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Abstract

Purpose—Hyperthermia enhances cytotoxic effects of chemotherapeutic agents such as
cisplatin. However, the underlying molecular mechanisms remain unclear. We hypothesised that
hyperthermia increases cisplatin accumulation and efficacy by modulating function of copper
transport protein 1 (Ctrl), a major regulator of cellular cisplatin uptake. We examined the
significance of Ctrl in the synergistic interaction between hyperthermia and cisplatin. We assessed
the importance of cisplatin- and hyperthermia-induced Ctrl multimerisation in sensitising cells to
cisplatin cytotoxicity.

Materials and methods—Ctrl protein levels and cisplatin sensitivities were assessed in
bladder cancer cell lines with immunoblotting and clonogenic survival assays. Using Myc-tagged-
Ctrl HEK?293 cells, we assessed the effect of hyperthermia on Ctrl multimerisation with
immunoblotting. The effect of hyperthermia on cisplatin sensitivity and accumulation was
assessed in wild-type (WT) and Ctrl knockout (Ctrl1-/-) mouse embryonic fibroblasts (MEFs)
with clonogenic assays and inductively coupled plasma-mass spectrometry (ICP-MS).

Results—Increased Ctrl protein expression was observed for the most cisplatin-sensitive bladder
cancer cell lines and MEFs. Heat-induced increase in Ctrl multimerisation with cisplatin was
observed in Myc-tagged Ctrl cells. Hyperthermia enhanced cisplatin-mediated cytotoxicity in WT
more than Ctr1-/- cells (dose modifying factors 1.75 versus 1.4, respectively). WT cells
accumulated more platinum versus Ctr1—/- cells; this was further increased by hyperthermia in
WT cells.

Conclusions—Hyperthermia enhanced cisplatin uptake and cytotoxicity in WT cells. Heat
increased Ctrl activity by increasing multimerisation, enhancing drug cytotoxicity. Furthermore,
Ctrl protein profiles of bladder tumours, as well as other tumour types, may predict their response
to cisplatin and overall efficacy of treatment.
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Introduction

The chemotherapeutic agent cisplatin, first described by Rosenberg et al. in 1965, has been
used clinically since the late 1970s for the treatment of multiple types of cancer, including
testicular, ovarian, bladder, cervical, head and neck, and small cell lung cancers [1].
Although the ability of hyperthermia to synergistically enhance the cytotoxic effects of
cisplatin has long been recognised [2—-4], the mechanism underlying this process remains
unclear. It is known that hyperthermic sensitisation is associated with increased drug
accumulation and subsequent platinum-DNA adduct formation [3], but the underlying
mechanisms for these responses remain incompletely unexplained. For example, previous
studies have shown increased drug uptake, but the mechanism underlying the increase in
uptake has not been elucidated. Additional mechanisms that have been identified include
altered drug metabolism, increased drug reaction rates with DNA, and heat-induced
inhibition in DNA repair, indicating that multiple mechanisms may be involved in the
synergism at the cell surface and intracellularly [5]. Hyperthermia has also been shown to
reverse cisplatin resistance in vitro [3,4]. Here, we investigated the role of the copper
transport protein 1 (Ctrl) in this process. Under normal metabolic conditions, Ctrl maintains
a homeostatic balance between intra- and extracellular copper levels; however, Ctrl can also
function as a cisplatin transporter [6]. We hypothesised that the observed synergistic
interaction between heat and cisplatin is due, in part, to the ability of heat to enhance Ctrl
function.

Ctrl is an ATP-independent transporter in the cell membrane. Its high affinity for copper
allows sufficient levels of copper to enter the cell for normal metabolic function. Ctrl RNA
has been detected in all organs and tissues examined with the greatest expression in the
heart, liver, pancreas, prostate, colon, and intestine [7]. Ctrl consists of three membrane-
spanning segments with an extracellular amino terminus and a cytoplasmic carboxyl-
terminal tail. Using electron crystallography, De Feo et al. demonstrated that Ctrl trimers
create a pore across the cell membrane [8]. The amino terminus contains methionine-rich
motifs that are involved in Ctrl multimerisation and subsequent copper transport [9].

Ctrl expression is regulated at both the transcriptional and translational levels. Dancis et al.
observed that copper deprivation induced Ctrl gene expression, whereas excess copper
resulted in decreased Ctrlp gene expression [10]. Early work done on yeast Ctrl showed
that overexpression of Ctrlp resulted in increased cellular copper uptake. At the translational
level, Petris et al. demonstrated that exposure to elevated copper levels resulted in decreased
surface Ctrl levels, increased Ctrl endocytosis, and degradation of the protein [11].

In addition to copper, Ctrl also transports platinum-based compounds such as cisplatin.
Previous studies have shown that knocking out Ctrl in cells decreases cisplatin uptake and
increases cisplatin resistance [6,12]. Song et al. exogenously overexpressed Ctrl in a small
cell lung carcinoma cell line and a cisplatin-resistant variant to enhance cisplatin uptake and
sensitivity [13]. Expression of Ctrl protein with C-terminus mutations showed normal
function in the uptake and sensitivity to cisplatin, whereas N-terminus mutations rendered
the protein inactive, suggesting the NH,-terminal amino acid sequence is necessary for
cisplatin transport.

