3 was diminished in a
drug concentration dependent manner (0.15 and 1.5 pig/cm? mito-
mycin C for 24 hours) under the same experimental conditions.
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Figure | Hyperthermia treatment times influence MRP protein expression and corresponding effects remain unchanged up to 48 hours thereafter.

Notes: After exposure to 43°C (0 to 120 minutes), BT474 cells were allowed to recover for defined periods in time (0 to 48 hours). Then, cell membrane protein was
isolated, SDS-PAGE and immunoblotting was performed. Semiquantitative analysis of MRP | and 3 protein bands on immunoblots (190 kDa). For details see Methods. Bars
indicate mean of two independent experiments, both obtained experimental values are indicated by symbols.

Abbreviations: HT, hyperthermia; MRP, multidrug resistance protein; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
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Interestingly, the observed reduction of membrane MRP 1
expression was distinctly boosted by combination with a hyper-
thermic treatment of the cells (43°C, 90 minutes) (Figure 2).
On the other hand, only a minor reversal of MRP expression
was visible if one shortens the hyperthermia treatment time
window from 90 to 60 minutes (Figure 1S).

Combination of nanoparticle exposure

with hyperthermia

The nanoparticles used in the present study exhibit a core
and hydrodynamic diameter of 10 and 150 nm, respectively.
Moreover, interactions with serum proteins were rather low
as indicated by corresponding measurements (Table 1). The
exposure of cells to both magnetic nanoparticles and hyper-
thermia did not affect MRP mRNA expression in BT-474 cells,
independently of the amount of nanoparticles the cells were
exposed to (1.5 to 150 Fe/cm? for 24 hours; Figure 3). As far

as protein levels are concerned, again, a distinctly increased
membrane MRP 1 and 3 protein expression with a marked
nanoparticle concentration dependency, particularly for
MRP 1, was observed. An additional hyperthermic treat-
ment reversed these effects and, interestingly, the previously
observed nanoparticle concentration dependency was abol-
ished (1.5 to 150 Fe/cm? for 24 hours). In contrast, increase
of MRP 3 in presence of nanoparticles was only moderate,
and combination with hyperthermia induced a reversal to the
control level. All these observations apply for 24 hours postin-
cubation time after finalization of treatments (Figure 3).

Effects of nanoparticle exposure
in combination with hyperthermia

and mitomycin C treatment
Figure 4 depicts the presence of MRP mRNA and protein
immediately after finalization of the sequential exposure of

Cell HT Mitomycin C
growth (43°C ; 90 min) (24 h)
v v
Cell seeding Analysis
MRP 1 MRP 3
9,120 1 % 120
100 100 |
< 80 ] 80
g |
£ 60 60
40 1 . 40
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% 1407 % 140
1207 120 |
1007 100 |
f=
@ 80 . 80
§ ] ]
L 60 60
40 7 R 40 °
20 : E 20 _ g
0 15 0 0 015

Mitomycin C [pg/cm?]

Mitomycin C [ug/cm?]

Figure 2 Mitomycin C concentration influences MRP | and MRP 3 expression pattern and hyperthermia intensifies these effects.

Notes: After treating with hyperthermia (43°C, 90 minutes), BT474 cells were exposed to mitomycin C (up to 1.5 pg/cm? for 24 hours). Immediately afterwards, mRNA and
protein were isolated and finally RT-PCR and immunoblotting were performed. Semiquantitative analysis of MRP | and 3 specific PCR products (286 and 322 bp, respectively)
separated via agarose gel electrophoresis (top panel) as well as of corresponding MRP-specific protein bands on immunoblots (190 kDa) (bottom panel). For details see
Methods. Expression was given in per cent of nontreated controls. All data were additionally normalized to GAPDH. Bars indicate mean of two independent experiments,
both experimental values are indicated by symbols. Light and dark bars: cells without and with hyperthermic treatment, respectively.

Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HT, hyperthermia; MRP, multidrug resistance protein; RT-PCR, reverse transcription polymerase
chain reaction.
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Table | Morphological features of the magnetic nanoparticles
used in the present study. Culture medium: Dulbecco’s modified
Eagle’s medium with 10% (v/v) fetal calf serum

Suspension Core Hydrodynamic Zeta-
conditions diameter diameter potential
(nm) (nm) (mV)
Aqua destillata 10+ 0.4 163 +0.7 28+35
Culture medium - 143+1.2 -22+03

cells first to nanoparticles, then to hyperthermia, and finally
to mitomycin C. Hyperthermia did not further foster these
effects. Interestingly, a decrease of membrane MRP 1 and
3 protein expression in the presence of nanoparticles was
detectable, but without a concentration dependency (see
controls without magnetic nanoparticles in Figure 4).