The precise mechanisms by which copper and cisplatin enter the cell via Ctrl are distinct but
have yet to be clearly elucidated [14]. Copper exposure results in Ctrl internalisation,
reducing surface Ctrl levels due to both endocytosis and degradation of the transporter [11].
In contrast, cisplatin exposure results in stable multimer (trimer) formation and only basal
levels of internalisation [11,15]. This group hypothesised that stabilisation of the Ctrl
multimer on the cell surface may create a pore to facilitate cisplatin uptake [15]. Guo et al.
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demonstrated that cisplatin exposure stabilised a multimer of Ctrl [15]. Formation of this
multimer was assessed in the presence of platinum chelators or in cells with mutant
methionine-rich motifs (M1/M2) in the amino-terminal region of Ctr1, and the largest
multimer complex was not formed following cisplatin exposure, again emphasising the
importance of the amino-terminal region of Ctrl.

Three recent studies have also shown that Ctrl mRNA expression levels are associated with
platinum sensitivity in ovarian cancer patients [16-18]. Lee et al. assessed mRNA levels in
ovarian carcinoma patients and found that higher Ctrl expression was associated with
sensitivity to platinum-based therapy and was a prognostic factor for improved survival [17].
Ishida et al. also assessed Ctrl levels in advanced stage ovarian carcinoma patients and
found that lower Ctrl expression levels were associated with platinum resistance and
decreased disease-free survival [16]. Finally, Liang et al. found an association between
elevated Ctrl mRNA levels and progression free and overall survival in ovarian cancer
patients following treatment with platinum-based therapy [18]. These studies demonstrate
the clinical importance of Ctrl in cancer types commonly treated with cisplatin.

Due to the significant role Ctrl plays in cisplatin uptake, we hypothesised that hyperthermia
increases cisplatin accumulation and efficacy in part by modulating Ctrl function. In this
study, we examine the significance of Ctrl function in the synergistic interaction between
hyperthermia and cisplatin in the context of bladder cancer. Interestingly, Ctrl has been
shown to be predominantly localised in caveolin-enriched lipid rafts in vascular smooth
muscle cells [19], and recent work by Mace et al. demonstrates enhanced clustering of
ganglioside (GM1*) lipid microdomains, a predominant marker of lipid rafts [20], in CD8*
T cells following hyperthermia treatment (39.5 °C) [21,22]. Based on these studies, we
hypothesise that hyperthermia may be enhancing cisplatin-induced Ctrl multimerisation.
Here, we assess the importance of cisplatin- and hyperthermia-induced Ctrl multimerisation
in sensitising cells to cisplatin cytotoxicity.

Materials and methods

Reagents and chemicals

Cell lines

Cisplatin was purchased from APP Pharmaceuticals (Schaumburg, IL, USA).
Cycloheximide and hydrochloric acid (HCI, 1.0 N) were supplied by Sigma (St Louis, MO,
USA). Nitric acid (Optima*) was obtained from Fisher Scientific (Pittsburgh, PA, USA). All
cell culture reagents including media and supplementation were purchased from Gibco
(Grand Island, NY, USA).

Wild-type (WT) and Ctrl knockout (Ctrl-/-) mouse embryonic fibroblasts (MEFs) were
kindly provided by Dennis Thiele. These cells were cultured in RPMI-1640 supplemented
with 10% foetal bovine serum (FBS) and 1% penicillin/streptomycin. The bladder cancer
cell lines J82, NBT2, MBT2, and MB49 were cultured in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% FBS and 1% antimycotic/antibiotic. The human
bladder cancer cell lines 5637 and RT4 were cultured in RPMI and McCoy's 5a,
respectively, supplemented with 10% FBS and 1% antimycotic/antibiotic. The WT Myc-
tagged Ctrl and pcDNAS3.1 vector control cell lines as well as the M1/M2 mutant Ctrl
plasmid were kindly provided by Michael J. Petris. The HEK293 cells were cultured in
DMEM supplemented with 10% FBS, 1% antibiotic/antimycotic, and 0.1% 2-
mercaptoethanol. All cell lines were maintained at 37 °C/20% 0,/5% CO».
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Human bladder cancer samples and real-time PCR

RNA samples from human bladder cancer patients were kindly provided by Brant Inman,
and a normal bladder tissue control sample was obtained from the Duke Cancer Institute
Shared Resource Biorepository (Durham, NC). RNA was isolated from paraffin-embedded
tissue using the AllPrep DNA/RNA FFPE kit according to the manufacturer's instructions
(QIAGEN, Germantown, MD, USA). RNA concentrations were measured using a
NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA). The
iScript™ cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA) was used to make cDNA in a
20-pL reaction with 1 pg RNA according to the manufacturer's instructions. Real-time
polymerase chain reaction (PCR) was conducted on a Bio-Rad iCycler using iQ™ SYBR®
Green Supermix (Bio-Rad). Ctrl primers were used as described in Kitada et al. [23]
(forward: ACAAGTCAGCATTCGCTACAATTC and reverse:
TTGCAGGAGGTGAGGAAAGC). The reaction was performed at 95 °C for 10 min,
followed by 40 cycles of 95 °C for 5 s and 60 °C for 34 s. The dissociation stage was
initiated at 95 °C for 15 s, followed by 60 °C for 15 s and 95 °C for 15 s. The threshold
cycles (Ct) were used to quantify the PCR product, and relative expression levels were
calculated by subtracting control gene (GAPDH, forward: GAAGGTGAAGGTCGGAGTC
and reverse: GAAGATGGTGATGGGATTTC) Cy from Ctrl Cy. All samples were run in
triplicate.

A second set of genomic data from human bladder samples (hormal and malignant) was
generated using the NCBI Gene Expression Omibus (GEQ) Dataset Browser. (NCBI:
GSE3167; GDS1479) [24].

Transfections

HEK?293 cells were transfected with either the M1/M2 mutant Myc-tagged plasmid or the
empty pcDNA3.1 vector control, kindly provided by Michael Petris, Ph.D. Transfections
were performed with Lipofectamine™ 2000 (Invitrogen, Grand Island) according to the
manufacturer's protocol. Briefly, HEK293 cells were plated in 10-cm dishes and allowed to
attach overnight. Approximately 4 g of either the vector control or M1/M2 DNA was
transfected into the cells. All experiments with these cells were performed 24 h post-
transfection.

Clonogenic survival

Clonogenic survival following a 2-h exposure to cisplatin was assessed in all cell types (WT
and Ctrl -/- MEFs); bladder cancer cell lines 5637, J82, MB49, MBT2, NBT2, and RT4;
WT and M1/M2 Myec-tagged Ctrl HEK?293 cells). Cells were plated in 6-well plates at
known densities 18-24 h before drug treatment. Cell density varied from 100 to 3000 cells
per well in the bladder lines and from 200 to 6000 per well in the MEFs, depending on the
plating efficiency and cisplatin concentration (higher densities received higher drug
concentrations). Due to the poor attachment of HEK293 cells, these cells were plated in BD
BioCoat™ poly-L-lysine-coated 6-well plates (BD Biosciences, San Jose, CA) at a density
of 500 cells per well. The day after plating, cells were treated with indicated cisplatin doses
(2-12 M cisplatin or the saline control) and allowed to incubate for 2 h. Hyperthermia
treatment was conducted by sealing the plates with parafilm. The bottom of the plates were
then placed in a water bath set at 37 °C (normothermia control) or 41 °C. Following 1 h of
hyperthermia treatment, cells were returned to the incubator for 1 h more. After drug
treatment, media was removed, cells were washed with phosphate buffered saline (PBS),
and fresh media was added.

Once colonies were detectable by the naked eye (7-12 days), media was removed, and cells
were washed with PBS and incubated for 10 min at room temperature in a fixation solution
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(10% methanol, 10% glacial acetic acid, and 80% water). The fixation solution was removed
and colonies were stained with crystal violet (0.4% crystal violet solution in 20% ethanol
and water) for 10 min at room temperature. Plates were then rinsed with water and allowed
to dry for 24 h. Colonies were counted either by hand or with a ColCount™ (Oxford
Optronix, Oxford, UK), and the plating efficiency and survival fraction were calculated for
each cell line at each cisplatin concentration.

Multimerisation experiments

Cells were plated in 10-cm cell culture dishes. Once the cells reached 80% confluency, they
were treated with either O (saline vehicle), 100, or 200 M cisplatin. Approximately 30 min
prior to cisplatin treatment, 100 jug/mL cycloheximide was added to the cells to inhibit
protein synthesis during the experiment. Hyperthermia treatment was conducted by sealing
the dish with parafilm and placing the bottom of the dishes in a water bath set at 37°
(normothermia control), 39°, 40°, 41°, 42°, or 43 °C. Cells were collected at 0, 15, 30, 45,
and 60 min during hyperthermia treatment. Following 1 h of hyperthermia treatment, cells
were returned to the incubator for 1 h more and then harvested. All cells were washed with
PBS and harvested for protein extraction.

Protein extraction

Cells were grown to 70-90% confluency. Cells were washed once with cold 1 x PBS, and
all adherent cells were scraped off and suspended in cold PBS in 1.5 mL Eppendorf tubes.
Tubes were centrifuged at 4 °C for 1 min at 8000 rpm. The supernatant was aspirated from
the cell pellet, and Triton-X lysis buffer (1 M Tris (pH 7.5), 5 M sodium chloride, 100 mM
EDTA, 100 mM EGTA, 10% Triton X-100, and 1% protease inhibitor cocktail) was added
to the pellet. Cells were placed on a rocker at 4 °C for 45 min and then centrifuged for 10
min at 12,000 rpm at 4 °C. The supernatant was collected in a 1.5 mL Eppendorf tube,
frozen and stored at =80 °C, and the pellet was discarded.