Discussion

Our data clearly show that hyperthermia with temperatures
of 43°C and treatment times longer than 60 minutes induce
a distinct decrease in the membrane MRP 1 and 3 protein
expression pattern. The underlying molecular mechanisms
for these observations are poorly understood. Currently,
modifications of the protein expression level correlating
with mRNA expression and transcription in relation to the
p-glycoprotein are being discussed.'®?? In view of our data,
this would imply that, in fact, a downregulation of mRNA
expression would have anteceded modifications on the protein
level. Nevertheless, the fact that none of the postincubation
times showed any changes on the mRNA expression levels
can be attributed either to short mRNA lifetimes or to an
explicit absence of mRNA expression activity.

Three different mechanisms are possible, which could be
responsible for the effects of hyperthermia on the membrane
MRP protein expression profile in adenocarcinoma cells.
It is known that ABC transporters contain redox-sensitive
amino acids like cysteine which stabilize the whole protein
molecule.”® Moreover, ROS-linked mechanisms have been
associated with the MDR transporter p-glycoprotein.?®23-3!
Low reactive oxygen species (ROS) levels upregulate,
whereas high levels downregulate?*52"3! p-glycoprotein
expression. Since an oxidative responsive element has also
been detected in the proximity of its promoter, MRP 1 protein
has also been associated with redox mechanisms.* In rela-
tion to MRP 3, less is known in this context. In view of the
present investigations, we hypothesize the occurrence of three
mechanisms: first the initially observed increase of MRP 1
and 3 following up to 30 minutes of hyperthermia could be
associated with low intracellular ROS levels. In the presence

of high temperatures, intracellular ROS levels increase?
which accounts for the observed downregulation of
MRP 1 and 3 during longer hyperthermic treatment times (from
60 minutes upwards). The second mechanism responsible for
the observed effects on membrane MRP protein expression
could be associated with shifting of subcellular MRP protein
storage pools, an aspect which is presently discussed in rela-
tion to rapid changes in MRP protein expression profiles.?3-3¢
The hypothesis is further reinforced by the fact that hyperther-
mic temperatures are responsible for a reduced incorporation
of p-glycoprotein in membranes.’” These observations also
imply that hyperthermic temperatures influence directly,
possibly ROS-mediated, the incorporation of MRP 1 and 3 in
the cell membrane. The third mechanism could be related to
a modified stability of these proteins through increased cell
membrane fluidity as a consequence of the administered
heating stimulus. Interestingly, intracellular ROS production
has been observed when cells were incubated with MNP.3$-4!
Taking these observations into account, we postulate that the
presence of MNP produces only moderate intracellular ROS
levels promoting the translocation of MDR proteins to the
cellular surface. When ROS production is extensive, eg, as a
consequence of an additional treatment with hyperthermia,
MBDR translocation to the cellular membrane will be decreased
(Figure 5). Furthermore, inactivation of MRP activity in
presence of hyperthermia is conceivable as well, since it has
been observed in relation to the inactivation of DNA repair
enzymes.* Further detailed investigations are necessary to
elucidate the hypothesis derived from our data.

In future, these processes could be exploited to distinctly
modulate intracellular retention of drug-loaded nanoparticles
in tumor cells, leading to an increase in therapeutic efficacy.
Obviously, the above-mentioned observations occur in viable
cells, corroborating the fact that hyperthermia as a single
tumor treatment modality (43°C up to 120 minutes) has a
limited impact on tumor cell viability,*#* which makes it
necessary for heating cycles with other oncologic modalities.
Furthermore, it was shown that repeated heating cycles could
further strengthen the damages to already weakened cells.
In this context, strong cell destruction was found via the use
of repeated heating and cooling rates rather than heating at
continuous temperatures.*4¢

Interestingly, we noted only slight changes of hydrody-
namic diameter and the zeta potential in presence of culture
medium. These effects are associated with absorbtion of
serum proteins to the nanoparticle surface.’ In connection
with cellular uptake the same nanoparticle formulations were
shown to be internalized in endolysosomes.*
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Figure 3 Treatment of adenocarcinoma cells with magnetic nanoparticles increases and hyperthermia decreases MRP | to a higher extent than MRP 3 protein expression
while mRNA expression remains unaltered.