Western blotting

Protein concentration was measured with the DC Protein Assay (Bio-Rad) according to the
manufacturer's instructions, and western blots were performed. Briefly, proteins were
separated by SDS-PAGE at 20 mA on 4-20% precast polyacrylamide gels (Mini-
PROTEAN TGX, Bio-Rad). Tris-HCI gels were transferred to a polyvinylidene fluoride
membrane (Bio-Rad) and then blocked either for 1 h at room temperature in 5% non-fat, dry
milk reconstituted in 0.1% TBST (1x Tris buffered saline with 0.1% Tween 20). Ctrl rabbit
anti-human IgG primary antibody (kindly provided by Dennis J. Thiele, Ph.D.) was used,
diluted 1:1000 in 5% milk in 1% TBST (pH 8), and incubated at 4 °C overnight. When
probing for the Myc-tag, 0.5 pg/mL of the human c-Myc antibody from the supernatant of
9E10 hybridoma media (Developmental Studies Hybridoma Bank, University of lowa, IA,
USA) was diluted in 5% milk. The membrane was washed three times for 10 min in 0.1%
TBST. The secondary goat anti-rabbit and goat anti-mouse 1gG horse-radish peroxidase-
linked antibodies (Bio-Rad) were diluted 1:2000 in 5% milk and incubated at room
temperature for 1 h. The membrane was washed three more times followed by a 5-min
incubation with ECL western plus blotting detection system (GE Healthcare, Amersham,
UK). Kodak film (Rochester, NY) was used to capture the luminescent protein bands, and
the film was developed on the Kodak processor with Spectra-2 developer (Merry X-Ray,
Mentor, OH, USA) for X-ray film processing. Membranes were stripped with Restore™
PLUS western blot stripping buffer (Thermo Scientific, Rockford, IL) for 15 min at room
temperature and reprobed for the loading control actin for quantification purposes.
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Platinum accumulation

Cells were plated in 10-cm cell culture dishes. Once the cells reached 80% confluency, they
were treated with either O (saline vehicle), 2, 6, or 10 pM cisplatin. Hyperthermia treatment
was conducted by sealing the dish with parafilm and placing the bottom of the dishes in a
water bath set at 37° (normothermia control), 41°, or 42 °C. Following 1 h of hyperthermia
treatment, cells were returned to the incubator for 1 h more. Cells were washed with PBS,
trypsinised, and washed in PBS once more. A small aliquot of the resuspended cell pellet
was collected from each sample for measuring protein levels to normalise the samples.

Platinum measurements

To assess platinum accumulation, nitric acid digestion was performed on the cell samples as
described in Minami et al. [25]. Briefly, cell samples were dried overnight at 80 °C. Each
sample was then digested in 500 mL nitric acid for 20 min at 100 °C. In order to prevent
platinum from falling out of solution, 250 L of HCI was added to each sample prior to
analysis. Samples were measured using ICP-MS at North Carolina State University within
the Department of Soil Science (Raleigh, NC).

Statistical analyses

Results

Clonogenic data were analysed using R software and all other data were analysed with
IBM(R) SPSS(R) Statistics (Version 19.0.0). Survival curves were fitted with a single
exponential fit (Surviving fraction = exp(-b x Dose)) and tested for differences in the
exponent between groups; lethal concentration to 50% of cells (LCsg), LCgqq, and dose
modifying factor were calculated based on the exponential fit. Bladder cancer cell LCggs
were determined based on the exponential fit, and a Spearman correlation was used to test
the significance between Ctrl protein expression and cisplatin LCsq. All other data were
tested with a linear regression, ANOVAS to assess response to temperature and treatment,
and Tukey's post-hoc test for multiple comparisons. All experiments were done in triplicate.

Human bladder cancer Ctrl expression

Ctrl mRNA levels were measured in human bladder cancer RNA samples. Ctrl expression
levels were also assessed from a human bladder data set available through the NCBI GEO
Dataset Browser. Expression levels were variable across patient samples, for the normal and
malignant tissues (Figure 1A and 1B). A waterfall plot (Figure 1A) shows the range of Ctrl
expression levels across the patient samples. Staging of the bladder cancer samples were
provided for these samples; however, significant differences between tumour stage were not
observed (p>0.05; data not shown). Figure 1(B) shows Ctrl expression levels across
different stages of bladder cancer and in normal bladder tissue. These data demonstrate that
Ctrl mRNA expression levels vary considerably across human bladder samples, in both
normal and malignant tissues. Because of the variability in expression, it may be of interest
to determine whether these levels are associated with sensitivity to platinum-based therapy.

Bladder cancer cell Ctrl expression and cisplatin sensitivity

Because of the variability of Ctrl mRNA expression observed in the human bladder
samples, we assessed cisplatin sensitivity (clonogenic survival) and Ctrl protein expression
levels in six different bladder cancer cell lines of human or rodent origin (Figure 2A and
2B). Basal Ctrl expression levels varied, as did cisplatin sensitivity. Survival curves were all
significantly different from each other (p<0.05) except for the differences between 5637 and
MBT?2 (the two most sensitive cell lines) and between MB49 and RT4 (p>0.05). As depicted
in Figure 2, we observed increased cisplatin sensitivity in the cell lines with higher basal
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Ctrl expression, specifically 5637 and MBT2. Cell lines with a more cisplatin-resistant
phenotype (higher LCsq) expressed lower levels of Ctrl. When LCggs were plotted against
relative basal Ctr1 protein expression levels (Figure 2C), a negative correlation (R2=-0.71)
was detected, suggesting cell lines expressing higher levels of Ctrl have lower cisplatin
LCsps; however, this was not statistically significant (p=0.111).

Ctrl mulitmerisation and cisplatin cytotoxicity

The role of Ctrl mulitmerisation in cisplatin uptake and cytotoxicity was assessed using
Myc-tagged Ctrl HEK293 cells. As shown previously by Guo et al. [15], 200 .M cisplatin
treatment results in Ctrl trimer formation in WT Myc-tagged cells, but not M1/M2 mutant
cells. We confirmed this finding using WT or M1/M2 Ctr1-Myc-tagged cells with 200 pM
cisplatin (Figure 3A). Two different concentrations of the M1/M2 plasmid were transfected
into the cells (low and high) to confirm that we were comparing cells with similar levels of
Myc-tagged Ctrl. To assess the role of multi-merisation of Ctrl in cisplatin cytotoxicity, we
compared clonogenic survival of these cell lines following 2 h of cisplatin treatment (Figure
3B). WT Myc-tagged cells were more sensitive to cisplatin relative to the M1/M2 Ctrl
mutant line. Using linear regression modelling, cell line and cisplatin concentration were
significant predictors (p<0.05) of clonogenic survival.

Effect of hyperthermia on cisplatin-induced Ctrl multimerisation

We next investigated the effect of hyperthermia on Ctrl multimerisation as a potential
mechanism for increasing cisplatin uptake. Using HEK293 cells expressing WT Myc-tagged
Ctrl and the pcDNA3.1 vector control, we examined Ctrl multimerisation following
cisplatin treatment with and without hyperthermia treatment. Cells were treated with
cycloheximide 30 min prior to cisplatin treatment to prevent new protein synthesis. As
shown in Figure 4(A) and quantified in Figure 4(B), hyperthermia treatment increased the
rate and level of Ctrl multimerisation compared to cells treated at 37 °C. The rate of
multimerisation increased overtime for both treatment groups, but was more pronounced in
the hyperthermia-treated group. There was an increase in multimer formation over time,
with a reduction in monomer levels.

In addition to the time course, Ctrl multimerisation was assessed over a range of
temperatures from 37 °C to 43 °C. Cells were treated for 60 min with concurrent
hyperthermia and cisplatin (200 1M) and harvested at 60 min or 60 min post-hyperthermia.
As shown in Figure 5, we observed higher levels of multimerisation following hyperthermia
treatment compared to normothermia at both time points.

Cisplatin accumulation in WT and Ctr1—/— cells

Cisplatin accumulation was measured in WT and Ctrl-/- MEFs following concurrent
treatment with 0, 2, 6, and 10 pM cisplatin at 37°, 41°, and 42 °C. Raw data and data that
were normalised to the lowest cisplatin dose at 37 °C for each cell line were analysed
separately to distinguish between the cisplatin and temperature effects between cell lines.
We observed a significant dose-dependent increase in platinum accumulation in both cell
lines (p<0.001). Further, there was a significant difference in accumulation levels between
cell lines (p<0.001), with higher levels of platinum measured in the WT cells relative to the
Ctrl-/- cells. A temperature-dependent increase in platinum accumulation was observed in
the WT cells (p=0.04), but not Ctr1-/- cells (p=0.951) (Figure 6B). Normalising the data
removed the cell line effect. This revealed significant effects of cisplatin dose and
temperature response (p<0.001). When the normalised data were analysed for each cell line
(Figures 6C and D), a statistically significant increase in cisplatin due to increased
temperature was observed following analyses with a linear regression (p<0.0001 for WT and
p=0.028 for Ctr1-/-); however, this increase was approximately 2-fold higher in the WT

Int J Hyperthermia. Author manuscript; available in PMC 2014 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Landon et al.

Page 8

versus Ctrl1-/- cells. Additionally, using Tukey's post-hoc analyses, we detected significant
differences between the 37 °C and 42 °C treatments at the 6 and 10 pM doses for the WT
cells (p<0.05), whereas significant differences were not detected for the Ctr1-/—cells.

Cytotoxicity of WT versus Ctrl1—/— cells following concurrent cisplatin and hyperthermia

treatment

Although increased resistance to cisplatin has been observed in Ctrl-/- MEFs using trypan
blue exclusion assays [6], we confirmed this differential sensitivity to cisplatin in WT and
Ctrl-/- MEF by assessing clonogenic survival (Figure 7). WT cells were significantly more
sensitive to cisplatin than Ctrl-/- cells (LCsgs of 2.2 pM versus 4.6 pM in WT and Ctrl1-/-
cells, respectively). Survival was assessed at 37° and 41 °C. The effect of heat was
statistically significant for both cell lines (p<0.01). We compared the survival difference due
to temperature between cell lines by calculating the dose modifying factor (DMF) of
hyperthermia for each cell line. The DMF for WT cells was 1.77, which was higher than the
DMF the Ctrl-/- cells at 1.4. All survival curves were significantly different from each
other (p<0.01), indicating that the DMF for the WT cells was significantly higher than for
the Ctrl-/- cells. The corresponding LCgy and LCgqq for each cell line and treatment is
provided in Table I. It is important to note that the survival curves for each cell line were
normalised to the vehicle-treated control for each temperature. Treatment at 41 °C for 1 h
did not increase cell death relative to the 37 °C control.

Discussion

Our data suggest that Ctrl is involved in the synergistic interaction between hyperthermia
and cisplatin. Hyperthermia significantly increased cisplatin uptake in WT but not Ctrl-/-
cells. Furthermore, a higher DMF was observed for the WT cells following concurrent heat
and cisplatin treatment relative to Ctr1—/- cells (1.77 versus 1.4, respectively). These data
suggest that the response of Ctrl to hyperthermia may, in part, increase cisplatin uptake,
resulting in increased platinum-DNA adduct formation, and subsequent cell death.