Notes: There is no distinct benefit of a 90-minute over a 60-minute hyperthermia treatment time. After exposure to magnetic nanoparticles (up to 1.5 pg Fe/em? for
24 hours), BT-474 cells were treated with hyperthermia (43°C, 60 or 90 minutes), and allowed to grow for further 24 hours. Then, mRNA and protein were isolated, and
finally RT-PCR and immunoblotting were performed. Semi-quantitative analysis of MRP | and 3 specific PCR products (286 and 322 bp, respectively) separated in agarose
gel electrophoresis (top panel) and of corresponding MRP-specific protein bands in immunoblots (190 kDa) (bottom panel). Expression was given in per cent of nontreated
controls. Further on, data were additionally normalized to GAPDH. Bars indicate mean of 2 independent experiments, both experimental values are indicated by symbols.
Light and dark bars: cells without and with hyperthermic treatment, respectively.

Abbreviations: HT, hyperthermia; MRP, multidrug resistance protein; RT-PCR, reverse transcription polymerase chain reaction.

We were also able to show, for the first time, that  p-glycoprotein expression. The effects vary among different
mitomycin C affects mRNA as well as the membrane MRP 1 cell lines and are detectable between 24 and 96 hours after
and 3 protein expression. Such mechanisms are currently  treatment with drugs, a fact which is in agreement with the
known for the p-glycoprotein only. For example, Thnat etal*  observations made in the present study. Mitomycin C is
and Maitra et al*® reported that mitomycin C induces decreased ~ known to induce alkylation, monoadducts, as well as DNA
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Figure 4 MRP | and 3 expression pattern after combining treatment of cells with MNP, hyperthermia, and mitomycin C: a decrease in MRP | mRNA as well as MRP| and
MRP 3 protein expression takes place.

Notes: After exposure to magnetic nanoparticles (up to 150 ug Fe/cm? for 22.5 hours), BT-474 cells were treated with hyperthermia (43°C, 90 minutes), followed by
mitomycin C (1.5 pg/em?, 24 hours). Afterwards, cells were immediately harvested (0 hours posthyperthermia), mRNA and protein were isolated, and finally RT-PCR
or SDS-PAGE/immunoblotting were performed. Semiquantitative analysis of MRP | and 3 specific PCR products (286 and 322 bp, respectively) separated in agarose gel
electrophoresis (top panel) and of corresponding MRP-specific protein bands in immunoblots (190 kDa) (bottom panel). Expression was given in percent of nontreated
controls. Data was additionally normalized to GAPDH. Bars indicate mean of two independent experiments, both experimental values are indicated by symbols. Light and
dark bars: cells without and with hyperthermic treatment, respectively.

Abbreviations: MRP, multidrug resistance protein; RT-PCR, reverse transcription polymerase chain reaction; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel

electrophoresis.

cross-linking via guanidine residues, and all these effects
are lethal. Moreover, mitomycin C induces cross-linking
on promoters of inducible genes.’*' Comparable relation-
ships could be associated with the inducible genes for
MRP 1 and 3. The differential effects of MRP 1 and MRP 3
are possibly related to different basal expression levels of
MRP 1 (ubiquitary) and MRP 3 (selective, predominantly
in the liver) in adenocarcinoma cells as a consequence of
different functionality. Also different sensitivity of MRP 1
and 3 in response to stress stimuli and/or different thresholds
is conceivable.

The underlying reasons for mitomycin C-induced effects
of MRP 1 and 3 could also be derived from findings on
maturation and trafficking of MDR proteins.*® For example,
Maitra et al observed a distinct increase of membrane

p-glycoprotein directly after a 4-hour incubation time with
mitomycin C.*° At the same time, the total p-glycoprotein
level remained constant, and a decrease was not observed
until 12 to 24 hours thereafter. In a similar way, mitomycin C
could also have induced a redistribution of intracellular MDR
protein storage pools which were not detectable in our study,
since the incubation times employed were too long (24 hours)
and MRP expression analyses were started immediately
after finalization of treatments. In this context, our findings
complement the present knowledge on the combined effects
of hyperthermia and chemotherapeutic drugs.'"-