The effects of hyperthermia are multi-factorial. We hypothesise that Ctr1 is involved in the
synergism between hyperthermia and cisplatin therapies, but it is important to note that
hyperthermia induces a wide variety of cellular responses/changes, depending on
temperature and duration. One known effect of hyperthermia is increased membrane fluidity
and permeability. A thorough review by Yatvin and Cramp discussed the cellular membrane
changes induced by heat treatment, including physical and compositional alterations [26].
Specifically, heat treatment increases membrane-associated cholesterol, phospholipid, and
protein levels, potentially altering fluidity and membrane function. Many of these earlier
studies focused on temperatures higher (>43 °C) than the clinically relevant mild
hyperthermia temperatures. Hayat and Friedberg assessed cell membrane permeability in
mouse fibroblasts (3T3 and 3T6) over a range of temperatures from 37-45 °C for 5 to 30
min [27]. Permeability was assessed by measuring efflux of radioactively labelled,
intracellular metabolites. Increased efflux was observed following heat treatment (starting at
41 °C) over time, but the effect was more pronounced at 43 °C. Because we wanted to
assess the role of Ctrl with minimal hyperthermic effects on membrane permeability, we
used temperatures of 41° and 42 °C to assess cisplatin accumulation (Figure 6) and a range
of 39° to 43 °C to assess Ctrl multimerisation (Figure 5).

Using the WT versus Ctrl-/- MEF cell lines, we showed that Ctr1 is responsible for
cisplatin uptake. Our studies demonstrate that Ctrl function is involved in increased cellular
cisplatin accumulation and cytotoxicity following hyperthermia. Guo et al. showed that
copper exposure results in Ctrl internalisation, whereas cisplatin treatment causes Ctrl
multimerisation [15]. The authors suggested that this multimerisation results in the
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formation of pores that allow cisplatin uptake. We observed decreased platinum sensitivity
in the M1/M2 mutant cell line that does not trimerise relative to WT Myc-tagged cells,
indicating that trimerisation is involved in cisplatin uptake. We also observed increased
multimerisation following heat treatment in the WT cells. These data suggest that the
underlying mechanism for both increased platinum accumulation and decreased survival
following hyperthermia and cisplatin treatments is increased Ctrl multimerisation. We
confirmed that these cell lines expressed similar levels of the Myc-tagged Ctrl. Although
multimerisation likely increased active cisplatin import into cells, it is important to note that
the M1/M2 cells used in this study also express endogenous Ctrl, which could permit some
cisplatin accumulation and cytotoxicity despite absence of Myc-tagged Ctrl
multimerisation.

Bladder cancer is the fifth most common type of cancer in the western world [28].
Depending on staging, this disease may be treated with a wide range of chemotherapeutic
agents, (e.g. cisplatin, mitomycin C, epirubicin) immumotherapy (e.g. Bacillus Calmette-
Guerin (BCG)), radiotherapy, and/or surgical resection [29]. Bladder cancer patients have
also shown clinical benefits from hyperthermia treatment. Colombo et al. reported
significantly fewer recurrences when primary or recurrent superficial transitional cell
carcinoma of the bladder were treated with intravesical mitomycin C and hyperthermia
compared to mitomycin C treatment alone [30]. A similar study using this same intravesical
system combined with mitomycin C in patients with multiple or recurrent transitional cell
carcinoma of the bladder exhibited comparable results showing a high percentage of
recurrence-free patients [31]. A trial treating high-grade superficial bladder cancer with mild
hyperthermia (goal temperature of 42 °C) and mitomycin C was also beneficial with 62.5%
of patients being recurrence-free [32].

In the human bladder cancer samples, we observed a wide range of Ctrl expression levels.
Similar work in the ovarian cancer field showed the importance of these expression levels
for platinum-based therapy [16-18]. Our data suggest that Ctrl expression may also be an
important prognostic marker for bladder cancer patients receiving platinum-based therapy.
For example, assessing Ctrl expression levels prior to treatment may provide information as
to whether cisplatin-based therapy would be effective for patients. Using six different
bladder cancer cell lines, we observed increased cisplatin sensitivity in the cell lines
expressing higher levels of Ctrl. More importantly, our data show that Ctrl expression
levels are detectable in the bladder, suggesting that the combined treatment of cisplatin and
local/regional hyperthermia may be beneficial in the clinical setting. Although superficial
lesions seem to be an ideal target for adjuvant hyperthermia treatment because of
accessibility, improvements in heating devices now allow for targeting deep-seated tumours.
Heating devices, such as the Synergo® System (Synergo SB-TS:101-1; Medical Enterprises,
Amsterdam, the Netherlands) [33], used specifically for bladder heating, and the BSD-2000
(BSD Medical, Salt Lake City, UT, USA), have been developed to accommodate these
deep-seated lesions (e.g. cervical, gastrointestinal, bladder) [34].

Adjuvant hyperthermia treatment may also have a potential benefit for other cancer types
commonly treated with cisplatin (testicular, ovarian, bladder, cervical, head and neck, and
small cell lung cancers). In 1986, Kapp authored a review on the types of cancer that, based
on lesion location and potential progression, would benefit from hyperthermia [35]. Based
on mortality statistics, the author reported that local failures contribute to death in a high
proportion of patients with brain, ovarian, prostate, cervical, oesophageal, bladder, and head
and neck cancers. Lesions for which local-regional recurrence and metastases are
problematic, such as breast cancer, head and neck cancer (lymph node metastases),
colorectal cancer (nodal metastases), bladder cancer (muscle invasive disease), and
malignant melanomas (symptomatic cutaneous, subcutaneous, or superficial lymph node
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metastases), were identified as potential candidates for hyperthermia. Biochemical
evaluation of Ctrl protein levels in biopsies on a per-patient basis may demonstrate elevated
Ctrl and serve as an excellent biomarker for treatment with cisplatin/hyperthermia therapy.

Our work suggests a potential role for Ctrl in the synergistic interaction between
hyperthermia and cisplatin treatment. These data raise additional questions at the
mechanistic level, but also in a clinical setting. There may be therapeutic benefit by
maximising the effect of this combination based on the role of Ctrl.

At the mechanistic level it may be of interest to analyse Ctrl multimers in more detail.
Assessment of the content of the multimer complex may be useful, as it is unclear if Ctrl
multimerises with itself or if the multimers represent Ctrl complexed with other proteins or
protein modifications. Hyperthermia is known to induce glycosyltransferase activities
involved in O-linked glycoproteins [36] and ubiquitin expression [37]. Interestingly, these
modifications are important for the function and degradation of Ctrl [38—40].

Additionally, it may be interesting to determine whether lipid raft dynamics are involved in
the process of Ctrl multimerisation. The structure and function of lipid raft membrane
microdomains are temperature sensitive [41,42], as are certain signalling pathways
associated with lipid rafts [43]. Mace et al. demonstrated that fever-range hyperthermia
(39.5 °C) results in increased GM1™ lipid microdomain clustering in CD8* T cells [21,22].
A recent study conducted by Ashino et al. found that Ctrl was predominantly localised in
caveolae/lipid rafts in vascular smooth muscle cells [19]. It may be possible that the
increased membrane fluidity and lipid raft clustering induced by hyperthermia allow for
enhanced Ctrl multimerisation, but further studies are necessary to confirm this hypothesis.

Future work should be conducted to investigate the possibility of combining cisplatin and
hyperthermia treatment. It could potentially be beneficial to increase Ctrl expression on the
tumour cell surface to allow for increased multimerisation and cisplatin uptake. A recent
review by Gupte and Mumper examined studies assessing copper levels in cancer patients
[44]. Interestingly, elevated copper levels have been reported in a variety of cancer types,
including breast, cervical, ovarian, lung, prostate, stomach, reticulo-endothelial system, and
leukaemia. Additionally, they have been shown to correlate with cancer stage and/or
progression. Copper is known to be an endogenous stimulator of angiogenesis by both
promoting the motility of endothelial cells and inducing the synthesis of fibronectin (a
matrix glycoprotein associated with angiogenesis) [44].

Due to observations of elevated copper levels in cancer patients and involvement of copper
in promoting angiogenesis, there has been interest in using copper chelators for anti-
angiogenic treatment. Several animal studies using copper chelators alone or in combination
with anticancer drugs or radiotherapy have shown encouraging anti-tumour and anti-
angiogenic results [45-49]. Based on these results, clinical trials using copper chelators,
such as penicillamine and tetrathiomolybdate, as anti-angiogenic treatment have been
completed but with mixed results [44]. Brewer et al. conducted a phase I clinical trial
attempting to reduce angiogenesis with tetrathiomolybdate in patients with meta-static solid
tumours [50]. They successfully induced and maintained copper deficiency in a non-toxic
manner and observed stable disease in several of the patients. In a phase Il trial treating
patients with advanced renal cancer with tetrathiomolybdate, the drug was well-tolerated
and it successfully reduced serum copper levels, but the clinical activity was limited to
stable disease [51]. A phase Il trial for patients with hormone-refractory prostate cancer
concluded that tetrathiomolybdate was not an effective treatment strategy [52]. Brem et al.
used penicillamine in a phase 11 clinical trial in combination with radiation therapy in
patients with glioblastoma multiforme [53]. Serum copper levels were reduced and tolerated
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for months, but this antiangiogenic treatment did not improve patient survival. Although
survival benefits were not observed in these clinical trials, copper chelators were able to
effectively reduce copper levels without added toxicity and result in disease stabilisation in
several studies.

Ishida et al. conducted a study using copper chelation combined with cisplatin to treat
cervical cancer in a mouse model [16]. This treatment combination resulted in increased
platinum uptake in the tumours, inhibition of angiogenesis, and anti-tumour effect. The
treatment combination was also effective at increasing cisplatin sensitivity in vitro with
several different human ovarian and cervical cancer cell lines. Although an exact mechanism
for the improved treatment was not elucidated, the authors identified Ctrl as the target.
Liang et al. demonstrated a similar anti-tumour effect using this treatment combination in a
xenograft mouse model with small cell lung cancer tumours [18]. Based on our results, the
combination of cisplatin and copper chelation may benefit from adjuvant hyperthermia
treatment. Future studies with this combination are warranted and may have potential as an
effective treatment modality with clinical applicability.
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Figurel.