To the best of our knowledge, we are the first group
to observe that magnetic nanoparticles have an impact on
membrane MRP 1 and 3 protein expression. A few years
ago, some groups reported that p-glycoprotein expression is
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Figure 5
Scheme showing our hypothesis that the presence of MNP promotes translocation of MDR proteins to the cellular surface through a moderate ROS production (upper panel),

whereas extensive ROS production (lower panel) resulting from the combination with hyperthermia decreases translocation of MDR proteins to the cellular membrane.
Abbreviations: MNP, magnetic nanoparticles; MDR, multidrug resistance; ROS, reactive oxygen species.
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not influenced in the presence of magnetic nanoparticles.>
At the same time, a free iron-induced expression of MDR
proteins similar to p-glycoprotein®® could be excluded, since
this would implicate modifications at the transcription level.
Therefore, potential explanations for the observed upregula-
tion of membrane MRP 1 and 3 expression can be attributed
primarily to a protein translocation to the cell membrane
as was observed for the p-glycoprotein in the presence of
mitomycin C.>° Moreover, magnetic nanoparticles could have
had an additional impact on membrane fluidity as a result
of transient attachment to the glycocalyx, which could lead
to conformational modification and stabilization of MRP 1
and 3 at normothermic conditions. Interestingly, as far as the
p-glycoprotein is concerned, conformational modifications
leading to a decreased affinity to ATP after modification
of membrane fluidity is being investigated.***” This would
mean that drugs coupled to nanoparticles are increasingly
exocytosed, which limits their intracellular retention and
therapeutic efficacy.

The combination of nanoparticle exposure with hyper-
thermia abolished the aforementioned increase of membrane
MRP 1 and 3 protein expression, which apparently was
not driven by changes at the mRNA level. These findings
could not be associated with ROS-linked effects according
to the corresponding regulative mechanisms associated
with the p-glycoprotein described above. The underlying
mechanisms remain to be elucidated. In view of potential
nanoparticle-related therapeutic applications, hyperthermia
will have beneficial effects on intracellular nanoparticle
retention by reducing the MRP expression on the cellular
membrane.

The sequential application of all three treatment modali-
ties (nanoparticle exposure followed by hyperthermia and
mitomycin C) led to a reduced expression of membrane
MREP, but in this case hyperthermia did not further foster this
effect as it was observed in relation to the dual combination
modalities (hyperthermia vs mitomycin C or hyperthermia
vs nanoparticle exposure). With respect to our hypothesis
on ROS-mediated translocation of MRP to the cell surface,
yet unknown, but highly specific interrelations driven by the
different modalities take place that results in a nonlinear MRP
transport. Further investigations are necessary to completely
elucidate these aspects. Additionally, it remains to be shown
to what extent the attachment of mitomycin C molecules to
nanoparticles could further reduce membrane MRP expres-
sion and kill tumor cells as a result of an increased intracel-
lular accumulation of drugs after inhibition of MRP-driven
efflux mechanisms. The elucidated effects apply to the

exposure of cells to heating from “outside”. Further studies
should enlighten potential effects when heating is produced
from nanoparticles accumulated inside the cells (intracellular
hyperthermia).

In summary, we were able to show that all effectors
alone or in combination had an influence on MRP 1 and
3 membrane protein expression to varying extents. The
effects encountered are not found to be associated with
de novo MRP expression. Rather, they seem to be related
to altered translocation of MRP to the cell membrane as a
result of ROS production at the protein level. The intracellular
levels of ROS, which, for example, result from additional
treatment with hyperthermia seem to be significant. Other
mechanisms can be attributed to shifting of intracellular MRP
storage pools, changes in membrane fluidity, or inactivation
of MRP activity (particularly via hyperthermia). Moreover,
hyperthermia seems to efficiently reverse MNP-induced over-
expression in cellular membranes. These results could open
up new strategies in the future to reduce therapeutic failures
in oncology by repressing mechanisms which actively export
drugs from the cancer cell.
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Figure IS Mitomycin C concentration influences MRP | and MRP 3 expression pattern and hyperthermia treatment (43°C) for 60 instead of 90 minutes also intensifies these
effects, but to a lesser extent compared to 90 min (see Figure 4).

Notes: After treatment with hyperthermia (43°C, 60 min), BT474 cells were exposed to mitomycin C (up to 1.5 ug Fe for 24 hours) and incubated for another 24 hours.
mRNA and protein were isolated, and finally RT-PCR or SDS-PAGE/immunoblotting were performed. Semiquantitative analysis of MRP | and 3 specific PCR products (286
and 322 bp, respectively) separated via agarose gel electrophoresis (top panel) as well as of corresponding MRP-specific protein bands on immunoblots (190 kDa) (bottom
panel). For details see Methods. Expression was given in per cent of nontreated controls. All data were additionally normalized to GAPDH. Bars indicate mean of two
independent experiments, corresponding values are indicated by symbols. Light and dark bars: cells without and with hyperthermic treatment, respectively.
Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HT, hyperthermia; MRP, multidrug resistance protein; RT-PCR, reverse transcription polymerase
chain reaction; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
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