Ctrl mRNA expression is variable in human bladder cancer samples. (A) Waterfall plot of
Ctrl mRNA expression in human bladder cancer samples, showing the range of Ctrl
expression levels. (B) Genomic data from human bladder tissue samples (normal and
malignant) generated using the NCBI Gene Expression Omibus (GEO) Dataset Browser.
(NCBI: GSE3167; GDS1479) [24].
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Differential Ctrl protein expression and cisplatin sensitivity in bladder cancer cell lines. (A)
Basal Ctrl protein levels were measured in six different bladder cancer cell lines of human
or rodent origin (J82, RT4, 5637, MBT2, MB49, and NBT2). (B) Cisplatin sensitivity was
assessed using clonogenic survival assays for all six bladder cancer cell lines. All survival
curves were significantly different (p<0.05; with the exceptions of 5637 MBT2 = and MB49
= RT4). (C) Cisplatin LCsgs are also plotted versus relative Ctrl protein expression (R?

-0.71; correlation not significant; p=0.111).
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Figure 3.

Role of Ctrl mulitmerisation in cisplatin sensitivity. (A) Ctrl multimerisation was
confirmed in WT Myc-tagged Ctrl cells following a 2-h treatment with 200 1M of cisplatin.
HEK293 cells were transfected with either 2 png (low) or 4 g (high) of M1/M2 Ctrl.
Multimerisation did not occur in the M1/M2 cells following cisplatin exposure. The high
levels of M1/M2 was used for survival assays so that similar levels of basal Myc-tagged
Ctrl levels would be compared. « indicates the monomer, ¢« indicates the dimer, s and
indicates the trimer (multimer). (B) Clonogenic survival of WT Myc-tagged Ctrl cells
versus M1/M2 Ctrl cells. WT cells were significantly more sensitive to cisplatin. **

indicates statistical significance (p<0.001).
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Figure4.

Hyperthermia treatment increases cisplatin-induced Ctrl multimerisation. (A) Western blot
analysis of Myc-tagged Ctrl HEK?293 cells treated with 100 pM cisplatin at 37°C or 41°C.
Cells were treated with hyperthermia over the course of 15 to 60 min. Cells were harvested
at the indicated time point, with 60—60 indicating 60 min post-hyperthermia treatment (or
120 min of normothermia). sindicates the monomer, ¢« indicates the dimer and e, indicates
the trimer (multimer). (B) Quantification of relative Myc-tagged Ctrl expression
(normalised to Actin expression) for monomer and trimer formation. These results are
representative of three independent experiments.
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Figureb5.

Hyperthermic temperature treatment increases cisplatin-induced Ctrl multimerisation. (A
and C) Western blot analysis of Myc-tagged Ctrl HEK293 cells treated with 200 pM
cisplatin over a range of temperatures from 37°C to 43°C. Cells were treated with
hyperthermia for 60 min and then harvested at either 60 min or 60 min post-heating. ¢
indicates the monomer, « « indicates the dimer, and e« indicates the trimer (multimer). (B
and D) Quantification of relative Myc-tagged Ctrl expression (hormalised to actin
expression) for trimer formation. These results are representative of three independent
experiments.
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Figure®6.

Ctrl expression and cisplatin accumulation in WT and Ctr1-/-MEF cell lines following
hyperthermia treatment. (A) Ctrl expression was assessed western blot analysis. (B, C, and
D) Platinum levels were measured in WT and Ctr1-/-MEFs following concurrent cisplatin
(2, 6, and 10 pM) and 1 h of hyperthermia treatment (41°and 42°C). (B) Raw platinum
accumulation data are shown for the two cell lines. Cisplatin accumulation was significantly
higher in the WT versus the Ctrl-/-cells (p < 0.001). Increasing temperature resulted in
significantly enhanced cisplatin uptake in WT cells (p = 0.04), but not in the Ctr1—/- cells (p
> 0.05; NS). (C and D) Platinum accumulation data were normalised to the 37°C 2 uM
cisplatin treatment for the WT (C) and Ctr1-/—(D) cell lines. Significant differences in
accumulation following heat treatment were observed in the WT cell line. *statistical
significance at p < 0.05, and **significance at p < 0.001.
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Figure7.

WT and Ctr1-/-MEF sensitivity to concurrent cisplatin and hyperthermia treatment.
Cisplatin sensitivity was determined with clonogenic survival assays. Cells were treated
with concurrent cisplatin (0-10 pM) and normothermia (37°C) or hyperthermia (41°C). The
cell lines showed differential sensitivity to cisplatin (all survival curves were significantly
different; p < 0.01). The effect of hyperthermia was significant for both cell lines (p < 0.01).
All experiments were done independently three times.
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Survival curve data for MEF cells following cisplatin and hyperthermia treatment. A single exponential fit was

used to analyse the data and calculate the rate, LCsq, LCgg, and dose modifying factor (DMF).

Cell lineand treatment ~ Survival curverate(b) LCso (M) LCgq (M) DMF
WT 37 °C 0.31 2.24 743 177
WT 41 °C 0.55 1.26 4.19

Ctrl-/- 37°C 0.15 4.62 15.35 1.4
Ctrl-/-41°C 0.21 3.30 10.96
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